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1 Statement of Disclaimer 
Since this project is a result of a class assignment, it has been graded and accepted as fulfillment 
of the course requirements.  Acceptance does not imply technical accuracy or reliability.  Any use 
of information in this report is done at the risk of the user.  These risks may include catastrophic 
failure of the device or infringement of patent or copyright laws.  California Polytechnic State 
University at San Luis Obispo and its staff cannot be held liable for any use or misuse of the 
project. 
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4 Nomenclature 
AC – Alternating Current. This form of electrical power is found in all main power lines and home 

circuits. The Forest Sign Maker will be powered by AC electricity. 

ASA – American Standards Association. The name for this organization has changed a few times 

since its creation in 1918, from the original American Engineering Standards Committee (AESC) 

to the present American National Standards Institute (ANSI). Despite the name changes, the 

standards that have been documented have not changed. 

BOM – Bill of Materials. The BOM is a list of the subassemblies and parts that comprise a final 

design. Usually BOMs will provide information such as part quantities, part numbers, vendor 

information, initial cost breakdown, and any additional information or descriptions. 

CNC – Computer Numerical Control. CNC computers automate machine tools via digital 

commands, rather than mechanical linkages controlling the motion. These computers, usually 

microcontroller processors, receive digital position data from the machine sensors and output 

motor commands that actuate the system appropriately. 

DC – Direct Current. This form of electricity will be used to power all devices of the Forest Sign 

Maker except for the router and vacuum system. An AC-DC converter must be used to obtain this 

form of electrical power. 

DRO – Digital Read Out. An electronic display on machines that display position information. 

Encoder – Incremental shaft encoders are optical sensors that are specialized for sensing shaft 

rotation. Although the exact output can be varied depending on the model selected, the output 

data is generally digital shaft position information, which can then be utilized by the 

microcontroller for closed-loop feedback loops. 

FHWA – Federal Highway Administration. This administration oversees all United States road and 

highway sign formatting guidelines, along with other public service duties. 

FMEA – Failure Modes and Effects Analysis.  

Gearmotor – Gearmotors are the product of combining an electric DC motor with a step-down 

gearbox into one unit. The gearbox reduces the output shaft velocity, but increases the output 

shaft torque. Irreversibilities in the gearbox reduce the total mechanical power of the gearmotor 

by approximately 5-10%, generally.  

GUI – Graphical User Interface. This digital display program runs on the user’s personal computer, 

and allows the user to input the necessary information into a digital format that can program the 

Forest Sign Maker accordingly. 

HTML5 – HyperText Markup Language 5.  
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Knots – Distortions and defects in wood grain produce high density grain structures that are 

stronger and more resilient than the normal grain. This deformity may overload the router. 

Laser Cutter – Cutting device that uses a directed high energy light to burn, etch, or cut the 

substrate instead of using a physical sharp cutting blade. 

Lead Screw – A screw with evenly spaced threads that translates rotational motion into linear 

actuating motion along the ends of the lead screw. 

Microcontroller – A small programmable computing device that performs logic on sets of inputs 

and produces outputs. It is small and it interacts with devices that are connected to the 

microcontroller. 

Motor Driver – An electrical component that amplifies a weak signal to higher voltages as inputs 

to a motor. 

PCB – Printed Circuit Board. Printed boards have connecting leads, but lacks the electrical 

components. Electrical components can be soldered onto the board. 

PCBA – Printed Circuit Board Assembly. This is a PCB with electrical components soldered onto 

it, producing a finished circuit board assembly. 

PWM – Pulse Width Modulation is a technique to mimic analog signals using digital signals. The 

analog strength is proportional to the duty cycle of how fast the square digital wave is kept on 

high. 

Redwood – A type of hardwood that is the substrate material for sign making. 

Router – The cutting tool used to etch letters onto the wooden board. The router spins a router 

bit at a very high velocity, which when plunged into a substrate, will cut it away. 

Sawdust – A waste product of woodworking. They are small particles of wood matter that get 

displaced during a wood cut that are small and light enough to be blown away. 

USDA – United States Department of Agriculture 

Wood Chips – Wood chips are larger pieces of waste wood particle matter that are not easily 

blown away. Their comparatively large size prevents them from flying away and instead rests on 

the surface due to gravity. 
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5 Executive Summary 
The Inyo National Forest is arguably one of the most beautiful locations in California, containing 

natural masterpieces such as Mount Whitney and the Ancient Bristlecone Pine Forest. Despite its 

magnificence, the Inyo National Forest can be a treacherous region. The Friends of the Inyo take 

pride in being able to facilitate the viewing experience for all outdoorsmen by maintaining the 

mountain trails, which includes providing adequate trail signage.  

Unfortunately, there is a fundamental issue with the recent state of trail signage in the Inyo 

National Forest: the rate at which signs are being vandalized or naturally destroyed is greater 

than the rate at which signs can be produced. More specifically, the problem is that the current 

sign production process is completely manual; the process of routing the necessary letters and 

symbols consumes the majority of the production time, since it takes approximately two days to 

complete. Without adequate signage on the mountain trails, hikers and explorers are at a 

heightened risk for injury.  

We, the Cal Poly Forest Friends, have been commissioned by the Friends of the Inyo to resolve 

the issue of manufacturing trail signs. We plan on designing, building, and testing a prototype 

CNC machine for Paul McFarland, an employee of the Friends of the Inyo whom is responsible 

for replacing signs. This CNC machine can automatically produce a trail sign from a wooden blank 

so as to expedite the sign replacement process. By comparing different industry methods of 

etching letters into a wood substrate, researching all applicable signage guidelines for 

compliance, and optimizing the prototype design for the intended use cases, we have developed 

a low cost, high capacity CNC router that can be installed directly in Paul McFarland’s workshop. 

There has been much work done in the field of CNC machinery, so we believe it is feasible to 

design a functioning prototype that has been optimized for this purpose. The positional accuracy 

range of the machine will be broadened from the industry standard of ±0.0005 in to our 

requirement of ±0.063 inches. This optimized accuracy will allow for emphasis on increased 

workpiece capacity at a lower total cost. Additionally, by building the prototype CNC router as 

part of the Cal Poly Multidisciplinary Senior Project class, we will be able to adhere to the revised 

$3,500 budget. With a successful prototype in hand by June 2015, the sign production rate for 

the Friends of the Inyo will potentially increase tenfold, and provide the Friends of the Inyo with 

the ability to replace illegible trail signs within the Inyo National Forest. 
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6 Introduction 

6.1 Problem Definition 

The problem that the Cal Poly Forest Friends have set out to resolve is the issue of a low trail 

sign production rate at the Friends of the Inyo. Recently, our sponsor, Paul McFarland, has 

been burdened with the responsibility of manufacturing all of the replacement signs required 

for the Inyo National Forest, a task that a single person cannot complete by themselves.  

6.1.1 Objective 

This Multidisciplinary Senior Project will attempt to resolve this problem through machine 

and software design of a final product, as to aid Paul McFarland in the sign production 

process and meet the budget set for sign production. 

6.2 Project Motivation 

The Friends of the Inyo work hard to keep the forest well maintained for visitors. The trails, 

signs, and markers are always under careful observation to prevent accidents or 

disorientation. The routed wooden signs in particular take a sizable amount of skilled manual 

labor and time to produce. At the moment, the Friends of the Inyo create the wooden signs 

by tracing letters onto a blank wooden board, and then cut the stenciled letters and symbols 

using a palm router. Depending on the board size and the amount of letters that need to be 

etched on to the board, this process generally requires two or three days to complete. This 

project aims to shorten the length of time it takes to create a sign, allowing the Friends of the 

Inyo to replace the worn trail signs quickly. 

6.3 Scope 

The goal of Cal Poly Forest Friends is to assist the Friends of the Inyo with expediting the trail 

sign production process. In order to do so, the team is going to design and build an automated 

2½ axis CNC machine to produce wooden signs as big as two feet wide and four feet long in 

less than two hours. Developing the machine in its entirety, both on the hardware and 

software level, will allow the Cal Poly Forest Friends to fully optimize the system and carefully 

work with the budget. Upon completion, this project will help eliminate the majority of 

manual labor required to produce large signs, as well as produce signs with more consistent 

quality at a higher production rate. 

The scope of this project encompasses the majority of the design process that extends from 

initial problem definition to developing a functional prototype of the final design. All the 

intermediate steps, such as conceptual ideation, design development, fabrication, and 

prototype testing, will be executed in accordance to the requirements outlined by the ENGR 

459-460-461 class series, in addition to those needed to satisfy the customer requirements 
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outlined below. Any derivatives of or improvements made to the final prototype developed 

by the Cal Poly Forest Friends extend beyond the scope of this project. 

6.4 Stakeholders 

This impact of this project extends past those who are involved directly with the production 

and operation of the Forest Sign Maker; the hikers and visitors that will be reading our signs 

ultimately benefit from this endeavor. A successful prototype will ensure that the people who 

rely on the trail signs will be able to safely explore the Inyo National Forest. With that said, the 

stakeholders involved in this project are: the Friends of the Inyo, the Cal Poly Forest Friends, 

Paul and Lee McFarland, Dr. Ridgely, and the visitors of the Inyo National Forest. 

The Friends of the Inyo is a non-profit organization in California that works in tandem with the 

United States Department of Agriculture (USDA) Forest Service (FS) to maintain the Inyo 

National Forest. In particular, they are a “...conservation organization dedicated to 

exploration, preservation, and stewardship of the public lands of Eastern Sierra. They ensure 

the place is preserved for future generations...” (Friends of the Inyo). They manage the signs 

on all roadways and trails within the Inyo National Forest, and thus will benefit greatly from 

increased sign production. 

The Cal Poly Forest Friends is a team of three Cal Poly senior engineering students: Victor 

Espinosa, Kevin Ly, and Lisa Yip. The first part of the team name, “Cal Poly”, was chosen 

because the senior project will be designed, built, and engineered at California Polytechnic 

State University, San Luis Obispo. The second part of the name, “Forest Friends”, because the 

senior project is working with the Friends of the Inyo to create a better and more efficient way 

of creating a wooden sign. Potentially, this project could be advertised to broader national 

forest organizations to promote a more efficient method of generating trail signs for the 

thousands of miles of forest trails and roadways within the United States. 

Paul McFarland is an employee of Friends of the Inyo, and sponsor of this project. He works 

during the summer to help maintain the forest after the winter season has finished. Currently, 

he uses a hand router to carve letters into the sign, typically taking two to three days, and 

would like the assistance of the Cal Poly Forest Friends to develop a better solution. 

Lee McFarland, father of Paul McFarland, is the co-sponsor of this project, as well as an 

interdisciplinary senior project advisor. Lee McFarland will be able to assist the Cal Poly Forest 

Friends with communication with the sponsor and development of the project. 

Dr. John Ridgely is the advisor for Forest Sign Carver interdisciplinary senior project. He will be 

mentoring the Cal Poly Forest Friends during the year-long project to ensure that the Cal Poly 

Forest Friends are applying the fundamentals of the design process and are progressing the 

project properly. 
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The visitors and hiker that trek through the mountain trails rely on indicator signs to safely 

explore the wilderness. Nearly 4 million people visit the Inyo National Park each year. The 

wooden signs that the Forest Sign Maker will need to produce will only populate wilderness 

trails, meaning that the visitors that will be reading them will have the luxury to stop and read 

the sign up close if need be. By adhering to the trail sign guidelines provided by the United 

States Forest Service, the Cal Poly Forest Friends will help visitors be able to readily understand 

the sign and continue with their exploration without issue. 

6.5 Customer Requirements  

The objective of this endeavor is to design, prototype, qualify and document a machine that 

can be used by Paul McFarland, or other members of the Friends of the Inyo, for the purpose 

of creating trail signs for the Inyo National Forest.  

The following outlines the customer requirements as perceived by the Cal Poly Forest Friends1: 

6.5.1 Machine Capabilities 

 Must be able to route letters and symbols on a rectangular, flat blank of redwood 

or equivalent density lumber 

 Maximum board dimensions: 2’ x 4’ x 1.5” 

 Minimum board dimensions: 1’ x 1’ x 0.75” 

 Must be able to handle knots and other internal deformities in the blank sign 

 Must be able to completely route a sign faster than a single person could 

 Must mount on top of an indoor workbench of dimensions: 3’ x 8’ x 40” 

 Must be able to operate year-round  

6.5.2 User Interface 

 Must have an integrated computer system to store and load electronic files 

 Must have a monitor screen and keypad to manipulate the electronic files 

 Interaction with the mechanical system must be kept at a minimum 

6.5.3 Operation 

 A user’s manual must be provided upon completion of final prototype 

                                                      
1 There are several customer requirements that take the form of engineering specifications directly. They will be 
listed both as customer requirements as well as engineering specifications in this document. 
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 Must be simple to use 

 Must be low maintenance 

 Must be easy for a person to load and align a blank board 

6.5.4 Standards and Regulations 

 Must adhere to the requirements listed in the Forest Service Wilderness Guidelines 

provided by Lee McFarland2 

 Should adhere to OSHA guidelines for acceptable noise levels 

6.5.5 Safety 

 Must be quick to shut off 

 Moving components must not be exposed during operation 

 Must minimize the quantity of pinch points 

 Operator must wear proper safety equipment during operation 

The final prototype for this project, the Forest Sign Maker, must satisfy all of the above 

customer requirements in order to consider the endeavor a success. Any additional requests 

made by the sponsor, or any other stakeholder, are considered to be beyond the scope of the 

project, and the Cal Poly Forest Friends are not obligated to satisfy them. However, every 

reasonable request will be discussed and evaluated to produce the reliable product the 

customer deserves for their sponsorship. 

 

                                                      
2 See Appendix A for a list of PDF documents referenced to generate engineering specifications that abide by the 
regulations outlined by the USDA Forest Service. 
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7 Background 

7.1 Guidelines for Trail Signage 

Due to the purpose of this project, it is essential to understand the human factors that are 

involved in the experience of the end user. In order to benefit the end user (the hikers) the 

most, the words must be easy to read without impeding the wilderness experience. An 

example of such a human factor that was considered in trail sign design letter height that is 

sufficiently large for the average person to easily read it from a safe hiking distance. 

Unfortunately, quantifying these characteristics requires an exhaustive amount of metadata 

analysis on the involved human factors.   

Conveniently, the FS has published standards for the creation of signs that specifies the 

aesthetics and geometric constraints of the signs, refer to Appendix A for a copy of said 

guidelines. These guidelines cover a wide range of signs, from highway road sign to small trail 

signs, with the primary focus being clarity and readability. On the same note, the speed of the 

viewer must be taken into account. For example, a road sign must have larger text than a trail 

sign because a driver has less time to read the sign than the hiker. 

The scope of this project is concentrated on the wooden trail signs that measure from 1’x1’ 

up to 2’x4’. The guidelines published by the FS provide suggestions for the layout of the text, 

including font, stroke size, spacing, and symbol sizes. Fortunately, the wooden signs that are 

to be produced by the Forest Sign Maker are intended to be located in “Primitive” and “Non-

motorized” National Forest System Trails (NFSTs), so solid wood is the only base material the 

Forest Sign Maker will be required to accommodate, see Figure 1 below (Forest Service). 

 

 

Figure 1. FS guidelines snippet confirms sign is to be made of wood, not metal. 

 

In addition to suggesting a base material for the trail signs, the FS also categorizes three 

different style trail signs that can be seen on NFSTs, see Figure 2 (Forest Service). Due to the 
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scope of this project, the Forest Sign Maker must only accommodate trail signs of shape “TD” 

(Trail Directional), which are rectangular in design. It will not need to handle odd-shaped signs, 

such as those of shape “TDW” (Trail Directional / Wilderness).  

Furthermore, the FS guidelines indicate a minimum letter height of one inch for the trail signs, 

which is in accordance to the American Standards Association (ASA) for non-motorized trails. 

The Federal Highway Administration (FHWA) has also adopted this standard for text sizes, with 

different text “Series” ranging from Series A (narrowest) to Series F (widest) letter spacing. 

Series C text has been accepted as the norm for trail signing, and will be used by the Forest 

Sign Maker in order to produce acceptable trail signs. 

 

Figure 2. FS Guidelines snippet shows various trail sign shapes, TD being the only shape to be used with 
the Forest Sign Maker. 

 

 

Figure 3. FS Guidelines also specify the standard font to be used for routed signs. 

 

The final prototype must be able to physically adhere to these standards, however, it is 

ultimately the responsibility of the operator to program the machine properly and produce a 

sign whose text also adheres to the guidelines outlined by the FS. The Graphical User Interface 

(GUI) that will be designed for the Forest Sign Maker will have several built-in features that 

will help enforce proper signage, such as defining a minimum text height and letter spacing.  

7.2 Fundamentals of CNC Machinery 

Computer Numerical Control (CNC) implements digital control algorithms in order to control 

the physical location of an object in three-dimensional space. This can be done without the 
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use of closed-loop position feedback, but that requires the use of stepper motors. If DC servo 

motors are the actuators of choice, then the CNC depends heavily on measuring the position 

of the object in order to propel the object in the correct direction. However, in order to 

accurately measure location, it is critical that the supporting mechanical components are 

sufficiently rigid, else the measured value will not be representative of the actual location of 

the controlled object. If there is a lot of compliance in a particular axis--in other words, if the 

system was not very rigid--then the motor controller will have a difficult time positioning the 

object accurately. Rigid systems facilitate accurate measurement of the controlled device. 

Additionally, CNC machinery tends to decompose the motion of the controlled device into two 

or three dimensions, normally in Cartesian coordinates. By providing controlled actuation 

along three linear axes, it is possible to effectively control the three dimensional location of 

the device. The orthogonality of each axes is essential to the location accuracy (CNC Concepts). 

The Cal Poly Forest Friends will be considering the rigidity and perpendicularity of the physical 

prototype while finalizing the detailed design of the CNC prototype for the Friends of the Inyo. 

7.2.1 Stepper vs. DC Motor 

In addition to rigidity and other geometric constraints required by a CNC machine, the 

method of actuation is also of great concern. Almost invariably, CNC machines use DC 

motors connected to a power transmission unit to actuate the system appropriately. This 

is due to the fact that DC motors are relatively small and can provide continuous motion; 

the power transmission unit varies depending on the capacity and capability of the 

machine.  

Despite this tradition, the designer of the CNC machine must decide between using a 

stepper or servo DC motor. By identifying the differences between the two types of motors, 

it is possible to select the one that is most appropriate for the project: 

Stepper motors are brushless DC motors that rotate incrementally based on a desired 

number of steps. Using two independent coils, the controller can send alternating pulses 

of voltage, alternating the magnetic field that actuates the stepper motor. These steps are 

of a precise angle of rotation, and are extremely repeatable without any accumulation of 

error. Steppers are commonly used in CNC machines because they provide open-loop 

position control at a relatively low cost, eliminating the need for feedback sensors. Despite 

their popularity, steppers must be oversized considerably in order to operate reliably. Since 

steppers operate in open-loop control—this means the stepper motor controller cannot 

verify the actual position of the controlled object; there is no feedback information—there 

is the risk that the motor could be overloaded, stall, and skip steps, resulting in inaccurate 

and unacceptable performance. The designer must carefully size the stepper motors for 

the desired application. 
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Servo motors are brushed DC motors that rotate continuously based on the applied voltage 

at the two motor terminals, and they achieve accurate position control via closed-loop 

feedback information sent to the controller by an encoder. Servo motors only have one coil 

of copper wire wrapping the armature, which means the motor voltage is the only input to 

the motor, unlike the two pulse trains seen in stepper motors. DC servo motors are most 

commonly used for closed-loop position control, which ensures the positional accuracy of 

the machine. The controller would be able to detect if the motors are temporarily 

overloaded because of the encoder information, and in turn, it would help the motors push 

through the obstacle, which may be a heavy knot. Furthermore, in comparison to stepper 

motors, the power dissipated by similarly sized servo motors is less because steppers 

operate a full power continuously, whereas servo motors can be operated using Pulse 

Width Modulation (PWM) and consume less power. 

As it pertains to the Forest Sign Maker project, the Cal Poly Forest Friends will consider the 

performance and power requirements, as well as control interfacing, when selecting the 

appropriate actuating motors.   

7.3 Microcontroller Basics 

In the world of automation, computers are critical for making all the necessary calculations 

and decisions required. In many cases, these computers take the form of specialized 

microcontrollers, named as such for their small form factor and ability to control many 

peripheral components. Microcontrollers can be adapted to suit a limitless amount of needs, 

including CNC.  

In this context, the term microcontroller references the printed circuit board assembly (PCBA), 

and the term processor refers to the core computing integrated circuit (IC). Using the Arduino 

as an example, the Arduino itself is to be considered the microcontroller, and the processor it 

uses is the ATmega328.  

7.3.1 Components 

Microcontrollers are designed with practicality in mind: the computing components are 

usually situated in the center of the PCB, and the interfacing peripherals are located on the 

edges so that they are most accessible.  

Many processors have a plethora of built-in features such as analog-to-digital converters 

and general purpose input/output pins, however other components are necessary to 

facilitate proper operation of the microcontroller within the CNC system. Some of the 

components that are necessary for CNC microcontrollers include a programming interface, 

clock crystal, motor drivers, and communication ports. 
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7.3.2 Power 

One area of concern for microcontrollers is the power scheme, and consequently, the 

power dissipation scheme. For CNC purposes, the primary consideration is supplying the 

motor drivers with sufficient power, while also sustaining the low-power processor and 

peripheral ICs. Unfortunately, DC motors operate at voltages much higher than what the 

processor and other ICs can handle; DC motors usually require up to 24V, whereas the 

processor operates a 5V in many cases. Consequently, microcontrollers have independent 

low- and high-voltage rails. In addition to separate voltage rails, the microcontroller usually 

contains voltage regulators so that one low-voltage power supply can support all of the 

components regardless of the specific input voltage requirement.  

As mentioned above, power dissipation needs to be considered in order to protect the 

microcontroller from overheating. There are various techniques to microcontroller board 

design that can aid in heat dissipation, however, those decisions are controlled by the 

board designer. Aside from modifying the microcontroller, the most common method of 

increasing the heat transfer capacity of the board is to use forced convection, or in other 

words by using a fan. As it pertains to the Forest Sign Maker project, the power dissipation 

rating of the microcontroller must be evaluated and modeled in order to determine 

whether or not an active heat dissipation scheme is necessary. 

7.4 Traditional Solutions 

With every design endeavor, it is beneficial to research current products or designs that satisfy 

the problem. If there already exists an appropriate solution, then designing an equivalent 

product would be an inefficient use of time for all parties involved. After several weeks of 

investigation for machines that could automatically produce a wooden sign quickly, we had 

not found a single product that was appropriate. However, the closest two contenders are the 

Rockler CNC Shark and the ShopBot Buddy. The following is a description of each, and a brief 

explanation as to why it is inappropriate for this project. 

7.4.1 Rocker CNC Shark HD 3.0 

The Rockler CNC Shark HD 3.0 has already been considered by the sponsor of this project, 

but it is not appropriate for the project for two reasons: cost and capacity. This machine 

costs $4,000, which is slightly over the budget (see Engineering Specifications), and can 

only accommodate boards that are 28”x36”, which is too small to accommodate the largest 

trail signs. Furthermore, the router’s precision of +-.0005 in. is far beyond the required 

tolerances of this project, resulting in unneeded features and higher, unnecessary costs 

(Rockler). 
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7.4.2 ShopBot Buddy 

Further research into possible CNC routers led us to discover another possible solution: the 

ShopBot Buddy. The ShopBot Buddy Model BT48 Buddy has a size capacity that is sufficient 

for this project: 2’ x 4’. However, it is delivered pre-assembled with their proprietary 

CAD/CAM software, which limits the amount of personal modification the sponsor or 

future engineering students may be able to perform. Not only are these features and 

services superfluous, they come at a high cost of $15,954, which is too high for the 

customer (ShopBot). 

7.4.3 Outsourced Labor 

Finally, National Forests are able to contract woodshops to do their sign making for them, 

one such company is Wood Product Signs. Unfortunately, this avenue involves additional 

expenses including shipping, labor, and the shop’s profit margins. Having a personal CNC 

machine to make signs is an economical approach to create faster and cheaper signs that 

are not meant for large volume production, which we expect from the Forest Sign Maker. 

7.5 Alternative Solutions 

7.5.1 Laser Cutting 

An alternative to producing trail signs using a wood router is a high power CO2 laser cutting 

system. Interestingly, despite the high price tag and design implications of a high power 

laser cutting system, the laser cutter method may be more appropriate for this application. 

Laser cutting is naturally limited to a two-dimensional plane, which is ideal for sign making. 

As well, most laser cutting systems have variable laser power levels, meaning that a laser 

cutter could also be used as a laser engraver; the laser does not have to penetrate the base 

material completely. It is easy to rationalize that this method does not produce as much 

debris during the “cutting” process, despite the charred etchings that remain on the board. 

Additionally, laser cutters can operate on a wide range of soft materials, such as acrylic or 

Medium Density Fiberboard (MDF), not just redwood. There are two main consequences 

working with laser cutting systems: high capital and operating costs, and low production 

rate. 

The laser cutting system itself is an assembly of many optical components, such as the laser 

tube, electron source, focal mirrors, CO2 ducting, and a cooling subsystem. All of these 

components are required to operate a high-power laser safely and efficiently for long 

durations of time, and the total investment is steep. For example, a standard 40 Watt CO2 

laser tube costs approximately $240 on EBay, and the lens and mirrors can cost $120, 

reaching a total of $360 for just the glassware itself. With the addition of the refrigeration, 

CO2, and ventilation systems, the entire cutting system would cost several hundreds of 

dollars, which is unacceptable for this project when compared to the single cost of a 
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traditional wood router. It is important to note that the rough cost breakdown above is 

only for the cutting mechanism, not the entire CNC machine. 

In addition to the high immediate costs, the power consumption and operating costs would 

also be steep. The high power laser, of course, consumes a larger amount of energy, but 

the majority of the power consumption comes from the support system, i.e. the motors 

and pumps required for the refrigeration, CO2, and ventilation systems.  

7.5.2 Two-Dimensional Printing 

As an alternative to removing material from a blank sign, one could print their own signs. 

It is possible to print letters on many materials, not just wood. However, the environmental 

conditions present during the lifetime of the sign may cause wear and tear on the printed 

images, resulting in premature fading of the letters and symbols. Using a sign material like 

metal makes it durable, but it detracts from the natural environment of the forest. As well, 

according to the National Forest Specifications for signage, metal signs are reserved for 

motorized trails while wooden signs are reserved for walking trails. 

7.5.3 Chemical Etching 

The last unconventional option for putting letters on a wooden blank is through a chemical 

etching process. Commonly known as a pulping through its usage in the paper industry, the 

process of using complex chemical solutions to degrade the cellulose and, eventually, erode 

the wood is widely used and has been optimized over the centuries. Normally, pulping 

chemicals are used in large batches to dissolve all grain structures in the wood. Using 

chemicals to dissolve specified regions of a board in order to generate letters may be 

difficult to control since the grain pores act as capillary tubes, and the chemical tends to 

disperse in the wood rather than remain in deposited area. Another uncontrollable factor 

in this process is the grain density, which has great influence on the time it takes to dissolve 

the wood. Due to these reasons, chemical etching may not be an acceptable solution. 

7.6 Performance Risks 

As with any high speed cutting device, there are a considerable risks involved in the machine 

design, such as wood chip management, structural rigidity, knot densities, and climate 

variations. These risks are detailed below. 

7.6.1 Wood Chip Management 

With all woodworking processes, the production of wood chips is inevitable, and it tends 

to become a performance issue when it comes to routing applications. For a CNC machine 

powered by precision lead screws and using ball bearings for guide rod support, it is critical 

to address the presence of wood chips. The main concern regarding wood chips is that they 

will clog the threads and bearings, increasing power consumption and exerting additional 

wear on the machine.  
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It is important to note that wood chips, which are relatively heavy, are accompanied by 

sawdust, which is small and lightweight and has the tendency to float in the air. Due to this 

tendency, sawdust has the capability of coating hard-to-reach areas that larger wood chips 

would not usually reach. Therefore, all components of the Forest Sign Maker that are not 

enclosed must be able to operate despite exposure to sawdust.  

The Forest Sign Maker design will combat the issue of wood chip management through 

three methods. Firstly, the linear ball bearing and lead screw nuts will be located 

underneath the workpiece surface so that they are protected from wood chips 

accumulation. Secondly, by enclosing the electronics and motors in a plastic shroud, 

sawdust will be prevented from clogging the internal components. Thirdly, the foundation 

of the work surface will be designed to try and contain the wood chips on the bed of the 

CNC machine, which will facilitate clean up or vacuuming. 

7.6.2 System Rigidity 

The system rigidity is essential to the accuracy of the CNC machine. If the components have 

a lot of compliance, the feedback information gathered by the measurement sensors will 

not be accurate, and the CNC controller will not be able to locate the cutting device within 

the required tolerance range. Furthermore, a rigid system is necessary to cut legible text 

that matches the desired image. 

This rigidity will be achieved through a mostly metal construction, and careful designing of 

the supporting components. For each component, the mechanical loading will be 

considered, and the optimal geometry will be implemented. For example, long, horizontal 

members will be required to have high bending moments about its neutral axis in order to 

sustain a high level of rigidity.  

Not only is a rigid construction necessary for accurate cuts, it is also beneficial when 

pushing the cutting device through knots in the board, where the grain density is greater. 

With such irregularity in the density, it poses a potential safety hazard while routing, so the 

rigidity of system will contain the motion of the CNC machine. Routers are especially prone 

to gouging and tearing of the wood, which exerts very high forces on the support 

mechanism, so securing all the moving components is essential. 

7.6.3 Knot Density 

The presence of knots in the blank signs is a potential performance risk due to the increased 

grain density. These regions will exert a much higher resistive force on the Forest Sign 

Maker, and also pose the threat of dislodging itself and being flung by the cutter at high 

speeds. Therefore, the system mechanisms must be heavily overrated in terms of stiffness 

and power in order to physically cut the knot. As well, all components must be able to 

withstand the impact of a projectile knot without failure. These risks would be addressed 
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by oversizing the support and actuator components of the Forest Sign Maker, and by 

shielding sensitive equipment with an impact-resistant cover. 

7.6.4 Climate Variations 

Another unique consideration that must be made for the Forest Sign Maker is that of 

climate variations. Normally, the machines operate in closed, stable environments such as 

a machine shop or warehouse. The Forest Sign Maker will reside and operate in Paul 

McFarland’s personal work shed in the Sierra Nevada Mountains, where exposure to the 

environment is greater and more drastic. This exposure could adversely affect the 

performance of the machine.  

The implication of this performance risk is that the machine must be able to operate in a 

temperature range of 0-100°F. The materials selected and system design must 

accommodate this temperature range so that operation remains consistent during all 

seasons.  

A successful Forest Sign Maker project will address each of these performance risks directly, 

as to ensure proper satisfaction of the customer requirements. Refer to the following section, 

Section 6: Engineering Specifications, to see how these risks have been translated into 

engineering specifications, or refer to Section 9: Final Design Concept for an explicit 

description of how the Forest Sign Maker design addresses the above performance risks. 
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8 Engineering Specifications 
From the listed customer requirements in the Introduction, a working table of engineering 

specifications could be made. Refer to Appendix B for the Quality Function Deployment (QFD) 

Table that served as a tool to produce the tabulated engineering specifications.  

A more detailed perspective on the testability of each engineering specification can be found in 

Table 1, which lists the formal engineering requirements. To be able to interpret the information, 

the concepts of risk and compliance must be explained. 

Table 1. Formal Engineering Requirements  

 

 

A few of the requirements outlined above in Table 1 have been quantified by the sponsor in the 

customer requirements because they pertain to the physical packaging of the machine. The 

Index Parameter Description Requirement or Targets Tolerance Risk Compliance

1 System Weight 200 lb Max H T

2 Width 3.5 ft Max H T

3 Length 6 ft Max L T

4 Height 4 ft Max L T

5 Cost $3,500 Max H A

6 Sign Production Time 2 hrs Max L T

7 Max Blank Size 2 ft x 4 ft ± 1/4" L T, I

8 Positional Accuracy Target dimension ±1/16" H T

9 Cutting Depth 3/16 in ± 1/16" L T

10 Graphical User Interface Web Application -- L S

11 Local Operation No network connection necessary -- L T

12 Multi-platform Capabilities Function on Chrome, Firefox browsers -- L T

13 Tool Path Errors Zero out-of-bounds errors for the tool path Max L T

14 CNC Design Input Interface hardware can function with sawdust present -- H T, I

15 Vacuum Capabilities 50% of total debris vacuumed Min L T, I

16 Clamp Rigidity 0.012 in Max M T, S

17 Cutting Tool Holds stock Bosch Colt Router -- L I

18 Mounting Feature Securely fasten CNC machine to table -- L T, I

19 Shutdown Time 0.5 sec Max L T, I

20 Electronics Temperature 60 °C Max M T

21 AC-DC Power Supply 300 W Min L A
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operating location for the Forest Sign Maker is inside Paul McFarland’s workshop, on top of his 

current workbench, which is approximately 3’ x 6’ x 40” (width x length x height). Lee McFarland 

has noted that there is a little less than a foot of clearance behind the workbench, so the width 

of the machine must be no wider than 3.5 feet. The length of the machine must not exceed the 

total length of the workbench. The height of the ceiling is approximately eight feet, so the 

maximum allowable height for the machine is four feet.  

Aside from the physical constraints due to the operation location of the machine, there are 

regulations laid out by the United States Forest Service, see Appendix A, which have influenced 

the engineering specifications. For example, Specification #9 in Table 1 describes the cutting 

depth requirement, which is specified US Forest Service document EM 7100-15, see Appendix A. 

This cutting depth is also preferred by the sponsor because it will ensure that the letters remain 

visible on the sign after being passed through a planer, which is the process of making a wooden 

surface very flat. The planer removes approximately 1/16” – 1/8” of material, so a relatively deep 

cut is preferred. Furthermore, Specification #8 is also governed by the US Forest Service for trail 

signing.  

Regardless of the chosen cutting method, Lee McFarland has purchased a Bosch Colt Palm 

Router, which weighs approximately 3.3 lbs. The mechanism that holds the cutting device must 

be able to interact readily with the Bosch Colt. Since the Forest Sign Maker must endure many 

hours of continuous operation, the router will become worn relatively quickly, so the mounting 

scheme must be designed for simple swapping of the router, in case one fails. 

Additional engineering specifications are inspired by the moral emphasis on safety. It is our 

responsibility to design for safe use and operation of any machine, hence the motif in 

Specifications #15 - #19. The vacuum hose will reduce the quantity of airborne particles that can 

harm the operator; the clamps are required not only for accuracy, but to prevent the wood from 

spinning off the machine; the emergency shut off capability allows the user to assume control of 

any situation. 

Further development of the Forest Sign Carver will reference the specifications outlined above. 

Due to the dynamic nature of this document, engineering requirements may be added or 

removed on a case-by-case basis, with clear approval of all the stakeholders. See the 

implemented revisions below. 

8.1 Revisions 

There have been a few notable revisions that have been made to the list of specifications, 

including changes made to Specifications #1, #5, and #10, as well as the removal of previous 

specifications after discussions with the sponsor. 

The overall weight specifications was relaxed from the previous maximum value of 100 lbs. to 

a more reasonable 200 lbs. There were two reasons for this change: the previous limit was not 

a hard specification, and the CAD model developed suggests that the weight of the system is 
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to be closer to 150 lbs. The main concern with weight is transportation of the machine from 

the Cal Poly campus, where it is to be fabricated and assembled, to Paul McFarland’s workshop 

in Inyo County, where it is to be installed. With the revised specification, it will still be possible 

to readily transport the machine, while remaining structurally sound. 

In addition to relieving the weight specification, we have also agreed to relieve the project 

budget. Through the detailed design process, it became evident that the desired capacity of 

the machine is a driving factor for the cost of the machine. For longer travel distances, the 

support components must be enlarged, resulting in high material costs alone. These increases 

in size also tend to propagate further into the design, forcing other components to be 

oversized as well. Furthermore, it has been decided between the Cal Poly Forest Friends and 

Lee McFarland that the Forest Sign Maker design should focus more on robustness and 

durability, rather than low cost. 

Another major specification that was changed was the user interface program in which the 

operator would design the sign. Previously, it was suggested that Adobe Illustrator (AI) be the 

input file program due to Paul McFarland’s familiarity and accessibility to AI. However, 

constraining the Forest Sign Maker to interact solely with AI quickly became a large obstacle 

that did not warrant the effort. A custom graphical user interface (GUI) was designed and 

approved by Lee McFarland, more detail on the GUI and reasons for switching away from AI 

can be found in the Final Design section of this document. 

The fourth specification change that warrants explanation is the removal of the total enclosure 

requirement. Previously, it was desired to have a total enclosure that would cover the Forest 

Sign Maker during operation, ensuring the safety of the operator and facilitating debris 

management within the workshop. After initial cost analysis and CAD modeling of the total 

enclosure, it became evident that the enclosure itself would cost approximately $400 for the 

materials and features. Discussion with Lee McFarland resulted in the conclusion that the 

benefits of the total enclosure would not be worth the time and money to implement. The 

vacuum system will be the primary form of wood chip management; the router mounting 

plate will be intentionally oversized in order to make the router bit as inaccessible as possible 

during operation, as to decrease the possibility of accidental injury. 

Lastly, the loudness specification was removed from Table 1. It was removed because of two 

reasons: 1) it would be difficult and impractical to attempt to control the sound level of the 

machine, and 2) it would be simple enough to require the operator to wear ear plugs if the 

operating noise is too great. 
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9 Design Development 
The primary objectives of the brainstorming sessions were to define the various subsystems of 

this project, as well as generate as many solutions as possible. The subsystems, and the various 

options for each subsystem, are outlined below. 

9.1 Subsystems 

9.1.1 Movement 

Movement is the action of moving the cutting tool relative to the board. The movement 

subsystem options below reflect various options of high-level cutter movement schemes, 

varying from linear motion to rotational motion. These movement configurations will 

govern future programming commands of the CNC controller, because linear motion lends 

itself well to programming in a Cartesian coordinate system, and rotational motion lends 

itself well to cylindrical coordinates. The cutting tool will etch symbols such as letters onto 

the board and eventually produce a sign.  

9.1.1.1 Gantry 

A gantry is a rigid bridge that moves horizontally and in this case, would be suspending 

the cutting tool, see Figure 4. The horizontal movement of the gantry allows movement 

in x-axis, while an additional actuator on the gantry will move the cutting tool in the y-

axis direction, allowing an additional axis of motion. This setup is the industry standard 

for CNC routers, as it allows simple linear motion, but can reach every point on the 

workpiece without sacrificing rigidity. 

 
Figure 4. Traditional Gantry Layout 

9.1.1.2 Drawstring 

The drawstring method requires that the cutting device is suspended above the 

workpiece by a network of cables attached to pulleys located on the edge of the sign 
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making machine, see Figure 5. This design is inspired by aerial cameras of football fields. 

By pulling cables towards one direction, the suspended cutting device will follow the 

direction of the increased tension, thus the cutting tool moves across the board. The 

major drawback is the lack of control in the vertical height of the tool, it is not trivial to 

raise or lower the cutting tool. 

 
Figure 5. Drawstring Top-Down View 

9.1.1.3 Tower 

The tower design is similar to the gantry option, except instead of the workpiece 

positioned horizontally, it is positioned vertically standing up, see Figure 6. This will save 

floor space, but potentially limits the feasibility of workbench mounting. The drawback 

is the influence of gravity when the router needs to be raised or lowered, despite that 

resolving the debris management issue in part. 

 
Figure 6. Cutting Tower Layout 
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9.1.1.4 Strong Arm 

The strong arm design uses the cutting device attached to the end of an arm with 2 pivot 

points that provides rotational motion, see Figure 7. The two pivot points provides 

enough range to every point of the board. The advantage is that only 2 motors, albeit 

large motors, are required, one for each pivot point. The disadvantage is that the arm 

system needs to be heavy in order to support its own weight across the 4ft of the 

workpiece. 

 
Figure 7. Strong Arm Top-Down View 

9.1.2 User Interface 

The user interface is the space where interactions between humans and machines occur. 

The interaction is to allow effective operation and control of the machine from the human 

end. Some aspects include data input methods such as touch screens and graphical user 

interface (GUI). A user interface is required in this project to ease the use of our customer’s 

interaction with the prototype. To fit with the customer requirements, this workstation is 

required to have a digital display and be able to run a design program. A personal computer 

(PC) was used as a benchmark for the user interface. It was used because most companies 

and family households own a personal computer.  

9.1.2.1 Tablet PC 

A tablet is a portable station that can be brought anywhere to increase the productivity. 

Specifically, a tablet PC will be able to provide a high level of user interaction without 

the risk of sawdust clogging the mechanics, since they are void of physical buttons. This 

will allow the design computer to be adjacent to the Forest Sign Maker in Paul 

McFarland’s workshop, providing a modular product. 



Design Development 

21 
 

9.1.2.2 Personal Computer 

A personal computer is a computer that is meant to be used by an individual at a time, 

rather than a mainframe computer. It is traditionally either a desktop or a laptop, both 

featuring a keyboard, a cursor, or a trackpad. PCs are built powerful enough for general 

everyday tasks, including data processing from Adobe Illustrator files or other design 

programs to CNC instructions. 

9.1.2.3 Custom Display  

A custom display would require Cal Poly Forest Friends to design, build, and engineer 

non-keyboard method to input data. Custom displays feature limited buttons and 

options, but the limitations makes the purpose of the display precise. It is designed 

specifically for the purpose of the Forest Sign Maker. Examples of other custom displays 

are the microwave timer and buttons or a car’s navigation system. 

9.1.3 Microcontrollers  

A microcontroller is a simple, versatile, lower-powered computer processor that can 

execute programs. It is small in size and inexpensive, enabling it to be a good starting point 

for different projects. The three most readily available, affordable and similarly sized 

popular microcontrollers are: Arduino Uno, Raspberry Pi Model B+, and BeagleBone Black. 

Using any one of these microcontrollers will enable us to take advantage of the open-

source software, allowing us to reference and build on.  

9.1.3.1 Arduino Uno 

Arduino consumes very little power and is great for simple projects such as interacting 

with objects in the deal world, see Figure 8. However, as a minimalistic board, it lacks a 

graphical interface. Since it is inexpensive and small, the Arduino cannot handle 

complicated projects that require a lot of computing power. 
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Figure 8. Arduino Board 

9.1.3.2 Raspberry Pi B+  

The Raspberry Pi is a tiny, low-powered computer that runs Linux from an SD card and 

can run all sorts of projects that requires a graphical interface or the internet, see Figure 

9. Its advantages include a HDMI port, 4 USB ports, and internet connectivity. Since its 

origins lie in education, it's also best suited for beginners looking for a low-cost 

educational computing project. While the Raspberry Pi is as powerful as a computer, the 

operating system has to be manually installed and it does not have as many options to 

interface with external sensors or buttons compared to the other microcontrollers. 

 
Figure 9. Raspberry Pi B+ Board 

9.1.3.3 BeagleBone Black  

The BeagleBone Black is a combination of a Raspberry Pi and an Arduino, see Figure 10. 

It is best suited for projects that are too complicated for an Arduino, but don’t require 

the graphics of Raspberry Pi. It can connect to the internet and unlike the Raspberry Pi, 

there are ways to connect to external sensors. However, since BeagleBone isn’t as 
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popular compared to the Arduino and Raspberry Pi, there won’t be a lot of open-source 

ideas and materials to reference from.  

 
Figure 10. BeagleBone Black Board 

 

9.1.3.4 Custom Microcontroller 

Instead of purchasing a pre-made board, a custom PCB can be designed with the 

microcontroller and other components picked. Then the board’s schematic can be sent 

out to a fabrication shop and the board will be delivered. By designing a PCB by hand, 

the board will be very specific to its application and has no wasted features. 

However, a custom PCB adds more complexity to the overall system than a pre-designed 

PCB. If the custom board breaks, then a replacement will be more costly than one that’s 

readily available on the market. The effort to design the board will also require time, 

which could be recovered if a market ready board is used instead. Also, orders to 

fabricate custom boards are more expensive than buying a pre-build one. 

 

9.1.4 Cutting Module 

The cutter is the tool used to mark the wooden board. The markings will be used to 

differentiate the letters against the background wood. While the traditional form of 

generating these markings is by routing them into the wooden sign, there may be other 

options that are more appropriate for this situation. Below is the comparison. 

9.1.4.1 Router 

A palm router is a power tool that uses a high speed routing bit to remove material from 

the workpiece, typically wood. Removing material this way produces a lot of debris and 

wood chips, which may interfere with the performance of the router and the finish of 

the cut. In addition, the high speed of the routing bit produces a significant amount of 
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noise and exerts a lot of force on the tip of the router bit. Safe operation requires the 

CNC machine to move the router relatively slowly through the wood, while the feed 

speed should be able to be adjusted depending on the type of wood that is being cut.  

9.1.4.2 Laser 

For detail on the construction and investment required to assemble a high power laser 

cutter, please refer to the Background section of this document.  

The intent of the laser cutter is to produce a high powered laser directed perpendicular 

to the workpiece in order to burn away, or melt, the material. Laser cutting requires a 

substantial amount of electrical energy in order to produce the required flow of 

electrons, and generate sufficient ventilation for safe operation of the laser. Lasers are 

also complex by nature and, therefore, expensive. 

Since the laser cutter appears to be a valid option, the Cal Poly Forest Friends believed 

it was warranted to investigate the laser cutter in the Mustang ’60 machine shop on the 

university campus. During the test run of the laser cutter, a small piece of MDF board 

was used, and the text “TEST” was to be etched 1/8” deep, see Figure 11. 

 
Figure 11. "TEST" Laser Etch 

 
The laser cutter spent over two minutes to produce this etching. Extrapolating this rate 

to a time requirement to produce a sign. Laser cutting also burns the wood, producing 

a burnt odor and an inconsistent quality of cut. Due to the nature of wood fibers, the 

depth of the cut varied slightly, and did not produce a smooth texture. This slow cutting 

speed is why they consume more power than a typical palm router: the cutting process 

is longer, so the laser will run for a longer duration of time compared to the router.  
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9.1.4.3 Chemical 

Chemicals can be deposited to eat away the workpiece material. By carefully applying 

chemicals on specified areas of the workpiece, the surface will erode and reveal the 

desired image. Chemicals that can dissolve wood include sodium hydroxide and sulfuric 

acid. Both chemicals are very dangerous. After the letters are dissolved away, the board 

must be washed of debris and the dissolving agent. 

9.1.4.4 Print 

Printing is the action of applying colored ink onto the board to distinguish characters 

from the difference in color. Print does not involve stripping away material, but instead 

adds a coat of color. Printing is simple, and works well for metal signs used on motorized 

roads, however, this project will produce signs for hiking trails.   

 

9.1.5 Actuation 

The actuation subsystem will define the method used to locate the cutting module, and it 

will control its location in three-dimensional space. The chosen actuation subsystem must 

consider the presence of wood chips, but also consider the required accuracy of the system. 

Below are the various options for transmitting power and actuating the Bosch Colt router: 

9.1.5.1 Belts and Pulleys 

For this option, the system will use pulleys to generate tension in the belt, which will 

pull the attached payload. The payload for this project will be the cutting tool and gantry 

mechanism. Even though this option allow for cost effective transfer of power across a 

large physical distance, it also introduces some error in the accuracy of the position due 

to slack in the belt. The belt and pulley system will have to implement additional belt 

tensioners in order to minimize backlash in the system and accommodate belt stretching 

due to temperature variations. The belt stiffness is a concern considering its CNC 

purpose, so belt sizing must be carefully executed. 

9.1.5.2 Power Screw 

The power screw, which can either be a lead screw or a ball screw, translates rotational 

motion into linear motion of the attached payload. By rotating the screw, the object 

attached to the nut will move across the screw, creating linear motion. This method of 

motion is accurate, and has relatively little backlash, but the power loss due to friction 

may be significant. In order to maximize the efficiency of the lead screw, thread profiles 

other than standard ACME thread could be investigated.  
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9.1.5.3 Rack and Pinion 

The rack and pinion uses a set of gears and a rack to translate the rotational motion of 

the gear into linear motion along the length of the rack. The rack will be set stationary 

in relation to the Forest Sign Maker, while the gear will move along the designated axis. 

Even though this method of actuation is accurate, it would be difficult to manufacture 

due to its limited tolerance range. The teeth of the rack and pinion need to be in very 

close alignment in order to operate properly, and such tolerances will difficult to abide 

by while machining the components on campus. 

9.1.6 Foundation 

The foundation of the CNC machine will serve two purposes: it must provide a structural 

base for the gantry mechanism, and it must be able the affix the desired wooden board is 

the bed which the workpiece will rest on. It will feature clamping spots for the workpiece 

to hold on to, as well as include mounting features for fastening the entire system to a work 

bench. 

9.1.6.1 Wooden Board with T-Slots 

A hand assembled board where a wooden board bigger than 2’ x 4’ will be purchased, 

then grooves will routed in order to situate the T-slots extrusions flush with the top 

surface. The simplicity of the design will facilitate fabrication and assembly, however, it 

will not be durable and may break down prematurely. 

9.1.6.2 Metal Plate with T-Slots 

The metal plate with T-slots option is similar to the concept above, however, in efforts 

to increase the durability of the design, the wood would be replaced by metal, most 

likely aluminum. The total weight of the system may increase too much due to the heavy 

weight. Furthermore, due to its size, the quality of the aluminum plate, such as its 

flatness and perpendicularity, are not controllable and will be governed by the 

fabrication process. 

9.1.6.3 Prefabricated Bed 

A pre-made bed could also be purchased, saving time and effort to build one. Upon 

research, finding a bed at least 2’ x 4’ large is difficult online, and can be expensive. 

Although a prefabricated bed is an easy solution, it may not perfectly satisfy the 

requirements. 

9.1.6.4 T-Slotted Extrusions 

Instead of manufacturing an entire foundation surface using a large piece of material, 

stacking multiple t-slotted extrusions next to each other is another option to produce a 

slotted work surface. These extrusions vary in size, and are relatively inexpensive for the 
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quality of the parts. However, each piece needs to be fastened to the machine, so the 

quantity of screws increases significantly.  

9.1.6.5 Cast Aluminum Foundation 

An entire bed can be made by making a using a mold then casting aluminum into the 

mold. This process is complex and not easily feasible. This will allow the entire bed to be 

made out of one piece, which is structurally beneficial. Casting cannot accommodate 

intricate shapes, so casting T-slots may be difficult. 

9.2 Safety and Risk 

Due to the nature of moving parts and the usage of devices to cut wood, there is the risk of 

accidental injury to the customer due to the impact of moving parts or sharp fast moving 

blades. It is a hazardous machine and can cause injury if the machine is not used properly. For 

the general well-being, safety options have been deliberated to reduce the risk of injury. 

9.2.1 Vacuum Capabilities 

There will be a permanent vacuum tube attached to the router mounting plate in order to 

maximize the amount of wood chips a sawdust consumed by the shop vacuum. As 

discussed previously, wood chips are relatively heavy, and will not pose much of any issue 

as far as hazards or performance malfunction. However, the sawdust produced during the 

routing process has the potential to be inhaled and can coat the rotating parts in a film of 

dust. Sawdust is the biggest risk to safety and performance, but it will be mitigated through 

the vacuum system.  

In addition to having a permanent vacuum duct connected to the mounting plate, the 

ducting will be joined with a standard shop vacuum nozzle. This provides the ability to 

detach the vacuum nozzle after a sign has been routed, and vacuum the remaining pieces 

of wood chips and sawdust manually. 

9.2.2 Emergency Shutoff Switch 

The emergency off switch is an easily accessible mushroom button on the machine that 

when pressed, will shut down the entire machine. In the event of a malfunction or if the 

user wishes to turn off the machine, then the button can be pressed, and the current job 

will terminate. This will eliminate the potential for accidental injury if something goes awry 

during the cutting process. 

9.2.3 Electrical Power and Conduits 

Another field of concern is protection against the electrical power of the system. All wires 

and cables will be hidden from direct access, and the copper material will be completely 

shielded. Furthermore, all electronics will be protected from direct finger access due to the 
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shielding of the impact cover. The high voltage power supply and grounding scheme will be 

linked directly to the workshop AC main via a rated power cord. Lastly, all lengths of cable 

will have strain reliefs near the terminal locations in order to mitigate fatigue stress and 

cracking of the copper. 

9.2.4 Overheating 

Overheating of any electronics and hardware raises much concern because it often leads 

to component failure if not addressed properly. The motors have been oversized so that 

the load torque maximum is comparable to the continuous load rating of the motor, which 

is 25W. The motor drivers can easily provide this power continuously, due to a hefty factor 

of safety while using the VNH3SP30 drivers. The rest of the electronics have the risk of 

overheating due to the enclosed design of the impact cover. If testing shows that some of 

the electronics or the power supply is overheating, then it is always possible to install a 

small computer case fan on the side of the cover to force more heat dissipation.  

9.2.5 Operator Pinch Points 

To ensure the safety of the operator and other passersby in Paul McFarland’s workshop, it 

is essential to mitigate the severity and quantity of pinch point present on the machine. A 

pinch point is a location where gaps close quickly, sometimes forcefully. Throughout the 

design iteration cycle, it is beneficial to locate potential pinch points and provide a solution 

if possible. Many times, gaps are critical to the performance of the machine, so it is best to 

address pinch points as early as possible. 
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10 Final Design Concept 
By comparing the perceived performance of each system to the engineering requirements that 

they are intended to satisfy, the final conceptual design for the Forest Sign Maker was developed. 

The decision matrix used, refer to Appendix B for a complete weighted decision matrix for all 

subsystem outlined previously, shows a combination of successful subsystem options that may 

be the most appropriate conceptual design. In addition, refer to Appendix C for a complete cost 

breakdown of the mechanical assembly. That bill of materials provides a complete record of the 

SolidWorks parts list, as well as all necessary vendor information and pricing. 

10.1 Results of Weighted Decision Matrix 

10.1.1 Movement: Gantry 

After consolidating and evaluating the four potential movement schemes outlined above, 

it was decided that the “Gantry” method of movement would be most beneficial for our 

project, see Table 2 below.  

Table 2. Weighted Decision Matrix for the Movement subsystem. 

 

Using a gantry allows for a strong, stable, and relatively simple way to move the cutting 

tool. By allowing motion in 2 axis, every point on the board is reachable. It also allows easy 

raising or lowering of the cutting tool. Compared with all the other options, nothing is as 

simple as the gantry, and some of them have no means of raising or lowering the cutting 

tool. 

A detailed CAD model of the final design demonstrating the movement scheme and various 

other subsystems has been generated, see the Figure 12 below.  
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Figure 12. Isometric view of the Forest Sign Maker current SolidWorks CAD design. 

10.1.2 User Interface: Personal Computer 

The final decision on the hardware to be used to support the user interface is a personal 

computer. Instead of interfacing with an on-board computer and monitor where the 

electronics hardware would be exposed to sawdust, Paul McFarland will design the sign 

layout on his own personal computer inside the house. The design file will then be 

formatted properly and then installed onto the CNC memory via a USB flash drive, see Table 

3 below.  

Table 3. Weighted Decision Matrix for the user interface platform. 

 

10.1.3 Microcontrollers: Raspberry Pi B+ 

In the end, the Raspberry Pi B+ was chosen for our application because of its low cost and 

versatility in an embedded system. It will interface directly with the formatted design file 

processed on the personal computer via USB, and develop the tool paths necessary for the 

motor drivers. In addition to the Raspberry Pi B+, the Forest Sign Maker will also house a 
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custom microcontroller that a fellow classmate and colleague, Darren Chan, designed and 

tested. This microcontroller will be used for its I2C communication capability, serial port 

compatibility, three VNH3SP30 DC motor drivers, and various general purpose input output 

pins (GPIO), see Table 4 below. 

Table 4. Weighted Decision Matrix for microcontroller selection. 

 

A Raspberry Pi paired with a custom microcontroller was chosen to be appropriate for the 

scope of the project. A Raspberry Pi comes with an operating system to be able to navigate 

file systems such as the one found in USB drives. Since the design file is transferred by a 

USB, a Raspberry Pi is appropriate. If an Arduino was used instead, additional software 

must be used to interpret the USB’s file system. 

For this setup, a custom board will be used that combines the microcontroller and motor 

drivers on a single board. This will have the advantage that less manual wiring is required, 

as components are already connected by the circuit board.  

10.1.4 Cutter: Router 

The final decision on the cutting module that will be used for the Forest Sign Maker is a 

wood router. This decision was made prior to the project being initiated by the sponsor, 

but despite that, it is fortunately the most appropriate cutting tool for this project, and was 

selected via the following decision matrix, Table 5. 

Table 5. Weighted Decision Matrix for the cutting tool. 
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The current plan for the cutting device on the CNC machine will be a hand router. The 

machine will accept the Bosch Colt Palm Router, in particular, since Lee McFarland has 

already purchased that router for this application.  

 

Figure 13. Bosch Colt Palm Router 

Figure 13 above shows a Bosch Colt Palm Router with a straight-edge guide attached. The 

CNC machine will accommodate the router itself, but not any peripheral accessories, such 

as 90° guide depicted above. It is not required to consider mounting other style routers, 

since Lee McFarland has stated that if the router were to burn out, they would simply 

replace it with the same model router. With that said, the router mount is simply a flat 

plate with a particular hole pattern, which could easily lend itself well to future 

modifications if need be. 

10.1.5 Actuation: Power Screw 

After evaluating the above actuation methods, the power screw was selected by means of 

the following decision matrix, Table 6. 
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Table 6. Weighted Decision Matrix for actuator selection. 

 

Power screws, which can take the form of a lead screw or a ball screw, provide accurate 

positioning, which is required for the 1/16” tolerance in letter positioning. Belts and pulleys 

were considered, but through testing and experience with other, were not accurate 

enough. They will stretch over time, unreliable performance during extreme seasonal 

weather, and any slack in the belt will manifest itself as backlash in the motor controller. 

Despite the expense of power screws, their positional accuracy and reliability is worth the 

investment. The threads of the screws will also be protected by the sawdust because the 

sleeve nuts will be “hidden” underneath the gantry; it will be impossible for debris to 

accumulate on the lead screw. 

The lead screws will be powered by DC gearmotors using incremental shaft encoder for 

closed-loop position feedback. For the y- and z-axes, the gearmotor is attached directly to 

the lead screw shaft. For the x-axis, there are two lead screws that transmit the gearmotor 

power to the gantry. The rear lead screw, the left screw in the following Figure 14, is driven 

by the gearmotor, and the front screw is driven in unison via the roller chain mechanism 

shown. Each lead screw has the same size sprocket, and the spring tensioner retains 

stiffness during operation. Sample calculations demonstrating the sizing of the gearmotors, 

lead screws, and shaft encoders can be found in Appendix F. 
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Figure 14. Underside view of the Forest Sign Maker, demonstrating the dual driven x-axis. 

10.1.6 Foundation: Wooden Board with T-Slots 

Through direct comparison of the foundation surface options described previously, the 

decision to design a wooden work surface with T-Slots has been made. 

Table 7. Weighted Decision Matrix for foundation work surface selection. 

 

Even though the wooden board is not the most durable solution to a slotted bed, it is 

relatively lightweight and inexpensive, see Figure 15. It will also give the sponsor the 

flexibility to modify it in the future, if necessary. 

Lee McFarland was integral in the design of the T-Track design and clamping system. The 

wooden slots will be cut by Lee McFarland himself, as well as the wooden clamping blocks. 

The finger clamps will tightly clamp down on the blank sign, and the wooden block clamps 

will resist any lateral movement of the blank sign during the cutting process. The T-track 

and the clamp hardware will be purchased from Rockler, per the sponsor’s request.  
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Figure 15. Alternate view of the Forest Sign Maker, revealing the electronics region. 

 

The bulk of the design process was not structured according to the previously outlined 

subsystem decomposition. The design efforts fell into three different categories: mechanical, 

software, and electrical design. The mechanical design effort addressed the entirety of the 

Forest Sign Maker as it would reside in Paul McFarland’s workshop; the software design 

focused on the graphical user interface and tool path generation; the electrical hardware 

design effort pursued efficient interfacing between the mechanical function and the end user 

input.  

10.2 Mechanical 

The final design is comprised of five main subassemblies: the foundation (red), the gantry 

(yellow), the z-module (green), the cutting module (blue), and the sign clamps (purple), see 

Figure 16 below. With this decomposition of the subassemblies, it is clear how the CNC motion 

is composed of x-, y-, and z-travel. Each axis is to be driven by a DC gearmotor that is attached 

directly to an ACME lead screw. The support guide rods facilitate movement in the prescribed 

axis by being paired with closed linear ball bearings inside a pillow block. Closed-loop feedback 

position control will be achieved through the use of low density incremental encoders that 

will be calibrated before each sign production process.  
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Figure 16. Identifying colors isolate the five subassemblies of the Forest Sign Maker. 

10.2.1 Structural 

10.2.1.1 System Rigidity 

In order to meet the engineering specification of positional accuracy, the entire 

mechanical system must be sufficiently rigid so that the forces induced by routing wood 

do not severely deflect the structural components of the machine. If the structural 

components deflect too much, then it will be impossible to locate the router precisely 

with respect to the sign regardless of the accuracy of the control system.  

Each structural component was sized by using a deflection limit as the primary 

constraint. The combination of peak load and maximum allowable deflection was used 

to size all static components. Refer to Section 8.5 for detail on the dynamic components 

of the system. All sample calculations of load deflection sizing can be found in Appendix 

F. 

10.2.1.2 Foundation 

In addition to the wooden work surface described in Section 8.1.6 above, it is comprised 

of sidewall stiffeners and custom end plates that support the rest of the machine.  
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These side stiffeners were designed with three important considerations in focus. Firstly, 

the stiffeners are sized to hold both wooden surfaces, the work surface and the support 

board. The lengths of the stiffener legs are designed to be long enough to fully encase 

both wooden boards.  

Secondly, the length of the stiffener legs also provide a lip that extends higher than the 

top surface. This extension will contain a partial amount of the wood chips produced 

during the cutting process, which assists in protecting the dynamic components from 

becoming clogged with debris. In Figure 17 below, you can see the z-direction stack-up 

of the wooden boards and the side stiffeners, as well as see an example of the side T-

slot extrusion that unites the end plates and the side stiffeners. The side stiffeners are 

to be mounted to the T-slot aluminum extrusions via dual end-feed T-slot fasteners; the 

T-slot extrusions span the two extreme end plates and, when anchoring the side 

stiffeners, provide the rigidity necessary for proper operation.  

 

Figure 17. The screenshots show a zoomed-in side view of the board and stiffener stack-up. 

Thirdly, these side stiffeners provide anchoring features for fastening the wooden work 

surface onto the foundation, which in turn provides a solid surface onto which the blank 

trail signs can be loaded. This solid surface is designed to experience very little deflection 

under maximum load; designing for a solid, rigid foundation ensures the router position 

tolerance will meet the engineering specification. 
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10.2.1.3 Guide Rods 

The second critical component group that facilitates smooth and accurate performance 

of the Forest Sign Maker is the guide rods. The guide rods serve two distinct purposes: 

to restrict the motion of each subassembly to its respective Cartesian axis, and to 

provide rigid support for these subassemblies.  

The guide rods are case hardened ANSI 1556 steel shafts, sized to provide the 

appropriate rigidity for the machine, see Appendix F for the supporting analysis on guide 

rod sizing. These shafts have a straightness tolerance of 0.002 in per foot, which are well 

within the total tolerance of 0.125 in, hence it is considered negligible in the model 

calculations. In order to accommodate the curvature of the guide rod while sagging 

under high load, it is required to use linear bearings that are flexible to approximately 

1° of misalignment. The bearings that have been selected from McMaster-Carr are 

sealed linear ball bearings that can accommodate such misalignment. These bearings 

will ensure that the motion of the subassemblies are restricted to one dimension, while 

also considerably reducing the friction load on the actuators. 

Despite the functionality of the linear ball bearings, it was necessary to apply the 

engineering principles of beam deflection in order to optimize the diameter of the guide 

rods. By modeling the deflection under maximum load and constraining the guide rod 

deflection to 0.125 in, it is possible to calculate the minimum allowable diameter. With 

this result serving as a baseline, a standard, oversized shaft diameter could be selected 

to minimize cost and machining time, while maintaining robustness of design. 

10.2.1.4 Structural Plates 

The third and final major structural system is comprised of the structural plates that 

construct the gantry and z-module subassemblies. All of these plates are aluminum 

6061-T6 flat rectangular bar, and are 5 in wide. The gantry structure is comprised of four 

½ in thick aluminum plate to ensure sufficient rigidity for router accuracy. The z-module 

has two ½ in thick bars as end plates, and a 3/8 in vertical back plate. A final note: to 

ensure longevity of the aluminum joints, all threaded holes will be fitted with HeliCoil 

thread inserts. See Figure 18 to clearly view the structural plates. 
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Figure 18. The gantry and z-module subassemblies are shown. 

10.2.1.5 Impact Cover 

On the operator side of the Forest Sign Maker resides the electronics region. The benefit 

of consolidating all of the electronic hardware in one region is that it only requires one 

impact cover to protect all the equipment during operation. The impact cover is 

intended to serve three purposes: to protect the electronics from impact damage from 

the surroundings, to shroud the electronics from sawdust accumulation, and to provide 

a conduit for forced convection heat transfer. Refer to Figure 19 to view the contents of 

the electronics region that resides underneath the impact cover. 

 

Figure 19. Detailed view of the electronics region. 

The material for the impact cover is chosen to be clear acrylic for it resilience and 

weather resistance. Polycarbonate was considered for this application since it embodies 

all of the necessary structural properties necessary, but it was rejected ultimately 
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because it cannot be cut with a laser. To facilitate fabrication of the mounting holes and 

fan port, the impact cover panels will be laser cut instead of machined. Polycarbonate 

exposed to a laser emits noxious fumes that endanger the operator, whereas acrylic 

does not.  

10.2.1.6 Electronics Mounting Plates 

The impact cover ensures the protection of the electronics, however, all the 

components still need to be mounted in space. Since there are several components that 

need to be supported, the mounting scheme has been designed to utilize large mounting 

panels to house multiple components, instead of individually mounting all the 

components. There are two mounting plates in the electronics region, both being 

fastened to the Forest Sign Maker via 18-8 stainless steel spacers.  

The first mounting plate is the baseplate. The base plate is a 0.25 in thick 6061-T6 

aluminum plate, and it will secure the microcontroller board, the current sensors, the 

AC-DC converter power supply, and the second mounting plate of the electronics region.  

The second mounting plate is the green panel. The green panel is transparent dark green 

acrylic, selected for its aesthetics and ability to be cut on the laser cutter. This panel will 

support the additional electronic components, such as the Raspberry Pi B+ and the user 

interface touchscreen. 

10.2.2 Actuation  

To reiterate, the actuation method of choice is to use a linear lead screw to transmit 

rotational motion into translational motion. This requires a combination of a power screw 

and an electric motor, see below for the details on the design of each component. 

10.2.2.1 Lead Screw 

There are various options for power screws, the two most common forms are ball screws 

and lead screws. Ball screws have larger, rounded grooves that serve as channels 

through which the mating nut ball bearings can roll. Lead screws usually have ACME 

profile threads that mate with the nut via sliding surface contact. Due to the presence 

of sawdust and wood chips, and due to the budget of the project, ACME lead screws are 

the power screw of choice. The thread callout for these screws designates the screw 

outer diameter and the thread lead. For simplicity, thread selection was limited to single 

start threads. See Appendix F for a sample calculation of the lead screw thread 

calculation. 

10.2.2.2 Motors 

With the lead screw thread defined, it is now possible to proceed with determining the 

necessary motor torque and power required to satisfy the performance requirements. 
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Each subassembly has been isolated for this analysis as to decompose the loading on 

each individual motor. The complexity of this design issue is presented when considering 

the three power domains that exist within this machine; the electrical power is 

transformed into rotational motion via the dc motors, however, the rotational energy is 

again converted into a linear translational dynamics. The conducted system dynamic 

analysis focused on reflecting the linear translational loads into the rotational domain 

so that it would be possible to determine the transfer function between a voltage input 

to the motor and the corresponding movement of the motor shaft. This transfer 

function aides in selecting the appropriate motor to satisfy the performance 

requirements. For such an integral component of the Forest Sign Maker, high-quality 

motors from Pittman Motors are preferred. After conducting the necessary engineering 

analysis, see Appendix F for a the motor selection calculations, a Pittman gearmotor 

with a continuous power rating of 25 W, outputting approximately 50 in-lbf at 663 RPM 

was selected to actuate all three axes of motion. 

10.2.3 Fasteners 

Due to the size of the Forest Sign Maker, a large quantity of threaded fasteners will need 

to be used to hold the components together with sufficient rigidity. By using fasteners to 

adhere all the necessary components, it reduces the criticality of each individual piece, 

providing a final product that is easily serviceable. Furthermore, alternative methods of 

bonding, such as welding or brazing, do not lend themselves well to high accuracy 

components. It would be possible, but very risky since the opportunity for error is absent; 

only one final prototype of the Forest Sign Maker is to be built, so its is critical to eliminate 

as many uncontrollable processes as possible.  

Despite the benefit of modularity and increased accuracy, threaded fasteners are highly 

susceptible to vibration loosening of the joints. To combat this phenomenon, every 

threaded connection in the Forest Sign Maker will have a locking nylon patch present in 

either the screw threads or on the machine nut.  

The second important issue that has been tackled with regard to the fasteners is the 

complexity of the purchase list. Only two screw sizes will be used for fastening the 

subassemblies of the Forest Sign Maker, aside from the plastic screws used to mount the 

electronic components. This greatly reduces the quantity of parts in the Bill of Materials, 

and facilitates servicing and replacements, if necessary. 

10.2.4 Addressed Performance Risks 

In the previous Section 7.2 Safety and Risk, five major concerns regarding the safety of the 

operator and the machine were acknowledged: vacuuming capabilities, emergency shut 

off, electrical power and conduits, overheating, and operator pinch points. 
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The Forest Sign Maker will be fitted with large diameter PVC tubing that will be intended 

to not be removed. It will have an inlet port situated right in front of the debris cavity of 

the Bosch Colt router, and the outlet port will be oriented behind the back wall of the 

gantry facing the electronics region. This configuration will allow the majority of the wood 

chips and debris to be quickly vacuumed during operation, but also provides a detachment 

point close to the operator. This feature will allow the operator to easily detach the vacuum 

hose after a trail sign has been produced, and manually vacuum the remaining debris.  

The second critical safety feature of the Forest Sign Maker is the emergency shut off switch. 

The selected switch is a red, plastic, pull-to-reset mushroom switch that will be panel-

mounted next to the machine user interface so that the operator can readily press it. It only 

regulates one circuit, and opens the connection when pressed, therefore, cutting power to 

the circuit. However, it is not desirable to disconnect power to the entire machine, rather 

only to the components that control the potentially dangerous equipment: the motors and 

the router. The Raspberry Pi B+ and the touchscreen need not be turned off in the event of 

an emergency, so there will be a second circuit that will always be hot, and will be dedicated 

to powering these components.  

However, even when there is no emergency during operation, the Forest Sign Maker as a 

whole has the capability of dissipating approximately 1000 W under extreme load well 

beyond the design operating point. Each component of the machine must, therefore, be 

rated to the appropriate power level to avoid catastrophic failure. The power cables are 18 

AWG and will be robust enough to handle the current draw. All the power connections will 

be rated for up to 15 A, including the power outlet and router extension cord. In addition, 

hole passageway will be lined with a rubber grommet to ensure that the wires are 

protected from the vibration metal edges. Lastly, the motor cables will be bundled into a 

single sleeve, and will be fastened to the machine via zip tie downs to control the motion 

of the cables and prevent accidental pinching or entanglement. 

As with pinching of the cables, it is necessary to eliminate potential pinch points for the 

operator. This has been achieved by designing gaps that are larger than the average human 

finger. For example, the distance between the gantry walls and the foundation end plates 

when at its maximum or minimum position will never descend lower than 1.25 in, which is 

large enough for a human finger to pass through easily. The gaps are created through 

strategic positioning of the mechanical limit switches that extend above the surface of the 

endplates, see Figure 20 below. 
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Figure 20. Detailed view of left endplate. Endplate is transparent to view limit switch. 

Lastly, the concern of overheating has been addressed using a combination of an impact 

case and a case fan. The impact has other primary motives for design, but one consequence 

is that the electronics are contained within the case. By mounting an air filter on the front 

of the impact, and fastening a case fan to the back, there is now an air flow conduit through 

which to force convective heat transfer and cool all the components to a safe operating 

temperature. This case fan will be powered by the motor controller board so that it loses 

power when the emergency shut off switch is pressed. Despite being a low power 

component, the fan blades rotate quickly and may cause potential reason for an emergency 

shutdown. 

10.3 Software 

10.3.1 Web Graphical User Interface 

Following the conceptual design of the GUI, further research and implementation were 

done to move the project forward. Originally, since we knew that the sponsor knew how 

to use Adobe Illustrator, the conceptual idea/design was designed around this. We would 

create a web application that could read and convert an Adobe Illustrator file into motor 

signals. The Adobe Illustrator file would have the design our sponsor would like to have 

created. However, complications occurred when we tried to extract information from the 

Adobe Illustrator file. Seeing that Adobe Illustrator is a proprietary application, there wasn’t 

an easy way to extract information. Since the focus of our project was to create a simple 

user interface that could be translated to motor signals, we decided that trying to extract 

information from Adobe Illustrator would require more effort in this aspect of the project. 
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Furthermore, another idea was proposed. Recycling the idea of using a web application, it 

would now instead take in user specifications and output a design file that would then be 

converted into motor signals on the Raspberry Pi.  

10.3.1.1 Motivation for Modified GUI 

The reason this solution was proposed was because creating an in-house web 

application without having to use a third party application, such as Adobe Illustrator, 

would be easier for the user to use, and also have the ability of designing a file on any 

browser or computer without having to use proprietary software. The application is be 

interactive to the user using HTML5. This means that while the user edits the dimensions 

of the board and text boxes, the design of the board will reflect the edits and change in 

real time. A prototype of this GUI can be found at http://lisayip.com/ForestFriends/. 

Although the in-house application may be limited to what it can do compared to Adobe 

Illustrator, the focus of this user interface is for the user to export data in ASCII 

characters that could be later translated to motor signals rather than having to convert 

vectors. 

10.3.1.2 Description of Modified GUI 

The user would specify the thickness of the board, width and length of the board, the 

height of the letter in inches (e.g. 1”, 2”, 3”). Then, after entering the critical information 

of the board, the user will then add text to the board until they are satisfied with the 

design. 

The application, Figure 22, will only be able to support between a minimum board size 

of 0.75” in thickness, 12” in width and height to a maximum board size of 1.50” in 

thickness, 48” in width and 24” in height. The user will not be able to change the 

interface to make it so that the maximum board size is 24” in width and 48” in height. 

This means that there will not be an option to choose the orientation of the board.  

 

Figure 21. Inputs and outputs of user specifications of a GUI. 

Once the user is satisfied with the design, they can save the data by typing the filename 

on “Filename to Save As” text box, this way the file can have specific names and the file 

will not disappear. If the user tries to save the file without a filename or on accident, the 

http://lisayip.com/ForestFriends/
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application will prevent the user from saving and prompt them to add a filename. This 

application will also allow them to reuse the design file in for future uses through the 

upload feature. Next, the user would click on “Save Text to File” to save the design file 

locally to a flash drive, and the data could then be loaded onto the Raspberry Pi B+ to 

be translated to motor signals. Figure 21 has a more detailed draft of the graphical user 

interface with specific inputs. A “Choose File” button is created for the user to upload a 

previously saved file into the GUI. Doing so will ease the use of the interface because it 

would allow editing of previous work, which will save time. 

 

Figure 22. Draft of GUI with specifications. 

10.3.1.3 Font Requirements 

According to signage guidelines, the letters on signs will all be in capital letters to ensure 

maximum readability. Highway Gothic is a font used in the signage guidelines and Cal 

Poly Forest Friends has to adhere to it. To do so, Highway Gothic is displayed in the 

HTML5 canvas so the user can reference how and where the characters will look like 

when the letters are routed. 

Every inch of the board will be equivalent to 20 pixels. 20 pixels per inch was chosen 

because we know that the typical monitor resolution is 1024 x 786 (W3Schools). So in 
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order to create an optimally sized canvas, we chose to represent the largest sized board 

(a 4 ft. x 2 ft. board) to occupy 960 x 480 pixels. in particular, we constrained the width 

of our digital representation of our board to fit within the width of our resolution. Since 

960 pixels is the width of the board and 1 foot is 240 pixels, then the height of the digital 

representation of 2 ft. tall sign is 480 pixels. Limiting our board to 960 x 480 pixels would 

allow most of the users to see the board in one screen rather than having to scroll. From 

the interface, when the user types in “1” for one inch for the font height, width or length, 

an automatic conversion would be done using JavaScript and correct dimensions would 

display on the interactive board. They will be limited to select the thickness of the board 

between 0.75” and 1.50” from a drop down menu. 

The reference point of the text is on the bottom left of the word.A better clarification 

can be seen on Figure 23. The user should be aware of this as it will govern the design 

of their board when it is being printed. 

 

Figure 23. Reference point of the text. 

10.3.1.4 Error Checking 

Additionally, there will be error checking for the width and height of the board. Since 

the minimum board size is 12” by 12” and the maximum board size is 24” by 48’, the 

application perform a check to make sure the board is ideal to fit the machine. The 

height has a range between 12” to 24” and the width has a range between 12” to 48”. 

If the user enters a value greater than it’s maximum expected value, the application will 

automatically change it to the maximum board dimension. This also applies for 

minimum values, if the a value less than 12”, the application will automatically change 

the value back to 12”. For example, if the user entered 50” in the height field, the value 

would automatically change to 24”. 
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There is also a limitation in the font size. The font size is determined by its height. An 

input of “1” on the field box would result in a 1 inch tall letter. The font ranges between 

1” to 6” high. The font size is limited to the biggest router bit provided, which is ¾”. 

Since typical trail signs do not include special characters, the machine will only be 

routing characters from A-Z, 0-9, space, apostrophe, and underscore. If the user does 

input a character that is not the previously listed characters, the character will not show 

up on the design nor will it be saved.  

The application also makes sure the text is within bounds of the design. There is a one 

inch border around the whole design for safety measures. Without the border, the 

router may accidentally route the clamps or foundation. To prevent accidental routing, 

the one inch border will be enforced. The application is designed to warn the user if the 

text overflows the dimensions of the board. A small window will pop up if the text 

overflows and warns the user, and the text will be highlighted in red. Doing so will allow 

the user to become aware the mistake in their design. If the warning is ignored and not 

fixed, the design will not save.  

If the user at some point during the design wants to change the font to a bigger size, the 

coordinates of where the text is located may chance. Since the reference point is located 

on the bottom left of the character, refer to Figure 23, the application will automatically 

update the y-coordinate so the text will fit within bounds of the design. 

10.3.2 Future Implementation and Consideration 

Additionally, we foresee in future iterations of the user interface error checking that will 

be performed on overflow text. This feature will prevent system failure as well by 

preventing the router from accessing outside the safety bounds of the board. The user 

interface will also be able to have a toggle button for “show ruler” as well as “show grids” 

for ease of use and better reference of the board. As mentioned earlier, the orientation of 

the board is currently fixed to landscape. Portrait orientated signs could be implemented 

in the future, however, this feature will add more complexity to the application.  

10.3.3 Machine Operator User Interface 

From the user's point of view, they would only be interacting with the user interface that 

is ran with python. Within the python program, during different frames the user goes 

through, there is backend processing to make machining possible.  

When the user clicks on the desired design file, the python program launches a Java 

program in the background to process the design file and output a render of the design file 

as well as a coordinate text file for the motor controller board. The design file is parsed and 

vectors are hand coded to imitate the Highway Gothic Font. An exact duplication is not 
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possible because of how font is normally rendered on a computer screen is fundamentally 

different than how a router bit with a diameter is marking symbols on a board. 

After the Java program is processed, the python program will resume its task. The user will 

be able to verify their design file and components to confirm before the machine starts. 

Once the user clicks on “Start Machining”, the user interface will freeze until the machining 

is finished. To terminate the machining before it is finished, the EMO switched will need to 

be used. A more detailed description of what the user would be following is located in 

Appendix I. 

A more detailed description of how the letter pathing is processed is located in Product 

Realization. 

10.3.4 Tool Path Translation 

After the user has produced an export file containing the data specifying the sign’s design, 

the next step is to convert those designs into paths in order to be transmitted into the 

motor controller board. 

10.3.4.1 Procedure to Design a Symbol Path 

The translation of the design to paths is done on the Raspberry Pi. Essentially, each sign 

design is a series of symbols which will be routed at a particular location. The symbols 

are composed of vectors. Take for example the letter “E”. Similar to handwriting, there 

are 4 vectors involved in scribing the letter “E”. There is the long vertical stroke and 3 

horizontal strokes as shown below in Figure 24. 

 

Figure 24. The path used to scribe the letter “E”. 

Not all vectors involve symbol strokes, some motion is just used to reposition itself. An 

example non-scribing vectors is shown in green arrows below in Figure 25 for the letter 

“E”. 
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Figure 25. The letter “E” has 7 motions, 4 scribes, and 3 non-scribes. 

In this particular example, the cutting tool will start on the top-left then start routing 

the vertical line. There are other ways to path letters using fewer paths, such as the “E” 

below starting from the top-right shown below in Figure 26. 

 

Figure 26. The letter “E” with 5 motions, 4 scribes and 1 non-scribes. 

Care will be taken care in designing the paths for each letter to achieve the most 

efficient path while minimizing non-scribing paths. 

Each possible sign symbol will have an associating series of paths. There is also support 

for arrows. If the user inputs the characters “<”, “>”, or “^”, it will correspond to the 

actual left, right, and up arrows. The last step of the path conversion is to give each 

letter’s path an origin. The origin will be a coordinate on the board. Assigning the 

coordinates will take into account the position of the text during the sign design process 

along with the width and spacing of each letter. 

10.3.4.2 Path Simulation  

Paths have been made for some letters. Simple straight letters are easily produced and 

circular letters have been carefully pathed. Since each letter is essentially an ordered 

collection of vectors, circular paths are made of many small straight lines. The small 

straight lines will provide enough resolution to appear rounded when they are routed. 

The figure below shows some sample simulated paths for some letters and a right arrow. 
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Figure 27. Path simulation of various letters, and an arrow. 

Some adjustments will be made to the letter kerning and the stroke width. These initial 

simulations look good as the letter curves are smooth. For trail signs, the directional 

arrow is supposed to be filled rather than an outline. To fill the arrow, the router will cut 

concentric layers inside the arrow until the arrow is filled. The number of layers to cut 

will be determined using as input the router bit diameter and the side of the arrow. 

10.3.4.3 Path Transfer 

After determining the positions for each letter, the Raspberry Pi will send the 

microcontroller the coordinates to move the router.  The coordinates are sent as 3 two-

byte integer values in the raster coordinate space, representing the x-coordinate, y-

coordinate, and then the movement type. The movement type is one of three options: 

a cut, a non-cutting repositioning movement, and the initial start position of the symbol. 

An example of the sent information is shown below. 

(144, 480, 0) // Start position for A 
(216, 240, 1) // Cut 
(288, 480, 1) // Cut 
(168, 400, 2) // Move 
(264, 400, 1) // Cut 
(318, 360, 0) // Start position for B 
(404, 360, 1) // Cut 
... 

Figure 28. Example sequence of path coordinates. 

The coordinate numbers are not based on any measurement scale, but instead based 

on the encoder steps and the guide rod thread to inch ratio. Our encoder will record 32 

pulses per revolution and for each revolution, the guide rod will translate is 0.125 in. 

linearly, so the encoder will record 256 pulses per inch. This is the greatest resolution 

that can be achieved with the current setup. By using the highest resolution, the 

vectorised paths will stay as sharp and accurate as possible. 
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10.3.4.4 Software Design Overview 

The structure of the software backend can be modeled using a Unified Modeling 

Language diagram (UML). Below is a UML diagram of the software structure in Figure 

29. 

 

Figure 29. UML Diagram of the software component. 

Each box represents a different component in the software system. The starting point is 

the Signal Processor, which will have as input the design file. The Signal Processor will 

consult the Text Spacer to convert the symbols into paths, placing gaps between letters 

as necessary. There is a Path Database which contains pre-generated paths for each 

letter. The Text Spacer will use this database to convert each letter into a path then 

output a series of path. The path instructions will be fed in one-by-one to the positional 

calculator which will move the router to the desired position using the feedback loop 

created by the motor and encoder. 

Different letter heights are also feasible on the system. The letter path can be scalar 

multiplied for a larger letter. The larger letters will require a larger stroke weight, and 

so the user will have to install a larger router bit. 

10.3.5 Closed-Loop Position Control 

The encoder, motor, and motor controller board are all parts of a closed-loop positional 

control system. For the motor controller board, the encoder is the data input, and the 

motor voltage is the output. The motor controller board computes the error from the 

current router position to the desired position. The magnitude of the error is directly 

proportional to the amount of power applied to the motors in order to correct the router 

position. As the motor controller board provides the power signals to activate the motor, 
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the encoders report a position of how far the motor moved. A graphical representation of 

the loop is shown below in Figure 30. For a mechanical controls perspective on the closed-

loop feedback loop, see Figure 31 (Forkish). 

 

 

Figure 30. Execution flow of microcontroller. 

 

 

Figure 31. Closed-loop schematic. 

Initially, a controller with only proportional action (P-controller) will be tested since it will 

lead to the least erratic behavior. Any overshoot is unacceptable, since it will lead to a 

misshaped character in the wooden sign, therefore adding integral action to the P-

controller to form a PI-controller is not an acceptable solution to improving performance if 

a P-controller is insufficient. A proportional-integral-derivative controller (PID controller) 

will provide controlled movement of the router to ensure that the router will not overshoot 

any linear motion, but will only be designed if deemed necessary. Once the current 

character vector has been routed, the motor controller board accepts the next character 

vector and the closed-loop position control repeats. Refer to Appendix F for preliminary P-

controller design calculations. 

Using a P-controller lends itself well to ensuring accurate cuts despite the presence of knots 

in the wood. When the router bit experiences spikes in load forces that attempt to move 

from its desired path, the P-controller will react to this disturbance error and command the 
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motors to exert more force, correcting the router tool path. This negative feedback loop 

will ensure the router can correct itself. 

10.3.6 User Modes 

The Forest Sign Maker supports up to three different modes of operations to provide 

options on for the user’s desired task. The three modes are: sign making, sign preview, and 

calibration. 

10.3.6.1 Sign Making Mode 

The standard operation is a cutting job, where given as input a sign design file, the 

machine will route the symbols onto the wooden board. This mode is considered to be 

used the most frequently, as it is the mode used to produce a wooden sign. 

10.3.6.2 Sign Preview Mode 

Another option is the preview, where given a sign design file, the machine will follow 

the paths, but not cut symbols into the sign. The X and Y axis motors will activate, linearly 

moving the router parallel to the board, but the router will be turned off and will not 

plunge into the wooden board. This mode of operation gives the user a chance to test 

the movement capabilities of the Forest Sign Maker without having a sign routed. The 

user also has a chance to check if the board size is correct and estimate if the design is 

satisfactory. 

10.3.6.3 Calibration mode 

This mode will exercise the boundary limits of the Forest Sign Maker. By activating this 

mode, the router will follow the paths to create a border on a 2’ by 4’ board without 

plunging the cutting tool. This mode is used to estimate the maximum limits of the board 

dimension and detect if any clamps used to hold down the board could interfere with 

the cutting tool. If the user estimates that the clamp may interfere with the cutting tool, 

then the clamp will have to be moved or adjust the design file to not route in that area. 

10.4 Electrical 

The final subdomain of the Forest Sign Maker is the electrical hardware components. The 

following provides insight on the final design for the electronics region, including explanations 

for microcontroller design, power supply selection, custom cabling, and interfacing with the 

various sensors present in the system. 

10.4.1 Microcontrollers 

The Forest Sign Maker relies upon a system of computing devices used to perform 

controlled movement of the router and to interpret commands. Below are the key 

computing components needed to run the Forest Sign Maker. 
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10.4.1.1 Raspberry Pi B+ 

The Raspberry Pi B+ was chosen for its compact size, its operating system, and its 

support for a touch screen user interface. Having a compatible Linux operating system 

allows the navigation of file systems and the execution of the programming languages 

Java or Python, both of each can interface the motor controller board. The Raspberry Pi 

2, a recent upgrade to the line of Raspberry Pi products, was taken into consideration. 

The added boost of processing speed is not a downside, but it is unnecessary. In 

addition, the touch screen interface is currently only compatible with the Raspberry Pi 

B+, not the Raspberry Pi 2. 

10.4.1.2 Touchscreen LCD Interface 

The touchscreen interface was chosen to give the user a friendly visual and easy way to 

input data. Initially, a 2x16 character dot matrix LCD display with 5 input buttons was 

considered as our primary Forest Sign Maker interface, but the touchscreen would add 

far greater value to the system. The screen would allow graphical interfacing using icons 

such as folders and windows. In addition, a preview of the board could be displayed on 

the screen. 

In addition to the software benefits of using a Raspberry Pi B+, there are two significant 

mechanical reasons for its selection. Firstly, the Raspberry Pi B+ will indirectly aid in 

managing sawdust in the electronics region. Due to the inevitable presence of sawdust, 

it is beneficial to use a miniature touchscreen as the local display; this removes the 

concern of sawdust congesting the buttons of a non-touchscreen display. The most 

appropriate display for the intended use of the Forest Sign Maker is the PiTFT + 

Touchscreen sold by Adafruit. This particular model touchscreen currently only 

interfaces with the Raspberry Pi B+. Secondly, the Raspberry Pi B+ features the 

necessary USB-B ports which will allow the operator to connect a USB flash drive to the 

Forest Sign Maker and upload the design file produced by the design GUI. Other 

competitive options like the Arduino Uno do not have that capability. 

10.4.1.3 Motor Controller Board 

The motor controller board is a custom microcontroller designed by a fellow Cal Poly 

Electrical Engineering graduate student, Darren Chan, which will be able to accept the 

toolpath positions generated by the Raspberry Pi B+ and output the appropriate PWM 

signal to power the motors. Furthermore, the motor controller board will not only relay 

the motor commands, but also interpret sensor data during operation.  
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Figure 32. Photo of the motor controller board, courtesy of Darren Chan. 

This motor controller board is outfitted with three VNH3SP30 motor drivers that can 

each output up to 30 A at 40 V, which is appropriately oversized for the selected Pittman 

gear motors that draw a stall current of 9.6 A at 24 V maximum. The traces on the PCB 

itself are also oversized to dissipate the large amount of heat. In addition, heat sinking 

vias are located underneath each high power component as to decrease operating 

temperature and increase reliability. With twelve GPIO pins, it will be possible to 

interface with all of the required sensors with some space for a few additional devices 

if the need arises in the future.  

Unlike the Raspberry Pi, the motor controller board can be powered with electricity at 

a voltage higher than the traditional 5 V. In fact, it must be provided higher voltage 

power due to the internal DC-DC step down regulators that protect the integrated 

circuits (IC) from potentially noisy power supplies that could harm the internal circuitry. 

After consulting with the design engineer himself, it was decided that 24 V could be 

supplied safely to the motor controller board to power all the components, simplifying 

the power scheme for the Forest Sign Maker. 

10.4.2 Power Supply  

10.4.3 Cabling 

Despite the clear need for 24 VDC, the primary source of power for the Forest Sign Maker 

is the AC main line currently present in Paul McFarland’s workshop. Other forms of 

electrical power, such as battery storage, have been deemed impractical because of the 
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machine power consumption and runtime. The power consumption of the motors alone 

would draw approximately 6 A continuously, requiring a 48 A-hr battery at a minimum for 

a full day of operation. The wall AC outlet available in the workshop will provide sufficient 

power for the motors, as well as the Bosch Colt Router that will be used, so it will be the 

only source of power for the Forest Sign Maker. 

The workshop AC operates at 120 VAC and will be converted to a 24 VDC supply via the 

selected AC-DC single output 336 W power supply manufactured by Mean Well.  

This DC voltage rail will power the motor controller board, which interfaces with the 

motors, limit switches, current sensors, and the case fan. In addition to this DC voltage 

circuit, there will be two other AC circuits powered by the workshop wall AC outlet that 

activate the Raspberry Pi B+ and touchscreen, as well as the router. 

To clarify, the Raspberry Pi is not powered by an AC voltage, rather it is powered via mini-

USB that provides 5 VDC continuously. A simple USB wall adapter rated up to 2 A and a 

USB-B/miniUSB cable will be sufficient to provide relatively clean power for the Raspberry 

Pi. 

With regard to cabling, one has already been mentioned above: the USB-B/miniUSB cable 

that will power the Raspberry Pi. This is a prefabricated cable, so there are not many 

concerns with its construction. However, the main concern with the Forest Sign Maker 

cabling is maintaining the integrity of the wire insulation and connection. 

There are two other prefabricated cables that will be used for the Forest Sign Maker. Those 

are the 18 AWG power cable for connecting the Forest Sign Maker to the wall AC outlet, 

and the 18 AWG extension cable intended for connecting the router to the Forest Sign 

Maker. 

The rest of the cables are custom cables fabricated by the Cal Poly Forest Friends team. The 

gauge of the wire will depend on the application. For high power applications, 18 AWG wire 

will be used, and for signal and communication applications, 22 AWG wire will be used. 

Where applicable, the wire ends will be soldered to a terminal connector, instead of using 

crimping connectors which will be susceptible to vibration loosening. The terminals that 

will be used on all stud connections--studs will be used for connecting to the current 

sensors and the AC-DC power supply--are not going to be fork terminals, but ring terminals 

to eliminate the possibility of slipping during operation. Furthermore, the soldered joint for 

each wire will be protected and insulated with heat shrink tubing.  

As far as a coloring scheme is concerned, it will be kept as simple as possible. The intention 

is not to color-code each individual wire, rather group them into three categories: power, 

ground, and communication. The power and ground cables will be red and black, 

respectively, but the communication cables will be green to match the aesthetic theme of 

the machine, and the project as a whole.  
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At this point, it is clear that a plan for cable management will be necessary. Not only will 

organized cables facilitate debugging and testing, but it will also decrease restrictive air 

flow in the electronics region, decreasing component temperature. The cable bundle that 

extends to the motors and sensors located outside of the electronics region will be secured 

in as many locations as possible without interfering with the motion of the subassemblies. 

Tie down holes have been included in the machined walls to allow zip ties to be used, 

therefore, controlling the motion of the cable. Not only do these tie downs control the 

cable bundle, but they will also provide strain relief for the connections themselves, 

increasing the longevity of the Forest Sign Maker. 

Sensors play a crucial role for the Forest Sign Maker since they facilitate the automation of 

the machine. In a way, the sensors are the hands and eyes for the motor controller board, 

and provide critical position information that makes closed-loop position control possible. 

There are three different types of sensors used on the Forest Sign Maker: proximity 

sensors, shaft encoders, current sensors, and the emergency shutoff switch. 

10.4.4 Sensors 

10.4.4.1 Limit Switches 

For the proximity sensor, there are two low-cost, viable options: Hall Effect sensors or 

mechanical limit switches. The most important benefit of using a Hall Effect sensor is 

that it is truly solid state, meaning that there is no concern with debris or wood chips 

interfering with its performance. However, the downside of these sensors is that they 

require a small amount of power to operate, and require a mating magnet in order to 

activate the Hall Effect within the sensor, whereas mechanical limit switches do not 

need power to operate properly and can function without the need to mount magnets 

in various locations. Standard miniature limit switches are extremely well enclosed and 

are not at risk for sawdust clogging in the Forest Sign Maker. These switches will be 

strategically located to constrain the motion of the subassemblies appropriately, and 

will provide critical calibration data for the motor controller board at the beginning of 

each cutting process. Each switch will be mounted via #4 machine screws to ensure 

robustness and repeatability.  

It is clear that the switch need only be mounted in the correct location for it to function 

properly. When the gantry bridge member makes contact with the rigid lever, the switch 

is pressed and the gantry stops moving. Recall that a Hall Effect sensor would require a 

magnetic field to function properly, so a small magnet would have to be mounted on 

the gantry, and the threshold distance would need to be fine-tuned during assembly. In 

the end, limit switches are the simplest and most reliable option for calibrating the 

Forest Sign Maker, and preventing accidental damage. 
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10.4.4.2 Incremental Encoders 

While the limit switches provide calibration data, the incremental shaft encoders 

provides the motor controller board with real-time position data. The encoders will be 

mounted directly to the far end of each lead screw, measuring the screw angle. This data 

is essential for accurate closed-loop position control within the motor controller board, 

since the controller continuously compares the real-time router position to the desired 

tool path positions. However, it is necessary to interpret the position data accordingly, 

because the output of the encoder is simply two channels of digital pulses. Each pulse is 

the result of the shaft encoder incrementing by one division, meaning that the number 

of divisions is directly related to the resolution of the encoder. This resolution is referred 

to as encoder density, where high density encoders provide high resolution shaft 

position information. Due to the relatively large position tolerance for the Forest Sign 

Maker, it is possible to use a low density encoder from US Digital, which has only 32 

divisions on the encoder disk.  

 

Figure 33. US Digital H5 shaft encoder model, in black. 

With this encoder mounted on the lead screws, it will be possible to control the position 

of the lead screws within 1/32 of a revolution, or approximately 10°. Assuming negligible 

backlash in the lead screw nut, this corresponds to a linear position controlled range ten 

times smaller than the required tolerance, which is sufficiently narrow for this 

application. See Figure 34 below to observe the difference between a low and high 

density encoder disk (Denney). 
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Figure 34. Difference between high density and low density encoders. 

Despite the simplicity of interfacing with incremental encoder, the primary ramification 

is that the Forest Sign Maker will need to calibrate the router position frequently, 

especially after power to the machine has been disconnected. Absolute encoders 

maintain the position reading after reconnecting power, however, they require more 

complex interpretation algorithms and are more expensive than incremental encoders. 

Refer to Appendix F for the derivation of the minimum encoder resolution allowable for 

this project. 

10.4.4.3 Emergency Shutoff Switch 

The emergency shutoff switch is used for an immediate system power down. Electrically, 

activating the switch will cut off the power for the Forest Sign Maker motors and the 

router. By cutting off the power, the entire system will come to a halt. The Raspberry Pi 

will still be powered and can report the last command performed before the switch has 

been activated. The system will remain on Emergency Off mode until the emergency 

shutoff switch has been reset to its connected state by pulling on the switch. 
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11 Product Realization 
During Spring of 2015, the Forest Sign Maker’s prototype underwent construction and assembly. 
The entire prototype can be broken down into 2 discrete components, the mechanical side and 
the software side. 

Victor Espinosa has completed the Cal Poly machine shop Yellow Tag certification, so he has the 
capability to use the vertical mill to machine the custom components. All components that need 
to be machined on the vertical mill have been optimized for it, considering single setup and 
minimal tool changes. 

Both Kevin Ly and Lisa Yip have their Red Tag certification, so whenever holes need to be tapped, 
or when we are ready for spray painting, they will be able to assist and expedite the process. 

11.1 Mechanical 

11.1.1 Wooden Components 

There are four wooden components present in the Forest Sign Maker assembly: the slotted 
work surface, the support layer, the two wooden clamps. These four components were 
fabricated by Lee McFarland in his garage, since he has all the necessary woodworking tools 
to fabricate them quickly and accurately.  

11.1.2 On-Campus Machining 

In efforts to reduce prototyping costs, all machining processes of the raw materials, such 
as the aluminum angle bars and flat plates, were completed by Victor Espinosa in the Cal 
Poly machine shops. Due to an unfortunate hand injury, the machining processes were 
delayed until the second week of the Spring Quarter, leaving eight weeks total for 
fabrication and assembly. Fortunately, all the components were designed in such a way to 
minimize part setup and tool changes on a vertical mill, which significantly relieved 
pressure on the production deadline. 

11.1.2.1 Power Machinery 

Out of the 33 custom components that comprise the Forest Sign Maker, the vast 

majority of them were fabricated on the vertical mills in the Cal Poly machine shops, 

both the Aerohangar and the Mustang ‘60 shop. The vertical mill facilitated the process 

of machining faces and features within tight tolerances. Each part setup was preceded 

by vise calibration using dial calipers, and using a mill edge finder and a DRO to calibrate 

the machine to each part. In retrospect, it is much more reliable to start and complete 

a part on the same machine, since each one has its own particular misalignment. Since 

these machines in the Cal Poly machine shops are available to all students, it was 

common to use parts that were either dull or compromised due to necessity.  
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In addition to using the vertical mill to produce the tightly toleranced cuts and precise 

features, the bandsaw and drill press were utilized for rough cuts and basic drill holes, 

respectively. The bandsaw, both horizontal and vertical, allowed for the raw material to 

be decomposed into the rough cut parts quickly. The horizontal bandsaw was used to 

cut the thick plates of aluminum and large angle bars, and the vertical bandsaw allowed 

for the raw Delrin plastic and thinner aluminum components to be cut with ease.  

The abrasive chop saw was used to cut the steel lead screws, both the ½” and ⅜” 

diameters, to the proper length. A grinder and jeweler’s file were used to deburr and 

clean the edges so that the bronze sleeve nuts could be threaded onto the screw without 

marring the inner surface. All the guide rods could have been cut to a proper length as 

well, but it was decided to not do so since the resulting end would be discolored and the 

case hardened steel would greatly wear the tool. 

11.1.2.2 Presses 

Aside from the power tools available in the machine shops, the sheetmetal press and 

finger break allowed for quick production of the few custom brackets required to mount 

the x-axis limit switches and the vacuum tubing. The manual hole punch was also used 

to add offset holes to the continuous hinge of the impact case. 

11.1.2.3 Laser Cutter 

The laser cutter in the Mustang ‘60 shop proved to be extremely useful for producing 

the various acrylic components that comprised the electronics panel and the impact 

cover subassembly. By saving the desired SolidWorks drawings as Adobe Illustrator files, 

it was possible to cut the components on the laser cutter at the appropriate scale. Not 

only could the laser cutter cut the outline of the acrylic parts, but it could also etch 

certain regions by taking advantage of different color settings. This made it possible to 

etch the team and product names into the top impact cover panel, as well as produce a 

rough surface on other panels that made it ideal for adhering joints. 

One effect that the high power laser had on the edge finish was that it left a slight draft 

angle on the edge. Of course, this angle was very small, but it made for unreliable solvent 

welding, since there was a small gap between two pieces. The result was the formulation 

of small cracks visible inside each joint, reducing the overall strength. Ideally, each edge 

would have been routed flat prior to assembly; future iterations would include this step. 

11.2 Software 

Within the software field, work can be split into 3 stages, sign design, letter pathing, and 

machine routing. 
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11.2.1 Sign Design 

As described earlier, the design is produced in a web browser using HTML5 and Javascript. 

An interactive HTML5 component called the Canvas is used as the graphics that will display 

the sign preview. The Javascript program will interact the Canvas with the Document Object 

Model (DOM) to dynamically create new canvases and text boxes. 

Each line of text is made in its own Context within the Canvas. The space boundaries of the 

line of text is measured against a computed hard limit of the allowable maximum routing 

area. 

In addition, other inputs such as uploading a file is performed by parsing the chosen file 

and populating the HTML textbox fields as accordingly. Exporting the design as a file also 

uses the DOM and its textbox values to construct a string of text which will be saved as a 

blob on a file. 

11.2.2 Letter Pathing 

Letter pathing is performed on the Raspberry Pi after the user selects a file through the 

Raspberry Pi’s graphical user interface. The interface library used is Tkinter, which will 

eventually execute a Java program to perform letter to path conversion. 

The vectors are hand coded to imitate the Highway Gothic Font. An exact duplication is not 

possible because of how font is normally rendered on a computer screen is fundamentally 

different than how a router bit with a diameter is marking symbols on a board. 

Pathing is performed per symbol by specifying the starting point, followed by motions to 

either produce a line, or instead move to the next coordinate. Strokes with curves such as 

the letter “O” are produced by many small line segments. To ensure good accuracy in 

router X and Y movement, diagonal lines are broken into smaller line segments. 

At the same time the rendering is generated, a list of coordinates is also being created 

which specify the movement of the router in order to recreate the sign. When the user 

confirms the sign dimensions and specifications, the user is prompted to “Start Machining”. 

Upon clicking this button, a serial connection is established with the motor controller board 

and the Raspberry Pi will send coordinates one at a time to the motor board. The motor 

board will send notifications back to the Raspberry Pi when the current coordinate is 

complete and request for another coordinate. At the beginning and end of every cut, the 

router is instructed to go HOME. 

11.2.3 Machine Routing 

The control of the motors is performed by the Motor Controller Board. Below is the outline 

of the entire program of the motor board. Default pin layouts needed for devices to 

communicate with the board is listed in the appendix. 
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There are 4 tasks involved to control the Forest Sign Maker: read_serial_task, 

x_motor_task, y_motor_task, and z_motor_task. Two key state conditions are critical to 

the order and operation of the machine. zReady and State. 

zReady specifies whether the height of the router bit has been achieved yet. The height of 

the router takes priority over the any lateral motion of the router. So if the z axis is ready, 

then the x and y axis can move. If the z-axis is not ready, then the x and y axis will wait until 

the height is ready. 

There are 2 modes of movement the gantry will take, either NORMAL or HOME. Under the 

HOME position, the gantry will move towards the home position until all 3 minimum limit 

switches are activated. When all 3 switches are activated, the Forest Sign Maker has 

recalibrated and the encoders will reset back to the zero position. 

Under the NORMAL State, the machine will travel to the given coordinate fed in through 

the serial port. 

Below is a State Diagram of the machine using zReady and HOME 

 
Figure 35. Forest Sign Maker State Machine Diagram 

 

11.2.3.1 Read Serial Task 

Read Serial Task is an overarching task that monitors safety and updates the new x, y, 

and z coordinates. The general program of the read_serial_task is outlined below 
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if all x, y, z positions equals desired: 
  retrieve new desired x, y, z 
  zReady = FALSE 
if any x, y, z maximum limit switch activated: 
  shut down machine 
if (x, y, z) == (0, 0, 0) or (0, 0, 3) or (0, 0, 4): 
  state = HOME 
if State == HOME: 
  if all minimum limit switches activated: 
     state = NORMAL 

 

11.2.3.2 Z Motor Task 

The Z motor task is in charge of moving the router up and down. Once the router is at 

the appropriate height, it will set zReady to be true, allowing the X and Y axis to move. 

The general program for the Z Motor Task is outlined below 

if zReady == FALSE: 
  if State == HOME: 
     move in (-) direction until minimum limit switch activated 
     zReady = TRUE 
  if State == NORMAL: 
     move by (desired position - current position) 
     zReady = TRUE 

 

11.2.3.3 X & Y Motor Task 

The X and Y Motor Tasks control the lateral movement of the X axis and Y axis. This is 

used to move the router across the board and is responsible for scribing the letters. The 

program for the X & Y Motor Task is outlined below 

if zReady == FALSE: 
  do nothing 
else: 
  if State == HOME: 
     move in (-) direction until minimum limit switch activated 
  if State == NORMAL: 
     move by (desired position - current position) 

11.3 Commercial Part Acquisition 

On top of the custom parts, there were over 70 component parts that were acquired to 

complete the final assembly. The primary supplier of these off-the-shelf parts was McMaster-
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Carr, however other special suppliers were used when necessary: lead screw parts were 

purchased from Roton, Inc., raw materials from OnlineMetals, electronic parts from both 

Adafruit and Digikey, and general hardware parts like screws and acrylic were purchased from 

a combination of Ace Hardware, Home Depot and Fastenal.  

11.4 Temporary Modifications 

As with most projects, the Forest Sign Maker prototype contains a few design changes that 

were not present in the designed model. After initial installation of the bearings, it was clear 

that there was a mistake in part selection: there was almost no stiffness in the assembly. In 

particular, the y- and z-axis bearings were too compliant. Each bearing was self-aligning and 

could accommodate up to 1° of shaft misalignment; with two of these compliant bearings 

working in tandem, the module was unrestrained and could pivot approximately 2° in all 

planes. The solution was to replace one of the two bearings with a rigid replacement that 

would fully restrain the bearing, but then the paired compliant bearing would relieve any 

residual binding due to shaft misalignment. To clarify, both the y- and z-axis were supported 

by compliant bearing pairs, but had to be replaced by pairs of compliant and rigid bearings. 

The replacements were machined from blocks of Delrin plastic to maintain existing tolerance 

requirements, but allow for smooth performance. 

This modification was successful, and has since been implemented into the final design. 

Some electrical components also underwent some changes. Through testing of the Motor 

Controller Board, 2 components were not working as expected. The 24v regulated Vcc power 

input failed to power the circuit. When attached to a current reader, amperage spiked, 

suggesting an electrical short. Due to the scarcity in supply of our single motor controller 

board, a fix is not attempted, but instead the board is powered through a 5v unregulated 

voltage pin. 

Initially as planned, there is a USB serial interface that would allow communication between 

the motor board and the Raspberry Pi. The serial interface however is not recognized by the 

Raspberry Pi or any other computer, so it was concluded that it failed. Instead, an FT232 

breakout board is used to connect the 2 serial pins RX1 and TX1 to allow serial communication. 

This adds another $15 part, but otherwise a doable workaround. 

The ATmega128A only contains 4 toggle interrupt pins. To ensure maximum encoder accuracy, 

each encoder requires 2 toggle pins. Since the Forest Sign Maker contains 3 encoders, 2 more 

toggle interrupt pins are required. Instead, 2 rising edge interrupts were compromised and 

the position can be estimated with the additional information of knowing beforehand which 

direction the encoder shaft should be spinning in. To fix, a replacement from the ATmega128A 

to the ATmega1281 would supply 8 more toggle interrupts. Plus, the pin layouts between the 

ATmega128A and ATmega1281 are nearly the same, so a quick unsolder and solder of the new 

chip is sufficient. 
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11.5 Manufacturing Estimate 

With regard to mass production, this machine may not be a viable solution compared to the 

existing products in the market. The largest cost factor is the labor cost due to the high 

demand for machined parts in the assembly. The amount of time spent in the Cal Poly machine 

shops was documented to be around 100 man-hours, which would lead to a projected labor 

estimate of $6,000. Coupling this labor estimate with the total material cost of $4,000, the 

approximate total manufacturing estimate is $10,000.  

It is important to note that this estimate assumes no post machining processes are executed, 

such as material finishes, part assembly, and hardware debugging. 
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12 Design Verification 
This section provides the results of our design verification plan. 

Table 8.Design Specifications with Testing Results 

 

12.1 Prototype Evaluation 

System Weight - The weight of the system must be under 200 pounds. A qualitative test was 

performed where 3 people, Lisa, Kevin, and Victor carried the Forest Sign Maker from one 

table to another successfully. If the system weighed 200 pounds, then each one would carry 

Index Parameter Description Requirement or Targets Tolerance Result

1 System Weight 200 lb Max PASS

2 Width 3.5 ft Max PASS

3 Length 6 ft Max PASS

4 Height 4 ft Max PASS

5 Cost $3,500 Max FAIL

6 Sign Production Time 2 hrs Max PASS

7 Max Blank Size 2 ft x 4 ft ± 1/4" PASS

8 Positional Accuracy Target dimension ±1/16" FAIL

9 Cutting Depth 3/16 in ± 1/16" PASS

10 Graphical User Interface Web Application -- PASS

11 Local Operation No network connection necessary -- PASS

12 Multi-platform Capabilities Function on Chrome, Firefox browsers -- PASS

13 Tool Path Errors Zero out-of-bounds errors for the tool path Max PASS

14 CNC Design Input Interface hardware can function with sawdust present -- PASS

15 Vacuum Capabilities 50% of total debris vacuumed Min NO TEST

16 Clamp Rigidity 0.012 in Max NO TEST

17 Cutting Tool Holds stock Bosch Colt Router -- PASS

18 Mounting Feature Securely fasten CNC machine to table -- PASS

19 Shutdown Time 0.5 sec Max FAIL

20 Electronics Temperature 60 °C Max NO TEST

21 AC-DC Power Supply 300 W Min PASS
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roughly 66 pounds each, a feat that would be easily recognized by its difficulty. Instead, the 

Forest Sign Maker was easily transferred across, marking it under 200 pounds. 

Width - The measured width of the system is just at 3.5 ft, making it within tolerance. 

Length - The measured length of the system is under 6 ft, making it within tolerance. 

Height - The measured height of the system is under 4 ft, making it within tolerance. 

Max Blank Size - The Forest Sign Maker must accommodate a 2’ x 4’ board. Since the router 

bit can extend all the way across the X and Y axis, the entire 2’ x 4’ surface is routable. 

Graphical User Interface - An interface is provided to the user in both the web application to 

design a sign, and in the machine interface where the user can command the machine to make 

a sign. Both of these interfaces are graphical with buttons, therefore passing the requirement 

of having a graphical user interface. 

Local Operation - Due to the remoteness of the worksite, an internet connection may not 

always be guaranteed. The Forest Sign Maker’s operation is not dependent on an internet 

connection because the web application can be run locally without going on the World Wide 

Web, making the system local. 

Cutting Tool - Our system specifically holds the Bosch Colt Router as the entire router 

assembly was custom designed to mount the Bosch Colt Router plate. 

Mounting Feature - The Forest Sign Maker must be able to securely mount to a workbench.  

Since each leg on the Forest Sign Maker comes with 4 mounting holes, it comes with a 

mounting platform, fulfilling this requirement. 

AC-DC Power Supply - The Forest Sign Maker comes with a power supply rated above 300W, 

enough to provide power to all 3 motors and all the electrical components. 

12.2 Performance Testing 

Sign production time - Given an allotment of 120 minutes, a sign must be routed. Some 

benchmark tests were performed and a small string was routed “HELLO FRIENDS”. The entire 

process took less than 5 minutes. Extrapolating this rate, at least 24 strings of “HELLO 

FRIENDS” can be routed. For a sign of at most 24 lines of text, the sign would be completed in 

2 hours. Since most trail signs only contain a couple of lines of text, in most cases, the sign will 

complete in under 2 hours. 

Multiplatform Capabilities - The web application must be operable in multiple web browsers 

because different users have a different preferred web browser. The web application 

performs under the 2 most popular web browsers: Google Chrome and Mozilla FireFox. Under 

Safari, upon clicking “Save Text to File”, the window will refresh itself and load the cpff design 

file instead of prompting the user to save the file. This can be remedied by having the user 
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purposefully saving the file. Since the web application can produce a .cpff file under Google 

Chrome, Mozilla, FireFox, and Safari, the web application meets the multiplatform capabilities 

requirement. 

Cutting Depth - The cutting depth of the bit must be between ⅛” to ¼”. A dot test was 

performed to verify the inaccuracies. A 6 x 6 grid of dots spaced one inch away from each 

other was designed and routed, the result of which is shown below. 

 

Figure 36. Dot test board sample. 

The dot test shows that the depth of the dots were all constant and within the accepted range. 

During some plunges, if the router was near a wood knot, it may struggle to cut within the 

accepted range, but once out of the knot, the router plunged further, making a full cut. 

Tool Path Errors - To prevent the accidental routing on the foundation or clamps, the web 

application enforces a one inch border in the design. Once the design is saved, the design file 

is checked with a java program to make sure each outputted coordinate is within the safe 

zone. There is also one last check with the user in the machine interface asking them to 

confirm the inputted design and components. Of course, these errors are only prevented if 

the user uses the correct design parts materials.  

CNC Design Input - The interface hardware can function with sawdust present. Since the 

vacuum capabilities has not been implemented, Cal Poly Forest Friends tested the machine 

with sawdust present. The machine is design to work with sawdust. The gantry of the x-axis is 

designed to be underneath the foundation, preventing any debris on the guide rods and ball 

bearings. The electronics box is also the farthest away from the origin, limiting the amount of 

sawdust when small blank boards are routed. 
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12.3 Failed or untested specs 

Cost - The ideal budget the sponsor would have preferred as $3,500. However, due to a 

unforeseen complications, the budget turned out to be around $3,800 excluding shipping. The 

main factors that led to the over budget would include misordering parts and ordering 

individual parts that were forgotten or neglected until the last minute. 

Positional Accuracy - The Forest Sign Maker must route symbols within a 1/16” tolerance in 

positional accuracy. Instead, the positional accuracy can peak to at least ⅛”. The problem has 

been identified as the 2 compliant helical shaft couplings allowing too much play in the Y 

direction. 

The dot test was used to verify the failure. On the 2nd to 6th column of dots, the top row of 

dots are positioned lower than those in the first column. Our diagnosis of the problem is the 

slack of the 2 helical coil couplings on the Y-axis lead screw. It allows some lead screw rotation 

without any linear movement of the router. The first column performed well because the bit 

was moving from the top left corner of the board. All other dots on the first row were moving 

from the bottom, causing the error. 

The second test executed was the Connect Test. Lines are routed starting at a previously 

routed dot as seen in the bottom row. If there is good positional accuracy, the bit would plunge 

where the dot is and leave little evidence that there ever existed a dot. The results of the 

Connect Test is shown in the same image as the Dot Test. 

Using encoders, the router bit plunges at the same position as the dot within the allowed 

tolerance when creating the horizontal line. There is minimal evidence that a dot existed at all 

when the line was inspected. This shows that the encoders maintained accuracy overtime, but 

due to the play in the Y axis, the machine at times can be inaccurate up to ⅛”. 

Vacuum Capabilities - The vacuum capabilities was not tested due to the lack of time and poor 

planning. However, the parts for the vacuum fastener were manufactured and could be 

installed but without access to a shop vac, it prevent Cal Poly Forest Friends from testing the 

vacuum component. While it may help with the longevity of the project, it was also not a 

critical specification because the machine could operate without it. 

Clamp Rigidity - The clamps did prevent the board from moving when the machine was 

routing. However, since the specifications states that the board should not move more than 

0.012”, a more detailed testing of the clamp rigidity were not tested due to the lack of time.  

Electronics Temperature - The electronics temperature was not measured due to the lack of 

time and material. Maintaining the electronics temperature to 60°C is not a main concern 

because the motor boards are designed to work under high temperatures as high as 90°C. 

Also, a 12V fan is installed into the impact case to increase airflow within the electronics box.  
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Shutdown Time - The Forest Sign Maker did not shut down within 0.5 seconds. There were 

two main reasons that led to the failure of this specification. When the emergency button 

switch is triggered, the capacitor within the power supply will drain all of its power before it 

finally shuts down. With the capacitor in the power supply, the motors will still be running and 

there was inadequate testing to check how long it takes for each motor to stop. Also, the 

Bosch Palm Router takes approximately five seconds to come to a complete stop. With the 

listed specifications, the machine will always fail. 
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13 Recommendations 
Upon completion of the Multidisciplinary Senior Project effort, it is clear that there is more work 

that can be done to improve the current state of the prototype. The following recommendations 

relate to all fields of engineering involved in this project: 

1. Replace the existing ATmega128 microcontroller with the ATmega1281 variation. 

The current microcontroller does not support as many toggle interrupt pins as the Forest Sign 

Maker requires for proper operation. The upgraded version, ATmega1281, has a sufficient 

number of toggle interrupt pins to accommodate all three encoder modules that provide closed-

loop feedback information. 

2. Troubleshoot or repair the Vcc input and USB serial on current motor controller board. 

In its current state, the input connection for microcontroller power, Vcc, and the USB serial port 

do not function properly. Due to time constraints, these issues were not directly resolved, rather 

a temporary solution was implemented. Future efforts should focus on fixing these problems for 

proper user operation and data communication. 

3. Replace temporary Delrin sleeve bushings with fixed-alignment linear ball bearings. 

In order to remedy the lack of stiffness in the cutting module, replacement Delrin bushings were 

designed and manufactured. These replacement bushings greatly increased the overall stiffness 

of the y- and z-axes, however, they also increase the amount of axial friction in the system and 

exert more wear on the mechanism. Long-term operation is not advised with these replacement 

bushings installed. 

4. Add compliance to guide rod shaft supports. 

The current design of the Forest Sign Maker shaft supports does not allow for any adjustment in 

the guide rod locations. Therefore, if the supports were not located within tolerance, there is no 

alternative method to aligning the guide rods. One possible solution is to drill oversized holes in 

the endplates, and then add mounting holes so that a flanged guide rod support can be installed. 

By adding this intermediate part, the final location of the guide rod can be adjusted upon 

assembly. 

5. Remanufacture the z-module top and bottom endplates. 

Due to time constraints and situational circumstances, the z-module endplates were not 

machined with sufficient accuracy. Primarily, the guide rod and lead screw holes were severely 

misaligned. The result is a large amount of misalignment in the lead screw, and large 

displacements in the helical shaft couplings that support the screw itself. These components will 

wear quickly in their current state. 

6. Install a power switch in the electronics region. 
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One oversight in the design of the electronics region includes the lack of a power switch. Aside 

from plugging and unplugging the AC power cord, the only way to turn off power is to press the 

EMO switch. It would be ideal to include a power switch. 

7. Use Chrome web browser to load the web GUI. 

Exhaustive testing of the web GUI has been conducted on the Chrome browser, therefore, it is 

sure to perform smoothly on that browser. There should not be any performance concern if other 

browsers are used, such as Firefox, however the display of the GUI may be compromised.  

8. Add larger access holes or slots for wiring harness. 

By the time the Forest Sign Maker prototype was prepared for wiring all the electrical 

components, it became clear that the wiring access holes were too small and that there were too 

few of them. Future prototyping efforts should include adding more access holes, or converting 

the current holes into larger slots, for ease of cable routing. Also, larger access holes would 

mitigate the chance of contact vibrations cutting through the wire insulation and exposing the 

bare metal. 

9. Redesign impact cover assembly. 

There are a few issues with the current impact cover design. First, the continuous hinge holes 

should be repositioned so that they match the foundation subassembly endplate holes. Second, 

the case fan location should be adjusted so that the fan is not located directly adjacent to the x-

axis motor; the motor severely impedes the overall airflow. Third, with regard to airflow, the 

enclosure edges need to be air-tight, whereas they currently have a gap. Fourth, the solvent-

welded joints are not sufficiently strong due to the tapered cut that was a product of the laser 

cutter; the edges should be routed flat after the panel is cut on the laser cutter to ensure a perfect 

joint. 
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16 Appendices 

16.1 Appendix A – Design Development Tools 

16.1.1 QFD Table  

The QFD Table provides a tangible approach to translating the customer requirements into 

concrete, testable engineering specifications. Furthermore, the QFD table provides 

reassurance that the current market solutions do not satisfy the customer’s needs better 

than the future design created by the Cal Poly Forest Friends. 

Table 9. QFD Table for the Forest Sign Maker. 
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Referring back to Table 1 in Section 6 Engineering, the table utilizes a series of code letters 

to designate methods of compliance and levels of risk. The code letters are described 

below. 

Risk is the likelihood that the parameter will not meet its target. A Low (L) risks means that 

there is little risk that it would not meet its target. A Medium (M) risk means that there’s a 

higher chance that the parameter would not meet its target. A High (H) risks means that it 

will be difficult for the parameter to meet the target. 

Compliance is the method of how each parameter will be tested. Analysis (A) will involve 

calculations of the properties of specs such that when the parts work together, the 

performance is theoretically proven. Test (T) will involve measurement the performance of 

a prototype or the final product. Similarity to Existing Designs (S) will involve comparing 

our performance with an already proven tested product. Inspection (I) will involve a visual 

and auditory check whether our parameter meets the specification. 
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16.1.2  Weighted Decision Matrix 

The Design Development section provided individual weighted decision matrices for the 

concept selection of the various subsystems. Those tables were extrapolated from this 

complete weight decision matrix: 

Table 10. Complete Weighted Decision Matrix for the Forest Sign Maker 
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16.2 Appendix B – Schematics 

In order to facilitate fabrication and assembly of the Forest Sign Maker, many commodity were 

selected instead of designing many individual custom parts. The system design has been 

optimized by using a combination of commodity and custom parts. The commodity parts have 

a greater impact on the budget, however they save significant fabrication time, especially 

considering parts such as linear bearing housings. The parts that are better suited for custom 

machining have been designed for vertical milling. Each custom part has been modeled, and 

has a corresponding mechanical drawing.  

All the drawings have been compiled into the following PDF. The order of drawings is 

structured by subassembly, akin to the structure of the Mechanical Assembly BOM found in 

Appendix D. 

Click on the label to view the corresponding PDF. 

 

 

 

Another element of the Forest Sign Maker that is customized, not a commodity part, is the 

microcontroller PCB design. The designer, Darren Chan, has provided the updated Eagle board 

and schematic files. The PDF versions are found below. 

 

 

 

16.2.1 Wiring 

The wiring schematics for the default pin hookup values is given below. Some devices 

connected to the Forest Sign Maker are the 3 optical encoders, 6 limit switches, 3 current 

sensors, and a serial communications port. A description is also included below, and can 

also be found in pinLayout.h inside the Github repository. 

Limit Switches 

X Minimum X Maximum Y Minimum Y Maximum Z Minimum Z Maximum 

PA7 PA4 PA6 PA3 PA5 PA2 

 

Mechanical Drawings 

Microcontroller Drawings 
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X Minimum is the switch that will be activated when the router moves to the lowest X 

coordinate. It is essentially the home position in the X axis. 

X Maximum is the switch that will be activated when the router moves to the highest X 

coordinate. It is the farthest right the router is allowed to go. 

Y Minimum is the switch that will be activated when the router moves to the lowest Y 

coordinate. It is essentially the home position in the Y axis. 

Y Maximum is the switch that will be activated when the router moves to the highest Y 

coordinate. It is the lowest that the router is allowed to go. 

Z Minimum is the switch that will be activated when the router moves to the lowest Z 

coordinate. It is the farthest vertically the router is allowed to go away from the work 

surface. 

Z Maximum is the switch that will be activated when the router moves to the highest Z 

coordinate. It is the closest the router is allowed to go towards the work surface. This switch 

may seldom ever be activated because the there may not be enough vertical clearance for 

the router bit and the work surface. 

Encoder Pins 

Encoders are used to measure the rotation of a shaft. In this application, it will be used to 

measure linear movement of the router by monitoring the number of rotations the lead 

screw will perform. Each encoder has 2 pins, A, B, both of which will trigger high or low 

whenever the shaft rotates. 

X.A Pin X.B Pin Y.A Pin Y.B Pin Z.A Pin Z.B Pin 

PE4 PE5 (INT) PE6 PE7 PD0 (SCL) PD1 (SDA) 

X.A Is the A pin from the X axis encoder. 

X.B is the B pin from the X axis encoder. 

Y.A is the A pin from the Y axis encoder. 

Y.B is the B pin from the Y axis encoder 

Z.A is the A pin from the Z axis encoder. 

Z.B is the B pin from the Z axis encoder. 

PD0 and PD1 are interrupt pins that do not operate on toggle, making them not ideal for 

encoder pins. However, due to the lack of available toggle pins, PD0 and PD1 must be used. 
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Current Sensors 

X Axis Power X Axis Sensor Y Axis Power Y Axis Sensor Z Axis Power Z Axis Sensor 

PF0 PF3 PF1 PF4 PF2 PF5 

X Axis Power, Y Axis Power, and Z Axis Power are strictly used to provide 5V to the current 

sensors. 

X Axis Sensor is the Vout from the current sensor of the X-Axis motor. 

Y Axis Sensor is the Vout from the current sensor of the Y-Axis motor. 

Z Axis Sensor is the Vout from the current sensor of the Z-Axis motor. 

The current sensors requires the AREF pin on the motor board to be attached to the Vcc 

pin on the motor board. AREF is the analog voltage reference used for the analog to digital 

conversion. 

Serial Port 

From the FT232 breakout board, connect the RX line to the TX line of the Motor Controller 

Board and connect the TX line to the RX line of the Motor Controller Board. Finally, connect 

GROUND to the Motor Controller Board’s GND. Then attach a USB cable from the FT232 

breakout board to an empty USB port on the Raspberry Pi. This will serve as the serial 

communications bridge between the Raspberry Pi and the Motor Controller Board. 

16.2.2 Operation 

Upon startup, the machine first checks if any of the maximum limit switches are activated. 

If so, it will activate the motors to back the router away from the maximum limit switches 

until they are no longer activated. This check is performed on the X, then Y, then Z axis. 

After all 3 axis’s maximum limit switches are no longer activated, then the system starts up 

the scheduler. 

The coordinates are supplied through a serial port in the form of 3, unsigned 2-byte binary 

values, in the order of X, Y, then Z. 

 Upper X 
coordinate 

Lower X 
coordinate 

Upper Y 
coordinate 

Lower Y 
coordinate 

Upper Z 
coordinate 

Lower Z 
coordinate 

Byte 0 1 2 3 4 5 

 

The upper X coordinate contains the 8 more significant bits of the X coordinate, and the 

lower X coordinate contains the 8 less significant bits of the X axis. When combined, Upper 

X coordinate occupies bits [8:15] and lower X coordinate occupies bits [0:7]. 



Appendices 

83 
 

The upper Y coordinate contains the 8 more significant bits of the Y coordinate, and the 

lower Y coordinate contains the 8 less significant bits of the Y axis. When combined, Upper 

Y coordinate occupies bits [8:15] and lower Y coordinate occupies bits [0:7]. 

The upper Z coordinate will contain 0, and the lower Z coordinate contains a height code 

corresponding to the height the router will plunge. 

Z Code Meaning 

0 Hover ¼” above the board 

1 Plunge ⅜” into the board 

2 Hove ¼” above the board 

3 Return home and set the board height to be ¾” 

4 Return home and set the board height to be 1.5” 

 

If the coordinates sent to the board is <0, 0, 0>, <0, 0, 3> or <0, 0, 4>, then the motor board 

will initiate HOME mode. The router will recalibrate itself to the home position by moving 

the router until engaging the x minimum limit switch, the y minimum limit switch, and z 

minimum limit switch. Upon completing the rehoming, the new relative home is set, and 

the machine is recalibrated. When the calibration is complete, the machine will exit HOME 

mode, and enter NORMAL mode. 

If the coordinates sent is <0, 0, 3>, then the machine will enter HOME state and set the 

hover to plunge to ¼” above a ¾” tall the workpiece. If the coordinates sent is <0, 0, 4>, 

then the machine will enter HOME state and set the hover to plunge to ¼” above a 1.5” tall 

workpiece. 

Normal Mode 

Normal mode is when the motor board will take in coordinates as input and move the 

router to the given coordinates. Coordinate units are given in 1/128 inch units. For example 

<128, 128, 0> is to hover the router bit ¼” above the board 1 inch from the left border and 

1 inch from the top border. <1, 1, 0> is to hover the router bit ¼” above the board 1/128 

inch from the left border and 1/128 inch from the top border. 

There is a 1/16” tolerance to the accuracy of the router position. 

Z Axis 
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The Z axis takes priority over the X and Y axis because the height of the router needs to be 

positioned first. This is important of making sure the cuts on the board start and end at the 

right spot. 

If at any time, any of the maximum limit switches have been activated, the machine will 

stop, and the motor controller board will have to be resetted. 

Current Sensors 

If at any time, any of the current sensors measure 9 amps, the machine will stop, and the 

motor controller board will have to be resetted. 

Power 

The board has to be supplied power by a 5v Vcc pin. Currently, the board is powered through 

the ISP programmer which is connected to a USB port. 
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16.3 Appendix C – Bills of Materials 

The BOM outlines the completed mechanical assembly structure organized by component 

hierarchy and specifies the unit cost. For most commodity parts, McMaster-Carr is the primary 

vendor. For the major components of actuation, specialty vendors such as Pittman Motors 

and Roton. For raw materials such as aluminum plates and angle bars, Online Metals is the 

primary vendor. Included is the outline of the completed electronics parts list required to 

populate the custom microcontroller that Darren Chan, an Electrical Engineering graduate 

student and faculty member, designed and tested. All components can be purchased from 

Digikey using the listed part numbers. 

Click on the label to view the BOM: 

 Forest Sign Maker BOM 
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16.4 Appendix D – Vendor Datasheets 

Click on the part label to view the corresponding datasheet. 

Gearmotor 
Incremental 

Encoder 
Microcontroller

Linear Ball 

Bearings 
Limit Switch Current Sensor 

Roller Chain 
Chain 

Tensioner 
Chain Sprocket 

Feet Bracket 
Small Angle 

Bracket 

Large Angle 

Bracket 

T-Slot Extrusion 
Helical 

Coupling 
Tee Bracket 

Universal T-

Track 

Gearmotor 

Spacer 
Shaft Collar 

Power Supply Raspberry Pi B+ Motor Driver 

Touchscreen 
Voltage 

Regulator 
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16.5 Appendix E – Supporting Analysis 

The supporting analysis conducted by the Cal Poly Forest Friends is critical to the integrity of 

the Forest Sign Maker final design. The following analysis is organized into two categories: 

written hand calculations and computer simulations.  

The following links refer to scanned copies of hand calculations that sets the foundation, or 

optimized baseline, for several various system elements, such as guide rod diameter, torque 

calculations, feed speed considerations, etc. The original copies of the analysis provided here 

can be viewed in the project logbooks that the Cal Poly Forest Friends maintain. 

Click on the desired label to view the corresponding PDF. 

Guide Rod Sizing 

Vertical Member Thickness 

Feed Speed Estimation 

Preliminary Controller Calcs

Motor Selection 

Encoder Selection 
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16.6 Appendix F – Project Management Tools 

The following Figure 36 depicts the timeline for the rest of the project. 

 

Figure 37. Forest Sign Maker timeline. 

 

The Gantt scheduling chart developed for this project can be found using the following link: 

 

 

 

 

 

 

  

Gantt Chart 



Appendices 

89 

16.7 Appendix G – Testing Plans 

NOTE: Consult all provided test plans prior to testing. Some tests are designed to be conducted 

in parallel with each other. 

Table 11. Copy of the Formal Engineering Requirements Table 1, but has been hyperlinked to 
the test plans.  

Click on the desired specification to view its testing plan, if available. Only specifications with 

a “T” in the Compliance column will have a testing plan.  

Index Parameter Description Requirement or Targets Tolerance Risk Compliance

1 System Weight 200 lb Max H T

2 Width 3.5 ft Max H T

3 Length 6 ft Max L T

4 Height 4 ft Max L T

5 Cost $3,500 Max H A

6 Sign Production Time 2 hrs Max L T

7 Max Blank Size 2 ft x 4 ft ± 1/4" L T, I

8 Positional Accuracy Target dimension ±1/16" H T

9 Cutting Depth 3/16 in ± 1/16" L T

10 Graphical User Interface Web Application -- L S

11 Local Operation No network connection necessary -- L T

12 Multi-platform Capabilities Function on Chrome, Firefox browsers -- L T

13 Tool Path Errors Zero out-of-bounds errors for the tool path Max L T

14 CNC Design Input Interface hardware can function with sawdust present -- H T, I

15 Vacuum Capabilities 50% of total debris vacuumed Min L T, I

16 Clamp Rigidity 0.012 in Max M T, S

17 Cutting Tool Holds stock Bosch Colt Router -- L I

18 Mounting Feature Securely fasten CNC machine to table -- L T, I

19 Shutdown Time 0.5 sec Max L T, I

20 Electronics Temperature 60 °C Max M T

21 AC-DC Power Supply 300 W Min L A
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16.8 Appendix H – User Manual 

User Manual 
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CUTTING FORCES BY PERIPHERAL CUTTING OF LOW 
DENSITY WOOD SPECIES 
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In this paper multifactor non-linear dependencies of cutting forces from 
several machining parameters for low density wood of Liriodendron 
tulipifera Linn., known as Yellow Poplar, and Cordia alliodora Ruiz. & 
Pav., known as laurel blanco wood or capa prieto, were evaluated from 
experimental matrices. In the analyzed relations there was evidence for 
several strong interactions, which have been graphically illustrated and 
discussed. 
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INTRODUCTION 
 


The problem of cutting forces, especially for routing and milling of low density 
wood of Liriodendron tulipifera, and Cordia alliodora, have not been worked out yet. In 
the literature from the field of wood machining there exists a method for evaluation of the 
main (tangential) Fc and normal Fn cutting forces, in the form of formulas (1) and (2), for 
the ten most common European wood species.  These formulas employ the relative 
cutting resistance K and correction coefficients (Afanasev 1961; Amalitskij and 
Lyubchenko 1977; Bershadskij 1967; Deshevoy 1939; Orlicz 1982). However, large 
differences, as high as 40% and more between values predicted from equations (1) and 
(2), relative to the observed forces, suggest that the problem of cutting forces, namely the 
wood cutting theory, has not yet been worked out completely. 


 
Tmcvcaprspc CCCCCCCKwaF ⋅⋅⋅⋅⋅⋅⋅⋅⋅= ρδ       (1) 


 
Fn = Cn · Fc          (2) 
 


In Eqs. (1) and (2) the terms are defined as follows: 
 


ap   - Thickness of cutting layer (also known as chip thickness). 
ws   - Cutting width. 
K = f(ϕr)    - Specific cutting resistance [N/mm2, MPa]. 
Cr       - Coefficient of wood species, Pinus silvestris wood Cr = 1. 
Cδ = f(δf)   - Coefficient of cutting angle δf. 
Cρ = f(ρ or VB) - Coefficient of cutting edge dullness ρ, VB. 
ρ    - Radius of cutting edge round up. 
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VB    - Recession of cutting edge. 
Cap = f(ap)   - Coeff. of a thickness of a cutting layer (chip thickness) ap. 
Cvc = f(vc)   - Coefficient of a cutting speed vc. 
Cmc = f(mc)  - Coefficient of a moisture content mc. 
CT = f(T)   - Coefficient of a temperature T. 
Cn = f(ρ or VB)  - Coefficient of normal force Fn. 
 
In the authors’ opinion there are several reasons for the lack of fit. The most 


important cause is not taking physical and mechanical properties into account in formula 
(1), instead of an arbitrarily assumed value or range of the correction coefficient Cr. The 
wood, even of the same wood species, may differ considerably in physical and 
mechanical properties, resulting in a large dispersion of predicted cutting forces in 
comparison to observed ones. Another reason is, in the authors’ opinion, a general 
assumption that there is a lack of dependence of the value of one correction coefficient 
from other cutting parameters, including wood species properties. The average specific 
cutting resistance K, evaluated without taking into account early and late wood of growth 
rings, cannot be used to calculate real maximum and minimum cutting resistances. It is 
already known from the literature that the normal force Fn does not follow the tangential 
force Fc proportionally to the change in cutting edge wear. An important disadvantage of 
the method based on equations (1) and (2) in most published works is also a tabular form 
of the correction coefficients. All assumptions above seem not to be supported by any 
multifactor experiment, making the method of evaluation of cutting forces based on 
formula (1) and (2) a rather rough approximation of the problem (Axelsson et al. 1993; 
Kivimaa 1950; Amalitskij and Lyubchenko 1977). 


There are older and newer published works, describing the dependence of main Fc 
and normal Fn cutting forces on several cutting parameters for different kinds of 
machining in the form of multinomial or power type functions. However, the limited 
number of independent variables involved, as well as not having exactly the same and 
limited range of their variation, makes models difficult to compare (Axelsson et al. 1993). 
The models available in the literature for most machining methods, including routing and 
milling, were worked out and collected in the program Wood_Cutting (Porankiewicz 
2007). 


The present study attempts to evaluate the dependence of main (tangential) Fc and 
normal (radial) Fn cutting forces from cutting edge dullness VB, average angle ϕr 
between wood grains and cutting plane, the cutting speed vc, feed per edge fz, and 
moisture content mc during peripheral cutting of low density wood of Liriodendron 
tulipifera and Cordia alliodora.  
 
 
MATERIALS AND METHODS 
 


In the first experiment (Cyra 1997), the cutting forces were measured with use of 
a measuring system equipped with Hasegawa Tekko Type 4321 load cells, amplifier, and 
multi-pen recorder, as shown in Fig. 1. 
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Fig. 1. General scheme of measuring system used in first experiment; 1 - Router bit, 2 – Work-
piece, 3,4 – Load cells, 5 – Amplifier, 6 – Multi-pen recorder, 7 – Motor, 8 – Workpiece feed table   
 


In the second experiment (Bermudez 2005; Bermudez et al. 2005) cutting forces 
were measured with the use of a measuring system equipped with a Hasegawa Tekko 
Type 4321 load cell, an NEC Type AS1202 amplifier, and a National Instruments Type 
NI PCI-6034E A/D converter integrated with LabVIEW program software, as shown in 
Fig. 2. The sampling rate was 100 Hz. 


 
Fig. 2. General scheme of measuring system used in second experiment; 1 – Cutting tool, 2 – 
Load cell, 3 – Amplifier, 4 – A/D converter, 5 – Computer, 6 – Workpiece feed table, 7 – 
Workpiece, 8 – Motor 
 
 


Experiments were performed on a CNC Shoda Fanuc NC-3 vertical router at 
Shimane University, Matsue, Japan. The X  and Y cutting force components for the first 
experiment and the X component for the second experiment, measured in workpiece feed 
table coordinates were recalculated to average tangential Fc and normal Fn forces, accor-
ding to minimum and maximum contact angle, defined by cutting radius rc and cutting 
depth gs. Parameters for the first experiment (Cyra 1997) performed by peripheral up 
routing  (Fig. 3 a) were as follows: 


 
Mechanical and physical properties of wood of Liriodendron tulipifera:  


Wood density D = 400 kg/m3. 
Modulus of rupture by bending Rb = 69.6 MPa. 
Modulus of rupture by compression parallel to grains Rc = 38.2 MPa. 
Moisture content mc = 11 %.  
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Fig. 3. Scheme of: a – up routing, and, b – up milling, with tangential Fc and normal Fn cutting 
forces 


 
Machining parameters:  


Cutting edge recession measured in bisector of a wedge angle VBw< 4; 27; 52; 65; 
82 µm >.  
Contour wedge angle βf = 37o. 
By β f = 37o, the range of variation of the ρ is ρ<2; 38 µm >. 
Contour rake angle γf = 33o. 
Contour clearance angle αf = 20o. 
Cutting edge inclination angle λp = 0o. 
Cutting radius rc = 5 mm. 
Spindle rotational speed RPM = 5000 min-1. 
Cutting speed vc = 30 m/s. 
Feed speed vf = 2 m/min. 
Feed per edge fz = 0.2 mm. 
Cutting depth gs = 2 mm. 
Width of cut ws = 10 mm. 
Number of cutting edges z = 2.  
Average angle between cutting speed and cutting plain direction and wood grains 
ϕr and ϕs <23.4; 38.4; 53.4; 68.4; 83.4; 98.4; 113.4; 120.4; 143.4; 158.4; 173.4; 
188.4 o >.  
The angle between cutting edge direction and wood grains ϕk = 90o. 
Growth rings grains orientation towards cutting edge ϕrt = 0o . 
Material of the cutting edge was the cemented carbide K05.  
 
Parameters for the second experiment by peripheral up milling (grooving) with a 


one side contact (Bermudez 2005; Bermudez et al. 2005; Fig. 3 b) were as follows:   
 
Mechanical and physical properties of wood of Cordia alliodora in air dried state:  


Wood density D = 456 kg/m3. 
Modulus of rupture in bending Rb = 729.8 MPa. 
Modulus of rupture in compression parallel to grains Rc = 324.8 MPa. 
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Moisture content mc<11.5; 100 %>.  
 


Machining parameters:  
Contour wedge angle βf = 45 o. 
Contour rake angle γf = 25o, 
Contour clearance angle α = 20o. 
Cutting edge inclination angle λp = 0o. 
Side angle in main plane κ'r = 1.8o. 
Side angle in back plane τp = 4.3o. 
Cutting radius rc = 100 mm. 
Cutting speed vc<10; 20; 30; 40 m/s>. 
Spindle rotational speed RPM<955; 1910; 2865; 3820 min-1>. 
Feed speed  vf< 0.5; 1; 1.5; 2 m/min>. 
Cutting depth gs< 0.5; 1; 2; 3 mm>. 
Average angle between cutting speed and wood grain direction ϕr<2; 7o>.  
Width of cut ws = 1 mm. 
Number of cutting edges z = 1. 
The angle between cutting edge direction and wood grains ϕk = 90o. 
The angle between cutting plain direction and wood grains ϕs = 0o.  
Radial and tangential orientation of growth rings grains towards the cutting edge 
were not taken into account.  
Material of the cutting edge was the high speed steel SKH 51. 
Cutting force was analyzed for sharp cutting edge.  
 
In the second experiment, during cutting Cordia alliodora wood, the feed velocity 


vf  was varied in the range of vf<0.5; 2 m/min>, instead of varying the feed per edge fz for 
different cutting speeds vC. This was achieved by increasing the spindle rotational speed 
RPM, without any increment in the feed velocity.  As a result, the feed per edge fZ did not 
have the same set of values for the different cutting speeds vC that were considered.  


In order to evaluate the relations Fc = f(ϕr, VBw), Fn = f(ϕr, VBw), and Fc = f(ϕr, fz, 
vc, mc), linear models and second order multinomial models, as well as power type 
functions without and with interactions were analyzed in preliminary calculations. The 
model should fit experimental matrix by the lowest summation of residuals square SK, by 
the lowest standard deviation SD, and by the highest correlation coefficient of predicted 
and observed values R. The experimental matrix can be fitted with more simple models, 
but this will result in decreasing approximation quality, which means that the SK and SD 
values will increase, and R will decrease. In this case all predicted values of dependent 
variable will have higher expected error. Many years of experience by the first author 
lead us to believe that efforts to fit such data with overly simple models can be expected 
to hurt the quality of the approximation of the influence of independent variables, 
especially in the case of variables with small importance, making such a model 
nonsensical. The proper influence of low importance variables can be only extracted from 
an experimental matrix when using a more complicating model. The most adequate 
formulas appeared to be the non-linear, multivariable equations with interactions (3) 
through (7).  
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For evaluation of estimators from experimental matrixes (containing 60 and 128 


measuring points, in case of the first and second experiments, respectively), a special 
optimization program was applied, based on a least squares method combined with 
gradient and Monte Carlo methods (Porankiewicz 1988) with further changes. Elimina-
tion of the unimportant or low-importance estimators was carried out by use of the 
coefficient of relative importance, CRI, during evaluation of process models (3) through 
(7).  CRI was defined by formula (8).  It was assumed that CRI > 0.1. 


 
CRI  =  ( SK – SKOK) / SK  ⋅ 100 [%]        (8) 
 


In Eq. (8) the new terms are: 
 
 SKOK = the summation of residuals square by cK = 0 
 cK = k estimator evaluated in statistical model 


 
Calculations were performed at Poznań Networking and Supercomputing Center 


PCSS on an SGI Origin 3800 computer. For characterization of approximation quality, a 
summation of residuals square SK, standard deviation SD, and a square of correlation 
coefficient of the predicted and observed values R2 was used. 


For comparison of results obtained in the present work with similar data from the 
literature, the main cutting force Fc was calculated for up routing and up milling, with 
application of the Wood_Cutting program (Porankiewicz 2007) for Tilia cordata low 
density wood, was used.    
 
 
RESULTS AND DISCUSSION  
 


For formula (3), describing the relation between the main force Fc and the average 
angle ϕr between cutting speed direction, wood grains, and cutting edge dullness VBw for 
wood of Liriodendron tulipifera, the following estimators were evaluated: a1 = 0.091; a2 
= 0.9662; a3 = -0.7276; a4 = 0.2769; a5 = -0.0007; a6 = 2.7357; a7 = 9.0847, by range of 
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variation of independent variables: ϕr <23.4; 188.4o>; VBw<4; 82 µm>. The quality of the 
fit to the  model (4) is shown by Fig. 4a and the values of the quantifiers: SK = 770.2; R2 
= 0.86; SD = 3.6 N.  


The following estimators were evaluated for formula (4), describing the relation 
between the normal force Fn and the average angle between cutting speed direction and 
wood grains ϕr, as well as cutting edge dullness VBw for the wood of Liriodendron 
tulipifera: b1 = 0.0006; b2  = 2.8537; b3 = 0.3148; b4 = 0.5061; b5 = 0.0029; b6 = 3.5853; 
b7 = 8.5167, by variation of independent variables: ϕs<23.4; 188.4o>; VBw<4; 82 µm>. 
The quality of the model (4) fit is characterized by the quantifiers: SK = 853.8; R2 = 0.94; 
SD = 3.8 N, and is also illustrated in Fig. 4b. 
 


 
Fig. 4. Plots of main Fc and normal Fn cutting forces observed by routing Liriodendron tulipifera 
routing against predicted main Fcp and normal Fnp forces according to models: a - (3) and b - (4) 
 


From Fig. 5a it can be seen that for maximum cutting edge dullness VBw, the Fc 


and the Fn increased with increasing average angle ϕR, and reached their maximum at 
average angles ϕr = 117.7o and ϕr = 87.3o, respectively. Such a relation was not 
evidenced for the sharp cutting edge. In the dependences Fc and Fn = f(VBw, ϕr), a strong 
interaction VBw · ϕr was evidenced. The Fn reaches it’s larger maximum by the ϕr angle 
as much as 30.4o lower than in case of the Fc. Different shapes of relations Fc = f(VBw, ϕr) 
and Fn = f(VBw, ϕr), as well as a presence of their maximum beside ϕr = 90o for sharp and 
dull cutting edge is a phenomenon that is in contradiction with equations (1) and (2).  
 For almost parallel cutting, by ϕr <30o and ϕr > 160o, enlargement of the cutting 
edge recession VBw caused rather small increases of the Fc and Fn values, slightly more 
for the Fc. This finding also contradicts information from the literature. In the analyzed 
range of the cutting edge recession VBw<4; 82 µm>, the ratio between the largest and the 
lowest value of the Fc was as high as 4.2 in this paper, while only 1.3 according to the 
literature (Amalitskij and Lyubchenko 1977, Orlicz 1982).  


 







 


PEER-REVIEWED ARTICLE  ncsu.edu/bioresources 
 


 
Porankiewicz et al. (2007). “Cutting force, low density wood,” BioResources 2(4), 671-681.  678 


  
Fig. 5. Dependence between main force Fc and normal force Fn, the grain angle ϕS, and the 
cutting edge dullness VBw, according to models: a - (3) and b - (4) 
 


For formulas (5) through (7) describing the relationship between the main force 
Fc and ϕr, fz, vc, and mc, for wood of Cordia alliodora, peripheral up-milling, the 
following estimators were evaluated: c1 = 1.1364; c2 = 1.3095; c3 = 1.2049; c4 = 1.2561; 
c5 = -0.2581; c6 = -7.36·10-2; c7 = 0.3623; c8 = 1.2681; c9 = 0.2485; c10 = 0.9209; c11 = 
1.1441; c12 = 2.1219; c13 = 0.1764; c14 = 0.603; c15 = 1.6861, by a range of variation of 
independent variables: ϕr<1.99 ; 6.96o >; fz<0.13; 2.09 mm>; vc<10; 40 m/s>; mc<11.5; 
30> %. The quality of the models (5) through (7) fit is characterized by the quantifiers: 
SK = 47.7; R2 = 0.93; SD = 0.61 N, and is also illustrated in Fig. 6. 
  


 
Fig. 6. Plot of main Fc cutting force observed by milling Cordia alliodora against predicted main 
Fcp  force according to models  (5) through (7) 
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Graphical illustrations of the relations (5) through (7) are shown in Figs. 7 and 8. 
From Fig. 7 an increase in the main force Fc was observed with increasing feed per edge 
fz and the average angle ϕr between cutting speed direction vc and wood grain. This 
relation dropped down for the lowest values of analyzed independent variables. In the 
range of the feed per edge fz<0.13; 2,09 mm>, a ratio between the largest and the lowest 
value of the Fc was in similar range with values given in literature for lime tree wood. 
Fig. 8 shows that the Fc slightly declined with an increase in mc by the highest value of 
vc. This is in agreement with the literature. The interactions ϕ r / fz, fz · vc, and ϕ r· vc, and 
the much weaker interactions ϕ r / mc and vc · mc are new findings. 


 


 
Fig. 7. Dependence of the main force Fc from the average grain angle ϕr and the feed per edge fz, 
according to models (5) through (7) by the lowest value of vc and mc; region marked by broken 
line lay outside experimental matrix   
 


 
 


 
Fig. 8. Dependence of the main force Fc from the cutting speed vc and the moisture content mc 
according to models (5) through (7) 
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From Fig. 8 it can be seen that the main force Fc increased with an increase of the 
vc over the whole analyzed range, slightly more for the lowest moisture content mc, 
which contradicts information from the literature. Figure 8 also shows that the moisture 
content mc had limited influence on the main force Fc, to the lowest analyzed value. 
Within the analyzed range of the moisture content mc<11.5; 100 %>, the ratio between 
the largest and the lowest values of the Fc was as high as 1.13 in the present paper, in 
comparison with 1.25 according to the literature (Kivimaa 1950; Amalitskij and 
Lyubchenko 1977; Orlicz 1982).   


Analysis performed in the present study indicates that for an adequate description 
of wood cutting forces, including the dependence on machining parameters, more precise 
formulas have to be applied in place of the relations (1) and (2). 
 
 
CONCLUSIONS 
 
1. By peripheral up-routing of Liriodendron tulipifera wood, for the highest cutting edge 
dullness VBw = 82 µm, the main cutting force Fc, strongly increases with increasing 
average grain angle ϕr towards cutting speed vc up to ϕr = 117.7o. This is followed, for 
yet higher ϕr values, by rapid decreases in Fc.  
2. For the lowest cutting edge dullness VBw = 4 µm, the main cutting force Fc slightly 
increases with increasing ϕr, up to ϕr = 117.7o and afterwards for higher ϕr the Fc slowly 
decreases.  
3. The differentiated influence of the cutting edge dullness represented by the VBw on the 
main cutting force Fc has it’s source in very strong interaction VBw · ϕr.  
4. By peripheral up-routing of Liriodendron tulipifera wood, for the highest cutting edge 
dullness VBw = 82 µm, the normal cutting force Fn, strongly increases with increasing 
average grains angle ϕr towards cutting speed vc up to ϕr = 87.3o and afterwards for 
higher ϕr the Fn rapidly decreases.  
5. The normal force Fn does not follow the main cutting force Fc. Rather, the Fn reaches 
it’s maximum by the ϕr angle 30.7o lower than the Fc. force. 
6. For the lowest cutting edge dullness VBw = 4 µm, the normal cutting force Fn slightly 
increases with an increase of ϕr up to ϕr = 87.3o and afterwards for higher ϕr the Fn 
slowly decreases. 
8. A lack of the maximum cutting forces near average angle ϕr = 90o for a sharp tool by 
routing of Liriodendron tulipifera wood was evidenced.   
9. By up-milling of wood of Cordia alliodora, the main force Fc strongly increases with 
increasing  rate per edge fz within the range fz<0.13; 2.09 mm>.    
10. The main force Fc increases with increasing  average grain angle ϕr towards cutting 
speed vc within the range ϕr<1.99; 6.88o>, during up-milling of Cordia alliodora. 
11. During up-milling of Cordia alliodora, the main force Fc increases with an increase 
of cutting speed vc over the whole analyzed range vc<10; 40 m/s>. 
12. An increase of the moisture content mc reduces the main force Fc. This relation is 
important only at the lowest value of mc and the largest cutting speed vc.  
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Forest Sign Maker At A Glance 
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Forest Sign Maker Overview 
 
 
 
 


 
 
 
 
 
 
 
 
 
 







Accessories 
The following accessories are included with the Forest Sign Maker: 
 
Raspberry Pi LCD Resistive Touch Screen. Use the touchscreen to interact with the 
machine. 
 


 
 
Stylus. Use to interact with the capacitive LCD screen on Raspberry Pi. 
 


 
 
 
 
 
 
 
 
 
 







Clamps. Use to hold the blank board on the foundation to limit movement while routing.  
 


 
 
Router Bits. Use to route letters depending on its diameter.  


 
 
Jig. Used to calibrate the router bit vertically. 
 


 
 
 
 
 
 
 
 
 







Power Cable. Used to power the Forest Sign Maker. 


 
 
USB Flash Drive. Contains information needed to launch a local web graphical user 
interface.  


 
 
Vent Filter. Prevents debris and particles from entering the electronics case.  
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Loading Web Graphical User Interface 
Local User Interface. Using the USB flash drive, go to F://ForestFriends.html and 
launch the user interface. If the files are corrupted or the flash drive is missing, download 
files from https://github.com/ooee123/ForestFriends/tree/master/webGUI, save the 
interface to a local directory. Open ForestFriends.html to open the user interface.  
 
Remote User Interface. Open http://lisayip.com/ForestFriends/ and design your file 
here.  


 
 
 
Turn on the Machine 
The Forest Sign Maker does not have a conventional power on/off switch; rather the 
emergency machine off (EMO) switch can be used to regulate the connection. To 
disconnect power, simply press on the red mushroom button cap until the switch is fully 
depressed. Pull straight on the same cap to reconnect the Forest Sign Maker to power. An 
additional method to regulate power is by simply plugging or unplugging the main AC 
power cable. 
 
NOTE: As an extra precaution, it is recommended to depress the EMO switch before 
plugging in the main AC cable. 
 
To verify that the 24VDC power supply is connected to power, look into the front 
opening to see if the green power LED is illuminated. 







 


 
 


 
 
Loading Raspberry Pi 
From the main LCD screen of the Raspberry Pi, if the machine user interface is not 
showing, double click the ICON on the screen. The machine user interface should show 
up. To learn more about using the graphical user interface, go to Designing a Trail Sign.  
 


 
 
 







 
 
 
 
 
Board Measurements 
Using a measuring tape, measure the thickness, width and height of the board. Make sure 
it adheres to the design file that was created.  
 


 
 
 
Clamps 
Retaining clamps. These clamps are used to secure the board in the motion parallel to 
the T-slots. To use these clamps, insert these clamps into the t-slots and press the 
rubberized surface against the work piece. While pressed, twist the handles clockwise to 
lock it in place. The pressed rubberized surface will provide friction to keep the work 
piece from moving. 


 
 







Feather clamps. Insert the feather clamp into the t-slot closest to you but as close to the 
board as possible. With the clamp pushed against the board, twist the handles clockwise 
to lock it in place.   


 
 
 
Router Bits and Calibration 
You can calibrate and adjust the router bit by using the jig. 
 
Change the router bit. Changing the router bit is needed if the router bit becomes dull or 
broken. To change the router bit: 
 


1. Hold the spindle lock to prevent rotation of the collar. 
2. Use a wrench to rotate the collar in a counterclockwise rotation. 
3. When the collar is loose, the router bit can be removed. 
4. A new router bit can be installed and can be inserted into the collar. 
5. Tighten the collar using a wrench by rotating in a clockwise rotation. 
6. Lock the spindle lock by releasing the spindle lock button. 


 
To ensure proper cutting depth, the height of the router needs to be adjusted so that the bit 
extends exactly 0.5 inches from the bottom of the baseplate. So there is some extra work 
after replacing the router bit. 







 
 


7. Unlatch the router height clamp used to secure the router at a constant height. By 
unlatching this clamp, the router able to freely move vertically within the base 
plate. 


8. Move the jig underneath the router bit. Place the router bit on the indented groove 
of the jig. The distance between the lower level of the jig to the top level is 
exactly 0.5 inches. 


9. With the router height free to move, push the jig upward until the top of the jig is 
flat against the surface of the bottom of the router base plate. This process will 
push the router upwards. 


10. Since the distance between the two levels of the jig is exactly 0.5 inches, and the 
top of the jig is flush against the bottom of the base plate, the router bit is now 
extended 0.5 inches from the bottom of the baseplate. Latch the router height 
clamp to secure the router within the baseplate collar and remove the jig. The 
router bit is now at the correct height. 
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To design a sign, use the interactive web application provided. If there are issues locating 
the application, refer to Chapter 2 Loading Web Graphical User Interface. Open the 
webpage and the user is ready to design.  
 
 
Sample Boards 
Sample Board. Click on “Sample Board” in the application to see a sample of a board 
with 0.75” thick, 16” high, 36” wide and 1” high letter.  
 


 
 


Sample Board with Text. Click on “Sample Board with Text” in the application to see a 
sample of a board with 0.75” thick, 16” high, 36” wide and 1” high letter. “Forest 
Friends” will appear on the canvas at coordinates (3”, 3”).  
 


 
 
 


Board Dimensions 
Thickness. Board thickness is limited to two options. 0.75” or 1.5”.  
 


 
 
Height of Board. The height is limited to between 12” to 24”. If a number less than 12” 
is inputted, the value will automatically change to 12”. If a number greater than 24” is 
inputted, the value will automatically change to 24”.   
 


 
 
Width of Board. The width is limited to between 12” to 48”.  If a number less than 12” 
is inputted, the value will automatically change to 12”. If a number greater than 48” is 
inputted, the value will automatically change to 48”.   
 


 
 
Height of Letters.  The height is limited to between 1” to 6”.  If a number less than 1” is 
inputted, the value will automatically change to 1”. If a number greater than 6” is 
inputted, the value will automatically change to 6”.   
 


 







 
 
Adding Text 
To add a line of text, click “Add Text” then 3 text boxes will appear, each labeled as 
follows: X coordinate (in), Y coordinate (in), Text. The reference point of the text is the 
bottom left corner of a letter. 


 
 
The X coordinate is the left offset, which the line will start. At a minimum, the X 
coordinate must be 1 or greater to fit the letter into the routable safe zone. 
 
The Y coordinate is the vertical offset from the top of the sign that the line will start. The 
line of text will appear above this offset. 
 
An example of the offsets is illustrated below. 
 


 
 
The Text input box is the actual text that will be routed onto the sign. The supported set 
of characters a user is allowed to use is limited to the 26 capital alphabetical letters, digits 
0 through 9, the apostrophe, and 3 arrows, one pointing to the left, one pointing upwards, 
and one pointing to the right. To insert an arrow onto the sign, insert the “<”, “^”, or “>” 
character for the left arrow, up arrow, and right arrow respectively. 
 
 
Save File 
To export the design, include a filename inside the textbox “Filename to Save As:” and 
click “Save Text to File”. A file will be downloaded containing the sign specifications 
just designed. If there are any errors in the design of the sign such as boundary errors, the 
file will not be downloaded until the errors are fixed. Now, the user can take the file and 
place it onto a USB drive to be loaded onto the Raspberry Pi. 
 


 







 
 
Upload File 
The user can also edit design files by uploading them. Click on “Choose File” and located 
the file you want to load. Double click on the file and the design should load in the sign 
designer. If it does not load, make sure it is the right extension “.cpff”  


 
 
 
Errors and Troubleshooting 
There are boundaries that is unsafe to route letters on. In particular, there is a one inch 
border around the entire sign that cannot be routed on. The portion of the sign that is safe 
to route letters is called the safe zone. The sign designer will perform preliminary checks 
to make sure that all routed surfaces are within the safe zone. 
 
If a line of text is too long, it may run off to the right of the routable surface. If it is too 
long, the text will be highlighted in red. If a line of text is positioned too low or too high, 
the web application freely moves it upwards or downwards so that it will fit. 
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Bring file to Raspberry Pi B+ via USB 
Lift up the impact cover to insert the USB flash drive into the Raspberry Pi.  
 


 
 


Start 
Click on Start button to begin creating the machine.  
 


 
 
 







Import File 
Click on Import when ready to import file.  
 


 
 
 
Select File 
Select the desired design file that needs to be routed. Please expect a short delay for 
design file to load.  
 


 
 
 
Approve Design 
Review the design that is loaded and confirm if the design is how it should be.  
 







 
 
 
Approve Components 
Review the components that are loaded and confirm if the components are how it should 
be.  
 


 
 
Start Machining 
When ready, turn on the router and click on “Start Machining” for the machine to start 
routing.  
 


 
 







 
Finish Routing and Route More 
Routing is finished, click on “Machine More Boards” to route another design.   
 


 
 
 
Cancel 
If at any time, an error was made. Click on Cancel. However, during the time when the 
machine is routing, cancel will be disabled until the routing is finished.  
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Loosen and Remove Clamps 
Upon completion of the work piece, it is time to retrieve it and inspect it. The first step is 
to loosen and remove the clamps holding the work piece to the work surface. Spin the 
handles counterclockwise to loosen the clamps and move it away from the work piece to 
give some clearance. Then freely extract the work piece. 
 
 
Vacuum Wood Chips 
The work piece and the work surface are bound to be littered with woodchips and wood 
shavings that are produced during the cut. To maintain cleanliness and good operability 
of the Forest Sign Maker, it is advised to remove the wood chips between each cut, and 
the advised way to remove them is by a vacuum. 
 
Take a shop vacuum and turn it on and guide the nozzle on the work piece and on the 
work surface to suck up any wood chip. When the surface is clean to the operator’s 
liking, turn off the vacuum and the Forest Sign Maker is ready for another cutting job. 
 
 
Start Additional Project 
Upon completion of a trail sign, the machine interface GUI will restart and the program 
will display the large red Start button. If it is desired to begin a new project, follow the 
steps outlined in Chapter 4: Import Design into Forest Sign Maker. 
 
 
Shut Down Machine 
If there are no more cutting jobs to be performed during this session, the operator can 
turn off the machine. To do so, simply unplug the machine from the wall outlet and the 
machine will turn off. 
 
 
 







 
Maintenance 
 


A 
 
Replacing Bosch Colt router 
The Forest Sign Maker is compatible only with the Bosch Colt Router, which can be 
found in many hardware stores across the country. The hole pattern found on the Bosch 
Colt Router cast aluminum base is also on the router mounting bracket so that a stock 
router can be mounted directly to the machine. If the Bosch Colt Router becomes worn or 
fails, the entire device must be replaced. The following outlines the simple replacement 
procedure: 


1. Ensure that the machine is not connected to power, and that the router power 
cable has been unplugged from the extension socket found behind the machine.  
 


 
 


2. Using the open-end wrench provided in the Bosch Colt Router kit, remove the 
router bit and set aside to prevent injury. Skip this step if the router bit has already 
been removed. 


3. Acquire a 10mm open-end wrench and loosen the four hex cap M4 screws that 
fasten the old router to the Forest Sign Maker. 







 
 


4. Once loosened, hold the router in place with one hand, and use the other hand to 
finish removing the four M4 screws. Set aside for Step 8. 


 
Note: Try and avoid letting the screws fall down, they can roll into the Universal T-
Tracks and are difficult to remove without a magnet. 
 


5. Remove old Bosch Colt Router from the Forest Sign Maker. 
 
At this point, the worn router can be discarded responsibly. The following steps cover the 
installation procedure for the new router: 
 
Note: Only an identical model router, or a router with the same mounting hole pattern, 
can be fastened to the Forest Sign Maker. 
 


6. Using a PH2 screwdriver, remove the four pan head M4 screws that retain the 
black base panel. The screws and black can be disposed of at this point; they will 
not be needed for installation. 


7. Orient the new router correctly on the Forest Sign Maker router-mounting 
bracket. Make sure that the power cable points towards the back of the machine, 
and the power switch faces forward. 


8. Carefully start screwing the four hex cap M4 screws saved in Step 4. Ensure that 
the screw compresses both a flat and split lock washer. 


9. Securely fasten the four M4 screws using the 10mm open-end wrench until 
sufficiently torqued.  


10. Reinstall the router bit following the procedure found in Chapter 2: Getting 
Started >> Router Bits and Calibration. 


 
Lubrication 
Only the lead screws need to be lubricated regularly. As per the recommendation from 
Roton, Inc., the lead screws should be lubricated using a Moly EP grease approximately 
every month to ensure proper operation and reduced wear. The lubrication increases the 
life of the bronze sleeve nut. 
 
The linear ball bearings are double sealed and do not require additional lubrication. There 
are grease taps on the side of the pillow block housing; however, they may not be used. 







The bearings are replaceable if necessary. If desired, it would be acceptable to spray the 
guide rods with a lightweight mineral lubricant to prevent excessive corrosion. 
 
 
Replacing Burnt Motor Controller Fuse 
Located on the purple motor controller board is a 10A fuse that regulates the total amount 
of current being distributed to all three gear motors. Therefore, the sum of all three 
current loops cannot exceed the maximum limit of 10A. If the situation occurs where the 
fuse does blow, here are some simple steps outlining how to replace it: 


1. Ensure that the Forest Sign Maker is disconnected from a power source.  
2. Lift the impact cover protecting the electronics region, and prop it open. 
3. Identify that the motor controller fuse is, in fact, blown and needs replacement. 


 
 


4. Remove the small plastic cover protecting the 10A fuse. Set aside. 
5. Using your fingers, pinch the sides of the fuse and pull it out of the socket. The 


easiest method is to reach the fuse from the large access hole in the acrylic 
electronics panel. 


6. Discard the blown fuse, and replace it with a new one. Replacements can be found 
easily at an electronic hardware store. 


7. Press the new fuse into the vacant socket on the motor controller board. Reinsert 
the plastic cover, and lower the impact cover. 


8. Reconnect the Forest Sign Maker to power. 
 







Replacing Clogged Air Filter 
The air filter located on the front of the impact cover is used to remove sawdust from the 
forced airflow cooling the electronics. After continuous use, the sawdust can become 
saturated with sawdust, further restricting the amount of airflow. A clogged filter can be 
noticed by inspection. Simply lift the clogged filter out of the retaining slot; it is not 
fastened into place. Using the provided vent filters and a pair of scissors, cut a new 4” 
strip of filter paper and insert it into the filter slot.  
 
Note: the filter slot is slightly undersized, so it may be necessary to trim the width of the 
vent filter so that it does not bulge when inserted.  
 
The image below shows a properly sized filter. 
 


 
 


 
 
 
 
 
 
 
 
 
 
 
 







The image below shows a improper sized filter. 
 


 
 
 
Adjusting Controller Constants 
Under normal circumstances, motor controller constants do not need to be changed. For 
the advanced user, values such as the encoder pins, limit switches pins, and current 
sensor pins can be adjusted. Other constants such as the minimum power and maximum 
power output for motors can be adjusted and values for the PI feedback controller can be 
modified. Adjusting these values should only be reserved for advanced users who wish to 
configure their values. The description of each constant will be described below. They 
can also be found on Github under constants.h and pinLayout.h 
 
pinLayout.h. This file contains the pin layout which devices such as the optical encoders 
and limit switches connect to. 
 
Encoders. Each encoder is contains 5 fields: ENCODER_DDR, ENCODER_PIN, 
ENCODER_PORT, ENCODER_PINA, and ENCODER_PINB.  
 
A brief description of each field is given below. 
 


ENCODER_DDR Input/Output Direction Register 


ENCODER_PIN Input Value Register 


ENCODER_PORT Output Value Register 







ENCODER_PINA Encoder A Pin 


ENCODER_PINB Encoder B Pin 


 
To configure the encoder pins, pick 2 toggle interrupt pins that belong in the same letter 
set of pins. For example: PA0, PA1, … PA6, PA7 all belong in the same set of A pins. 
Likewise, PE0, PE1, … PE6, PE7 all belong in the same set of E pins. ATmega 
processors have only a few designated toggle interrupt pins so be sure to pick only the 
toggle interrupt pins. Then assign into DDR, PIN, and PORT the registers that correspond 
to the letter set. 
 
For example, if the two pins chosen are PE6 and PE7, then the DDR, PIN, and PORT 
registers are DDRE, PINE, and PORTE because the letter set is “E”. 
 
In most cases, the encoder values do not need to be changed because there is only a 
limited pool of toggle interrupt pins that can be assigned. 
 
Limit Switches. Each axis also have 2 limit switches, one for the minimum and one for 
the maximum.  
 
These pins have no constraints on where they can be placed. Each axis contains 5 fields, 
LIMIT_DDR, LIMIT_PORT, LIMIT_PIN, ZERO_LIMIT_PIN_NUM, and 
MAX_LIMIT_PIN_NUM. A brief description of each field is given below. 
 


LIMIT_DDR Input/Output Direction Register 


LIMIT_PORT Output Value Register 


LIMIT_PIN Input Value Register 


ZERO_LIMIT_PIN_NUM The Minimum Limit Switch Pin 


MAX_LIMIT_PIN_NUM The Maximum Limit Switch Pin 


 
To reconfigure the limit switches, pick 2 pins within the same letter set. Assign the 
minimum limit switch pin into ZERO_LIMIT_PIN_NUM and assign the maximum limit 
switch pin into MAX_LIMIT_PIN_NUM. Assign LIMIT_DDR, LIMIT_PORT, and 
LIMIT_PIN the corresponding DDR, PORT, and PIN registers as described under 
Encoder Pins. 
 
Current Sensor. The current sensors are used to measure the amperage flowing through 
each motor.  
 
The pins required are any analog to digital converter, which are under special pins. Each 
axis contains 2 fields, CURRENT_PIN_POWER and CURRENT_PIN_NUM and all 
axis share 3 fields CURRENT_DDR, CURRENT_PORT, and CURRENT_PIN. A brief 
description of each is given below. 







 


CURRENT_DDR Input/Output Direction Register 


CURRENT_PORT Output Value Register 


CURRENT_PIN Input Value Register 


CURRENT_PIN_POWER High voltage reference VIN 


CURRENT_PIN_NUM Analog voltage out VOUT 


 
The CURRENT_PIN_POWER is used as the high voltage reference and should be 
connected to VIN. VOUT will output a voltage between GROUND and VIN. 
CURRENT_PIN_NUM is the pin to VOUT. The pin chosen must be a pin capable of analog 
to digital conversion. Only a limited set of pins is available for analog to digital 
conversion, normally the F pins. 
 
Solid State Relay. The solid-state relay is used to turn off and on the router, controlled 
by the motor board.  
 
It contains 3 attributes: SOLID_STATE_DDR, SOLID_STATE_PORT, and 
SOLID_STATE_PIN_NUM. A brief description is below 
 


SOLID_STATE_DDR Input/Output Direction Register 


SOLID_STATE_PORT Output Value Register 


SOLID_STATE_PIN_NUM The pin used to toggle the solid state relay 


Select any pin for the SOLID_STATE_PIN_NUM. Then assign into 
SOLID_STATE_DDR and SOLID_STATE_PORT the corresponding DDR and PORT 
for the letter set by SOLID_STATE_PIN_NUM. 
 
constants.h. This file is used to adjust numerical values of various properties. The values 
of such are described below. 
 
TICKS_PER_REVOLUTION - The number of pulses the encoder will generate in 1 
revolution. 
REVOLUTIONS_PER_INCH - The number of threads per inch of the lead screw. The 
lead of each lead screw in all 3 axis must be the same. 
INCH - A computed value that specifies how many encoder interrupts are triggered when 
the lead screw travels 1 inch. 
TOLERANCE - The positional accuracy tolerance that is allowable in all 3 axis. 
Typically, this is given as a fraction of an INCH. 
DISTANCE_1_5 - The distance between the router bit and the surface of a 1.5” blank sign 
placed on the work surface. Typically, this is given as a fraction of an INCH. 







HOVER_HEIGHT - The distance the router bit will hover above the surface of a blank 
sign. This value must be less than or equal to DISTANCE_1_5. Typically, this is given as 
a fraction of an INCH. 
ROUTING_DEPTH - The distance the router bit will plunge into the blank sign. 
Typically, this is given as a fraction of an INCH. This value must be less than or equal to 
(INCH / 2). 
 
Each 3 axis contains the follow 7 attributes: PGAIN, PCONSTANT, IGAIN, IMIN, 
IMAX, POWERMIN, POWERMAX. These attributes control how the PI controller 
behaves. A short description of each is below. 


PGAIN The factor multiplied by the error 


PCONSTANT The constant added to the total power 


IGAIN The factor multiplied by the integral state that is an additive to the total power 


IMIN The minimum integral state the PI controller can hold 


IMAX The maximum integral state the PI controller can hold 


POWERMIN The minimum power that can be applied to the motor. The minimum value this 
can take is 0 


POWERMAX The maximum power that can be applied to the motor. The maximum value 
this can take is 1023 


A PI controller operates by apply a power proportional to the error (P) and in addition, an 
integral sum of error over time to overcome any static error (I). These values can be 
changed per axis to fine tune each direction’s movement. 
 
CALIBRATE_SPEED - The speed that the axis will move when the Forest Sign Maker is 
in the HOME state. Must be a negative number. 
 
 
Reprogramming the Board 
After the user can modify any of these values in constants.h or pinLayout.h, then the 
program needs to be recompiled and reprogrammed. To do so, connect an ISP 
programmer to the controller board and the USB end to a UNIX machine. Then using the 
supplied Makefile, issue the command 
 


make	  clean 
make	  install 


 
The program will recompile and be flashed onto the Motor Controller Board’s executable 
flash memory. 
 
The Makefile can be modified to include or not include certain code components. The 
user can toggle debug outputs or turn on or off integral controller components. The user 







can uncomment lines by deleting the “#” character to add the listed code component or 
the user can prepend the “#” character to remove code components. 
 
 
 







 
Safety, Handling and Support 
 


B 
 
Important Safety Information 
Emergency Stop Switch. Used to quickly turn the machine off. 
 


 
 


This will turn off the axis motors, router, Raspberry Pi, and motor controller board. The 
machine may still move for a brief moment (< 1 second) after the EMO switch is 
activated, but will come to a stop after. To activate the EMO switch, push the button 
towards the machine until it clicks. 
 
While the EMO switch is activated, there is no power to the machine. To restore power, 
pull the EMO switch outwards, until it clicks. The Raspberry Pi and Motor Controller 
Board will restart and revert to the ready state. If any of the maximum limit switches are 
activated during a restart, the gantry assembly will move away from the maximum limit 
switches until they are no longer activated. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Further questions and assistance; please email imlisayip@gmail.com, ooee123@gmail.com, 
and victor.e.espinosa@gmail.com.  
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5.1  Introduction 


This chapter provides standards and guidelines for the use of signs and posters
on National Forest System Trails (NFSTs). 


Chapter 5A contains typical sign placement and installation information for
common trail situations.


Chapter 5B contains standard drawings for common trail signs.


Use trail signage to support the objectives of providing opportunities for
experiencing nature while engaging in outdoor recreation in an improved,
aesthetic atmosphere that is consistent with policy (FSH 2309.18) and forest
plan direction. 


Select and use trail signs, posters, and markers to provide the following on a
consistent basis:


• Route identification (number, name, or both)
• Guidance and distance to trail destinations and key points of interest
• Safety features such as snow shelters and resorts
• Route reassurance and confirmation
• User safety: warnings of known hazards
• Notice of restrictions where use control is necessary
• Protection of resources


Additional locations and conditions for which signing may be needed include the
following:


• Trail termini
• Junctions with other trails and roads
• Administrative boundaries
• Special management areas
• Lakes, streams, and other features identified on maps, trail guides, or at


the trailhead
• Interpretive opportunities


Additional information on trail signage is located at:
Trail Matrix - http://www.fs.fed.us/r3/measures/Inventory/Trails.htm


5.1.1  ROS Guidelines   


A key element for developing and managing a trail sign program is the
Recreation Opportunity Spectrum (ROS). ROS classes or similar management
guidelines have been adopted for each forest plan management area. 


ROS offers a framework for understanding the relationships of signing and other
management actions in various settings to the kinds of experiences visitors
have. For example, hiking in a large, undeveloped area with difficult access and
few signs designed to provide only limited information enhances the hiker’s
feelings of self-reliance with respect to orienteering skills, self-discovery,
challenge, and solitude. In contrast, walking easy interpretive trails outside a
visitor center with numerous signs and information offers the visitor more
comfort, security, opportunities for learning, and social opportunities. 


Use trail signage to


support the objectives


of providing


opportunities for


experiencing nature


while engaging in


outdoor recreation...



wilderness.net webmaster

This document is part of the Signs and Posters Toolbox at: http://www.wilderness.net/toolboxes/
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ROS guidelines may be found at
http://www.fs.fed.us/recreation/programs/beig/beig6c.htm


Table 5-1 contains specific ROS information for trail signs. 


In addition to the ROS, consider the following in determining the proper sign,
size, material, placement, and mounting requirements for trail signage:


• Managed uses for the trail
• Scenic integrity objectives
• Travel speed
• Viewing distance 
• Clear-zone requirements (Chapter 3A)
• Nighttime visibility needs 


Table 5-1—Recreation Opportunity Spectrum selection guide for materials, colors, and finishes for trail
signs, markers, and supports


Semiprimitive
Item Primitive Nonmotorized Motorized Roaded, natural Rural/urban


1. Sign materials Solid wood (or Solid wood (or Solid wood, Wood, natural Wood, metal,
appearing so) appearing so) plywood, fiberglass, fiberglass,


limited use limited use synthetics
of synthetics of synthetics
and metal and metal


Color or finish Natural or Natural or Natural, stained, Stained or Painted, stained
stained; stained; or painted painted etched or decals
preservative preservative
not evident not evident Retroreflective Retroreflective Retroreflective


2. Sign support Tree or rustic Tree or rustic Post or tree; Wood, metal or Wood, metal or
materials post post limited use other synthetic other synthetic


of synthetics post post


Color or finish Natural or Natural or Natural, stained, Stained or Painted, stained
stained; stained; or painted; painted anodized, etc.
preservative preservative preservative
not evident not evident may be evident


3. Reassurance Cut/painted Cut/painted Cut/painted or Cut/painted or Painted metal or
markers blazes; routed blazes; routed synthetic blazes; synthetic blazes; synthetic


and scorched, and scorched, routed and wood, metal, and
or branded or branded scorched; or synthetic markers
solid wood (or solid wood (or branded wood;
appearing so); appearing so); wood guide
limited use of limited use of poles or rock
synthetics synthetics cairns
when a national when a national
standard; wood standard; wood
guide poles or guide poles or
rock cairns rock cairns Retroreflective Retroreflective Retroreflective







5.1.2  Accessibility  


Where trails managed for hikers have been evaluated for accessibility, post the
following in addition to the standard message with the trail identity and
destinations at the beginning of the trail:


• Typical and maximum trail grade 
• Typical and maximum tread cross slope
• Minimum clear tread width
• Tread surface type and firmness
• Any major height obstacles (as appropriate) 


Forest Service accessibility guidelines, including the Forest Service Trails
Accessibility Guidelines and the Forest Service Outdoor Recreation Accessibility
Guidelines, can be viewed at: 


http://www.fs.fed.us/recreation/programs/accessibility/


5.1.3  Access and Travel Management


Consider the travel management direction for the trail system. Travel
management is crucial to help guide and manage visitors from the time they first
enter the forest, to the time they reach their destinations and then return to the
point of entry. Use appropriate guide signs for the traffic that is encouraged (that
is, the actively managed uses of the trail). To the extent possible, accomplish
travel management regulation through trail atlas use maps and/or travel
management signs at trail termini and junctions. Refer to Chapter 6 for
information on access and travel management signage. 


5.1.4  Sign Planning


Follow direction in Chapter 2 for developing, monitoring, and maintaining a
comprehensive sign plan for each trail or trail complex. Include all signing in trail
design and/or rehabilitation planning. Monitor signing effectiveness through
visitor contacts and observation of compliance. Provide the minimum signs
necessary to adequately and properly guide the user.


5.1.4a  Recreational Studies, Engineering Studies, and Engineering
Judgment


Recreation plans or studies should be used to determine appropriate signing for
nonmotorized and nonmechanized trail systems and for guide signs on all trails. 


Recreation studies or reviews should be used to determine appropriate warning
and regulatory signs and traffic control devices for motorized trails and
bicycle/mountain bike trails when use is entirely on NFSTs. 


Engineering studies or engineering judgment should be used to determine
appropriate warning and regulatory signs and traffic control devices for
motorized trails and bicycle/mountain bike trails when use is on National
Forest System Roads (NFSRs).


Coincident routes that involve NFSRs and NFSTs shall follow the Manual on
Uniform Traffic Control Devices (MUTCD) and Forest Service standards for
roads. 


Refer to Section 3.8 for information on engineering judgments and engineering
studies.
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5.1.5  Coincident Routes


A coincident route is defined as a single route that is managed as part of two
different inventoried routes in the Forest Transportation Atlas. An example is a
NFSR that is also a NFST. There are two types of coincident routes: 


1. Concurrent coincident route: A coincident route on which the uses are
simultaneous and must be managed for mixed traffic.


2. Separate coincident route: A coincident route on which the uses are not
simultaneous but separate, so the route is not managed for mixed traffic.
Separate use periods may occur by: 
• Specific times, such as weekday and weekend. 
• Seasons, such as a summer road and a winter snow trail.


Decisions to manage and sign coincident routes involving NFSRs must be
based on engineering judgment or an engineering study. Routes shall be signed
before concurrent use occurs. Refer to Section 3A.7.3 for information on proper
signing of coincident routes involving NFSRs.


Coordinate the signing of coincident routes (road and trail or trail and trail) to
avoid confusion between types of users. 


Where nonconcurrent seasonal or specific time use is allowed or designated on
system roads closed to standard highway vehicles, follow the appropriate trail
standards. Remove, fold up, or cover any road signs that are inappropriate or
distracting to the trail user. When the roads are open to highway vehicular traffic
and closed to the trail traffic, signing shall meet MUTCD and Forest Service
standards for roads. Remove, fold up, or cover any trail signs that are
inappropriate or distracting to the general driving public. Generally, trail
reassurance markers may be left in place. 


When use is concurrent (that is, the road is open to highway vehicular traffic
and trail traffic at the same time), signing shall meet MUTCD and Forest Service
standards for roads. Signs should be appropriate for both user groups. If signed,
destinations should be reachable by the road and trail traffic. 


Where bicycle use occurs in conjunction with a road or where the bicycle trail is
paved, follow the guidelines in the MUTCD, Chapter 9. 


For coincident nonmotorized terra trails and snow trails with nonconcurrent
seasonal or specific time use, do not seasonally change the snow trail
reassurance blazers to the gray/white summer blazers unless necessary for
added visual contrast with dark summer backgrounds. 


5.1.6  Requirements for Retroreflection


Signs for roads, motorized trails, urban cross-country ski trails, paved bicycle
trails, and mountain bike trails as well as other signs intended to be seen at
night shall be retroreflective to show the same shape, color, and message by
both day and night.
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5.1.7 Sign Sizes


Signs should be sized according to the viewing distance and the normal rate of
travel or the desired speed of the trail vehicle.


For nonmotorized hiker/pedestrian and pack and saddle trails, 1-inch letters are
adequate for most viewing situations. 


For motorized and other trail systems such as bicycles, determine appropriate
sign sizes through recreational studies or reviews. 


For motorized, bicycle, and cross-country ski trails, see Table 5-2 for
recommended minimum sizes for signs.


Letter size for interpretative, safety, and other informational signs or posters is
dependent upon the distance from which the message is to be viewed. See
Chapter 10A for additional information.


5.1.8  Adopt-a-Trail Signs


Adopt-a-Trail signs may be used as needed to recognize cooperators’ help with
trails.


5.2  Regulatory and Warning Signs  


For on-trail signing needs, use standard regulatory and warning sign messages,
shapes, and colors as found in the MUTCD and Chapter 3A. Nonstandard
message signs shall be approved by the Washington Office Director of
Engineering. Table 5-3 gives specific trail regulatory and warning sign
information for the different types of trails.


5.2.1  Regulatory Signs  


Provide regulatory information at the trailhead if possible. Stress education
approaches over restrictions. Compose regulatory sign messages that minimize
prohibitory language. Use a courteous tone and explain restrictions in terms of
easily understood resource or user benefits with which the public can relate. 


Limit use of on-trail regulatory signs and posters to the minimum needed in
order to:


• Ensure consistent protection of the trail and adjacent resources.
• Provide for the safety and enjoyment of the user.
• Provide for enforcement of regulations. 


The traffic management strategies of “discourage” and “eliminate” may be
preferable to the use of regulations in some cases.


Place regulatory signs at the point of regulation.


Larger signs may be used for increased visibility or strong emphasis when need
has been determined. 
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Table 5-2—Minimum sign sizes for motorized, bicycle, and cross-country ski trails


Minimum letter Minimum size Minimum size
size (inches) recreation symbol (inches) warning sign (inches)


2 12 12 x 12


Adopt-a-Trail


HIGH DESERT
FOUR WHEELERS







5.2.2  Warning Signs and Markers


Consistent with the management plan for the trail or area, use warning signs to
alert users of known hazards that, relative to the ROS setting, are unusual,
unexpected, or not readily apparent to the typical visitor under conditions when
use normally occurs. Consider changing trail grade, alignment, or location or
taking other measures to mitigate the hazard before using a warning sign. Do
not use warning signs and markers in wilderness. 


Use adequate advance placement distances for warning signs to allow time for
safe user response.


When a need has been determined, use standard object markers according to
the following direction and to guidance in Chapter 3 to identify obstructions
within or adjacent to the trail:


• Type II object markers are used to mark collision hazards adjacent to the trail,
such as drop-offs or culvert ends that coincide with abrupt alignment changes
or that are obscured by vegetation.


• Type III object markers are used to mark collision hazards within the trailway,
such as bridge railings or abutments narrower than the travel way.
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Table 5-3—Regulatory and warning sign requirements


Minimum size Shape or 
Trail type Sign face (inches) Color sign type


Hiker/pedestrian Retroreflective not Warning: 12 x 12 If used, follow If used, follow 
pack and saddle required; use for MUTCD colors MUTCD shapes


added emphasis


Wilderness Never Regulatory: limited NA NA
retroreflective use at trailhead


Warning: do not use NA NA


Cross-country ski, Shall be Warning: 12 x 12 Shall follow Shall follow 
urban setting or night retroreflective MUTCD colors MUTCD shapes
skiing


Cross-country ski, Retroreflective not Warning: 12 x 12 If used, follow If used, follow 
semi-primitive required; use for MUTCD colors MUTCD shapes
motorized and added emphasis
nonmotorized ROS


Bicycle, Shall be Shall follow MUTCD Shall follow Shall follow 
paved or coincident retroreflective Table 9B-1 MUTCD colors MUTCD shapes
with roads


Mountain bike Shall be Warning: 12 x 12 Shall follow Shall follow 
retroreflective MUTCD colors MUTCD shapes


ATV/motorcycle Shall be Warning: 12 x 12 Shall follow Shall follow 
retroreflective MUTCD colors MUTCD shapes


Snowmobile Shall be Warning: 12 x 12 Shall follow Shall follow 
retroreflective MUTCD colors MUTCD shapes 


Water Shall be Warning: 12 x 12 Shall follow Shall follow 
retroreflective MUTCD colors MUTCD shapes







5.3  Guide Signs


Use guide signs to identify the trail and its directions and for guidance to
destinations.


Signs shall be located either at the junction or in advance of the junction such
that trail junctions are evident. 


Three types of guide signs are used on NFSTs (see Figure 5-1).


5.3.1  Signing Rules for Guide Signs 


5.3.1a  Nonwilderness Trails


1. Route identification (required) 


• Route identification (trail name, number, or both) and the trail direction(s)
are required for all system trail legs at all NFST junctions. 
- Example: Great Ridge Tr. No. 458 #.
- Exception: Do not identify trail legs on which traffic is discouraged,


prohibited, or against one-way traffic flow.   
• Use only names and numbers that appear on the most current Forest


Service trail maps.
• Include national trail designations as appropriate. 
• The trail route identification and its direction(s) should always be signed


first and then followed by the destinations associated with that trail.


2. Destinations


• Required trail destinations 
- Exit signing: At a minimum, show the direction and distance to the


trailhead or trail access point at the first junction from the trailhead or
access point.


• Optional trail destinations
- Facilities such as trailheads, campgrounds, picnic areas, winter shelters,


rental cabins, and other key points of interest
- Major geographic or natural features such as lakes, major rivers and


streams, passes, falls, and meadows
- Administrative structures such as guard stations 
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   B I G  C R E E K  T R .  N O .  1 4 7


   P I P E R S  C A M P


H I E R O G L Y P H I C S  S P R I N G S


T O N T O  R I M  T R .  N O .  1 6 9


J CT.  V E R D E R I V E R R O A D
P H O E N I X  T R .  N O .  9 1
J C T .  P H O E N I X  R O A D 7


MOUNTA I N V I EW TR .  NO .  2
MOUNTA I N V I EW TRHD . 5


MOOSE MEADOWS TR .  NO .  4


TD TDW FRD 


Figure 5-1—Trail directional signs.


Nonmotorized, primitive and
wilderness use (routed)


Wilderness use (optional) (routed) Motorized, bicycle and cross-
country ski use (retroreflective) 







• Sign only those destinations that can be readily accessed by the intended
trail user.


• If a destination has been identified on a guide sign, identify it on all
subsequent guide signs along the trail until the destination is reached. 


• Identify destinations that previously appeared on guide signs so visitors 
will know they have reached their destinations. The name of the destination
or feature, when reached, should be either (1) a single sign panel or 
(2) a top-centered line when included on a sign containing route and
destination information, as shown in Figure 5-2.


• Listing a trail or road as a destination is not desirable. A junction with
another trail or road can be a destination and, if signed, should be signed
with its appropriate directional arrow and distance (for example: JCT.
WORMWOOD TR. NO. 222 5 #.)


• Where clearer meaning will result on nonwilderness trails, use standard
Federal Recreation Symbols in lieu of words. 


• When words are used, complete words are preferable. Abbreviate where
message length causes excessive sign length and where the abbreviation
cannot be misunderstood. For standard abbreviations, refer to Chapter 1.


3. Distances


• Distances shall be used when showing destinations.
• Show destination mileages for each destination as fractions to the nearest


1/4 or 1/2 mile for destinations up to 3 miles; after 3 miles, show to the
nearest mile. 


• Only cross-country ski trails are measured in kilometers. Use decimal
kilometers up to 1 kilometer (0.1 to 0.9). Distances shall be rounded to the
nearest kilometer with no decimal after 1 kilometer.
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W H I T E  R I V E R  P A S S


S .  F K . W H I T E  R I V E R  T R . N O . 1 3 8
I N D I A N  C R E E K  T R .  N O .  2 1 1


W H I T E  R I V E R  P A S S


Feature or destination name only


Feature name and route and 
destination information


Figure 5-2—Feature identification.


Distances shall be


used when showing


destinations.







5.3.1b  Wilderness Trails


Use signs within wilderness and primitive areas only when necessary to protect
the resource or to provide for visitor safety. 


1. Route Identification


• Identify trail legs at all system trail intersections where necessary. Route
identification may include trail name, number, or both, or locally identifiable
destination. Include appropriate directional arrow(s).


• When consistent with other trail markings, blazes or cairns may be used in
lieu of guide signs to indicate trail direction


2. Destinations


• Show direction arrows only. 
• Required trail destinations 


- Exit signing: show the direction to the trailhead or trail access at the first
junction from the trailhead or access point.


• Prohibited destination signing
- Do not sign major destinations at the destination location.
- Do not sign geographic or natural features.


• Optional trail destinations
- Guide signs may be used to identify appropriate trail destinations. 
- Administrative structures may have an identification sign.


3. Distances


• Do not provide mileages.  


4.  Prohibited signs


• Do not use standard Federal Recreation Symbol signs. 
• Do not use interpretive information or locator signs.


5.3.2  Guide Sign Layout


Limit guide signs to four lines of text for best user comprehension, sign
readability, and stability. If more lines are needed, use two sign panels. Do not
use more than five lines of text on a sign.


5.3.2a  Arrows


Arrow placement on signs is extremely critical to the functionality of the sign. As
a general rule, directional arrows should be horizontal or vertical, but at irregular
intersections, an oblique arrow may convey a clearer indication of the direction
to be followed. In some cases, especially trail junctions, combinations of arrows
may be needed.
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5.3.2b  Arrow and Mileage Sequence


Arrow placement controls the message sequence first, then mileages.


Standard arrow sequence with mileages is as follows:


1. Straight ahead (vertical) arrows, lowest mileage first.
2. Left arrows, lowest mileage first.
3. Right arrows, lowest mileage first.


Arrows pointing straight ahead and to the left shall be to the extreme left of the
line of text, while arrows pointing to the right shall be to the extreme right of the
text. These principles and guidelines are illustrated in Figure 5-3.


5.3.2c  Message Sequence


1. If at a destination to be named, centered name or destination or geographic
feature


2. First trail (based on proper arrow sequence) identity and its direction(s)
3. Destinations and mileages for features on or accessed by first trail
4. Second trail (based on proper arrow sequence) identity and its direction(s) (if


applicable)
5. Destinations and mileages for features on or accessed by second trail
6. Additional trails and destinations as needed.


Text lines and arrows for route identities and destinations are to be left-justified
first and then right-justified if possible. (See Figure 5-4).
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M I D D L E  F O R K  T R .  N O . 3 8
M I D D L E  F O R K  R A N C H 5


C O U L E E  G U L C H  T R .  N O . 2 3


Figure 5-3—Standard arrow placement.


8


T O N T O  R I M  T R .  N O .  1 6 9


J CT.  V E R D E R I V E R R O A D
P H O E N I X  T R .  N O .  9 1
J C T .  P H O E N I X  R O A D 7


Figure 5-4—Typical sign layout. 







5.3.2d  Special Cases


Trail signs require that the trail route identification and its direction(s) be signed
first; the destinations associated with that trail are then listed under the trail
identification. L junctions require combinations of arrows that are an exception
to the standard arrow placement rules.


The sign shown in Figure 5-5 is for a trail that has a right L junction. In order to
represent the trail and the destinations on that trail properly, the destination to
the right must be signed before signing the next trail leg and any destination to
the left.


The sign shown in Figure 5-6 is for a trail that has a left L junction. In order to
represent the trail and the destinations on that trail properly, the vertical arrow
must be placed on the right and, if signing a straight ahead destination, the up
arrow will be next under the left arrow in its proper position on the left of the sign.


Figure 5-5—Trail sign with a right L junction.
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COUL E E TR .  NO .  424


M I D D L E FORK TR .  NO .  437
M I D D L E FORK TRHD .


5


5


COUL E E GULCH


COUL E E TR .  NO .  424


M I D D L E FORK TR .  NO .  437
M I D D L E FORK TRHD .


5


5


COUL E E GULCH


Figure 5-6—Trail sign with a left L junction.







5.3.2e  Mileage Layout


Mileage is not to be aligned in the same column as the trail numbers. There are
three options for displaying mileage on signs (Figure 5-7):


1. Mileage for up and left
directions may be aligned in the
same column with the right
arrows (right justified).


2. All mileage may be placed in a
single column before the
arrows on the right.


3. Mileage may be entered with
the text line.
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COUL E E TR .  NO .  424
COUL E E GULCH
M I D D L E FORK TR .  NO .  437
M I D D L E FORK TRHD .


8


5


COUL E E TR .  NO .  424
M I D D L E FORK TR .  NO .  437
M I D D L E FORK TRHD .


M I D D L E FORK RANCH 5
5


COUL E E TR .  NO .  424
M I D D L E FORK TR .  NO .  437
M I D D L E FORK TRHD .


W FK .  RANCH 5
5


Figure 5-7—Three options for mileage display.







5.4  Sign Specifications


Select the sign material, color, size, and shape that best suit the trail purpose
and the ROS class (see Table 5-1) or management prescription for the area.
Signs shall conform to the specifications in Chapter 14.


Table 5-4 gives specific trail guide sign information for the different types of
trails. Text requirements are consistent with series established by the American
Standards Association (ASA).
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Table 5-4—Guide sign requirements


Capital ASA
Trail type Sign face Series C text Color Shape


Hiker/pedestrian Typically routed 1 inch, routed Unfinished wood with scorched TD
pack and saddle or blackened legend or WPC material


Wilderness Routed only 1 inch, routed May be unfinished wood with TD
scorched or blackened legend or


TDW


Cross-country ski Shall be 2 inches, minimum White legend on brown background FRD
urban setting or retroreflective
night skiing


Cross-country ski May be routed 1 inch, routed May be unfinished wood with TD
semi-primitive scorched or blackened legend or
motorized and WPC material
nonmotorized ROS


Bicycle Shall be 2 inches, minimum White legend on brown background FRD
paved or coincident retroreflective
with roads


Mountain bike Shall be 2 inches, minimum White legend on brown background FRD
retroreflective


ATV/motorcycle Shall be Capital ASA Series C, White legend on brown background FRD
retroreflective 2 inches, minimum


Snowmobile Shall be 2 inches, minimum White legend on brown background FRD
retroreflective


Water Shall be 2 inches, minimum White legend on brown background FRD
retroreflective







5.5  Junction Identity Signs


In a trail system where junctions are designated with numbers or letters, a
junction identity sign may be used. Signs should use the word “JCT” followed by
the number or letter of the junction.


With junction-numbered or junction-lettered systems, it is especially important to
ensure that trail maps or locator map signs are available either at the trailhead
or along the trail.


Use junction signs in conjunction with trail guide signs at the trail junction.
Mount above or below the guide sign on the same post (see Figure 5-8). Table
5-5 gives specific trail junction identity sign information for the different types of
trails.
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Table 5-5—Junction identity sign requirements


Capital ASA
Trail type Sign face Series C Text Color Shape


Hiker/pedestrian Typically routed 1 inch, routed Unfinished wood with Rectangle
pack and saddle scorched or blackened legend


or WPC material


Wilderness Routed only 1 inch, routed May be unfinished wood, TD or
scorched or blackened legend TDW 
or WPC material


Cross-country ski Shall be 2 inches, minimum White legend on brown FRD
urban setting or retroreflective background
night skiing


Cross-country ski May be routed 1 inch, routed May be unfinished wood TD
semi-primitive with scorched or blackened 
motorized and legend or WPC material
nonmotorized ROS


Bicycle Shall be 3 inches, minimum White legend on brown FRD
paved or coincident retroreflective background
with roads


Mountain bike Shall be 2 inches, minimum White legend on brown FRD
retroreflective background


ATV/motorcycle Shall be 2 inches, minimum White legend on brown FRD
Retroreflective background


Snowmobile Shall be 2 inches, minimum Black legend on orange 9 in. x12 in
retroreflective background diamond


TB-2


White legend on brown FRD
background


Water Shall be 2 inches, minimum White legend on brown FRD
retroreflective background







5.6  Locator Map Signs


Use of self-locator map signs is often appropriate at trail junction to provide an
extra measure of orientation and security. At a minimum, the map should clearly
display the trail system and the location of the user when at that particular map
with a “You Are Here” arrow. 


Depending on the type of trail system, other information may be needed such
as groomed or ungroomed conditions. See Figure 5-8.
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J C T


A
MOUNTA I N V I EW TR .  NO .  2
TRA I L H EAD 5


MOOSE MEADOWS TR .  NO .  4


YOU  A R E  H E R E


Figure 5-8—Typical trail guide sign installation.







5.7  Trail and Road Crossings


When trails cross each other or cross roads, there is a potential for accidents. 


When roads and trails cross, MUTCD and Forest Service standards shall be
followed. Determine the need for intersection control on the trail and/or the need
for crossing signs on the road by engineering judgment or in an engineering
study.


When trails cross each other, determine appropriate signing by a recreation
study or review. Consider the road or trail characteristics, sight distance,
stopping distance, traffic types, volumes, speeds, and applicable state traffic
laws. Refer to Chapter 3A.


Crossing signs shall be located at the best possible sight and stopping distance
for both the road user and the trail user. Signs should be placed 10-15 feet from
the road shoulder or far enough back to be outside of snow berms when roads
or trails are plowed.


Road crossings and their related signing shall be coordinated with the governing
road agency.


5.7.1  Regulatory and Warning Signs


Advance crossing or crossing warning signs (MUTCD Vehicular Traffic and
Nonvehicular Signs Series W11) may be used to warn the users driving on
roads of trail traffic crossing the road. 


Regulatory and warning signs may also be needed on the trail to regulate or
control the trail users before they cross the road. 


While STOP and YIELD signs are generally not needed where trails cross each
other, evaluate each crossing on a site by site basis. 


Refer to Figure 5A-1 for typical placement or regulatory and warning signs on
the road and on the trail.


5.7.2  Guide Signs


Retroreflective road guide signs may be used to identify trail access points where
trails cross a road or terminate on a road and where trailhead parking facilities
have not been developed. Use Federal Recreation Symbols as appropriate to
mark crossings. Refer to Figure 5A-2 for typical placement of road guide signs.


Install road guide signs only where traffic safety will not be compromised by
slowing or stopping vehicles and where there are appropriate turnouts within
sight distance for safe parking. Guide signs shall not be installed where there
are no safe approaches and turnouts.


Refer to Chapter 3C for sizing, placement, and mounting. As a general rule,
road signs should be placed before the intersection at a sufficient distance that
has been determined by engineering judgment or study that considers speed,
sight distance, traffic volume and type, season of use, and the location of other
possible conflicting intersections. 
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5.8  Reassurance Markers


Reassurance markers reconfirm the identity, location, or route of the trail. Use
appropriate standard route markers, blazers, cairns, or guide poles where needed
to reassure travelers that they are on the trail. Do not use where the trail is self-
defining under conditions in which use normally occurs, or if excluded under the
trail management plan. 


Do not place access and travel management information on reassurance markers.
Access and travel management information needs to be displayed separately with
sufficient detail to show dates or reasons.


From the following markers, select those that are most appropriate for the trail
type and ROS Class (see Table 5-1):


1. Route markers


A route marker provides the minimum information necessary to reconfirm the
trail identity. It should include the route number or letter, any specific logos
such as National Trail markers, and the appropriate trail blazer. Use of
Simplified Difficulty Level symbols is optional. Do not place agency or
cooperator logos on the route marker. See Figure 5-9 for priority of placement
of the different symbols on route markers.


Use the minimum number of route markers along the trail, at road crossings,
past trail junctions, and at termini as needed to reconfirm the identity of the
trail.


Where vandalism is a problem, it may be advisable to place the route marker
a short distance along the trail, beyond and out of sight of trail beginnings and
crossings of roads or other trails.
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Minimum
30 inches


Route number
or letter


Trail marker


Blazer


2 2


Figure 5-9—Priority and placement of reassurance markers.







a) Route number or letter


Place the route identification number or letter at the top of post. The
following methods may be used:


• Number or letter routed and scorched, blackened, or branded into
wood post or sign


• Number or letter on wood, aluminum, plastic, or fiberglass substrate,
screw mounted to wood post


• Number or letter decal affixed to fiberglass post


On metal markers, white numbers or letters on brown background are
recommended.


b) Trail markers


When the trail has a designated logo (such as a National Scenic Trail,
National Recreation Trail, or National Historic Trail) place the appropriate
marker beneath the route identification number or letter. Follow ROS
guidelines and the management direction established for the trail. Table 5-6
gives specific trail marker information for the different types of trails.


5-18


Chapter 5 Trail Signing


Modified on 7/14/05


Table 5-6—Reassurance marker requirements


Trail type Sign face Blazer Color Size (inches)


Hiker/pedestrian NA TB-1 Grey/white 5 x 7
pack and saddle Cut/painted/branded Natural


Wilderness NA Cut or branded Natural
Do not use plastic


Cross-country ski Shall be TB-1 Blue 5 x 7
urban setting or retroreflective
night skiing TB-2 with arrow 9 x 12


Cross-country ski May be TB-1 Blue 5 x 7
semi-primitive retroreflective
motorized and TB-2 with arrow 9 x 12
nonmotorized ROS


Bicycle Shall be Federal Recreational White legend on brown Minimum 12
paved or coincident retroreflective Symbol RL-090 background square inches
with roads


Mountain bike Shall be Federal Recreational White legend on brown Minimum 3
retroreflective Symbol RL-090 background square inches


ATV/motorcycle Shall be Federal Recreational White legend on brown Minimum 3
retroreflective Symbol RL-150 or RL-170 background square inches


Snowmobile Shall be TB-1 Orange or 5 x 7
retroreflective Fluorescent


TB-2 with arrow orange 9 x 12


Water Shall be Federal Recreational White legend on brown Minimum 3
retroreflective Symbol RW-020 background square inches







c) Difficulty levels


Difficulty levels are based on a national set of characteristics and
standards, not  on a comparison of trials against one another. See FSH
2309.18 for policy concerning use and application of difficulty levels. 


Use of signage or maps that indicate national trail difficulty standards is
necessary to ensure consistency. Consider site-specific signage or map
information that indicates the physical trail standards and maintenance
and/or grooming schedules. 


Simplified difficulty symbol: This symbol (Figure 5-10) indicates a generic
degree of difficulty. It is not site specific and often does not present the trail
user with enough information. 


DO NOT use on hiking/pedestrian trails to indicate a degree of
difficulty based on accessibility. 


Signing difficulty levels with simplified ddifficulty symbols is optional. If these
symbols are used, they shall be used in accordance with the national trail
standards found in the Forest Service Handbook exhibits for trail activities.
When using a difficulty symbol, identify the difficulty level of the trail at the
information board, beginning of the trail, and where significant changes occur in
trail segments. Simplified difficulty symbols are shown in Figure 5-10. 


2. Blazers


If the trail is well defined, very few blazer reassurance markers are needed
except for reassurance at openings and road or trail crossings. For trails that
are not well defined, blazers may need to be intervisible during conditions
under which use normally occurs.


When blazer reassurance markers are used, place them on posts or trees at
least 5 feet above tread level or expected snow level for winter trails. Blazers
are generally placed on the right side of the trail but should be placed on the
side that provides the most visibility and clearest indication of direction.


Use only cut, painted, or branded/scorched blazes in wilderness. Limit painted
blazes only to those wilderness trails identified in the National Trails System
Act, and associated intersecting trails where determined necessary. 
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Easiest
DD-1


More Difficult
DD-2


Most Difficult
DD-3


Figure 5-10—Simplified difficulty symbols. 







a) Colored diamonds


Use the small TB-1 (5 by 7 inches) metal or plastic diamond marker (see
Figure 5-11), retroreflective (for night use) or nonreflective when called for
in the trail management plan. Do not use for wilderness trails.


Mount on trees or, where properly positioned trees are not available, on
posts. When diamond markers are to be mounted on trees, aluminum nails
should be used. Leave a portion of the shank exposed to allow for tree
growth.


An arrow may be placed in the center of the TB-2 (9 by 12 inches; see
Figure 5-11) to indicate the trail direction for additional visibility in open
areas or to indicate continuing direction or an unusual change in direction
that does not present a hazard. Do not use these markers in lieu of curve,
turn, or other warning signs where conditions require a standard warning
sign as determined by recreational studies or review or engineering study
or engineering judgment. Use this method sparingly and not in place of a
standard blazer.


b) Cut blazes


Use cut blazes when called for in the trail management plan. Cut blazing is
the preferred reassurance marking system in wilderness areas where trees
are available. Improper blazes cannot be corrected. Cut blazes carefully
and cleanly to conform closely to the dimensions shown in Figure 5-12.


c) Painted blazes


Use painted blazes on trees or rocks only where specified in the trail
management plan. Do not paint without using a template and paint
carefully to specified dimensions and color.


d) Branded or routed and scorched blazes


Either branded blazes or routed and scorched blazes may be used where
specified in the trail management plan.


Field branding may be used on the face of the guide sign or on a flattened
portion of the tree or post that supports the guide sign. 
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5” x 7” 9” x 12”


TB-2TB-1


Figure 5-11—Colored diamond blazers.







The blaze may also be branded or routed and scorched in a shop on the
following: 


• The face of the guide sign
• A 6- by 10-inch piece of wood the same substrate as the guide sign
• The support post for the guide sign


Directional arrows may be branded or routed and scorched below the blaze
indicating the direction(s) of the trail.


e) Federal recreational symbols


Minimum 3-inch Federal recreation symbols such as RL-170 or RL-090,
may be used as reassurance blazers. Symbols shall be mounted to posts
such as flexible fiberglass. National recreation trail symbols shall not be
used as reassurance markers.
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Blaze trees 
on both sides


Cut no 
deeper than 
necessary for 
clear visibility.
Cut on both 
sides, visible
from both 
directions.


2 in.
4”


2-4 in.


8 in.


Figure 5-12—Cut blazes.







3. Cairns


Rock cairns may be used through rocky, treeless areas as necessary for
guidance and safety. Base spacing on visibility conditions expected during
adverse weather.


See Figure 5-13 for typical details. Select and fit rocks for stability against
displacement. Construct cairns so they are high enough to appear above
vegetation. Where practicable, set guide poles or posts in cairns where
needed for winter travel guidance.


4. Guide poles 


Guide poles may be used to delineate the trail when the location is not obvious.
When used, set poles at the maximum inter-visible distances required for
guidance through treeless areas such as meadows and muskeg areas. Select
natural pole materials to harmonize with the environment except where the
management plan requires increased visibility (for example, snowmobile and
cross-country ski trails). To increase visibility, consider painting the poles (color
to match the color of the plastic blazer), mounting plastic trail blazers on both
sides of the poles, or wrapping retroreflective tape around the pole. 


Wooden guide poles shall have a minimum diameter of 4 inches and a
minimum height of 6 feet above ground or snow level. Where ground
conditions make the setting of wood poles impractical, the use of metal or
other materials is justified.
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Figure 5-13—Rock cairn.


3 feet
minimum


30 inches
minimum







5.9  Congressionally Designated Trails


Congressionally designated trail signage must be consistent among administrative
units. Coordinate area and trail management plans as appropriate. Standardize
trail signing within areas that include more than one administrative unit.


5.9.1  National Trail Systems


National trails “provide for the ever-increasing outdoor recreation needs of an
expanding population and in order to promote the preservation of, public access
to, travel within, and enjoyment and appreciation of the open-air, outdoor areas,
and historic resources of the Nation…” (National Trails System Act of 1968).


5.9.1a  National Recreation Trails


National recreation trails are designated under Regional Forester authority to
provide for a variety of outdoor recreation uses in or reasonably accessible to
urban areas. 


5.9.1b  National Scenic Trails


National scenic trails are trails designated by Congress to provide for maximum
outdoor recreation potential and for the conservation and enjoyment of the
nationally significant scenic, historic, natural, or cultural qualities of the areas
through which they pass.


5.9.1c  National Historic Trails


National historic trails are designated by Congress and follow as closely as
possible and practicable the original trails or routes of travel of national historic
significance. They identify and protect the historic route and its historic remnants
and artifacts for public use and enjoyment.


5.9.2  National Trail System Signing


Signing of trails in the National Trail System requires special emphasis to
denote their uniqueness and special qualities. Identify national scenic, historic,
and recreation trails with the appropriate national marker, such as those shown
in Figure 5-14. Sign according to the management objective of each trail
system. The policy and criteria for signing and posting national trails are the
same as for other National Forest System Lands, with the exceptions noted in
the following sections. 


Figure 5-14—Examples of national trail markers.
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5.9.2.1  Trailheads 


At trailheads or developed recreation sites associated with the trail, mount the
9-inch national trail marker on the base of the site identification sign or on a
separate post in a prominent location.


5.9.2.2 Road Crossings 


To indicate the trail crossing a road, use the 9-inch marker along NFSRs when
speeds are 35 miles per hour or lower. Use the 18-inch marker on roads when
speeds are 40 miles per hour and higher. Mount the markers 1 inch below the
guide sign identifying the trail or its destinations. If no other identification sign
exists, the marker should be mounted on a separate post to identify the trail. Its
use is intended only as a symbol associated with the trail. The words are not
intended to be read by motorists at highway speeds.


Larger signs may be produced and used for special situations on high speed
highways. Maintain the same shape and colors when ordering special size
signs.


5.9.2.3  Guide Signs


When the trail guide sign is located on the national trail, identify the national trail
designation by use of reassurance markers mounted below the guide sign. Use
the 3 1/2-inch national trail marker to identify the trail. Do not mount the national
trail marker directly on guide signs.


When the trail guide sign is not located on the national trail but is located at a
trailhead or junction when the national trail is identified on a guide sign as a
destination, use the directional arrow, the abbreviation JCT, the name of the
trail, and the distance to the junction. Do not abbreviate the trail name. Refer to
Figure 5A-18.


5.9.2.3  Reassurance Markers


See Section 5.12. Depending on the management plan for the national trail,
reassurance markers for national trails will consist of one of the following:


• Paint mark
• 3 1/2-inch plastic or metal blazer with the official logo
• Branded or routed official logo


To keep travelers on course, use reassurance markers at all intersections and
locations where the trail location could be uncertain. Do not use the national
logo marker off the national trail.


Reassurance markers may be placed on a separate post or tree, or just below a
guide sign on the same support if mounted below a guide sign. They shall be
mounted or branded directly on the post or tree supporting the sign, or on a
separate board (approximately 6 by 10 inches) that is fastened to the support.
Directional arrows below the marker shall indicate the direction of the trail.
When mounted along on a post or tree, reassurance markers shall be about 5
feet above the level of the tread.


In wilderness, use the brand or routed marker; do not use the plastic or metal
marker. Use the branded or routed logo to identify the trail at junctions and other
decision points, and as needed to protect wilderness resources. Do not use it as
a general reassurance marker along the remainder of the trail within the
wilderness.
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5.10  Summary of Standards and Guidelines by Trail Type


Tables 5-7 through 5-13 contain summaries of the standards and guidelines for
each type of trail. Each chart is for a specific trail type.
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Table 5-7—Hiker/pedestrian pack and saddle trails


Sign Requirements
Minimum size Shape or 


Sign type Sign face (inches) Color sign type


Regulatory Retroreflective not Warning: 12 x 12 If used, follow If used, follow 
and warning required, consider MUTCD colors MUTCD shapes


using for added
emphasis


Guide Typically routed Text: Capital ASA Unfinished wood TD
Series C, 1 inch routed scorched or 


blackened legend
or WPC material


Junction identity Typically routed Text: Capital ASA Natural wood TD
Series C, 1 inch routed scorched or 


blackened legend


Reassurance Non retroreflective 5 x 7 Grey or white TB-1 plastic blazer
markers Cut, painted, branded


blazers, logo brands, NA NA NA
rock cairns, natural
guide poles


Sign support and placement requirements


Reassurance marker supports Posts or trees


Minimum mounting height,
trail tread to bottom of sign 5 feet


Minimum lateral distance,
edge of trail tread 3 feet clearance for pack stock
to nearest edge of sign


Remarks:
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Table 5-8—Wilderness trails


Sign Requirements
Shape or 


Sign type Sign face Text Color sign type


Regulatory Non-retroreflective NA NA NA


Warning NA NA NA NA


Guide Routed only Text: Capital ASA Unfinished wood TD or TDW
Series C, 1 inch, with scorched or
routed blackened legend


Junction identity Routed only Text: Capital ASA Unfinished wood TD
Series C, 1 inch, with scorched or
routed blackened legend


Reassurance Cut, painted or branded NA NA NA
markers blazers, logo brands,


rock cairns, natural
guide poles


Sign support and placement requirements


Reassurance marker supports Posts or trees


Minimum mounting height 
trail tread to bottom of sign 5 feet


Minimum lateral distance
edge of trail tread 3 feet clearance for pack stock
to nearest edge of sign


Remarks:


• Specific on-site signs necessary for resource protection or visitor management may be used if no other
means of protection or communication is suitable. 


• Generally, do not use reassurance markers except in locations where the trail is difficult to locate.
• Use only cut, painted, or branded/scorched blazes in wilderness. Limit painted blazes only to those


wilderness trails identified in the National Trails System Act, and associated intersecting trails where
determined necessary.  


• Do not use Federal Recreation Symbols or plastic and metal national trail markers
• Guide poles should be left natural with no markers, blazers, or tape.
• Do not use warning signs.
• Limit use of regulatory signs at the trailhead
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Table 5-9—Cross-country ski trails, urban or night skiing


Sign Requirements
Minimum size Shape or 


Sign type Sign face (inches) Color sign type


Regulatory and Shall be Warning: 12 x 12 Shall follow Shall follow  
warning retroreflective MUTCD colors MUTCD shapes


Guide Shall be Text: Capital ASA White legend on FRD
retroreflective Series C, 2 inches brown background


Junction identity Shall be Text: Capital ASA White legend on FRD
retroreflective Series C, 2 inches brown background


Reassurance Shall be 5 x 7 Blue TB-1
markers retroreflective 9 x 12 Blue TB-2 with arrow


Sign support and placement requirements


Reassurance marker supports Posts or trees


Minimum mounting height, 40 inches above average maximum snow level.
trail tread to bottom of sign No more than 84 inches above current snow level.


Minimum lateral distance, 2 to 6 feet
edge of trail tread to bottom of sign


Remarks:


• Destinations on guide signs should emphasize safety features such as shelters and warming huts.
• Distances are measured in kilometers (km). Use decimal kilometers up to 1 kilometer (0.1-0.9). Round to


the nearest kilometer with no decimal after 1 kilometer.
• Use locator maps on systems with multiple loops or where the trail system is complicated and can be


confusing.
• Guide poles may be painted blue or have a blue TB-1 blazer mounted on both sides. 
• Use the blue TB-1 on ski trails that serve hikers during the off season.  Do not change the blazers to


gray/white unless needed for added visibility during the summer. 
• Where wide variation in snow accumulations can be expected, periodic resetting may be necessary. 
• In areas with heavy summer use, consider mounting the signs on posts that can be removed from a


stationary base. This will improve aesthetics and reduce vandalism and sign maintenance. 
• When trees are used for mounting signs, prune limbs well above the sign so limbs will not droop with the


weight of snow and obscure the sign.
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Table 5-10—Cross-country ski trails, semi-primitive motor or nonmotorized ROS


Sign Requirements
Minimum size Shape or 


Sign type Sign face (inches) Color sign type


Regulatory and Retroreflective not Warning: 12 x 12 If used, follow If used, follow
warning required, consider using MUTCD colors MUTCD shapes


for added emphasis


Guide May be routed Text: Capital ASA, May be unfinished TD 
series C 1 inch, wood with scorched 
routed or blackened legend


or WPC material


Junction identity May be routed Text: Capital ASA, May be unfinished TD 
series C 1 inch, wood with scorched 
routed or blackened legend


or WPC material


Reassurance May be retroreflective 5 x 7 Blue TB-1
markers 9 x 12 Blue TB-2 with arrow 


Sign support and placement requirements


Reassurance marker supports Posts or trees


Minimum mounting height, 40 inches above average maximum snow level.
trail tread to bottom of sign No more than 84 inches above current snow level.


Minimum lateral distance, 2 to 6 feet
edge of trail tread to bottom of sign


Remarks:


• Destinations on guide signs should emphasize safety features such as shelters and warming huts.
• Distances are measured in kilometers (km). Use decimal kilometers up to 1 kilometer (0.1-0.9). Round to


the nearest kilometer with no decimal after 1 kilometer.
• Use locator maps on systems with multiple loops or where the trail system is complicated and can be


confusing.
• Guide poles may be painted blue or have a blue TB-1 blazer mounted on both sides. 
• Use the blue TB-1 on ski trails that serve hikers during the off season.  Do not change the blazers to


gray/white unless needed for added visibility during the summer. 
• Where wide variation in snow accumulations can be expected, periodic resetting may be necessary. 
• In areas with heavy summer use, consider mounting the signs on posts that can be removed from a


stationary base. This will improve aesthetics and reduce vandalism and sign maintenance. 
• When trees are used for mounting signs, prune limbs well above the sign so limbs will not droop with the


weight of snow and obscure the sign.
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Table 5-11—Bicycle trail, paved or coincident with roads


Sign Requirements


Minimum size Shape or 
Sign type Sign face (inches) Color sign type


Regulatory and Shall be Shall follow MUTCD Shall follow Shall follow
warning retroreflective Table 9B-1 MUTCD colors MUTCD shapes


Warning: 18 x 18


Guide Shall be Text: Capital ASA White legend on FRD 
retroreflective Series C, 2 inches brown background


Junction identity Shall be Text: Capital ASA White legend on FRD 
retroreflective Series C, 3 inches brown background


Reassurance Shall be 12 inches White legend on Federal Rec.
markers retroreflective brown background Symbol RL-090 


Sign support and placement requirements


Reassurance marker supports Posts or trees


Minimum mounting height,
trail tread to bottom of sign 4 feet with 5 foot maximum


Minimum lateral distance,
edge of trail tread 3 to 6 feet
to nearest edge of sign


Remarks:


• Standards shall be in accordance with the MUTCD, Part 9, Traffic Controls for Bicycle Facilities.







5-30


Chapter 5 Trail Signing


Modified on 7/14/05


Table 5-12—Mountain bike trails


Sign Requirements
Minimum size Shape or 


Sign type Sign face (inches) Color sign type


Regulatory and Shall be Warning: 12 x 12 Shall follow Shall follow
warning retroreflective MUTCD colors MUTCD shapes


Guide Shall be Text: Capital ASA White legend on FRD 
retroreflective Series C, 2 inches brown background


Junction identity Shall be Text: Capital ASA, White legend on FRD 
retroreflective Series C, 2 inches brown background


Reassurance 3 inches White legend on Federal Rec.
markers brown background Symbol RL-090 


Sign support and placement requirements


Reassurance marker supports Posts or trees


Minimum mounting height, 5 feet
trail tread to bottom of sign


Minimum lateral distance, 2 to 6 feet
edge of trail tread to bottom of sign


Remarks:
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Table 5-13—ATV/motorcycle trails


Sign Requirements
Minimum size Shape or 


Sign type Sign face (inches) Color sign type


Regulatory and Shall be Warning: 12 x 12 Shall follow Shall follow
warning retroreflective MUTCD colors MUTCD shapes


Guide Shall be Text: Capital ASA White legend on FRD 
retroreflective Series C, 2 inches brown background


Junction identity Shall be Text: Capital ASA White legend on FRD
retroreflective Series C, 2 inches brown background


Reassurance Shall be 3 inches White legend on Federal Recreation 
markers retroreflective brown background Symbol RL-150 or 


RL-170


Sign support and placement requirements


Reassurance marker supports Posts or trees


Minimum mounting height,
trail tread to bottom of sign 5 feet


Minimum lateral distance,
edge of trail tread 2 to 6 feet
to nearest edge of sign


Remarks:
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Table 5-14—Snowmobile trails


Sign Requirements
Minimum size Shape or 


Sign type Sign face (inches) Color sign type


Regulatory and Shall be Warning: 12 x 12 Shall follow Shall follow
warning retroreflective MUTCD colors MUTCD shapes


Guide Shall be Text: Capital ASA White legend on FRD 
retroreflective Series C, 2 inches brown background


Junction identity Shall be Text: Capital ASA White legend on 9 inch x 12 inch 
retroreflective Series C, 2 inches brown background diamond or rectangle 


(minimum 4 inch) 


Reassurance Shall be 5 x 7 Orange or TB-1 plastic blazer
markers retroreflective 9 x 12 fluorescent orange TB-2 with arrow


Sign support and placement requirements


Reassurance marker supports Posts or trees


Minimum mounting height, 40 inches above average maximum snow level
trail tread to bottom of sign No more than 84 inches above current snow level


Minimum lateral distance, 2 to 6 feet
edge of trail tread to bottom of sign


Remarks:


• Destinations on guide signs should emphasize safety features such as shelters and warming huts.
• Use a location map showing the trail system, groomed or ungroomed conditions, and a “YOU ARE


HERE” arrow at each intersection for user orientation and security. .
• Guide poles may be painted orange, have a orange TB-1 blazer mounted on both sides, or be wrapped


with retroreflective orange tape. 
• Where wide variation in snow accumulations can be expected, periodic resetting may be necessary. 
• In areas with heavy summer use, consider mounting the signs on posts that can be removed from a


stationary base. This will improve aesthetics and reduce vandalism and sign maintenance. 
• When trees are used for mounting signs, prune limbs well above the sign so limbs will not droop with the


weight of snow and obscure the sign.
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Table 5-15—Water trails


Sign Requirements
Minimum size Shape or 


Sign type Sign face (inches) Color sign type


Regulatory and Shall be Warning: 12 x 12 Shall follow Shall follow
warning retroreflective MUTCD colors MUTCD shapes


Guide Shall be Text: Capital ASA White legend on FRD 
retroreflective Series C, 2 inches brown background


Junction identity Shall be Text: Capital ASA White legend on FRD
retroreflective Series C, 2 inches brown background


Reassurance Shall be 3 inches White on brown Federal Rec. 
markers retroreflective Symbol RW-020


Sign support and placement requirements


Reassurance marker supports Posts or trees


Minimum mounting height,
trail tread to bottom of sign 5 feet above high water level


Minimum lateral distance,
edge of trail tread 2 to 6 feet
to nearest edge of sign


Remarks:
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Abstract:  In the framework of a research dealing with quality of machined wood surfaces and analysis of their 
formation process, some tests have been done on Douglas-fir specimens, in order to study the cutting forces and 
the surface formation mechanics at different grain angles, processing against and along the grain direction. 
Surfaces have been analysed by macroscopic observation and by profile analysis. Cutting forces have been 
measured to understand mechanisms of surface formation for different grain angles. 
 
Key words: surface quality, grain angles, cutting forces, profiles measurements, Douglas fir. 
 
1. INTRODUCTION 
When machining Douglas fir wood, it is difficult to obtain a good surface quality, because of the significant 
differences between early- and late-wood. Many effort has been made in the recent years in order to understand 
Douglas fir most convenient processing settings and consequently to obtain good surface quality. This work 
were undertaken in order to clarify the mechanics involved in the chip and surface formation when machining 
Douglas fir and other wood species, as a function of the cutting geometry resulting from different grain 
orientations of the wood. In facts the final surface quality is influenced by many “external” factors, such as the 
tool settings or the tool material, and by some factors “internal” to the wood, such as moisture content, and 
mainly grain angle. The available technologies should allow us to adjust the external factors so that the best 
quality can be obtained, compatibly with the internal factors. If the internal factors are far from the optimum for 
processing, technologies might improve the final quality, but a good quality will never be achieved. To 
summarise this concept we may say that a piece can be profitably processed by changing the external factors, 
only if the internal factors, and mainly the grain orientation, allow it. Therefore our research deals with the 
surface formation process, including measurement of cutting forces and classification of surface quality; 
however this paper focuses on the cutting process and cutting forces interpretation. 
 
2. MATERIAL AND METHODS 
2.1 The machining process 
In order to define the best settings to process the specimens, some preliminary tests were performed. Douglas fir 
has been processed at different grain angles, with different depths of cut, feeding speeds, moisture contents and 
tool revolutions par minute. For technical reasons the specimens were equilibrated at an average moisture 
content of 13,5%. The other parameters has been chosen in order to obtain a fast processing and a good final 
quality, with the available apparatus. We performed many tests processing “up-” and “down-milling”, in order to 
identify the most suitable technology and to analyse the cutting forces in the two processes. In this paper we 
consider only the up-milling technique, which showed to be the more suitable for processing solid wood. After 
some investigations the set-up reported in Table 1 has been chosen. 
 
Fixed Parameters (imposed by the available materials) Variables 
Milling machine: 3 axes CNC router Cutting length: 80 mm 
Wood species: Douglas Fir (Pseudotsuga Menziesii Fr. Var. Menziesii) Cutting height: 30 mm 
Wood moisture content: 13,5% ~ Cutting depth: 0,5 mm 
Average specific gravity: 0,43 g/cm3 Feeding speed: 5 m/min 
Rake angle (α): 20° R.P.M.: 13867 Rev./min 
Clearance angle (β): 15° Cutting technology: up milling 
Knives mounted on the cutting head: 2  
Knives material: tungsten carbide screwed inserts(HW)  
Head diameter: 40 mm  
Table 1: experimental set-up adopted for the tests 
 
The length of the specimen has been chosen in order to keep it inside the borders of the dynamometric platform, 
so that a sharp measurement of cutting forces could be obtained; their height has been chosen in function of the 
tool height. The cutting depth has been chosen in 0,5 mm because with greater depths the surface quality didn’t 
change significantly, and because the following processed surfaces were very close to the previous one. The 
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wood was prepared in order to be cut only by the lateral knives, to avoid undesired disturbances when measuring 
the cutting forces. The specimen is held upon the dynamometric platform by two screws and a metal plate 
compressing itself. The dynamometric platform is fixed by four screws on a rectified steel plate, tightly held to 
the machine table by a vacuum system. The weight of the whole system was large enough to keep it stable, and 
the vacuum system held it stiffly against the machine table. The grain angle (ξ) were changed from 0 to 90° with 
progressive increments of 10°. The use of the “-“ before the angle value means that the surface has been 
processed against the grain direction. The presence of “0” and “-0” and of “90” and “-90” means that the same 
surface has been processed after being tilted by 180°. This, i.e. processing in the two opposite directions, was 
done in order to verify if the fibers were really perpendicular (for grain angle -90 and 90°) or parallel (for -0 e 0) 
to the processing plane: obtaining the same final quality, the same profile and the same cutting forces 
respectively for 0/-0 and 90/-90 proves that these parameters change with the grain direction, but are repeatable 
for the same direction. We used specimens with annual rings oriented so that a radial face is processed, in order 
to avoid the alternating of early- and late-wood; consequently the surface quality results from processing early- 
and late-wood separately, with no interaction between the two. See Figure 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                Figure 1: The cutting forces measuring system, and the processing settings. 
 
2.2 Cutting forces measurement, acquisition and analysis 
The measurement of cutting forces during a routing process is not easy; for this reason we reduced as much as 
possible the mass handing over the platform. The measuring system is a tri-axial dynamometric piezoelectric 
platform, connected to three charge amplifiers switched to “long” modality. We measured cutting forces along 
the tree axes, therefore only two of them (X and Y) have been analysed in this paper. Data have been collected, 
stored and analysed by an acquisition board and the means of the computer analysis. The set up is reported in 
Table 2. 
 
Measuring system Tri-axial dynamometric piezoelectric platform 
Platform cut-off frequency 3000 Hz 
Acquisition device Computer board 
Anti alias filter Mechanical 
Sampling frequency 10.000 Hz 
Table 2: Acquisition system set-up 
 
The analysed forces are oriented as follows (see Figure 1): 
- Y is the main force, oriented along the feeding direction 
- X (normal force) is oriented perpendicular to the feeding direction 
Both X and Y are in the same horizontal plane. 
 
2.3 Measurement of profiles 
Profiles have been measured and analysed to give a more easy, effective and objective way for comparing the 
processed surfaces. In facts by other way it is difficult to make a comparisons, and for the surfaces processed at 
high moisture content it is difficult to find references for visual grading in the standards. For these reasons 
profiles have been measured and compared. The set-up used in the measurements is described in Table 3. 
 


X axis 


Y axis 


Feeding direction Revolution of the tool 


Wood 


Dynamometric platform 
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Device 2D Profilometer 
Sensor Stylus 
Measurement type 2D 
Stylus tip radius 10 µm 
Transducer’s range +/- 5 mm 
Measuring length 25 mm 
Measuring speed 1 mm/sec 
Shape filter Linear 
Acquired parameters Pa, Pt 
Table 3: Profile measurement system set-up 
 
Pa is the integral of the profile divided by the profile length; Pt is the difference between the highest peak and 
the deepest valley in the profile length. 
 
3. RESULTS 
3.1 Surface quality 
Surface quality is not deeply examined in this paper, we would just give a general idea of the quality by the 
means of some images and some profiles. 
3.1.1 Visual analysis 
Her follows a brief photographic gallery concerning the processed surfaces (see Figures 2..9). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


Figure 2: ξ 0°, due to high moisture content, the surface 
presents some fuzzy grain in the early-wood 


Figure 3: ξ -0°, due to high moisture content the surface 
presents some fuzzy grain in the early-wood 


Figure 4: ξ 20, the surface has a good quality Figure 5: ξ -20°, the surface presents some fuzzy grain. 
The problems concern early and late-wood 


Figure 6: ξ 60°, some torn grain in early-wood. Figure 7: ξ -60, some torn grain in the early wood. 
Late wood is a little bit better 


Figure 8: ξ 90°, early-wood is completely torn away Figure 9: ξ -90°,early-wood is completely torn away 
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We reported in this gallery the most meaningful images concerning the typical defects affecting the processed 
surfaces. Surfaces processed at straight grain (0 and -0) present some fuzzy grain due to the high viscosity of the 
early-wood, that causes the formation of this defect (the high viscosity is due to the high moisture content, for 
lowest moisture contents processing at 0/-0 carries a good final quality). At normal moisture content this defect 
arises processing against the grain with narrow grain angles. Processing along the grain direction, with narrow 
angles the surface final quality is good, while processing against the grain the surface presents some defects, 
typically "fuzzy-grain". For biggest angles (60, -60) the typical defect is torn grain, but its formation process is 
different between processing “against” and “along” the grain direction. At 90 and -90° early-wood is completely 
torn away in both case. It is easy by these photographs to remark the large difference between early and late-
wood. An important point confirming the repeatability of the tests is the same aspect of the surfaces 0, -0 and 90, 
-90. 
 
3.1.2 Profile analysis 
If visual analysis allows us to have a general idea of the cutting mechanics, profile analysis is a very useful tool 
for comparison. For Douglas fir the evolution of the surface, changing the grain angles, is manifest. For the 
surface analysis and comparison we chose the primary profile. In facts roughness and waviness analysis are not 
necessary when the profile characteristics are so manifest, because of the difficult to correctly set the filtering. 
For these reasons we decided to use the primary profile, acquiring Pa and Pt (see Figure 10). 
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Primary Profile - Deepest valley, highest peak distance (Pt)
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What we have just discussed for visual analysis, is confirmed by both Pa and Pt. In facts we have a progressive 
worsening of the surface quality going from 0 to 90 and from -0 to -90. At 20° in the grain direction we can see 
that Pa have an high intensity (large value) while we were expecting a low level; this is due to the different 
elastic behaviour of early- and late-wood, that leads some bumps to arise on the surface because of the different 
reaction to the compression carried by the edge during the cut. In facts early-wood is easier to compress and the 
elastic recovery is higher than in late wood. 
 
3.2 Cutting forces 
The measurement of cutting forces during the processing is always difficult, because of the interferences brought 
by all the vibrations affecting the system. Often the signal is difficult to analyse and to retrieve cutting forces is a 


Figure 10: Pa of the processed surfaces 


Figure 11: Pt of the processed surfaces 
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really complicate operation. For this reason it has been necessary to operate an important filtering. By a side 
filtering very much would affect the data, but at the same time would clean them from useless noise. Even if 
filtered data do not represent exactly cutting forces, they are easy to analyse and to process and not far from real 
cutting forces (anyway closer than with noise). 
For this reason a filter type Butterworth of 4th order set as low-pass at 500 Hz, has been used to clean the data 
from noise. Considering that 500 Hz is bigger than cutting frequency (462 Hz) we should not significantly affect 
the signal, and the embedded data. In this case the cutting conditions are set as reported in Table 4 
 
Cutting head revolution frequency 231 Hz 
Time to make a revolution 0,0043 sec 
Cutting frequency (2 edges) 462 Hz 
Time between two chips 0,0022 sec 
Table 4: System periodicity 
 
and the analysis condition are set in Table 5. 
 
Filter Frequency 500 Hz 
Order 4th 
Type Low-pass 
Table 5: Analysis conditions 
 
The domain analysed is always the time and we use the normal time-intensity graph and the autocorrelation 
function (autocorrelation is a function that allow us to retrieve the periodicity of a system). 
Here follows some examples of the collected data and of the performed analysis. On the X axis for both signals 
is reported the time, while on the Y axis directly the Newton for time-intensity analysis, and an index going from 
1 to –1 (1: perfectly correlated - -1: anti-correlated). for autocorrelation. 
The first test we have done is to verify the absence of noise while the machine was moving but not processing 
(see Figure 12 – 13). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Once verified the absence of significant noise we began the analysis of the signals obtained while processing. 
The filtered and non filtered signals look like in Figure 14 – 15. As can be easily seen, valleys have a slightly 
different value in the two cases (filtered and non-filtered), but if the natural signal contains the information we 
are seeking it has too much noise to be clearly red. Filtered signal even if not exactly representing the cutting 
forces is very well correlated to them, for this reason we analysed this one. 
 
 
 
 
 
 
 
 
 
 
 
 
 


Figure 12: Non filtered signal while the machine is 
moving without processing. 


Figure 13:Filtered signal while the machine is moving 
without processing. 


Figure 14: Non filtered signal while the machine is 
moving and processing a specimen with ξ 20°. 


Figure 15: Filtered signal while the machine is moving 
and processing a specimen with ξ 20°. 
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The analysis of the autocorrelation function while the machine is moving but not processing doesn’t show any 
particular periodicity, while processing we can easily see the periodicity of the function. The distance of the first 
peak from the zero is 0,0043 sec., exactly the time necessary for a revolution (see Figures 16 – 17). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Here follows a deeper analysis of time and autocorrelation functions for a specimens processed in the grain 
direction with a grain angle of 60°. 
The acquired signals, in the time domain, change of intensity depending on the grain direction, but in general the 
shape is the same (as in Figure 18). As can be seen the axis with the biggest influence is the Y axis (principal 
force), the one oriented in the same direction of the feeding. From this plot results manifest the periodicity of the 
function. The time elapsed in a cycle (represented by the cursors position) was measured in 0,0043 sec., it means 
that every valley in the graph corresponds to a revolution of the tool, while we have two cutting inserts. As 
known when more than one edge is involved in the cut, one cuts more than the others, but in this case the cutting 
of the second edge is not remarkable at all. This maybe a limit of the measuring system or, simply depending on 
the cutting. For the moment we are not able in giving any further information about. 
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As can be seen from Figure 19 the system is periodic and the distance between the first and the second peak is 
0,0043 for both the axes, exactly the time necessary for a revolution. 
 
To determine the cutting forces during the process we measured the deepest valley consequent an impact in the 
filtered signal. We have done 15 measurements, and after we have done an average to determine the cutting 
forces. This operation is possible because of the extreme regularity of the signals, as can be seen from the 
Standard Deviation reported in Table 6. 
 
Grain Angle 0 10 20 30 40 50 60 70 80 90 
S. D. Along the grain 0,3 0,5 0,4 0,8 0,6 0,8 0,8 1,3 0,6 0,4 
S. D. Against the grain 0,2 0,4 0,3 1,4 0,5 0,9 0,9 0,6 0,6 0,6 
Table 6: Standard deviation in measuring cutting forces 
 
 
 


Figure 16: Autocorrelation of filtered signal while the 
machine is moving but not processing. 


Figure 17: Autocorrelation of filtered signal while the 
machine is processing a specimen with ξ 20°. 


Figure 19: Autocorrelation of filtered 
signal, processing at ξ 60 


Figure 18: Filtered signal while the machine is processing at α 60°. 
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Douglas fir processed along the grain direction shows a clear behaviour for both the axes. For Y axis the force 
(in both axes, for comfort we use a positive scale even if considered in our reference system they are negative) is 
always bigger than for X axis and grows continuously from 0 to 90°. This was expected considering the fiber 
orientation. In the X axis we found a different behaviour: cutting forces grow up from 0° to 20/30° where they 
reach the maximum, and after, progressively decrease until 90° This behaviour is theoretically supported by the 
exam of the interactions between rake face and grain direction. 
 


Cutting forces
Douglas Fir processed in the grain direction (0,5 mm of depth of cut)


0
2
4
6
8


10
12
14
16
18
20
22
24


0 10 20 30 40 50 60 70 80 90


Grain angle (ξ)


N
ew


to
n


Y axis


X axis


 
 
 
Looking the evolution of the angle included between the rake face and the grain direction (removal angle - ψ) at 
the impact and when the blade gets out from the wood (see Figure 22) we evict that from ξ 20 to 33 we have a 
moment inside the chip where the grain direction and the rake face are perpendicular. This geometrical factor 
stands to an increase of the cutting forces on the X axis because the cut is more difficult (transverse compression 
and longitudinal tension). In particular the larger increase should be at about 28-30° because the perpendicularity 
is in the middle of the chip. This hypothesis is completely confirmed by the cutting forces measurements. 
 
Douglas Fir processed against the grain direction shows a clear behaviour for both the axes. For Y axis the 
force is always larger than in X axis and grows almost continuously from -0 to -90°, with an exception for -70°. 
This was expected considering the fiber orientation. In the X axis we found a different behaviour, cutting forces 
grow up from -0° to -10° and decrease slowly reaching the minimum at –70°. This behaviour is theoretically 
supported by the exam of the interactions between rake face and grain direction 
 


Cutting forces
Douglas fir processed against the grain direction (0,5 mm of depth of cut)
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Looking the evolution of the removal angle (ψ), at the impact and when the blade gets out from the wood (see 
Figure 22) we evict that from ξ 67 to 80 we have the parallelism between the grain direction and the rake face. 
This geometrical factor stands to a decrease of the cutting forces on the X axis because the cut is easier 
(transverse tension). In particular the biggest decrease should be at about 73-75° because the parallelism happens 
in the middle of the chip. This hypothesis is completely confirmed by the experimental results. 
 
 


Figure 20: Cutting forces towards grain angles processing along the grain direction for X and Y axis 


Figure 21: Cutting forces toward grain angles processing against the grain direction for X and Y axis 
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In the end we would just compare the cutting forces for both the processing techniques (see Figure 24). For Y 
axis we found very similar results processing along and against the grain direction. For the X axis we can easily 
see how the value obtained processing along the grain direction is always larger than the one obtained by 
processing against the grain direction. In general it is more difficult to process along the grain direction 
(considering cutting forces and not surface quality), because chip formation occurs for transverse compression, 
while when cutting against the grain, chip formation occur for transverse tension. 
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4. CONCLUSIONS 
 
To sum-up this experience we can say that Douglas Fir with moisture content of 13,5% ~ has been completely 
characterised concerning wood processing with up-milling technique at different grain angles. The surfaces have 
been macroscopically examined, cutting forces have been acquired and analysed, and profiles have been 
measured and processed. The surface formation process has been briefly discussed and related to measured 
cutting forces and to processing geometry. The main results of this research are summarised in the following 
points: 
 
1. Douglas fir processed at different grain angles shows a very different behaviour between early- and late-wood 
with the same processing settings, and a different behaviour between processing along the grain direction and 
against the grain direction. From visual analysis the surface quality decreases increasing the grain angle and the 
surfaces processed along the grain direction are always better than those processed against the grain direction. 
2. The above reported statements are supported by profile analysis that show for both calculated parameters “Pa” 
and “Pt” the same trend macroscopic analysis. 
3. Cutting forces analysis shows that only one of the two edges was actually cutting, while the other probably 
didn’t have an important role in the process. Cutting forces evolve with grain angle. Evolution differs for the two 
axes X and Y and between processing “along” or “against” the grain direction. For Y axis the force always 
increases when increasing the grain angle. A small exception at –70° has been explained by geometrical reasons. 
For X axis, when processing along the grain the cutting forces increase from 0 to 30°, and decrease slowly until 
90°; while processing against the grain they increase from 0 to –10°, slowly decrease until the minimum is 
reached at –70°, and again increase until -90°. The cutting forces along the Y axis are always larger than the 


Figure 22: evolution of the removal angle (ψ) processing 
along the grain direction 


Figure 23: evolution of the removal angle (ψ) processing 
against the grain direction 
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Removal angle evolution - In the grain direction
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Figure 24: evolution of the cutting forces, processing along and against the grain direction for both the axes. 
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forces along the X axis. The forces along the X axis are larger when processing along the grain than when 
processing against the grain. 
4. This behaviour along the X axis has been explained by a geometrical hypothesis, i.e. by considering the 
relationship between rake face and grain direction, and in particular the angle between the rake face and the grain 
direction (removal angle) to discriminate parallelism or perpendicularity between the two. 
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Linear motion systems are found inside 
countless machines… precision laser 
cutting systems, laboratory automation 
equipment, semiconductor fabrication 
machines, CNC machines, factory 
automation, and many others too 
numerous to list.  They range from 
the relatively simple, such as an 
inexpensive seat actuator in a 
passenger vehicle, to a complex 
multi-axis coordinate system, complete 
with control and drive electronics for 
closed loop positioning.  No matter 
how simple or complex the linear 
motion system, at the most basic level 
they all have one thing in common… 
moving a load through a linear 
distance in a specific amount of time.
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One of the most common questions when designing 
a linear motion system centers on motor technology.  
Once the technology is chosen, the motor needs to 
be sized to meet the demands of load acceleration, 
overcoming friction in the system, and overcom-
ing the effect of gravity, all while maintaining a 
safe maximum operating temperature.  The torque, 
speed, and power output of the motor is not just a 
function of load, but how that load is coupled to the 
motor through the mechanical transmission system.


What motor should I start 
with… DC Stepper, Brush Servo, 
or Brushless Servo?


There is no such thing as the “best motor” for every 
application, but rather the best motor for a particular 
application.  In the vast majority of incremental motion 
applications, the choice will either be a stepper motor, 
brush DC motor, or brushless DC motor.   The most 
complex linear motion systems may use linear mo-
tors coupled directly to the load avoiding the need for 
mechanical power conversion (i.e. translation through 
a lead screw / ball screw, gearbox, pulley).  Although 
maximum accuracy, repeatability, and positioning res-
olution can be achieved with direct-drive systems, they 
are the highest cost and complexity when compared 
with rotary motors.  An architecture using rotary mo-
tors is much less expensive and will meet the majority 
of linear motion applications; however, some means of 
“rotary-to-linear” conversion (and as a result, power 
conversion) is needed to drive the load.


        Stepper, brush, and brushless servo motors are all 
considered DC motors, however, subtleties exist that 
will cause an engineer to favor one type over the other 
two in a particular application.  It must be stressed that 
this choice is highly dependent on the design parame-
ters of the system.  There isn’t a perfect motor for every 
application and all decisions will require design trade-
offs.  At the most basic level, all motors, whether con-
sidered AC or DC, are identical in operation in the way 
they generate output torque (interaction of magnetic 
fields).  DC stepper, brush servo, and brushless servo 
motor technologies, however, use a DC supply in order 
to power them.  For linear motion applications, this 
doesn’t mean that a fixed source of DC can be applied 
directly to the motor windings; electronics are needed 
to control the winding current (related to output torque) 
and voltage (related to output speed). 


Fig. 1:  Brush, Brushless, and Stepper Motors – many shapes and sizes
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DC Stepper Motor


 Strengths
  Open loop positioning – No encoder required
  Simple “pulse and direction” signal needed for rotation
  High torque density at low speeds
  Motor can be in a “stall” position without exceeding the temperature rating
  Lowest cost solution
 Weaknesses
  No position correction in the event the load exceeds the output torque
  Low power density – torque drops off dramatically at higher speeds
  Motor draws continuous current, even at standstill
  High iron losses at above 3000 RPM
  Noticeable cogging at low speeds (can be improved with a micro-stepping drive)
  Ringing (resonance) at low speeds


DC Brush Servo Motor


 Strengths
  Linear speed / torque curve (compared with a stepper)
  Low cost drive electronics (4 power switching devices)
  Many different configurations available
  Very smooth operation possible at low speeds
  High power density – flatter torque at higher speeds (compared with a stepper)
 Weaknesses
  Motor will draw high current in an overload condition (same as the brushless motor)
  Encoder needed for closed-loop positioning (same as the brushless motor)
  Limited in speed due to mechanical commutation
  Brush wear
  High thermal resistance (copper is in the armature circuit)


DC Brushless Servo Motor


 Strengths
  High power density – flatter torque at higher speeds (compared with a stepper)
  Linear speed / torque curve (compared with a stepper)
  Electronic commutation – no mechanical brushes
  Low thermal resistance (copper is in the stator circuit)
  Highest speeds possible (compared with stepper or brush DC motors)
 Weaknesses
  Highest cost between the 3 motor technologies
  Motor will draw high current in an overload condition (same as the brush motor)
  Encoder needed for closed-loop positioning (same as the brush motor)
  Higher drive complexity and cost – (6 power switching devices)
  Rotor position sensors required for electronic commutation


Listed below is a summary of strengths and weaknesses of the 3 technologies…
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No matter what type of motor and mechanical transmission chosen, the design of the linear system begins with the 
load mass and how fast the mass needs to traverse from point A to point B.  Motor type, size, and mechanical design 
boils down to the power (watts) required to move the load.  Starting with the load and ultimately working back to the 
power supply for the motor drive, the analysis is a series of steps to understand the power conversion from one part 
of the system to the other.  Watts in the form of voltage and current into the drive will eventually translate to watts in 
the form of moving a given load in a specific amount of time.


Power Conversion in the Linear Motion System


Fig. 2: Power Conversion from Power Supply to Load


How is all this accomplished?  The best way to illustrate this is through an example of choosing a motor for a simple 
linear rail mechanism that moves a load from point A to point B.  The application requirements are as follows…


  Mass    9Kg 
  Move Distance   200mm
  A-B Move Time   1.0s
  Dwell Time   0.5s
  Move Profile   1/3-1/3-1/3 Trapezoid – controlled accel/decel
  Rotary-to-Linear Conversion TFE coated lead screw – 8mm diameter, 275mm long
  Load Support   Linear ball rail and TFE coated guide rails (μ=0.01)
  Mass Orientation  Vertical
  Overall Size   System size limited to smallest volume possible
  Drive Architecture  Minimum complexity – Cost sensitive application
  Drive Control   4 quadrant operation w/ encoder feedback
  Drive Power Supply  32VDC, 3.5Arms, 5.0Apeak max output capability
  Worst Case Ambient Temp 30°C


t 1 t 2 t 3


1.5 s
0.5 s


t dwell


velocity


time


Constant v


Acc
ele


rat
e Decelerate


1.0 s           


The best approach is to begin at the load and work back to the motor through the various power conversion 
elements.  It’s personal preference regarding what units to work with, but SI units are recommended.  Working in SI 
units avoids the need to remember multiple conversion constants and the end result can always be converted back 
to English units.  See Table 1 for the list of symbols and units used throughout the example.


Fig. 3:  Motion Profile  
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Table 1:   Symbols and Units How much power is needed to move 
the load in the required time?


A 9kg mass lifted against gravity will require a force of 88N.  
Calculating the watts needed to move the load will provide a 
starting point for determining the components in the rest of the 
system.  This is the average power needed to move a mass of 9Kg 
vertically from point A to point B in 1 second.  System losses such 
as friction are not included.  The motor shaft power required will 
be somewhat higher and depends on the other components used 
in the system.


P = (88N x 0.2m) / 1.0s = 17.64w


P =
F x S


t
P =


F x S
t


This is different than the peak power that will be required from 
the system.  Once acceleration and deceleration are taken into 
account, instantaneous power during the move profile will be 
somewhat higher.


What motor technology should
I consider?


A stepper motor would meet the application requirement of a 
simple drive architecture and a relatively low cost solution.  Since 
overall system volume is very important in this application, how-
ever, a stepper motor would not be the recommended choice.  
At a minimum power requirement at the load of 17.64 watts (not 
including system losses or instantaneous peak power), a very 
large stepper motor would be required.   A DC brushless motor 
would have worked well; however, due to the cost-sensitive nature 
of the application and the desire for a simple drive architecture, 
this would also be a less than ideal choice.  A DC brush gearmo-
tor with an in-line planetary gear head meets the requirements 
of small footprint, minimum drive complexity, and relatively low 
cost.  Also, since a lead screw will be the means of rotary-to-linear 
conversion at the load, the output speed of a gearmotor can be 
kept at around 1000 RPM, helping to limit the heat generated at 
the lead screw and nut thread interface.
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What is the velocity, reflected 
inertia, and reflected load 
at the gearmotor shaft
(lead screw input)?


Step 1
Calculate the peak linear velocity of the application 
when a 1/3-1/3-1/3 motion profile is used…


vpk  = 3S
2t


vpk  = 3S
2t


vpk = (3 x 0.2m) / (2 x 1.0s) = 0.6m / 2s = 0.3m/s 


Step 2
Calculate the minimum screw lead needed to keep 
the lead screw speed at approximately 1000 RPM…


Lmin = (0.3m/s x 60) / 1000 = 0.018m = 18mm


Referring to the Kerk® screw chart on
www.HaydonKerk.com, the closest lead in 
an 8mm screw diameter is 20.32mm.


Peak lead screw speed = (vpk x 60) / L
Peak lead screw speed = (0.3m/s x 60) / 0.02032m 


= 886 RPM ≈ 900 RPM


ωpk = (900 x 2π) / 60 


ωpk = 94.2 rad/s


Step 3
Calculate the peak shaft speed of the lead screw 
(rad/s) for a linear velocity of 0.3m/s…


Lead screw specifications
(referring to  www.HaydonKerk.com):


 Kerk® 8mm diameter, 20.32mm lead, 
 275mm length, TFE coated, BFW freewheeling nut


 Efficiency = η s =86%
 Inertia = Js = 38.8 x 10-7 kgm2


JT = 38.8 x 10-7 kgm2 + 9.42 x 10-5 kgm2


JT = 9.81 x 10-5 kgm2


Step 4
Determine the total reflected inertia (JT) back from 
the load to lead screw shaft…


JS = 38.8 x 10-7 kgm2


JL = 9kg x (0.02032m / 2π)2


JL = 9.42 x 10-5 kgm2


Step 5 
Determine the shaft torque needed to accelerate the 
load inertia (Ta)…


a = (0.3m/s – 0m/s) / (0.333s – 0s)
a = 0.901 m/s2
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α = (0.901m/s2 x 2π) / 0.02032m


α = 278.6 rad/s2


Ta = (JT x α) + [(cosΘmgμ x L) / (2π x ηs)] + [(sinΘmg x L) / (2π x ηs)]


Ta = (9.81 x 10-5 kgm2 x 278.6 rad/s2) + [(cos90°) (9Kg)(9.8m/s2)(0.01)(0.02032m) / (2π x 0.86)]
+ [(sin90°)(9kg)(9.8m/s2)(0.02032) / (2π)(0.86)]


What is the RMS torque (Trms) required at
the gearmotor shaft (lead screw input)?


Torques and time intervals based on the 1/3-1/3-1/3 motion profile…1.0s to complete move


                                 T1 = 0.3582 Nm  t1 = 0.333s


                       T2 = 0.3309 Nm  t2 = 0.333s


    T3= (-0.3582 Nm) t3 = 0.333s


Trms = √[(0.333 x 0.35822 + 0.333 x 0.33092 + 0.333(-0.35822)) / (0.333 + 0.333 + 0.333 + 0.5)]


Trms = √[(0.0427 + 0.0365 + 0.0427) / (0.333 + 0.333 + 0.333 + 0.5)]


Trms = √[(0.1219) / (1.5)]


Trms = √[ 0.0813]


Trms = 0.2851


Ta = (0.0273) + [0] + [0.3309] = 0.3582 Nm
Ta = 0.3582 Nm
Tg = 0 Nm
Tf = 0.3309 Nm
Td = (-Ta)
Td = -0.3582N


The RMS torque requirement is a key parameter to understanding the thermal rise of the motor or gearmotor 
chosen.  If the RMS torque falls outside the “safe operating area” or continuous operating area of the DC motor 
curve, the motor will be thermally overloaded.  
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Pavg = [(9kg)(9.8m/s2)(0.2m) / 1.0s] / 0.86


Pavg = 20.47 W


What are the 1st approximation 
power requirements to drive the 
lead screw shaft?


Ppk = 0.3582 Nm x 94.2 rad/s


Ppk = 33.74 W


What are the final load 
parameters as seen by the lead 
screw input shaft (gearmotor 
output shaft)?


Trms   = 0.2851 Nm
Tg   = 0.3309 Nm
Ta   = 0.3582 Nm


ωpk  = 900 RPM = 94.2 rad/s


Ppk  = 33.74 W
Pavg   = 20.47 W


The gearmotor needs to deliver a peak acceleration 
torque to the lead screw shaft in order to accelerate 
the mass against gravity to the steady-state lead screw 
speed of 886 RPM (rounded up to 900 RPM).  The gear-
motor will then need to supply enough steady-state 
torque to move the mass against gravity at a constant 
velocity.  During deceleration, the gearmotor will need 
to supply a negative torque to stop the load in a con-
trolled manner.  All this will occur in 1.0s before the 
motor stops and remains idle for a 0.5s dwell.  After 
resting, the gearmotor will reverse and move along the 
same motion profile to bring the load back to the start-
ing point.


What gearmotor (motor/gearbox 
combination) will be able to meet 
the above load parameters?
There are several different gearmotor solutions that will 
meet this requirement.  Ultimate choice will be based 
on many other factors including total footprint, audible 
noise, price, etc., however, to address all these items 
would exceed the intended scope of this example.  In 
all cases, however, the continuous torque capability 
of the gearmotor chosen must exceed the RMS torque 
requirement of the application or thermal overloading 
will result.  For this example, the RMS torque is 0.2851 
Nm required at the lead screw input shaft.


Step 1
Determine 1st approximation motor choice that will 
meet the overall power requirements.  


Average power and peak power required at the lead 
screw shaft is 20.47 W and 33.74 W.  This doesn’t mean 
that a 21 W rated power motor should be chosen to 
meet the load requirements.  This motor will not be 
sufficient due to other losses throughout the system.  
Since the lead screw shaft power needs to come from 
the motor through a mechanical transmission (gearbox), 
the efficiency of the gearbox also needs consideration 
as well as any safety factor that the engineer wants to 
design into the system.


A good first approximation for this application is the 
PITTMAN 9237 motor ( ref. www.pittman-motors.com ).  
This is a relatively small diameter brush-type DC motor 
with a rated (continuous) output power of 37 W.  The 
motor specifications are listed below…


Winding Voltage (V)   24 V
Continuous Torque (Tc)   0.0812 Nm
Speed @ Continuous Torque (nCT) 4370 RPM
Current @ continuous Torque (IC) 2.36 A
Continuous Output Power (PC)  37 W
Torque Constant (KT)   0.042 Nm/A
Voltage Constant (KE)   0.042 V/rad/s
Terminal Resistance (Rm)  1.85 Ω
NL current (Io)    0.180 A
NL speed (no)    5230 RPM
Peak current (Ipk)   13 A
Peak torque (Tpk)   0.5422 Nm
Thermal Resistance (Rth)  11 °C/w
Max Winding Temperature   155°C


In the case of the motor above, the continuous output 
power is 37 W using a reference voltage of 24V.  At first 
glance, this motor appears as though it can meet the 







8


  Applying Motors in Linear Motion Applications 


Even though the high-level application parameters 
indicated that a 32 VDC drive power supply is used, a 
24 VDC motor winding was chosen in order to allow 
some additional voltage “headroom” from the drive (in 
this case, about 33%).  This can be important to supply 
an additional voltage “boost” to ensure that the inter-
mittent peak power requirements can be met.  A lower 
voltage motor winding would also work; however, this 
would also require more current from the drive for a 
given load.  A 24V motor winding would allow a voltage 
boost capability from the 32V drive while also minimiz-
ing the load current.


Ppk(motor)@ motor output (gearbox input)
                                  = 37.5 W @ motor shaft


The 24VDC PITTMAN 9237 motor is rated for a con-
tinuous output torque of 0.0812 Nm and a continuous 
current rating of 2.36 A.  The RMS torque requirement of 
the application is 0.0634 Nm.  As a first approximation, 
this gearmotor (motor/gearbox) will safely meet the 
RMS torque requirements. Although the continuous rat-
ed power output of the 9237 motor is 37 W and the peak 
(intermittent) power required for the motion profile is 
37.5 W, this motor can still be safely used because the 
RMS torque requirement of the application is still within 
safe operating limits.


Step 2
Using the motor data above along with the load 
parameters at the lead screw shaft, choose an 
appropriate gearbox that would accomplish the job...


For this application, an in-line planetary gearmotor is 
desired.  Referencing the website www.pittman-motors.
com , a G30A planetary gearbox is compatible with the 
24V 9237 PITTMAN motor.  Using a few quick calcula-
tions, we think that a 5:1 gear reduction may meet the 
application requirements.  Using a 5:1 gear reduction, 
the maximum output torque this gearbox can safely 
handle is 2.47 Nm which easily exceeds the 0.3582 Nm 
peak torque requirements of this application.


A 5:1 G30A planetary gearbox with an efficiency of 0.90 
will result in the following requirements at the motor 
output shaft (input to the gearbox)…


Can the drive and power supply 
meet requirements of the load?
Step 1
Calculate the peak current required…


Ipk = (0.0796 Nm) / (0.042 Nm/A) + 0.180A
Ipk = 2.075 A


Step 2
Calculate the RMS current required…


Irms = (0.0634 Nm) / (0.042 Nm/A) + 0.180A
Irms  = 1.690 A


load requirements of this application with some addi-
tional safety factor.  


Ta @ gearbox output (lead screw input)       = 0.3582 Nm


→Ta(motor)@ motor output (gearbox input)  = 0.0796 Nm


Trms @ gearbox output (lead screw input)     = 0.2851 Nm


→Trms(motor)@ motor output (gearbox input)= 0.0634 Nm


ωpk@ gearbox output (lead screw input)
                                                                       = 900 RPM = 94.2 rad/s
→ωpk(motor)@ motor output (gearbox input)
                                                           = 4500 RPM = 471 rad/s


Step 3
Calculate the minimum bus voltage required for Ppk


Based on the calculations above, the drive and power 
supply should meet the dynamic load requirements of


VBUS(min)= (2.075A x 1.85 Ω) + (471 rad/s x 0.042 V/rad/s)


  VBUS  = 3.839 + 19.782 V


  VBUS = 23.621 V ≈ 24 V


Tgearbox (input)  = 
Tgearbox (output)


N( ) 1
ηg


( )Tgearbox (input)  = ( ) 1
ηg


( )Tgearbox (output)


N
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the motion profile.  Since the drive power supply input 
voltage is 32V, the maximum DC bus voltage will be 
approximately 30V, leaving plenty of margin above the 
minimum bus voltage requirement of 24V.  The maxi-
mum current rating of the drive and power supply can 
also meet the RMS current and peak current required by 
the application.  Figure 4 illustrates the published motor 
performance using a 24V reference voltage.  In order to 
meet the peak motor velocity (input to the gearbox) of 
4500 RPM while maintaining the torque requirements, in-
put voltage to the motor can be increased slightly within 
limits of a particular motor design.  Figure 5 illustrates 
the same motor using a maximum terminal voltage of 
30V available from the drive. 


When comparing the motor performance at 24V and 
30V, it’s clear the location of the load points remains the 
same, as these points are determined by the application 
requirements.  In the case of the 24V condition, howev-
er, the maximum velocity of 4500 RPM may or may not 
be met, as both the acceleration torque and the RMS 
torque points fall very close to the 24V load line.  Based 
on the calculations above, a minimum bus voltage 


of 24V is needed to meet the peak requirements of the 
application.  Although a 24V bus voltage may initially 
meet the requirements of the application, there is no 
safety factor and any mechanical wear occurring in the 
system over time could cause the speed to drop below 
the 4500 RPM requirement.  The 30V bus voltage from 
the drive will provide plenty of safety margin to insure 
the peak velocity of 4500 RPM can be met.
    
Another item to notice is that the acceleration torque 
(Ta(motor)) and the RMS torque (Trms(motor)) both lie within 
the shaded region.  It’s critical that the RMS torque 
remain below the continuous torque rating of 0.0812Nm 
but in many applications, the acceleration torque will 
move outside the boundaries of the continuous torque 
region.  This is perfectly acceptable because the 
acceleration torque is a component of the RMS torque 
calculation.  In this application, it’s a coincidence that 
acceleration torque and RMS torque happen to fall with-
in the shaded area, but the point to remember is that it’s 
absolutely necessary for the RMS torque to fall within 
the shaded region of the curve, otherwise thermal over-
loading will occur. 


Fig. 4: Motor 
Performance 
@ published 
24V 
reference 
voltage


Fig. 5: Motor 
Performance 
@ 30V max 
voltage 
capability 
of the motor 
drive
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With a 76°C rise based on the RMS load and a worst-
case ambient temperature specification of 30°C, result-
ing motor temperature should stabilize at approximate-
ly 106°C.  The PITTMAN 9237 motor is Class F rated 
(155°C), allowing a safety margin of a 49°C.  If any por-
tion of the motion profile is altered such as total move 
distance, acceleration / deceleration rates, dwell time, 
etc. the equivalent motor load (both peak and RMS) 
will also change.  The analysis will need to be repeated 
using the revised motion profile parameters in order to 
ensure the motor will remain within safe temperature 
limits.


Please keep in mind that all the equations used in this 
example are meant to be a 1st approximation analysis. 
The system should be tested using actual load con-
ditions and the steady-state temperature determined 
using thermocouples in several locations on the motor.  
A current and voltage reading should also be taken at 
the input to the motor.  The motor will operate differ-
ently under a steady-state elevated temperature.  For 
instance, motor resistance, torque constant, and voltage 
constant will all change under actual operating condi-
tions, resulting in a corresponding change to the peak 
current, RMS current, and bus voltage requirements as 
calculated using the equations above.  Always test the 
system under real-life operating conditions and contact 
the motor manufacturer for advice.


What is the (estimated) worst 
case temperature of the motor 
under the required load 
conditions at an ambient 
temperature of 30°C?


Ѳr = [(Rth x Irms
2 x Rm) / 


                            (1-(Rth x Irms
2 x Rm x 0.00392/°C))]


Ѳr = [(11 °C/w x 1.690A2 x 1.85 Ω) / 
       (1-(11 °C/w x 1.690A2 x 1.85 Ω  x 0.00392/°C))]


	 	 Ѳr = [(58.1) / (1-( 0.228)]


	 	 Ѳr = 75.26°C ≈ 76°C


After going through this process, it’s clear that the 
prime mover, in this case a DC gearmotor, needs to be 
sized to meet dynamic load conditions encountered 
throughout the motion profile.  This is a sharp contrast 
from the process of sizing a motor for continuous oper-
ation at an unchanging load point.  Incremental posi-
tioning applications require frequent “starts-and-stops” 
and a duty cycle that requires the motor to work harder 
during controlled acceleration/deceleration.   


The main concern in sizing a motor is to ensure the mo-
tor remains within its safe operating temperature.  The 
RMS torque and current calculations are the most im-
portant quantities required for estimating total tempera-
ture and temperature rise of the motor for a particular 
motion profile.  To calculate temperature rise and motor 
temperature, the following equations can be used. 


Ѳm = Ѳr + Ѳa


Ѳm = 76°C + 30°C


Ѳm = 106°C


Motor sizing is just the beginning…
This paper focused on properly sizing a motor for 
a relatively simple single axis linear motion appli-
cation.  Although the principles are identical for 
a more complex system such as an X-Y table or a 
multi-axis precision pick-and-place mechanism, 
each axis will need to be analyzed for load inde-
pendently.  Another consideration outside the scope 
of this article is how to choose an appropriate 
safety factor in order to meet the desired life of the 
system (number of cycles).  System life isn’t just a 
function of the motor size, but also the other me-
chanical elements in the system such as the gear-
box and lead screw assembly.  Other factors such 
as positioning accuracy, resolution, repeatability, 
maximum roll, pitch, and yaw, etc. are all important 
considerations to insure the linear motion system 
meets or exceeds the application goals.







Pittman Motors is part of the Ametek Precision Motion Control 
division.  Pittman brush and brushless DC servo motors are used


in a wide variety of high tech motion applications including
lab automation, medical devices, communications equipment, 


semiconductor processing equipment, aerospace systems,
and many other applications where precision motion is critical.


The Pittman motor line spans a wide variety of DC motor sizes and 
technologies ranging from extremely compact brushless slotless 


DC motors used in high speed medical applications to large NEMA 
frame DC servo motors used in sophisticated automation equipment. 


                           •  Brush Commutated DC Servo Motors 
•  High Performance Slotless Brushless DC Servo Motors


•  Slotless Brushless DC Servo Motors
•  Instrument Grade Brushless DC Servo Motors
•  Automation Grade Brushless DC Servo Motors


•  Brushless DC Motors with Integrated Controller
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1  Introduction


Ballscrews, also called a ball bearing screws, recirculating ballscrews, etc., consist of a screw spindle and a nut 
integrated with balls and the balls’ return mechanism, return tubes or return caps. Ballscrews are the most common 
type of screws used in industrial machinery and precision machines. The primary function of a ballscrew is to convert 
rotary motion to linear motion or torque to thrust, and vice versa, with the features of high accuracy, reversibility and 
efficiency. HIWIN provides a wide range of ballscrews to satisfy your special requirements.


The combination of state-of-the-art machining technology, manufacturing experiences, and engineering expertise 
makes HIWIN ballscrew users “High-Tech Winners”. HIWIN uses precise procedures to create exact groove profiles, 
either by grinding or precision rolling. Accurate heat treatment is also used to ensure the hardness of our ballscrews. 
These result in maximum load capacity and service life.


HIWIN precision ballscrews provide the most smooth and accurate movement, together with low drive torque, 
high stiffness and quiet motion with predictable lengthened service life. HIWIN rolled ballscrews also provide smooth 
movement and long life for general applications with less precision in lower price. HIWIN has modern facilities, highly 
skilled engineers, quality manufacturing and assembly processes, and uses quality materials to meet your special 
requirements.


It is our pleasure to provide you with the technical information and selection procedure to choose the right 
ballscrews for your applications through this catalogue.


2.1 Characteristics of  HIWIN Ballscrews


There are many benefits in using HIWIN ballscrews, such as high efficiency and reversibility, backlash elimination, 
high  stiffness, high lead accuracy, and many other advantages. Compared with the contact thread lead screws as shown 
in (Fig. 2.1), a ballscrew add balls between the nut and spindle. The sliding friction of the conventional screws is thus 
replaced by the rolling motion of the balls.  The basic characteristics and resultant benefits of HIWIN ballscrews are 
listed in more details as follows:


2  Technological Features of HIWIN Ballscrews


Fig 2.1 Basic configuration of ballscrews and contact thread lead screws
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Fig 2.2 Mechanical efficiency of ballscrews


(1) High efficiency and reversibility
Ballscrews can reach an efficiency as high as 90% because of the rolling contact between the screw and the nut. 


Therefore, the torque requirement is approximately one third of that of conventional screws. It can be seen from Fig. 2.2 
that the mechanical efficiency of ball screws are much higher than conventional lead screws.


HIWIN ballscrews have super surface finish in the ball tracks which reduce the contact friction between the balls 
and the ball tracks. Through even contact and the rolling motion of the balls in the ball tracks, a low friction force is 
achieved and the efficiency of the ballscrew is increased. High efficiency renders low drive torque during ballscrew 
motion. Hence, less drive motor power is needed in operation resulting in lower operation cost.


HIWIN uses a series of test equipment and testing procedures to guarantee the efficiency.


(2) Backlash elimination and high stiffness
Computer Numerically Controlled (CNC) machine tools require ballscrews with zero axial backlash and minimal 


elastic deformation (high stiffness). Backlash is eliminated by our special designed Gothic arch form balltrack (Fig. 2.3) 
and preload.


In order to achieve high overall stiffness and repeatable positioning in CNC machines, preloading of the ballscrews 
is commonly used. However, excessive preload increases friction torque in operation. This induced friction torque will 
generate heat and reduce the life expectancy. With our special design and fabrication process, we provide optimized 
ballscrews with no backlash and less heat losses for your application.


(3) High lead accuracy
For applications where high accuracy is required, HIWIN modern facilities permit the achievement of ISO, JIS and 


DIN standards or specific customer requirements.
This accuracy is guaranteed by our precise laser measurement equipment and reported to each customer.


(4) Predictable life expectancy
Unlike the useful life of conventional screws which is governed by the wear on the contact surfaces, HIWIN’s 


ballscrews can usually be used till the metal fatigue. By careful attention to design, quality of materials, heat treatment 
and manufacture, HIWIN’s ballscrews have proved to be reliable and trouble free during the period of expected service 


Fig2.3 Typical contact types for ballscrews
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Work name : S.H Measure node: X pitch


Pick up radius: 0.0256mm


Model No. : 001H-2-3 Horizontal mag: 20.0000


Lot No. : 201536 Vertical mag: 20.0000


Operator : L.J.F. Measure length: 7.0000 mm


Comment : Measure pitch: 0.0030 mm


No. code symbol actual


32  292  X:  0.1816 mm Z:  0.1980 mm RC :  3.4438 mm


32  292  X: -0.1911 mm Z:  0.2022 mm RC :  3.4532 mm


32  292  X: -2.1464 mm Z: -2.3399 mm A   : -42.5259 mm


32  292  X:  2.1799 mm Z: -2.3084 mm A   :  43.3615 mm


32  292  X: -0.0000 mm Z: -0.0000 mm RC :  3.1750 mm


*Original point set


life. The life achieved by any ballscrew depends upon several factors including design, quality, maintenance, and the 
major factor, dynamic axial load (C).


Profile accuracy, material characteristics and the surface hardness are the basic factors which influence the 
dynamic axial load.


It is recommended that the life at average axial load should be a minimum of 1x106 revs). High quality ballscrews 
are designed to conform with the B rating (i.e. 90% probability of achieving the design life). Fifty percent of the ballscrews 
can exceed 2 to 4 times of the design life.


(5) Low starting torque and smooth running
Due to metal to metal contact, conventional contact thread lead screws require high starting force to overcome 


the starting friction. However, due to rolling ball contact, ballscrews need only a small starting force to overcome their 
starting friction.


HIWIN uses a special design factor in the balltrack (conformance factor) and manufacturing technique to achieve a 
true balltrack. This guarantees the required motor torque to stay in the specified torque range.


HIWIN has special balltrack profile tracing equipment to check each balltrack profile during the manufacturing 
process. A sample trace is shown in Fig. 2.4. 


HIWIN also uses computer measurement equipment to accurately measure the friction torque of ballscrews. A 
typical distance-torque diagram is shown in Fig. 2.5.


Fig 2.5 HIWIN preload checking diagram


Fig 2.4 Balltrack checking by HIWIN profile tracer
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Fig 2.6 All-electric injection molding machine


(6) Quietness
High quality machine tools require low noise during fast feeding and heavy load conditions.
HIWIN achieves this by virtue of its return system, balltrack designs, assembly technique, and careful control of 


surface finish and dimensions.


(7) Short lead time
HIWIN has a fast production line and can stock ballscrews to meet short lead times.


(8) Advantages over hydraulic and pneumatic actuators
The ballscrew used in an actuator to replace the traditional hydraulic or pneumatic actuator has many advantages, 


i.e. fast response, no leakage, no filtering, energy savings and good repeatability. 


Clamping unit Ejector unit Nozzle tip unit Injection unit


2.2 Applications for Ballscrews


HIWIN ballscrews are used in the following fields and the recommended application grade can be found in Table 4.5.
1. CNC machinery : CNC machine center, CNC lathe, CNC milling machine, CNC EDM, CNC grinder, wire cutting 


machine, boring machine, etc.
2. Precision machine tools : Milling machine, grinder, EDM, tool grinder, gear manufacturing machine, drilling 


machine, planer, etc.
3. Industrial machinery : Printing machine, paper-processing machine, automatic machine, textile machine, 


drawing machine, special purpose machine,injection molding machine, etc.
4. Electronic machinery : Robot measuring instrument, X-Y table, medical equipment, surface mounting device, 


semi-conductor equipment, factory automation equipment, etc.
5. Transport machinery : Material handling equipment, elevated actuator, etc.
6. Aerospace industry : Aircraft flaps, thrust open-close reverser, airport loading equipment, fin actuator, etc.
7. Miscellaneous : Antenna leg actuator, valve operator, etc.
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3.1 Standard Ballscrew Spindle


HIWIN recommends our standard regular ballscrews for your design. However, high lead, miniature or other special 
types of ballscrews, may also be available upon your request. Table 3.1 shows the standard ballscrew spindles which are 
available.


3.2 Nut Configuration


The circuiting systems of nut of HIWIN ball screw can be divided into: external circuit, internal circuit, end caps, 
and Super S. For each circuiting way the features are as follows: external recirculation type, internal recirculation type, 
endcap recirculation type,and Super S. The features of these types are specified below.


3  Classification of Standard Ballscrews


3.2.1 Type of return tube design


(1) External recirculation type


a. structure
The first, called the external recirculation type ballscrew, consists 


of the screw shaft,the ball nut, the steel balls, the return tubes and the 
fixing plate. The steel balls are introduced into the space between the 
screw shaft and the ball nut. The balls are diverted from the ball tracks 
and carried back by the ball guide return tube form a loop. Since the 
return tubes are located outside the nut body, this type is called the 
external recirculation type ball screw Fig. 3.1.


b. features
(a)    Adapted to wide kinds of shaft diameters and leads of ball
     screw
(b) Complete specifications


(2) Internal recirculation type


a. structure
The second design, called the internal recirculation type ballscrew, 


consists of the screw spindle, the ball nut, the steel balls and the ball 
return caps. The steel balls make only one revolution around the screw 
spindle. The circuit is closed by a ball return cap in the nut allowing the 
balls to cross over adjacent ball tracks. Since the ball return caps are 
located inside the nut body, this is called the internal recirculation type 
ballscrew Fig. 3.2. 


b. features
(a) Adapted to normal leads
(b) Outer diameter of nut is small


(3) Endcap recirculation type


a. structure
The third design is called endcap recirculation type ball screw Fig. 


3.3.The basic design of this return system is the same as the external 
recirculation type nut Fig. 3.5 except that the return tube is made inside 
the nut body as a through hole. The balls in this design traverse the 
whole circuit of the ball tracks within the nut length. Therefore, a short 
nut with the same load capacity as the conventional design can be used.


Fig. 3.1 External recirculation type nut with return 
tubes


Fig. 3.2 Internal recirculation type nut with 
return caps


Fig. 3.3 Endcap recirculation type nut with return 
system 
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b. features
(a) Adapted to high lead
(b) Outer diameter of nut is middle
(c) Single nut only


(4) Super S


a. structure
The forth design is called Super S recirculation type ballscrew 


which consists of screw shaft, the ball nut, the steel balls and the 
cassette (Fig.3.4). The basic design of this return system is the same as 
the endcap recirculation type. Instead of using endcap, cassette is used 
in the recirculation. The balls in this design traverse the whole circuit of 
the ball tracks by passing through the cassette within the nut length.


b. features
(a) Quietness
(b) Compact and lightweight
(c) High acceleration and deceleration


Fig. 3.4 Cassette recirculation type nut with 
return system


         lead
dia. 1 1.5 2 2.5 3 3.175 3.5 4 4.23 5 5.08 6 6.35 8 10 12 12.7 15 16 20 24 25 25.4 28 30 32 35 36 40 50 60 64 80


6 I I I H


8 I I I I I I H


10 I I I T , I  I T , I T , I T T T , H 
S


12 I I I I T , I T , I T , I 
S T T , S T , H T , H


14 I I I I T , I T , I T , I T T T , H 
S


15 I I I T , I T , S T , H T , H 
S H


16 I I I T , I T , I T , I T , I T , I T , I T , I T , H 
S T T , H 


S H


18 I I I


20 I T , I T , I T , I T , I 
S T , I T , I 


S T , I T , I 
S


T , I 
S T T T T T , H 


S H , S


22 T T T T


25 I T , I T , I T , I 
S T , I T , I 


S T , I T , I 
S


T , I 
S


T , I 
S T I , S T , S T , H 


S
T , H 


S T H H H


28 T , I T , I T , I T , I T , I 
S T T , I 


S
T , I 


S
T , I 


S T T , S


30 T T , I I I T S


32 I T , I I T , I I T , I T , I 
S


T , I 
S


T , I 
S T , I T , I 


S
T , I 


S
T , I 


S T , I T , I 
S


T , I 
S


T , I 
S , H T , S T T , S 


H S , H H H


36 T T , I T , I 
S T , I T , I 


S
T , I 


S
T , I 


S T T , S T , S 
H T , S T T , S 


H


38 I T , I T S I , S T , S S S S T , I T , S T S , H


40 I I I T , I 
S T , I T , I 


S T , I T , I 
S


T , I 
S


T , I 
S T , I T , I T , I 


S
T , I 
S , H


T , I 
S S T T , S 


H T S


45 I T , I T T , I I T , I 
S


T , I 
S


T , I 
S T T , I 


S
T , I 


S T , S S


50 T T , I 
S T , I T , I T , I T , I 


S
T , I 


S
T , I 


S I I , S T , I 
S


T , I 
S T , S S T , I 


S T S T , S 
H


T , S 
H


55 T , I 
S I T , I T , I T , I 


S T , I T , S T , S T H


63 I I I T , I T , I T , I 
S


T , I 
S T , I I T , I 


S , H
T , I 


S I T , S T , I 
S T , S T , S 


H T , S


70 T T , I T , I T T , I 
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S T T T
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S T T T


120 I I , S T , S T
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Note:  T : Return Tube           I : Internal recirculation             S : Super S             H : End Cap


Table 3.1: The comparison chart of ball screw diameter vs lead and recirculation


Screw Shaft


Ball Nut


Steel Ball


Cassette
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* Other types of nut shape can also be made upon your design.
• The special high-lead double-start nut is classified by adding D in front of the above three letters.
• The compression preload nut is classified by adding P in front of the above three letters.
• The offset pitch preload single nut is classified by adding O in front of the above letters.
Examples :
RDI means round type, double nut with internal return caps.
FSW means flange type, single nut with external return tube within the nut diameter.
DFSV means two-start, flange, single nut with external return tube  above the nut diameter.


(3) Number of circuits
The HIWIN nomenclature for the number of circuits in the ballnut is 


described as follows:
For the external type design:


A : 1.5 turns per circuit
B : 2.5 turns per circuit
C : 3.5 turns per circuit
D : 4.5 turns per circuit
E : 5.5 turns per circuit


For the internal type design:
T : 1.0 turn per circuit


For end cap type design:
U : 2.8 turns per circuit (high lead)
S : 1.8 turns per circuit (super high lead)
V : 0.8 turns per circuit (extra high lead)


For Super S Series:
K : 1 turn per circuit


Example :
B2 : designates 2 external return tube ball circuits. Each circuit has 


2.5 turns.
T3 : designates 3 internal return ball circuits. Each circuit has a  


maximum of 1 turn.
S4 : designates 4 internal return ball circuits. Each circuit has 1.8 


turns.
K5 : designates 5 internal return ball circuits. Each circuit has 1 turn. 
HIWIN recommends that number of circuits for the external type design 


be 2 for 2.5 or 3.5 turns ( that is, B2 or C2), and 3, 4 or 6 circuits for the 
internal type. Those shapes are shown in Fig. 3.5 and Fig. 3.6.


Fig 3.5 Circuit for external return tube


Fig 3.6 Circuit for internal return cap


Fig 3.7 Circuit for Endcap


Fig 3.8 Circuit for Super S


(2) Type of nuts
The type of nuts to select depends on the application requirements. HIWIN standard nuts are classified by three 


letters as follows (see also Chapter 5 for details):


 


Flange Type (F) Round Type (R)


Single-Nut (S) Double-Nut (D)


Internal Return Cap (I)External Return Tube Super S(C)Endcap (H)


Tube within 
the Nut Dia. (W)


Tube above 
the Nut Dia. (V)
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* We reserve the right to modify and improve data value without prior notice.
* Different diameters and leads are available upon request.


Table 3.2 Dimension for spindle ends


3.3 Spindle End and Journal Configuration


Mounting methods
Bearing mounting methods on the end journals of ballscrews are crucial for stiffness, critical speed and column 


buckling load. Careful consideration is required when designing the mounting method. The basic mounting configuration 
are shown as follows Fig. 3.9.


Spindle end journal configurations
The most popular journal configurations are shown in Fig. 3.10. 
Table 3.2 lists the recommended dimensions and the bearings for the configurations of Fig. 3.10.


Model d1 d5 d6 d7 d8 E L3 L4 L5 L6 L7 L8 L9 L10 L11 L12 L13 bxt1


Recommended Bearing


I.II.III


 DIN625


III.IV.V 


DIN625 628 720


10 10 8 7.6 M8x0.75 6 6 16 7 29 26 0.9 39 50 56 18 10 12 3.0x1.8 608 738B


12 12 8 7.6 M8x0.75 6 6 16 7 29 26 0.9 39 50 56 18 10 12 3.0x1.8 608 738B


14 14 10 9.6 M10x0.75 8 8 20 9 37 34 1.15 45 54 62 20 10 14 3.0x1.8 6200 7200BTVP


16 16 12 11.5 M12x1 10 8 21 10 41 38 1.15 46 56 66 20 10 14 4.0x2.5 6201 7301BTVP


20 20 15 14.3 M15x1 12 - 22 11 47 44 1.15 55 70 84 25 13 16 5.0x3.0 6202 7202BTVP


25 25 17 16.2 M17x1 15 - 23 12 49 46 1.15 56 72 86 25 13 16 5.0x3.0 6203 7203BTVP


28 28 20 19 M20x1 16 - 26 14 58 54 1.35 68 82 100 28 20 18 6.0x3.5 6204 7602020TVP


32 32 25 23.9 M25x1.5 20 - 27 15 64 60 1.35 79 94 116 36 22 26 7.0x4.0 6205 7602025TVP


36 36 25 23.9 M25x1.5 20 - 27 15 64 60 1.35 79 94 116 36 22 26 7.0x4.0 6205 7602025TVP


40 40 30 28.6 M30x1.5 25 - 28 16 68 64 1.65 86 102 126 42 22 32 8.0x4.0 6206 7602030TVP


45 45 35 33.3 M35x1.5 30 - 29 17 80 76 1.65 97 114 148 50 24 40 10.0x5.0 6207 7602035TVP


50 50 40 38 M40x1.5 35 - 36 23 93 88 1.95 113 126 160 60 24 45 12.0x5.0 6308 7602040TVP


55 55 45 42.5 M45x1.5 40 - 38 25 93 88 1.95 125 138 168 70 24 50 14.0x5.5 6309 7602045TVP


63 63 50 47 M50x1.5 45 - 33 27 102 97 2.2 140 153 188 80 27 60 14.0x5.5 6310 7602050TVP


70 70 55 52 M55x2.0 50 10 44 29 118 113 2.2 154 167 212 90 27 70 16.0x6.0 6311 7602055TVP


80 80 65 62 M65x2.0 60 10 49 33 132 126 2.7 171 184 234 100 30 80 18.0x7.0 6313 7602065TVP


100 100 75 72 M75x2.0 70 10 53 37 140 134 2.7 195 208 258 120 30 90 20.0x7.5 6315 7602075TVP


DIN 625                DIN 628                 DIN 720
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Fig 3.9 Recommended mounting methods for the ballscrew end journals Fig 3.10 Configurations of spindle ends
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4  Design and Selection of HIWIN Ballscrews


4.1 Fundamental Concepts for Selection & Installation


(1) A ballscrew must be thoroughly cleaned in white spirit and oil to protect against corrosion. Trichloroethylene is an 
acceptable degreasing agent, ensuring the ball track free from dirt and damage (paraffin is not satisfactory). Great 
care must be taken to ensure that the ball track is not struck by a sharp edged component or tool, and metallic debris 
does not enter the ball nut (Fig. 4.1).


(2) Select a suitable grade ballscrew for the application (ref. Table 4.5). Install with corresponding mounting disciplines. 
That is, precision ground ballscrews for CNC machine tools demand accurate alignment and precision bearing 
arrangement, where the rolled ballscrews for less precision applications, such as packaging machinery, require less 
precise support bearing arrangement.


It is especially important to eliminate misalignment between the bearing housing center and the ballnut center, which 
would result in unbalanced loads (Fig. 4.2). Unbalanced loads include radial loads and moment loads (Fig. 4.2a). These 
can cause malfunction and reduce service life (Fig.4.2b).


OIL


Fig 4.2 Oil lubrication method.Fig 4.1 Carefully clean and protect Fig 4.3 Carefully protect the nut


Fig 4.2(a) Unbalance load caused by misalignment of the 
support bearings and nut brackets, inaccurate 
alignment of the guide surface, inaccurate 
angle or alignment of the nut mounting surface


Fig 4.2(b) The effect on service life of a radial load 
caused by misalignment


Radial load Moment load
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Assembly inclination ( 10-4 rad )


Ball nut - FSWXB2
Specifications :
     Spindle dia : 40 mm
     Lead : 10 mm
     Ball dia : 6.35 mm
     Radial play : 0.05 mm
Conditions : 
     Axial force Fa : 300 kgf
     Radial displacement : 0 mm
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Fig 4.4 Different arrangement of ballscrew support bearings


Fig 4.7 Special arrangement for the end journal of an 
internal recirculation screw
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Fig 4.5 A dog stopper to prevent the nut from over travelling Fig 4.6 Ballscrew protection by telescopic or bellow type covers


Fig 4.8 The heat treatment range of the ballscrew spindle


(3) To achieve the ballscrews’ maximum life, recommend the use of antifriction bearing oils.Oil with graphite and 
MoS2  additives must not be used. The oil should be maintained over the balls and the balltracks.


(4) Oil mist bath or drip feeds are acceptable. However, direct application to the ball nut is recommended (Fig. 4.3).
(5) Select a suitable support bearing arrangement for the screw spindle. Angular contact ball bearings (angle=60˚) are 


recommended for CNC machinery. Because of higher axial load capacity and ability to provide a clearance-free or 
preloaded assembly (Fig. 4.4).


(6) A dog stopper should be installed at the end to prevent the nut from over-travelling which results in damage to 
ballscrew assembly (Fig 4.5).


(7) In environments contaminated by dust or metallic debris, ballscrews should be protected using telescopic or bellow-
type covers. The service life of a ballscrew will be reduced to about one-tenth normal condition if debris or chips 
enter the nut. The bellow type covers may need to have a threaded hole in the flange to fix the cover. Please contact  
engineers when special  modifications are needed  (Fig 4.6).


(8) If you select an internal recirculation type or an endcap recirculation type ballscrew, one end of the ball thread must 
be cut through to the end surface. The adjacent diameter on the end journal must be 0.5 ~ 1.0 mm less than the root 
diameter of the balltracks (Fig 4.7).


(9) After heat treating the ballscrew spindle, both ends of the balltracks adjacent to the journal have about 2 to 3 leads left 


soft, for the purpose of machining. These regions are shown in (Fig. 4.8) with the mark  “  ” on HIWIN drawings.
Please contact engineers if special requirements are needed in these regions.
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Fig 4.10 Chamfer for seating the face of bearing end


Fig 4.11 Suggested chamfer dimension per DIN 509 for the “A” dimension in Fig 4.10
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0
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Fig 4.9 The method of separating the nut from the screw
spindle


(10) Excessive preload increases the friction torque and generates heat which reduces the life expectancy. But 
insufficient preload reduces stiffness and increases the possibility of lost motion. Recommends that the maximum 
preload used for CNC machine tools should not exceed 8% of the basic dynamic load C.


(11) When the nut needs to be disassembled from/assembled to the screw spindle, a tube with an outer dia. 0.2 to 0.4 
mm less than the root diameter (ref. M37) of the balltracks should be used to release/connect the nut to from/to the 
screw spindle via one end of the screw spindle shown in Fig. 4.9.


(12) As shown in Fig 4.10, the support bearing must have a chamfer to allow it to seat properly and maintain proper 
alignment. HIWIN suggests the DIN 509 chamfer as the standard construction for this design (Fig. 4.11).
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Table 4.1 Ballscrew selection procedure


4.2 Ballscrews Selection Procedure


The selection procedure for ballscrews is shown in (Table 4.1) From the known design operation condition, (A) select 
the appropriate parameter of ballscrew, (B) follow the selection procedure step by step via the reference formula, and (C) 
find the best ballscrew parameters which can be met for the design requirements.


Step Design operation condition (A) Ballscrew parameter (B) Reference formula(C)


Step 1 Positioning accuracy Lead accuracy Table 4.2


Step 2
(1) Max. speed of DC motor (Nmax)
(2) Rapid feed rate (Vmax)


Ballscrew lead Vmax≥
Nmax


Step 3 Total travel distance Total thread length


Total length =
thread length+journal end length
Thread length =
stroke+nut length+100 mm
(unused thread)


Step 4
(1) Load condition (%)
(2) Speed condition (%)


Mean axial load
Mean speed


M7~M10


Step 5 Mean axial force (≤1/5 C is the best) Preload M1


Step 6
(1) Service life expectancy
(2) Mean axial load
(3) Mean speed


Basic dynamic load M13~M14


Step 7 


(1) Basic dynamic load
(2) Ballscrew lead
(3) Critical speed
(4) Speed limited by Dm-N value


Screw diameter and nut type 
(select some range)


M31~M33 and dimension table


Step 8 


(1) Ballscrew diameter
(2) Nut type
(3) Preload 
(4) Dynamic load


Stiffness 
(check the best one via lost 
motion value)


M34~M40


Step 9 
(1) Surrounding temperature
(2) Ballscrew length


Thermal displacement and target 
value of cumulative 
lead (T)


M41 and 4.6 temperature
rising effect


Step 10
(1) Stiffness of screw spindle
(2) Thermal displacement


Pretension force M45


Step 11
(1) Max. table speed
(2) Max. rising time
(3) Ballscrew specification


Motor drive torque and 
motor specification


M19~M28


4.3 Accuracy Grade of HIWIN Ballscrews


Precision ground ballscrews are used in applications requiring high positioning accuracy and repeatability, smooth 
movement and long service life. Ordinary rolled ballscrews are used for application grade less accurate but still 
requiring high efficiency and long service life. Precision grade rolled ballscrews have an accuracy between that of the 
ordinary grade rolled ballscrews and the higher grade precision ground ballscrews. They can be used to replace certain 
precision ground ballscrews with the same grade in many applications. 


HIWIN makes precision grade rolled ballscrew up to C6 grade. Geometric tolerances are different from those of 
precision ground screws (See Chapter 6). Since the outside diameter of the screw spindle is not ground, the set-up 
procedure for assembling precision rolled ballscrews into the machine is different from that of ground ones. Chapter 7 
contains the entire description of rolled ballscrews.


(1) Accuracy grade
There are numerous applications for ballscrews from high precision grade ballscrews, used in precision 


measurement and aerospace equipment, to transport grade ballscrews used in packaging equipment. The quality and 
accuracy classifications are described as follows: lead deviation, surface roughness, geometrical tolerance, backlash, 
drag torque variation, heat generation and noise level. 
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HIWIN precision ground ballscrews are classified to 7 classes. In general, HIWIN precision grade ballscrews are 


defined by the so called “V300p” value see Fig 4.12 and rolled grade ballscrews are defined differently as shown in Chapter 7.
Fig. 4.12 is the lead measuring chart according to the accuracy grade of the ballscrews. The same chart by the DIN 


system is illustrated in Fig. 4.13. From this diagram, the accuracy grade can be determined by selecting the suitable 
tolerance in Table 4.2. Fig. 4.14 shows HIWIN’s measurement result according to the DIN standard. Table 4.2 shows the 
accuracy grade of precision grade ballscrews in HIWIN’s specification.The relative international standard is shown in 
Table 4.3.


The positioning accuracy of machine tools is selected by ep value with the V300p variation. The recommended accuracy 
grade for machine applications is shown in Table 4.5. This is the reference chart for selecting the suitable ballscrews in 
different application fields.


(2) Axial play (Backlash)
If zero axial play ballscrews (no backlash) are needed, preload should be added and the preload drag torque is 


specified for testing purpose. The standard axial play of HIWIN ballscrews is shown in Table 4.4.For CNC machine tools, 
lost motion can occur in zero-backlash ballscrews through incorrect stiffness. Please consult our engineers when 
determining stiffness and backlash requirements.


(3) Geometrical tolerance
It is crucial to select the ballscrew of the correct grade to meet machinery requirements. Table 4.6 and Fig 4.15 are 


helpful for you to determine the tolerance factors, which are based on certain required accuracy grades.


Accuracy Grade C0 C1 C2 C3 C4 C5 C6


2πp 3 4 4 6 8 8 8


300p 3.5 5 6 8 12 18 23


Item
Thread length ep u ep u ep u ep u ep u ep u ep u


above below


- 315 4 3.5 6 5 6 6 12 8 12 12 23 18 23 23


315 400 5 3.5 7 5 7 6 13 10 13 12 25 20 25 25


400 500 6 4 8 5 8 7 15 10 15 13 27 20 27 26


500 630 6 4 9 6 9 7 16 12 16 14 30 23 30 29


630 800 7 5 10 7 10 8 18 13 18 16 35 25 35 31


800 1000 8 6 11 8 11 9 21 15 21 17 40 27 40 35


1000 1250 9 6 13 9 13 10 24 16 24 19 46 30 46 39


1250 1600 11 7 15 10 15 11 29 18 29 22 54 35 54 44


1600 2000 18 11 18 13 35 21 35 25 65 40 65 51


2000 2500 22 13 22 15 41 24 41 29 77 46 77 59


2500 3150 26 15 26 17 50 29 50 34 93 54 93 69


3150 4000 30 18 32 21 60 35 62 41 115 65 115 82


4000 5000 72 41 76 49 140 77 140 99


5000 6300 90 50 100 60 170 93 170 119


6300 8000 110 60 125 75 210 115 210 130


8000 10000 260 140 260 145


10000 12000 320 170 320 180


Grade


Ground


Rolled


C0 C1 C2 C3 C4 C5 C6 C7 C8 C10


300p


ISO, DIN 6 12 23 52 210


JIS 3.5 5 8 18 50 210


HIWIN 3.5 5 6 8 12 18 23 50 100 210


Grade C0 C1 C2 C3 C4 C5 C6


Axial Play 5 5 5 10 15 20 25


Table 4.2 HIWIN accuracy grade of precision ballscrew  Unit: 0.001mm


Table 4.3 International standard of accuracy grade for ballscrews Unit: 0.001mm


Table 4.4 Standard combination of grade and axial play Unit: 0.001mm
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Table 4.5 Recommended accuracy grade for machine applications


Application grade AXIS
Accuracy grade


0 1 2 3 4 5 6 7 8 10


C
N


C
 M


ac
hi


ne
ry


 T
oo


ls


Lathes
X • • • • •
Z • • •


Milling machines
Boring machines


X • • • • •
Y • • • • •
Z • • • •


Machine Center 
X • • • •
Y • • • •
Z • • •


Jig borers
X • •
Y • •
Z • •


Drilling machines
X • • •
Y • • •
Z • • •


Grinders
X • • •
Y • • •


EDM
X • • •
Y • • •
Z • • • •


Wire cut EDM


X • • •
Y • • •
U • • • •
V • • • •


Laser Cutting Machine
X • • •
Y • • •
Z • • •


G
en


er
al


 M
ac


hi
ne


ry


Punching Press
X • • •
Y • • •


Single Purpose Machines • • • • • •
Wood working Machines • • • •
Industrial Robot ( Precision ) • • • •
Industrial Robot ( General ) • • • •
Coordinate Measuring Machine • • •
Non-CNC Machine • • •
Transport Equipment • • • • • •
X-Y Table • • • • •
Linear Actuator • • • •
Aircraft Landing Gear • • • •
Airfoil Control • • • •
Gate Valve • • • •
Power steering • • •
Glass Grinder • • • • •
Surface Grinder • •
Induction Hardening Machine • • • •
Electromachine • • • • • •
All-electric injection molding machine • • • • •
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Fig 4.12 HIWIN lead measuring curve of precision ballscrew


Fig 4.13 DIN lead measuring curve of precision ballscrew


Tp : Target point of accumulated lead.
This value is determined by customers’ 
different application requirements.


ep : Total reference lead deviation.
Maximum deviation for accumulated 
reference lead line over the full length.


V 2πp : Single lead variation.


ea : Real accumulated reference lead measured 
by laser system.


Vu : Total relative lead deviation.
Maximum deviation of the real accumulated 
lead from the real accumulated reference 
lead in the corresponding range.


V 300p : Lead deviation over path of 300mm.
The above deviation in random 300 mm 
within thread length.


eoa : Average lead deviation over useful path Lu.
A straight line representing the tendency of 
the cumulative actual lead. 
This is obtained by the least square method 
and measured by the laser system. The 
value is added by path compensation 
over the useful path and the mean travel 
deviation.


C : Path compensation over useful path Lu.
Selection parameter:This value is 
determined by customer and maker 
as it depends on different application 
requirements.


ep : Mean travel deviation.


Vup : Lead variation over useful path Lu.


V 300p : Lead variation over path of 300 mm.


V 2πp : Lead variation over 1 rotation.
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Fig 4.14 Lead accuracy measuring chart from dynamic laser measurement equipment according to DIN 69051 standard


• eoa(Ea) :


Lead deviation over useful thread length relative 
to the nominal deviation.
(This measurement is made according to DIN standard 
69051-3-1).
C(T) - ep(Ep) ≤ eoa(Ea) ≤ C(T) + ep(Ep)


• Vua(ea) :


Total relative lead variation over useful thread length. 
(This measurement is made according to DIN standard 69051-3-2).
Vua(ea) ≤ Vup(ep)


• V300a(e300a) :


Relative lead variation in random 300mm length within 
thread length. 
(This measurement is made according to DIN standard 69051-3-3).
V300a (e300a) ≤ V300p (e300p)


• V2πa(e2πa) :


Single lead variation over 2p. 
(This measurement is made according to DIN standard 69051-3-4).
V2πa(e2πa) ≤ V2πp(e2πp)


AVERAGE LEAD DEVIATION OVER USEFUL PATH LU LEAD VARIATION OVER USEFUL PATH LU
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Fig 4.15 Geometrical tolerance of HIWIN precision ground ballscrew
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Table 4.6 Tolerance table and measurement method for HIWIN precision ballscrews


T1: True running deviation of external diameter 
relative to AA’ (This measurement is made 
according to DIN 69051 and JIS B1192)


Nominal
Diameter
do ( mm )


refer-
ence 


length


T1P [ μm ]
For HIWIN tolerance class


above up to L5 0 1 2 3 4 5 6 7


6 12 80


20 20 20 23 25 28 32 40


12 25 160


25 50 315


50 100 630


100 200 1250


Lt/do
T1MAX [ μm ] ( for Lt ≥ 4L5 )


For HIWIN tolerance class


above up to 0 1 2 3 4 5 6 7


40 40 40 40 45 50 60 64 80


40 60 60 60 60 70 75 85 96 120


60 80 100 100 100 115 125 140 160 200


80 100 160 160 160 180 200 220 256 320


T2: Run out deviation of bearing relative to AA’ 
(This measurement is made according to 
DIN 69051 and JIS B1192)


Nominal
Diameter
do ( mm )


refer-
ence 


length


T2P [ μm ] ( for L1 ≤ Lr )
For HIWIN tolerance class


above up to Lr 0 1 2 3 4 5 6 7


6 20 80 6 8 10 11 12 16 20 40


20 50 125 8 10 12 14 16 20 25 50


50 125 200 10 12 16 18 20 26 32 63


125 200 315 - - - 20 25 32 40 80


if L1 > Lr, then t2a ≤ T2p 
L1


Lr


T3: Coaxial deviation relative to AA’
(This measurement is made according to 
DIN 69051 and JIS B1192)


Nominal
Diameter
do ( mm )


refer-
ence 


length


T3P [ μm ] ( for L2 ≤ Lr )
For HIWIN tolerance class


above up to Lr 0 1 2 3 4 5 6 7


6 20 80 4 5 5 6 6 7 8 12


20 50 125 5 6 6 7 8 9 10 16


50 125 200 6 7 8 9 10 11 12 20


125 200 315 - - - 10 12 14 16 25


if L2 > Lr, then t3a ≤ T3p 


L2


Lr


L5 L5 L5 


do
 


2do A' 


A' 


Lt 


L5 L5 


A 2do 


A 


T 1
p 


T 1
 m


ax
 


IMP  A 


do
 


A' 
2do 2do 


A 


L1 


do
 


2do 


A A' 


2do L2 


IMP  D 


IMP  A 
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Table 4.6 Tolerance table and measurement method for HIWIN precision ballscrews


T4 : Run-out deviation of bearing end shoulder 
relative to AA’ (This measurement is made 
according to DIN 69051 and JIS B1192)


Nominal
Diameter
do ( mm )


T4P [ μm ]
For HIWIN tolerance class


above up to 0 1 2 3 4 5 6 7


6 63 3 3 3 4 4 5 5 6


63 125 3 4 4 5 5 6 6 8


125 200 - - - 6 6 8 8 10


T5 : Face running deviation of locating face (only 
for nut) relative to BB’ (This measurement is 
made according to DIN 69051 and JIS 
B1192)


Nut Flange
Diameter
Df ( mm )


T5P [ μm ]
For HIWIN tolerance class


above up to 0 1 2 3 4 5 6 7


- 20 5 6 7 8 9 10 12 14


20 32 5 6 7 8 9 10 12 14


32 50 6 7 8 8 10 11 15 18


50 80 7 8 9 10 12 13 16 18


80 125 7 9 10 12 14 15 18 20


125 160 8 10 11 13 15 17 19 20


160 200 - 11 12 14 16 18 22 25


200 250 - 12 14 15 18 20 25 30


T6 : Run-out deviation of external diameter (only 
for nut) relative to BB’ (This measurement is 
made according to DIN 69051 and JIS 
B1192)


Nut Diameter
Diameter
D ( mm )


T6P [ μm ]
For HIWIN tolerance class


above up to 0 1 2 3 4 5 6 7


- 20 5 6 7 9 10 12 16 20


20 32 6 7 8 10 11 12 16 20


32 50 7 8 10 12 14 15 20 25


50 80 8 10 12 15 17 19 25 30


80 125 9 12 16 20 24 22 25 40


125 160 10 13 17 22 25 28 32 40


160 200 - 16 20 22 25 28 32 40


200 250 - 17 20 22 25 28 32 40


T7 : Deviation of parallelism (only for nut) relative 
to BB’ (This measurement is made 
according to DIN 69051 and JIS B1192 )


Mounting 
basic length


 ( mm ) Lr


T7P [ μm ] / 100mm
For HIWIN tolerance class


above up to 0 1 2 3 4 5 6 7


- 50 5 6 7 8 9 10 14 17


50 100 7 8 9 10 12 13 15 17


100 200 - 10 11 13 15 17 24 30


IMP  A 
IMP  B 


IMP  C 


do
 


F 


2do 
A' A 


2do d 


IMP  A 


do
 


F 


B' 


2do2do


B 


IMP  A 


B' 


2bo2bo


B 


IMP  A 


2do 2do Lr 


A A' 


do
 


Df


D
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4.4 Preload Methods


The specially designed Gothic ball 
track can make the ball contact angle 
around 45˚. The axial force Fa which 
comes from an outside drive force or 
inside preload force, causes two kinds of 
backlash. One is the normal backlash, Sa 
caused by the manufacturing clearance 
between ball track and ball. The other is 
the deflection backlash, Δ l caused by the 


normal force Fn which is perpendicular 
to the contact point.


The clearance backlash can be 
eliminated by the use of an preload 
internal force P. This preload can be obtained via a double nut, an offset pitch single nut, or by adjusting the ball size for 
preloaded single nuts.


The deflection backlash is caused by the preload internal force and the external loading force and is related to that 
of the effect of lost motion.


(1) Double nut preloading
Preload is obtained by inserting a 


spacer between the 2 nuts (Fig. 4.17). 
“Tension preload” is created by inserting 
an oversize spacer and effectively 
pushing the nuts apart. “Compression 
pre-load” is created by inserting an 
undersize spacer and correspondingly 
pulling nuts together. Tension preload is 
primarily used for  precision ballscrews. 
However, compression preload type 
ballscrews are also available upon your 
request. If pretension is necessary to 
increase stiffness, please contact us for the amount of pretension to be used in the ballscrew journal ends. (0.02mm to 
0.03mm per meter is recommended, but the T value should be selected according to the compensation purpose).


(2) Single nut preloading
There are two ways of preloading a 


single nut. One is called “the oversized-
ball preloading method”. The method 
is to insert balls slightly larger than the 
ball groove space (oversized balls) to 
allow balls to contact at four points (Fig. 
4.18).


The other way is called “The offset 
pitch preloading method” as shown in 
Fig. 4.19. The nut is ground to have a 
δ value offset on the center pitch. This 
method is used to replace the traditional 
double nut preloading method and has 
the benefit of a compact single nut with high stiffness via small preload force. However, it should not be used in heavy 
duty preloading. The best preload force is below 5% of dynamic load (C).


Fig 4.16 Gothic form profile and preloading relation


Sa
2


  l
2


Fn


Fn


Fa (or P)


Sa
2


  l
2


Fa (or P)


  l   lSa


F a
 (o


r 
P


)


Y


X


ax
ia


l l
oa


d


deflection


Fig 4.17 Preload by spacer


Tension Preloading Compression Preloading


Spacer


Spacer


Tension Load Tension Load Compression Load Compression Load


Fig 4.18 Preload by ball size  Fig 4.19 Offset type preloading


Lead Lead


Nut


Screw Shaft


Tension Load Tension Load


Lead Lead+δ Lead


Nut


Screw Shaft


Lead Lead Lead
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 p = 
Fbm


2.8


P  : preload force ( kgf )
Fbm : Mean operating load(kgf)


(Ref.M8~M10)


 Td = 
Kp × P × l


2π


Preload drag torque (Fig. 4.20)
Td : preload drag torque (kgf-mm)
P : preload (kgf)
l  : lead (mm)
Kp : preload torque coefficient   **


Kp : 1
η1


 - η2 (is between 0.1 and 0.3)


η1 , η2 are the mechanical efficiencies of the ballscrew.


(1) For common transmission (to convert rotary motion to linear motion)


η1 = = 
tan(α)


tan(α + β)
1− μ tan α


1+ μ / tan α


(2) For reverse transmission (to convert linear rotary motion to rotary motion)


η2 = = 
tan(α − β)


tan(α)
1− μ / tan α
1+ μ tan α


α = tan-1 l
πDm


β = tan-1 μ


α : lead angle (degrees)


Dm : pitch circle diameter of screw shaft (mm)


l : lead (mm)


β : friction angle (0.17º~0.57º)


μ : friction coefficient (0.003~0.01)


** Kp =
0.05
tan α


M1


Fig 4.20 : 
Preload drag torque measuring  
method(according to JIS B1192)


(3) Preload calculation


(4) Uniformity of preload drag torque
(1) Measuring method


Preload creates drag torque between the nut and screw. It is measured by rotating the screw spindle at 
constant speed while restraining the nut with a special fixture as shown in Fig. 4.20. The load cell reading force Fp 
is used to calculate the preload drag torque of the ballscrew.


 HIWIN has developed a computerized drag torque measuring machine which can accurately monitor the 
drag torque during screw rotation. Therefore, the drag torque can be adjusted to meet customer requirements 
(Fig. 2.5). The measurement standard for preload drag torque is shown in Fig. 4.21 and Table 4.7.


(2) Measuring conditions
1. Without wiper.
2. The rotating speed, 100 rpm.
3. The dynamic viscosity of lubricant, 61.2 ~74.8 cSt (mm/s)  40˚C, that is, ISO VG 68 or JIS K2001.
4. The return tube up.


(3) The measurement result is illustrated by the standard drag torque chart. Its nomenclature is shown in Fig. 4.21.  
(4) The allowable preload drag torque variation as a function of accuracy grade is shown in Table 4.7.


M2


M3


M4


M5


M6


Td = Fp x L


L


Load cell


Fp
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(a) : basic drag torque.


(b) : Variation of basic preload drag torque.


(c) : Actual torque.


(d) : Mean actual preload drag torque.


(e) : Variation value of actual preload drag torque.


(f) : Starting actual torque.


Lu : Useful travelling distance of nut


Fig 4.21 Nomenclature of drag torque measurement


( f )
( e )


( c )


( + )


( - )


( b )


( d )
( a )


minimum torque


Lu ( a )


Lu


( + )


( - )


( f ) ( e )


( c )


( b )


( d )


maximum torque


Table 4.7 : Variation range for preload drag torque (According to JIS B1192) Unit: ± %


(1)
Basic 


Dragtorque
(kgf - cm)


Useful stroke length of thread (mm)


4000 mm maximum over 4000 mm


Slender ratio ≤ 40 40 < Slender ratio < 60


Accuracy grade Accuracy grade Accuracy grade


Above Up To 0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7


2 4 30 35 40 40 45 50 60 - 40 40 50 50 60 60 70 - - - - - - - - -


4 6 25 30 35 35 40 40 50 - 35 35 40 40 45 45 60 - - - - - - - - -


6 10 20 25 30 30 35 35 40 40 30 30 35 35 40 40 45 45 - - - 40 43 45 50 50


10 25 15 20 25 25 30 30 35 35 25 25 30 30 35 35 40 40 - - - 35 38 40 45 45


25 63 10 15 20 20 25 25 30 30 20 20 25 25 30 30 35 35 - - - 30 33 35 40 40


63 100 - 15 15 15 20 20 25 30 - - 20 20 25 25 30 35 - - - 25 23 30 35 35


Note :  1. Slender ratio=Thread length of spindle/ Nominal spindle O.D.(mm)
 2. Refer to the designing section of the manual to determine the basic preload drag torque.
 3. Table 4.9 shows the conversion table for Nm.
 4. For more information, please contact our engineering department.


4.5 Calculation Formulas


Service life
• The average number of rpm, nav


nav = n1 × t1


100  + 
n2


 
× t2


100  + n3
 
× t3


100  +......


nav : average speed (rpm)


n : speed (rpm)


t1


100  : % of time at speed n1 etc.


M7
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• The average operating load Fbm


(1) With variable load and constant speed


Fbm =     Fb1
3  × t1


100  × fp1
3 + Fb2


3  × t2


100  × fp2
3 + Fb3


3  × t3


100  × fp3
3  ......


3


Fbm : average operating load (kgf); Fb : working axial load
fp : operation condition factor
fp : 1.1 ~ 1.2 when running without impact


1.3 ~ 1.8 when running in the normal condition
2.0 ~ 3.0 when running with heavy impact and vibration  


(2) With variable load and variable speed


Fbm =     Fb1
3  × n1


nav
 × t1


100  × fp1
3 + Fb2


3  × n2


nav
× t2


100  × fp2
3 + Fb3


3  × n3


nav
× t3


100  × fp3
3  ......


3


(3) With linear variable load and constant speed


Fbm =
Fb min × fp1 + 2 × Fb max × fp2


3


M8


M9


M10


Sp
ee


d 
( m


in
 -1


 )


n


n2


n3 nav


Time ratio：t (%)


n1


t3t2t1


100%


Example 4.5 - 1


A HIWIN ballscrew is subjected to the following operating conditions. Calculate the average running speed and 
operating load.


Operating Condition :
For smooth running without impact    fp = 1.1


Condition Axial load (kgf) Revolution (rpm) Loading time ratio (%)


(Fb) (n) (t)


1 100 1000 45


2 400 50 35


3 800 100 20


Calculation


nav = 1000 × 45
100  + 50 × 35


100  + 100 × 20
100  = 487.5rpm (ref.M7)


Fbm =      1003 × 1000
487.5 × 45


100  ×1.13 + 4003 × 50
487.5 × 35


100  ×1.13 + 8003 × 100
487.5 × 20


100  ×1.13 = 318.5 kgf
3


Fig 4.22 Equivalent speed
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The resultant axial force, Fa


For a single nut without preload
Fa = Fbm


For a single nut with preload P
Fa ≤ Fbm + P


Expected service life
For single nut
• Service life represented in revolutions :


L = C
Fa


3


 × 106


L : Service life in running revolution (revolutions)
C : dynamic load rating (kgf) (106 rev) 


For symmetrical preload double nut arrangement
(a) Service life represented in revolutions :


Fbm


3P
C


Fbm (1)


3


C
Fbm (2)


3


L (2) =                × 106 


L (1) =                × 106 
3/2


Fbm (1) = P  1+


Fbm (2) = Fbm (1) − Fbm


L = [ L(1)-10/9 + L(2)-10/9]-9/10


L = Service life in running revolution (revolutions)
C : Preload force (kgf)


(b) conversion from revolutions to hours :


Lh = 
L


nav × 60


Lh : Service life in hours (hours)
nav : Average speed (rpm, Ref. M7) 


(c) Conversion from travel distance to hours:


Lh = Ld × 106 
l  × 1


nav × 60  
 


Lh : Running life (in hours)
Ld : Running life (in distance, Km)
l : Ballscrew lead (mm per rev)
nav : Average running speed (rpm)


M11


M12


M13


M14


M15


M16
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(d) the modified service life for different reliability factors is calculated by


Lm = L × fr


Lhm = Lh × fr


with the reliability factor fr ( Table 4.8)


Table 4.8 Reliability factor for service life


Reliability %  fr


90 1


95 0.63


96 0.53


97 0.44


98 0.33


99 0.21


Example 4.5 - 2
By the example 4.5-1, if the design service life of the ballscrew is 3500 hours, lead = 10mm, single nut with zero 
backlash, find the nominal diameter of the HIWIN ballscrew.
Calculation


P = Fbm


2.8  = 318.5
2.8  = 114 kgf   (Assume zero backlash when Fbm = 318.5 kgf)


Fa = Fbm + p = 318.5 + 114 = 432.5 kgf   (Ref formula M1) 


L = Lh × nav × 60 = 3500 × 487.5 × 60 = 1.02375 ×108  (revolutions)


C' = Fa L
106


1/3


 = 432.5 × 1.02375 × 108


106


1/3


 = 2023 kgf    C' ≤ rating


So, from the dimensions table of HIWIN ballscrews, select FSV type nut with spindle nominal diameters equals 
32mm and C1 circuits which can satisfy this application.
 


Example 4.5 - 3
If the ballscrew nominal diameter=50mm, lead=8mm, and service life L=7x106  revolutions, find the permissible load 
on the screw spindle.
Calculation
From the dimensions table of HIWIN ballscrew, the FSV type ballscrew with nominal diameter=50 mm, lead=8 mm and 
B3 type return tube has the dynamic load rating C=5674.


Fa = C  ÷ L
106


1/3


 = 5674 ÷ 7 × 106


106


1/3


 = 2966 kgf 


Drive torque and drive power for the motor


M17


M18


Fig 4.23 Load operation by ballscrew


Motor


Gear 2


W


( Friction force + operation force)


Ballscrew


Gear 1
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Fig. 4.23 shows the terms for a feed system operated by ballscrew. The formula for motor drive torque is given below :
(a) Common transmission (to convert rotary motion to linear motion)


Ta = Fb × l
2πη1


 


Ta = Drive torque for common transmission (kgf-mm)
Fb = Axial load (kgf)
Fb = Fbm + μ × W (for horizontal motion)


l  = Lead (mm)


η1 = Mechanical efficiency (0.9~0.95, Ref. M3)


W = Table wight + Work piece weight (kgf)


μ = Friction coefficient of table guide way


(b) Reverse transmission (to convert linear motion to rotary motion)


Tc = 
Fb × l × η2


2π  


η2 = Mechanical effciency (0.9~0.95, Ref. M4)
Tc = Torque for reverse transmission (kgf-mm)


(c) Motor drive torque
For normal operation :


TM = ( Ta + Tb + Td ) × 
N1


N2
 
 


TM = Motor drive torque (kgf-mm)
Tb = Friction torque of supporting bearing (kgf-mm)
Td = Preload drag torque (kgf-mm, Ref. M2)
N1 = Number of teeth for driver gear
N2 = Number of teeth for driven gear


For acceleration operation :
T’a = Jα
T’a : Motor drive torque during acceleration (kgf)
J : System inertia (kgf-mm-sec2)
α : Angular acceleration (rad/sec2)


α = 
2πNdif


60ta  
Ndif = rpmstage2 − rpmstage1 


ta = acceleration rising time (sec)


J = JM + JG1 + JG2  
N1


N2


2


 
+ 1


2g  
Ws 


DN


2


2


 N1


N2


2


 
+ W


g
 l


2π


2


 N1


N2


2


 


= Motor inertia + Equivalent gear inertia + Ballscrew inertia + Load inertia (Fig.4.23)


WS : Ballscrew weight (kgf)
DN : Ballscrew nominal diameter (mm)
g : Gravity coefficient (9800 mm/sec2)
JM : Inertia of motor (kgf-mm-sec2)
JG1 : Inertia of driver gear (kgf-mm-sec2)
JG2 : Inertia of driver gear (kgf-mm-sec2)


M19


M20


M21


M22


M23


M24
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Total operating torque :


TMa = TM + T’a


TMa = Total operating torque (kgf)


The inertia of a disc is calculated as following :
For disc with concentric O.D.


J = 1
2g  �ρd R


4L 


J : Disc inertia (kgf • mm • sec2)
ρd : Disc specific weight (7.8 × 10-6 kgf/mm3) for steel
R : Disc radius (mm)
Ll : Disc lenght (mm)
g : Gravity coefficient (9800 mm/sec2)


(d) Drive power


Pd = 
Tpmax × Nmax


974
Pd : Maximum drive power (watt) safety
Tpmax : Maximum drive torque (safety factor × Tma, kgf-mm )
Tmax : Maximum rotation speed (rpm)


(e) Check the acceleration time 


ta = J
TM1 − TL


 × 
2�Nmax


60  • f


ta = Acceleration rising time
J = Total inertia moment
TM1 = 2 × Tmr


TMr = Motor rated torque
TL = Drive torque at rated feed
f = Safety factor = 1.5


Table 4.9 : Shows the conversion relationship of different measurement units for the motor torque or 
preload drag torque.


Table 4.9 Conversion table for motor torque


kgf - cm kgf - mm Nm kpm ( kgf - m ) OZ - in ft - l bf


1 10 9.8x10-2 10-2 13.8874 7.23301x10-2


0.1 1 9.8x10-3 1.0x10-3 1.38874 7.23301x10-3


10.19716 1.019716x102 1 0.1019716 1.41612x102 0.737562


102 103 9.80665 1 1.38874x103 7.23301


7.20077x10-2 0.720077 7.06155x10-3 7.20077x10-4 1 5.20833x103


13.82548 1.382548x102 1.35582 0.1382548 1.92x102 1


Example 4.5 - 4


Consider the machining process driven by the motor and ballscrew as Fig. 4.24.
Table weight W1 = 200 kgf       
Work weight W2 = 100 kgf
Friction coefficient of slider μ = 0.02


M25


M26


M27


M28
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Operating condition : Smooth running without impact


Axial feed force
(kgf)


Revolution
(rpm)


Loading time ratio
(%)


100 500 20


300 100 50


500 50 30


Acceleration speed  : 100 rad/sec2


Motor Condition  : Motor diameter : 50 mm, Motor length : 200 mm,
Gear condition  : Driver gear diameter G1 : 80 mm,  Thickness : 20 mm, Teeth : 30


Driven gear diameter G2 : 240 mm, Thickness : 20 mm, Teeth : 90
Ballscrew condition :
Nominal diameter : 50 mm, Pitch : 10 mm
Length : 1200 mm, Weight : 18 kgf
No backlash when axial feed force = 300 kgf
Bearing torque Tb = 10 kgf-mm        
Mechanical efficiency η1 = 0.80


G2


W1
F


W1


G1motor


Fig 4.24 Milling process in the machine


Calculation
(1) Motor drive torque in normal rating condition :


nav = 500 × 20
100


 + 100 × 20
100


 + 50 × 20
100


 = 165 rpm   (Ref. M7) 


F1 = 100, F2 = 300, F3 = 500


Fbm =      1003 × 1 × 20
100  × 500


165  ×3003 × 1 × 50
100  × 100


165  + 5003 × 1 × 30
100  × 50


165  = 272 kgf    (Ref. M9)
3


P = 300
2.8   110 kgf  (axial feed force = 300 kgf, Ref. M1)


Fb = Fbm + µW = 270 + ( 200 + 100 ) × 0.02 = 278 kgf


Ta = 
Fb × l
2�η1


 = 278 × 10
2� × 0.80


 = 553 kgf • mm   (Ref. M19)


Td = 0.2 × P × l
2�  = 


0.2 × 110 × 10
2�  = 35 kgf • mm   (Ref. M2)


TM = ( Ta + Tb + Td ) × N1


N2
 = ( 535 + 10 + 35 ) × 30


90  = 199 kgf • mm   (Ref. M21)
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(2) Motor torque in acceleration operation :


(I)  Inertia of motor


JM = 1
2 × 9800  × � × 7.8 × 10-6 × (25)4 × 200 = 0.1 kgf • mm • sec2


(II) Inertia of gear


JGear(eq) = JG1 + JG2
 × N1


N2


2


JG1 = 1
2 × 9800  × � × 7.8 × 10-6 × 80


2


4


 × 20 = 0.064 kgf • mm • sec2


 


JG2 = 1
2 × 9800  × � × 7.8 × 10-6 × 240


2


4


 × 20 = 5.18 kgf • mm • sec2


 


JGear(eq) = 0.064 + 5.18 × 30
90


2


 = 0.640 kgf • mm • sec2


 


(III) Inertia of ballscrew


Jballscrew = 1
2 × 9800  × 18 × 50


2


2 30
90


2


 = 0.064 kgf • mm • sec2


 


(IV) Inertia of load


Jload = 300
9800  × 10


2 × �


2


 × 30
90


2


 = 0.009 kgf • mm • sec2


(V) Total inertia


J = 0.1 + 0.64  + 0.064 + 0.009 = 0.813 kgf • mm • sec2  


(3) Total motor torque:


T’a =  J • α = 0.813 × 100 = 81.3 kgf • mm


TMa = TM + T’a = 199 + 81.3 = 280 kgf • mm


(4) Drive power:


Tp max = 2 × 280 = 560 kgf • mm  (safety factor = 2)


Pd = 560 × 1500
974  = 862  W = 1.16 Hp


(5) Selection motor:
Select the DC motor rated torque : TMr > 1.5TM , and maximum motor torque :  TMax > 1.5Tpmax 
Thus the DC servo motor with following specification can be chosen.
Rated output : 950 w
Rated torque : 30 kgf-cm (300 kgf • mm)
Rated rotational speed : 2000 rpm
Maximum torque : 65 kgf x cm (650 kgf • mm)
Moment of inertia of motor : 0.20 kgf • mm • sec2


(6) Check the acceleration time:


TL = Fd × l
2�η1


+ Tb + Td
 × N1


N2
 = 100 × l0


2� × 0.8 + 10 + 35
 × 30


90  = 81.3 kgf • mm


ta ≥ 0.879
300 × 2 − 81.3  × 2� × 2000


60
 × 1.5 = 0.53 sec    
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Buckling load


The ballscrew shaft when subjected to an axial compressive force may be undergo a visibly large deflection. The 
axial force is called the buckling load. 


Fk = 40720 Nf dr
4


Lt
2  


Fp = 0.5 Fk


Fk = Permissible load (kgf) fixed - fixed Nf = 1.0
Fp : Maximum permissible speed (kgf) fixed - supported Nf = 0.5
dr : Root diameter of screw shaft (mm) supported - supported Nf = 0.25
Lt : distance between support bearing (mm) fixed - free Nf = 0.0625
Nf : Factor for different mounting types ♦1kgf = 9.8N;1daN=10N
The buckling load diagram for different spindle diameter and support method is shown in Fig 4.25.


Critical speed
The critical speed is said to exist when the rotational frequency of a shaft equals the first natural frequency of the 


shaft. This will cause the ball screw to bend under the stress of vibration coupled with the centrifugal forces due to the 
rotation and cause the shaft to vibrate violently. Therefore, the rotational speed of the ball screw should be set to below 


the value indicated by critical speed.


Nc = 2.71 × 108 × Mf dr


Lt
2  


Np = 0.8Nc


Nc = critical speed (rpm) fixed - fixed Mf = 1
Np = Maximum permissible load (rpm) fixed - supported Mf = 0.689
dr : Root diameter of screw shaft (mm) supported - supported Mf = 0.441
Lt : distance between support bearing (mm) fixed - free Mf = 0.157
Mf : Factor for different mounting types
The critical speed for different spindle and support method is  shown in (Fig 4.26).


Fig 4.25 Shows the buckling load for different 
screw spindle diameter and length


Fig 4.26 shows the critical speed for different screw 
spindle diameter and length
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Supporting Conditions for Calculation of Buckling Load and Critical Speed


Fig 4.27 Supporting conditions for screw shaft ball nut
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Dm-N value for ballscrew surface speed


Dm-N value has a strong influence over ballscrew noise, working temperature and service life of return system.
For HIWIN ballscrew, 
Dm × N ≤ 70,000
Dm : Pitch circle diameter (mm)
N : Maximum speed (rpm)
Ballscrew structure enhancement designed by HIWIN when Dm-N value ranges from 70,000 to 180,000 . If Dm-N 
value above 180,000 , please consult our company.


Stiffness
Stiffness is an indication of the rigidity of a machine. The stiffness of the ballscrew is determined by nut-spindle 


rigidity via axial load, balltrack contact rigidity and screw spindle rigidity. When assembling the ballscrew in the machine, 
the stiffness of support bearing, mounting condition of nut with machine table etc. also should be considered. Fig 4.28 
shows the relation of total stiffness of the machine feed system. 


From testing, the stiffness of nut-spindle relation and ball and balltrack relation can be combined into the stiffness 
of nut, Kn, and listed in dimension table of different nut type. The stiffness of the ballscrew is shown as :


1
Kbs


 = 1
Ks


 + 1
Kn


 


Kbs : Total stiffness of ballscrew (kgf/µm)


The stiffness of the screw spindle is shown as :


Ks = 67.4 dr
2


L1   (Fixed-Fixed)


Ks = 16.8 dr
2


L1   
(Fixed-Free)


The stiffness chart is shown in Fig 4.29
dr : Root diameter of screw spindle (mm)  Dm − Db 
Db : Diameter of ball (mm)
Ks : Screw spindle stiffness (kgf/µm) 
Kn : Nut stiffness (kgf/µm)


The stiffness of the nut is tested using an axial force equal to the highest possible preload of 10% dynamic load 
(C) and is shown in the dimension table of each nut. When the preload is less than this value, the stiffness of the nut is 
calculated by extrapolation method as :


Kn = 0.8 × K P
0.1C


1/3


 


Kn : Stiffness of nut
K : Stiffness in the  dimension table
P : Preload
C : Dynamic load on dimension table


Single nut with backlash is calculated when the external axial force is equal to 0.28 C, thus :


Kn = 0.8 × K Fb


2.8 × 0.1C


1/3


M33


M34


M35


M36


M37


M38


M39







S99TE17-1212 33


Thermal expansion
∆ L = 11.6 × 10-6 × ∆T × Ls


∆ L : Thermal expansion of screw spindle (mm)


∆ L : (°C) Temperature rise at screw spindle


Ls : Total length of screw spindle (mm)


The T value should be chosen to compensate for the temperature rise of the ballscrew. 
HIWIN recommends a T value of -0.02 ~ -0.03 per meter for CNC machine tools.


Basic dynamic axial load rating C (theoretical)
The dynamic load is the load at which 90% of the ballscrews will achieve the service life of 1 x 106 rev (C). The 


reliability factor can be adjusted by Table 4.8. The dynamic load is shown on the dimension table of each nut type. 


Basic static axial load rating Co (theoretical)
The static load is the load which will cause the balltrack to have a plastic deformation exceeding 0.0001x ball 


diameter. To calculate the maximum static load of a ballscrew, the static safety factor Sf of the application condition 
should be considered.


Sf × Fa(max) < Co


Sf : Static factor = 2.5 max


Co : Static load from the dimension table of the nut type


Fa(max) : Maximum static axial load


Fig 4.28 Stiffness distribution for ballscrew feed system Fig 4.29 Stiffness chart for ballscrew spindle


The axial stiffness of the whole feed system includes the stiffness of support bearings and nut mounting table. The 
designer should consider the total stiffness carefully.
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Ks : Ballscrew spindle stiffness
Kn : Ballscrew nut stiffness
Knb : Ball and balltrack stiffness
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Example 4.5 - 5


Ballscrew specification: 1R40-10B2-FSW-1000-1200-0.012 Lead l =10 mm


Pitch circle diameter Dm = 41.4 mm Turns = 2.5x2


Ball diameter : 6.35 mm Lead angle α = 4.4˚


Root diameter dr = 34.91 mm Friction angle β = 0.286˚


Column load : fixed - supported Preload P = 250 kgf


Critical speed : fixed - supported Mean axial force Fb = 700 kgf


Stiffness of bearing Kb = 105 kgf/μm Nf =0.5 ; Lt =1000 mm ; Mf  = 0.692


Calculation
(1) Buckling load Fp


Fk = 40720 × 
Nf dr


4


Lt
2


 = 40720 × 
0.5 × 34.914


10002  = 30240 kgf  (Ref. M29)


Fp = 0.5 × Fk = 0.5 × 30240 = 15120 kgf


(2) Critical speed Np 


Nc = 2.71 × 108 × 
0.689 × 34.90


10002
 = 6516 rpm


Np = 0.8 × Nc = 0.8 × 6516 = 5213 rpm


(3) Mechanical efficiency η (theoretical)
(I) Common transmission


η1 = 
tan α


tan(α + β)  = 
tan(4.396°)


tan(4.396° + 0.286°)  = 0.938  (Ref. M3)


(II) Reverse transmission


η2 = 
tan(α + β)


tan α  = 
tan(4.396° + 0.286°)


tan(4.396°)  = 0.934  (Ref. M4)


(4) Stiffness K


Ks = 16.8 dr
2


L1


 = 16.8 × 
34.912


1000
 = 20.5 kgf / µm p = 250 < 0.1C(=537)


∴ Kn = 0.8 × P
0.1C


1/3


 = 0.8 × 74 × 250
0.1 × 5370


1/3


 = 46 kgf / µm


1
K


 = 
1
Ks


 + 
1
Kn


 = 
1


20.5
 + 


1
46


 K = 14.18 kgf / µm


(5) Lost motion during axial force Fb = 700kgf 


1
Kt


 = 
1
K


 + 
1
Kb


 = 
1
14


 + 
1


105
 Kt = 12.35 kgf / µm


δ / 2 = 
F
K


 = 
700
12.4


 = 56 µm = 0.056 mm  (each way) Total lost motion δ =2x0.056=0.112 mm


If the preload increases to 2x250=500 kgf then Kn=58 kgf/μm and K=15.1 kgf/μm. Total stiffness Kt=13.2 kgf/μm and 
total lost motion δ =0.106 mm. The difference is only 6 μm (5% change). comparing with 250 kgf, preloaded nut, but the 
temperature rise caused by 500 kgf preload is heavy. The spindle stiffness is sometimes more important than the nut 
stiffness. The best way to increase the stiffness of the system is not in the heavy preloading of the ballscrew nut. If the 
support method changes to fixed-fixed, then Ks=82 kgf/μm and Kt becomes 23 kgf/μm. The total lost motion d =0.061 mm. 
The difference is 51μm (45%).
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Manufacturing range


The maximum length to which a ballscrew can be manufactured depends on spindle diameter and accuracy grade 
(Table 4.10). Since high accuracy ballscrews require a high degree of straightness to the screw spindle, the higher the 
slender ratio (length/diameter), the more difficult to manufacture and the less the spindle stiffness.


HIWIN recommends the maximum lengths shown in Table 4.10. 
If a longer length is required, please contact with HIWIN engineer.


Table 4.10 General manufacturing range of HIWIN screw spindle vs. diameter and accuracy grade Unit : mm


Total       O.D.
     length
Grade


6 8 10 12 16 20 25 28 32 36 40 45 50 55 63 70 80 100


C0 110 170 300 400 600 700 1000 1000 1200 1300 1500 1600 1800 2000 2000 2000 2000 2000


C1 110 170 400 500 720 950 1300 1500 1800 1800 2300 2500 3100 3500 4000 4000 4000 4000


C2 140 200 500 630 900 1300 1700 1800 2200 2200 2900 3200 4000 5000 5200 5500 6300 6300


C3 170 250 500 630 1000 1400 1800 2000 2500 3200 3500 4000 4500 5000 6000 7100 10000 10000


C4 170 250 500 630 1000 1400 1800 2000 2500 3200 3500 4000 4500 5000 6000 7100 10000 10000


C5 170 250 500 630 1410 1700 2400 2500 3000 3200 3800 4000 5000 5500 6900 7100 10000 10000


C6 400 800 1000 1200 1500 1800 2500 3000 3000 4000 4000 4000 5600 5600 6900 7100 10000 10000


C7 400 800 1000 1200 3000 3000 4000 4000 4500 4500 5600 5600 5600 5600 6900 7100 10000 10000


 Please consult with HIWIN in this area


Heat treatment
HIWIN’s homogenous heat treatment technique gives the ballscrew maximum life capability. Table 4.11 shows the 


hardness value of hardness in each component of HIWIN ballscrews. The surface hardness of the ballscrew affects both 
dynamic and static load value. The dynamic and static values shown in the dimension table are the values for a surface 
hardness equal to HRC 60. If the surface hardness is lower than this value, the following formula will give you the 
calibration result.


C’o = Co × fHO fHO = 
Real Hardness (HRC)


60


3


 ≤ 1


C’ = C × fH   fH = 
Real Hardness (HRC)


60


2


 ≤ 1


Where fH and fHO are the hardness factor.


C’o : Calibrated static load
Co : Static load
C’ : Calibrated dynamic load
C : Dynamic load


Table 4.11 Hardness of each component of HIWIN ballscrew


Item Treat Method Hardness (HRC)


Spindle
Carburizing


or Induction Hardening
58 - 62


Nut Carburizing 58 - 62


Ball 62 - 66


M42


M43
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Fig 4.30 The relation of working speed, 
preload and temperature rise


Fig 4.31 The relation of nut temperature 
rise to preload friction torque


Fig 4.32 The influence of oil viscosity on the 
friction torque


4.6 Temperature Rise Effect on Ballscrews


The temperature rise of ballscrew during the working period will influence the accuracy of the machine feed system, 
especially in a machine designed for high speed and high accuracy.


The following factors have the effect of raising the temperature in a ballscrew.
(1) Preload      (2) Lubrication       (3) Pretension


Fig 4.30 shows the relation of working speed, preload and temperature rise. Fig 4.31 shows the relation of nut 
temperature rise to preload friction torque. From Fig 4.30, Fig 4.31 and example 4.5-5, doubling the preload of the nut 
will increase the temperature about 5 degrees, but the stiffness increase only by about 5% (few μm).


(1) Preload effect
To avoid any lost motion in the machine feed system, increasing the rigidity of the ballscrew nut is important. 


However, to increase the rigidity of the ballscrew nut, it is necessary to preload the nut to a certain level.
Preloading the nut will increase the friction torque of the screw, making it more sensitive to an increase in 


temperature during working period.
HIWIN recommends using a preload of 8% of the dynamic load for medium and heavy preload, 6% ~ 8% for medium 


preload, 4% ~ 6% for light and medium and below 4% for light preload.
The heaviest preload should not exceed 10% of the dynamic load for best service life and a low temperature rise 


effect.


(2) Lubrication effect
The selection of lubricant will directly influence the temperature rise of the ballscrew.
HIWIN ballscrews require appropriate lubrication either by greasing or oiling. Antifriction bearing oil is 


recommended for ballscrew oil lubrication. Lithium soap based grease is recommended for ballscrew greasing. The 
basic oil viscosity requirement depends on the speed, working temperature and load condition of the application. (Fig 
4.32) shows the relation of oil viscosity, working speed and rise in temperature.


When the working speed is higher and the working load is lower, a low viscosity oil is better. When the working 
speed is lower and the working load is heavy, a high viscosity oil is preferred.


Generally speaking, oil with a viscosity of 32 ~ 68 cSt at 40˚C (ISO VG 32-68) is recommended for high speed 
lubrication (DIN 51519) and viscosity above 90 cSt at 40˚C (ISO VG 90) is recommended for low speed lubrication.


In high speed and heavy load applications the use of a forced coolant is necessary to lessen the temperature. The 
forced lubrication of coolant can be done by a hollow ballscrew.


Fig 4.33 shows the comparison of a ballscrew applied with coolant  and without coolant. Fig 4.34 shows a typical 
application for hollow ballscrew in machine tools. The inspection and replenishing of the ballscrew lubricant is listed in 
Table 4.12.
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(3) Pretension effect


When the temperature rises in the ballscrew, the effect of thermal stress will elongate the screw spindle. It can 
make the spindle length unstable.Ø


The elongating relationship can be calculated according to M41. This elongation can be compensated via 
the pretension force. For the purpose of pretension, there is a negative T value indicated in the design drawing to 
compensate the pretension value.


Since a large pretension force will cause the burn down of the supporting 
bearing, HIWIN recommends using pretension when the temperature rise is 
below 5˚C. Also, if the diameter of the screw spindle is greater than 50 mm, 
it is not suitable for pretension. A large spindle diameter requires a high 
pretension force, causing burn down of the supporting bearing.


HIWIN recommends a T compensation value of about 3˚, (about 
-0.02~0.03 for each 1000 mm screw spindle). 


Since different applications require different T values, please contact 
HIWIN engineer.


The pretension force is calculated as :
Pf = Ks × ∆L
Ks : Stiffness of screw spindle (kgf/µm)
Pf : Pretension force (kgf)
∆L : Pretension valus (µm) 


Table 4.12 : Inspection and replenishment of Lubricant


Lubrication  Method Inspection & Replenishment Guide


Oil


• Check the oil level and clean the contamination once a week.
• When contamination happens, replacing the oil is recommended.
• Lubrication suggestion :


Grease
• Inspect for contamination of chips every 2 or 3 months.
• If contamination happens, remove old grease and replace with new grease.
• Injection amount is about half of internal space within nut every 2 months or 100 km stroke.
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Oil return


Oil inlet
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  screw
    spindle Nut
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M


Fig 4.34 High accuracy machine tools with hollow ballscrew lubrication


Fig 4.33 Ballscrew temperature rise with 
the coolant and without the coolant
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Ballscrew Specification
Spindle dia. : Ø40
Lead 10mm
Preload 200 kgf
Operating conditions
Feed rate 10m/min
Stroke 500mm


Lubrication amount apply onto Ballscrew per 15 minute                                                            c.c.Ballscrew outer diameter(mm)
56~60
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5  Specification Illustration


HIWIN manufactures ballscrews according to customers’ blueprints or specifications. Please read the following 
information for understanding out ballscrew designing.


1. Nominal diameter. 6.  Accuracy grade (lead deviation, geometrical tolerance).


2. Thread lead. 7.  Working speed.


3. Thread length, total length. 8.  Maximum static load, working load, preload drag torque.


4. End journal configuration. 9.  Nut safety requirements.


5. Nut configuration 10. Lubrication hole position.


HIWIN Ballscrew Nomenclature
HIWIN ballscrews can be specified as follows :


1R40 - 10B2 -  PFDWE2 - 800 - 1000 - 0.0035 - M


Start type
1.Single start
2.Double start
3.Triple start
4.Four start
5:Five Start


Right hand screw


Nominal diameter


Lead


Number of turns
Preload type
P : Compression type
O : Offset type
D : High lead double start
T : High lead triple start
Q : High lead quatemary start
V : High lead five start


Nut shape
S : Square nut
R : Round
F : Nut with flange 


Note :
M : Stainless
H : Hollow Shaft
L : heavy load


Lead deviation in
random 300mm travel 
path thread length


Total length


Thread length


Optional Functions :
E2 : Self-lubrication
R1 : Rotating Nut
C1,C2 : Cool Type


Circulation type
W : Tubes within nut body
V : Tubes above nut body
B : Bonded tube
I : Internal cap
H : End cap
C : Super S series


Nut type
S : Single nut
D : Double nut


Number of turns


A : 1.5, B: 2.5, C: 3.5 T3 : 3 S1 : 1.8x1 U1 : 2.8x1 K2 : 2 


A2 : 1.5x2 T4 : 4 S2 : 1.8x2 U2 : 2.8x2 K3 : 3 


B2 : 2.5x2 T5 : 5 S4 : 1.8x4 V2 : 0.8x2 K4 : 4 


C1 : 3.5x1 T6 : 6 


Note : 1. Different diameters and leads are available upon request.
     2. Right hand thread is standard, left hand thread is available upon request.
     3. Longer lengths are available upon request.
     4. Stainless steel is available upon request, only if the ball size is less than 2.381 mm.
     5. Complete questionnaire on page 173~174 and consult with HIWIN engineers. 
     6. If you need to order DIN 69051 type, please mark “DIN”.
     7. Number of turns = turns per circuit x number of circuits.
            Please refer to page 6 for detailed illustration.
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6  Precision Ground Ballscrews


6.1  Ground Ballscrew Series


page General Type page


41


43


Flange end, single nut,
tube above the nut diameter


Flange end, single nut,
tube within the nut diameter


44


46


47


49


Flange end, double nut,
tube above the nut diameter


Flange end, double nut,
tube within the nut diameter


50


52


53


55


Flange end, single nut,
internal recirculation cap


Round, single nut,
internal recirculation cap


56


57


58


59


Flange end, double nut,
internal recirculation cap


Round, double nut,
Internal recirculation cap


60


61


FSV


FDV


FSI


FDI


FSW


FDW


RSI


RDI
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page General Type page


62


63


Flange to flange, double nut,
tube within the nut diameter


Flange to flange, double nut,
internal recirculation cap


66


67


68


70


Offset pitch preload, flange end,
single nut, tube within the nut diameter


Offset pitch preload, flange end,
single nut, internal recirculation cap


71


page High Lead Type page


72


Large lead, flange mounted, 
single nut, end cap


Double start, flange end, 
single nut, tube above the nut diameter


73


64


65


Large lead, flange end, compression preload,
double nut, tube within nut diameter


64


65


PFDW


OFSW


PFDI


OFSI


FSH


PFDW


DFSV


-Type 1


-Type 2


*Different design required by the drawing approval, please contact with HIWIN engineers for the other type listed above.
*Double asterisks( ): Self-Lubricating Ballscrew E2 design is available, except the shaft diameter under 16mm or ball diameter under 2.381mm.
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TypeF S V


Model


Size
Ball
Dia.


PCD RD Circuits
Stiffness
kgf / μm


K


Dynamic
Load


1x106 revs
C (kgf)


Static
 Load


Co (kgf )


Nut Flange
Return
Tube


Bolt Fit


Nominal
Dia.


Lead D L F T BCD-E W H X Y Z S


16-4B2


16       


4 2.381 16.25 13.792 2.5x2 26 802 1722 30 48 52 10 40 23 21 5.5 9.5 5.5 12
16-5B1


5


3.175


16.6 13.324 2.5x1 16 763 1400 31 45 54 12 41 27 22 5.5 9.5 5.5 12
16-5B2 16.6 13.324 2.5x2 33 1385 2799 31 60 54 12 41 27 22 5.5 9.5 5.5 12
16-5C1 16.6 13.324 3.5x1 22 1013 1946 31 50 54 12 41 27 22 5.5 9.5 5.5 12
16-10B1 10 16.6 13.324 2.5x1 16 763 1399 30 54 53 10 41 22.5 23 5.5 9.5 5.5 12
20-5B1


20


5
20.6 17.324 2.5x1 19 837 1733 35 45 58 12 46 27 25 5.5 9.5 5.5 12


20-5B2 20.6 17.324 2.5x2 39 1519 3465 35 60 58 12 46 27 25 5.5 9.5 5.5 12
20-6B1


6
3.969


20.8 16.744 2.5x1 20 1139 2187 36 48 60 12 47 28 27 5.5 9.5 5.5 12
20-6C1 20.8 16.744 3.5x1 28 1512 3041 36 66 60 12 47 28 27 5.5 9.5 5.5 12
20-20A1 20 20.8 16.744 1.5x1 13 719 1281 36 66 60 12 47 28 27 5.5 9.5 5.5 12
25-5B2


25


5 3.175
25.6 22.324 2.5x2 46 1704 4417 40 60 64 12 52 31 26 5.5 9.5 5.5 12


25-5C1 25.6 22.324 3.5x1 35 1252 3085 40 50 64 12 52 31 26 5.5 9.5 5.5 12
25-6B2


6 3.969
25.8 21.744 2.5x2 48 2308 5523 42 68 68 12 55 32 28 6.6 11 6.5 12


25-6C1 25.8 21.744 3.5x1 35 1690 3844 42 55 68 12 55 32 28 6.6 11 6.5 12
25-8B2 8


4.763


26 21.132 2.5x2 46 2888 6472 50 80 74 13 62 35 31 5.5 9.5 5.5 15
25-10B1


10
26 21.132 2.5x1 25 1592 3237 45 65 72 16 58 34 29 6.6 11 6.5 12


25-10B2 26 21.132 2.5x2 46 2888 6472 47 97 74 15 60 35 31 6.6 11 6.5 15
25-16B1 16 26 21.132 2.5x1 28 1592 3237 45 84 72 16 58 34 29 6.6 11 6.5 12
25-20B1 20 26 21.132 2.5x1 28 1592 3237 45 96 72 16 58 34 30 6.6 11 6.5 12
25-25A1 25 26 21.132 1.5x1 16 1019 1927 45 90 72 16 58 34 30 6.6 11 6.5 12
28-5B1


28
5


3.175


28.6 25.324 2.5x1 26 984 2466 44 45 70 12 56 34 28 6.6 11 6.5 12
28-5B2 28.6 25.324 2.5x2 50 1785 4932 44 60 70 12 56 34 28 6.6 11 6.5 12
28-6A2


6
28.6 25.324 1.5x2 29 1150 2960 44 55 70 12 56 34 28 6.6 11 6.5 12


28-6B2 28.6 25.324 2.5x2 48 1784 4932 50 61 74 12 60 36 29 6.6 11 6.5 15
32-5B2


32


5
32.6 29.324 2.5x2 55 1886 5666 50 60 76 12 63 38 30 6.6 11 6.5 12


32-5C1 32.6 29.324 3.5x1 39 1388 3967 50 50 76 12 63 38 30 6.6 11 6.5 12
32-6B2


6 3.969
32.8 28.744 2.5x2 56 2556 7020 52 68 78 12 65 39 32 6.6 11 6.5 12


32-6C1 32.8 28.744 3.5x1 39 1888 4936 52 55 78 12 65 39 32 6.6 11 6.5 12
32-8B2


8 4.763
33 28.132 2.5x2 59 3284 8453 54 86 88 16 70 40 33 9 14 8.5 15


32-8C1 33 28.132 3.5x1 41 2428 5948 54 70 88 16 70 40 33 9 14 8.5 15
32-10B1


10
6.350


33.4 26.91 2.5x1 30 2650 5599 54 70 88 16 70 44 37 9 14 8.5 15
32-10B2 33.4 26.91 2.5x2 60 4810 11199 57 98 91 16 73 44 37 9 14 8.5 15
32-10C1 33.4 26.91 3.5x1 44 3519 7785 57 78 91 16 73 44 37 9 14 8.5 15
32-16B1 16 33.4 26.91 2.5x1 30 2650 5599 54 100 88 16 70 45 38 9 14 8.5 15
32-20B1 20


4.763
33 28.132 2.5x1 33 1810 4227 54 100 88 16 70 40 33 9 14 8.5 15


32-25B1 25 33 28.132 2.5x1 33 1810 4227 54 118 88 16 70 40 33 9 14 8.5 15
32-32A1 32 33 28.132 1.5x1 18 1154 2505 54 110 88 16 70 40 33 9 14 8.5 15
36-6B1


36 6 3.969
36.8 32.744 2.5x1 35 1486 3969 55 50 82 12 68 42 32 6.6 11 6.5 12


36-6B2 36.8 32.744 2.5x2 60 2696 7937 55 68 82 12 68 42 32 6.6 11 6.5 12


6.2 Dimension for Precision Ground Ballscrew


OIL HOLE


ØF


ØD-0.1
-0.3ØDg6


30°30°


W
m
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Hmax


BCD E


Ø
X


Ø
Y


L


Z


ST


T<12  M6x1P
T≥12  1/8PT


Remark: Stiffness values listed above value are derived from theoretical formula while axial load is 30% of dynamic load rating without 
preload.
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TypeF S V


OIL HOLE


ØF


ØD-0.1
-0.3ØDg6


30°30°


W
m


ax


Hmax


BCD E


Ø
X


Ø
Y


L


Z


ST


T<12  M6x1P
T≥12  1/8PT


Model


Size
Ball
Dia.


PCD RD Circuits
Stiffness
kgf / μm


K


Dynamic
Load


1x106 revs
C (kgf)


Static
 Load


Co (kgf )


Nut Flange
Return
Tube


Bolt Fit


Nominal
Dia.


Lead D L F T BCD-E W H X Y Z S


36-10B2 36 10 6.350 37.4 30.91 2.5x2 68 5105 12669 62 102 104 18 82 49 40 11 17.5 11 15
40-5B2


40


5 3.175 40.6 37.324 2.5x2 66 2071 7134 58 65 92 16 72 46 34 9 14 8.5 15
40-6B2 6 3.969 40.8 36.744 2.5x2 69 2817 8855 60 72 94 16 76 47 36 9 14 8.5 15
40-8B2


8 4.763
41 36.132 2.5x2 70 3634 10603 62 86 96 16 78 48 38 9 14 8.5 15


40-8C1 41 36.132 3.5x1 49 2679 7438 62 70 96 16 78 48 38 9 14 8.5 15
40-10B2


10 6.350
41.4 34.91 2.5x2 74 5370 14138 65 102 106 18 85 52 42 11 17.5 11 15


40-10C1 41.4 34.91 3.5x1 51 3932 9841 65 82 106 18 85 52 42 11 17.5 11 15
40-12B2 12


7.144
41.6 34.299 2.5x2 72 6216 15674 64 108 112 18 88 53 42 11 17.5 11 30


40-16B2 16 41.6 34.299 2.5x2 72 6216 15674 74 135 110 18 90 52 49 11 17.5 11 30
40-25B1 25


6.350


41.4 34.91 2.5x1 39 2959 7069 65 123 106 18 85 52 42 11 17.5 11 15
40-32B1 32 41.4 34.91 2.5x1 39 2959 7069 65 146 106 18 85 52 42 11 17.5 11 15
40-40A1 40 41.4 34.91 1.5x1 24 1875 4159 65 133 106 18 85 52 42 11 17.5 11 15
45-10B1


45
10


46.4 39.91 2.5x1 45 4170 11161 70 74 112 18 90 58 48 11 17.5 11 15
45-10B2 46.4 39.91 2.5x2 79 5655 15905 70 104 112 18 90 58 48 11 17.5 11 15
45-12B2 12 7.938 46.8 38.688 2.5x2 81 7627 19799 74 123 122 22 97 60 49 13 20 13 20
50-5A2


50


5 3.175
50.6 47.324 1.5x2 48 1447 5382 70 63 104 16 86 56 40 9 14 8.5 15


50-5A3 50.6 47.324 1.5x3 73 2051 8072 70 73 104 16 86 56 40 9 14 8.5 15
50-6B2


6 3.969
50.8 46.744 2.5x2 81 3093 11149 72 75 106 16 88 57 43 9 14 8.5 15


50-6B3 50.8 46.744 2.5x3 119 4384 16723 72 93 106 16 88 57 43 9 14 8.5 15
50-8B2


8 4.763
51 46.132 2.5x2 84 4004 13409 75 88 116 18 95 58 45 11 17.5 11 15


50-8B3 51 46.132 2.5x3 124 5674 20114 75 112 116 18 95 58 45 11 17.5 11 15
50-10B2


10 6.350
51.4 44.91 2.5x2 87 5923 17670 78 104 119 18 98 62 48 11 17.5 11 15


50-10B3 51.4 44.91 2.5x3 129 8394 26505 78 134 119 18 98 62 48 11 17.5 11 15
50-10C1 51.4 44.91 3.5x1 60 4393 12481 78 84 119 18 98 62 48 11 17.5 11 15
50-12B1


12
7.938


51.8 43.688 2.5x1 46 4420 11047 82 87 130 22 105 64 52 13 20 13 20
50-12B2 51.8 43.688 2.5x2 90 8022 22094 82 123 130 22 105 64 52 13 20 13 20
50-12C1 51.8 43.688 3.5x1 63 5875 15380 82 99 130 22 105 64 52 13 20 13 20
50-40A1 40 51.8 43.688 1.5x1 27 2801 6499 82 135 130 22 105 64 52 13 20 13 20
50-50A1 50 51.8 43.688 1.5x1 30 2801 6499 82 162 130 22 105 64 52 13 20 13 20
55-10C1


55
10 6.350 56.4 49.91 3.5x1 66 4562 13661 84 84 125 18 103 68 54 11 17.5 11 20


55-12B2 12 7.938 56.8 48.688 2.5x2 95 8392 24390 88 123 136 22 110 70 56 13 20 13 20
55-20B2 20 12.700 58 45.16 2.5x2 127 20160 52439 100 175 132 28 115 74 71 9 14 8.5 30
63-8A2


63


8 4.763
64 59.132 1.5x2 54 2826 10129 87 76 129 18 107 70 50 11 17.5 11 20


63-8A3 64 59.132 1.5x3 80 4004 15193 87 92 129 18 107 70 50 11 17.5 11 20
63-10B2


10 6.350
64.4 57.91 2.5x2 104 6533 22371 90 107 132 20 110 74 53 11 17.5 11 20


63-10B3 64.4 57.91 2.5x3 154 9258 33556 90 137 132 20 110 74 53 11 17.5 11 20
63-12B2 12 7.938 64.8 56.688 2.5x2 109 8943 28062 94 124 142 22 117 76 57 13 20 13 20
63-16B2 16


9.525
65.2 55.466 2.5x2 141 14862 46009 100 153 150 22 123 78 62 13 20 13 20


63-20B2 20 65.2 55.466 2.5x2 141 14862 46009 100 176 150 22 123 78 62 13 20 13 20


Remark: Stiffness values listed above value are derived from theoretical formula while axial load is 30% of dynamic load rating without 
preload.
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TypeF S V


OIL HOLE


ØF


ØD-0.1
-0.3ØDg6


30°30°


W
m


ax


Hmax


BCD E


Ø
X


Ø
Y


L


Z


ST


T<12  M6x1P
T≥12  1/8PT


Model


Size
Ball
Dia.


PCD RD Circuits
Stiffness
kgf / μm


K


Dynamic
Load


1x106 revs
C (kgf)


Static
 Load


Co (kgf )


Nut Flange
Return
Tube


Bolt Fit


Nominal
Dia.


Lead D L F T BCD-E W H X Y Z S


63-20B3 63 20 12.700 66 53.16 2.5x3 210 30715 90887 117 244 157 32 137 82 70 11 17.5 11 30
70-10B2


70
10 6.350


71.4 64.91 2.5x2 115 6843 25011 104 109 152 20 128 80 56 13 20 13 20
70-10B3 71.4 64.91 2.5x3 170 9688 37516 104 139 152 20 128 80 56 13 20 13 20
70-12B2


12 7.938
71.8 63.688 2.5x2 120 9382 31275 110 125 159 22 133 82 58 13 20 13 20


70-12B3 71.8 63.688 2.5x3 170 13296 46912 110 159 159 22 133 82 58 13 20 13 20
80-10B2


80


10 6.350
81.4 74.91 2.5x2 126 7202 28538 115 109 163 22 137 90 64 13 20 13 20


80-10B3 81.4 74.91 2.5x3 186 10207 42807 115 139 163 22 137 90 64 13 20 13 20
80-12B2


12 7.938
81.8 73.688 2.5x2 130 9797 35422 120 125 169 22 143 92 67 13 20 13 25


80-12B3 81.8 73.688 2.5x3 192 13884 53132 120 159 169 22 143 92 67 13 20 13 25
80-16B2


16
9.525


82.2 72.466 2.5x2 171 16485 58851 125 156 190 28 154 94 70 18 26 17.5 25
80-16B3 82.2 72.466 2.5x3 252 23363 88276 125 204 190 28 154 94 70 18 26 17.5 25
80-20B2


20
82.2 72.466 2.5x2 171 16485 58851 125 185 190 28 154 94 70 18 26 17.5 25


80-20B3 82.2 72.466 2.5x3 252 23363 88276 125 245 190 28 154 94 70 18 26 17.5 25
100-12B2


100


12 7.938
101.8 93.688 2.5x2 156 10761 44586 145 132 209 28 173 112 76 18 26 17.5 25


100-12B3 101.8 93.688 2.5x3 229 15251 66894 145 168 209 28 173 112 76 18 26 17.5 25
100-16B2


16
9.525


102.2 92.466 2.5x2 200 18123 74425 150 162 228 32 185 114 80 22 32 21.5 30
100-16B3 102.2 92.466 2.5x3 305 25684 111637 150 212 228 32 185 114 80 22 32 21.5 30
100-20B2


20
102.2 92.466 2.5x2 200 18123 74425 150 190 228 32 185 114 80 22 32 21.5 30


100-20B3 102.2 92.466 2.5x3 305 25684 111637 150 250 228 32 185 114 80 22 32 21.5 30


Remark: Stiffness values listed above value are derived from theoretical formula while axial load is 30% of dynamic load rating without 
preload.







S99TE17-121244


Type


Model


Size
Ball
Dia.


PCD RD Circuits
Stiffness
kgf / μm


K


Dynamic
Load


1x106 revs
C (kgf)


Static
Load


Co (kgf )


Nut Flange Bolt Fit


Nominal
Dia.


Lead D L F T BCD-E X Y Z S


12-4B1
12


4
2.381


12.25 9.792 2.5x1 8 383 638 30 38 50 10 40 4.5 8 4 12
12-4C1 12.25 9.792 3.5x1 9 511 893 30 44 50 10 40 4.5 8 4 12
12-5B1


5
12.25 9.792 2.5x1 8 383 638 30 40 50 10 40 4.5 8 4 12


14-5B1 14
3.175


14.6 11.324 2.5x1 10 710 1216 34 40 57 11 45 5.5 9.5 5.5 12
15-10A1


15
10 15.6 12.324 1.5x1 9 474 781 34 48 57 11 45 5.5 9.5 5.5 12


15-20A1 20 15.6 12.324 1.5x1 9 474 781 34 62 58 12 45 5.5 9.5 9.5 12
16-4B1


16


4 2.381 16.25 13.792 2.5x1 14 439 870 34 38 57 11 45 5.5 9.5 5.5 12
16-5B1


5 3.175


16.6 13.324 2.5x1 16 763 1400 40 45 64 12 51 5.5 9.5 5.5 12
16-5B2 16.6 13.324 2.5x2 33 1385 2799 40 60 64 12 51 5.5 9.5 5.5 12
16-5C1 16.6 13.324 3.5x1 22 1013 1946 40 50 64 12 51 5.5 9.5 5.5 12
20-5B1


20


20.6 17.324 2.5x1 19 837 1733 44 45 68 12 55 5.5 9.5 5.5 12
20-5B2 20.6 17.324 2.5x2 39 1519 3465 44 60 68 12 55 5.5 9.5 5.5 12
20-6B1


6 3.969
20.8 16.744 2.5x1 20 1137 2187 48 48 72 12 59 5.5 9.5 5.5 12


20-6C1 20.8 16.744 3.5x1 28 1512 3041 48 66 72 12 59 5.5 9.5 5.5 12
25-4B2


25


4 2.381 25.25 22.792 2.5x2 38 976 2776 46 48 69 11 57 5.5 9.5 5.5 12
25-5B2


5 3.175
25.6 22.324 2.5x2 46 1704 4417 50 60 74 12 62 5.5 9.5 5.5 12


25-5C1 25.6 22.324 3.5x1 35 1252 3085 50 50 74 12 62 5.5 9.5 5.5 12
25-6B1


6 3.969
25.8 21.744 2.5x1 24 1255 2735 53 44 76 11 64 5.5 9.5 5.5 12


25-6B2 25.8 21.744 2.5x2 48 2308 5523 56 68 82 12 69 6.6 11 6.5 12
25-6C1 25.8 21.744 3.5x1 35 1690 3844 56 55 82 12 69 6.6 11 6.5 12
25-10B1


10 4.763
26 21.132 2.5x1 25 1592 3237 60 65 86 16 73 6.6 11 6.5 12


25-10B2 26 21.132 2.5x2 46 2888 6472 58 97 85 15 71 6.6 11 6.5 12
25-12B1 12 3.969 25.8 21.744 2.5x1 24 1271 2761 53 60 78 11 64 6.6 11 6.5 12
28-5B1


28


5
3.175


28.6 25.324 2.5x1 26 984 2466 55 45 85 12 69 6.6 11 6.5 12
28-5B2 28.6 25.324 2.5x2 50 1785 4932 55 60 85 12 69 6.6 11 6.5 12
28-6A2 6 28.6 25.324 1.5x2 29 1150 2960 55 55 85 12 69 6.6 11 6.5 12
28-12B2 12


4.763
29 24.132 2.5x2 51 3060 7299 60 110 86 12 73 6.6 11 6.5 12


28-16B1 16 29 24.132 2.5x1 25 1686 3649 62 84 89 12 75 6.6 11 6.5 12
32-5B2


32


5 3.175
32.6 29.324 2.5x2 55 1886 5666 58 60 84 12 71 6.6 11 6.5 12


32-5C1 32.6 29.324 3.5x1 39 1388 3967 58 50 84 12 71 6.6 11 6.5 12
32-6B2


6 3.969
32.8 28.744 2.5x2 56 2556 7020 62 68 88 12 75 6.6 11 6.5 12


32-6C1 32.8 28.744 3.5x1 39 1888 4936 62 55 88 12 75 6.6 11 6.5 12
32-8B2


8 4.763
33 28.132 2.5x2 59 3284 8453 66 86 100 16 82 9 14 8.5 15


32-8C1 33 28.132 3.5x1 41 2428 5948 66 70 100 16 82 9 14 8.5 15
32-10B2


10
6.350


33.4 26.91 2.5x2 60 4810 11199 74 98 108 16 90 9 14 8.5 15
32-10C1 33.4 26.91 3.5x1 44 3519 7785 74 78 108 16 90 9 14 8.5 15
32-12A2


12
33.4 26.91 1.5x2 37 3051 6612 74 97 108 18 90 9 14 8.5 15


32-12B2 33.4 26.91 2.5x2 59 4810 11199 74 110 108 18 90 9 14 8.5 15


ØDg6 ØD -0.1
-0.3ØF


Ø
X


T<12 M6×1P


OIL HOLE
T≥12 1/8PT


BCD E
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30°


S
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Y


Z


T


L


Remark: Stiffness values listed above value are derived from theoretical formula while axial load is 30% of dynamic load rating without 
preload.
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Type


ØDg6 ØD -0.1
-0.3ØF


Ø
X


T<12 M6×1P


OIL HOLE
T≥12 1/8PT


BCD E


30°


30°


S


Ø
Y


Z


T


L


F S W


Model


Size
Ball
Dia.


PCD RD Circuits
Stiffness
kgf / μm


K


Dynamic
Load


1x106 revs
C (kgf)


Static
Load


Co (kgf )


Nut Flange Bolt Fit


Nominal
Dia.


Lead D L F T BCD-E X Y Z S


32-16A2


32
16


6.350


33.4 26.91 1.5x2 36 3035 6555 74 99 108 16 90 9 14 8.5 15
32-16B1 33.4 26.91 2.5x1 30 2650 5599 74 94 108 16 90 9 14 8.5 15
32-16B2 33.4 26.91 2.5x2 59 4810 11199 74 130 108 16 90 9 14 8.5 15
32-20A2


20
33.4 26.91 1.5x2 37 3035 6555 74 120 108 16 90 9 14 8.5 15


32-20B1 33.4 26.91 2.5x1 30 2650 5599 74 98 108 16 90 9 14 8.5 15
36-6B1


36


6 3.969
36.8 32.744 2.5x1 35 1486 3969 65 50 100 12 82 6.6 11 6.5 12


36-6B2 36.8 32.744 2.5x2 60 2696 7937 65 68 100 12 82 6.6 11 6.5 12
36-10B2 10


6.350
37.4 30.91 2.5x2 68 5105 12669 75 102 125 18 98 11 17.5 11 15


36-12B2 12 37.4 30.91 2.5x2 65 5105 12668 75 110 125 18 98 11 17.5 11 15
36-16C1 16 37.4 30.91 3.5x1 46 3736 8813 80 105 120 18 100 11 17.5 11 15
40-5B2


40


5 3.175 40.6 37.324 2.5x2 66 2071 7134 68 65 102 16 84 9 14 8.5 15
40-6B2 6 3.969 40.8 36.744 2.5x2 69 2817 8855 70 72 104 16 86 9 14 8.5 15
40-8B2


8 4.763
41 36.132 2.5x2 70 3634 10603 74 86 108 16 90 9 14 8.5 15


40-8C1 41 36.132 3.5x1 49 2679 7438 74 70 108 16 90 9 14 8.5 15
40-10B2


10 6.350
41.4 34.91 2.5x2 74 5370 14138 84 102 125 18 104 11 17.5 11 15


40-10C1 41.4 34.91 3.5x1 51 3932 9841 84 82 125 18 104 11 17.5 11 15
40-12B1


12
7.144


41.6 34.299 2.5x1 36 3425 7837 86 81 128 18 106 11 17.5 11 20
40-12B2 41.6 34.299 2.5x2 72 6217 15674 86 117 128 18 106 11 17.5 11 20
40-16A2


16
41.6 34.299 1.5x2 42 4007 9405 86 118 128 18 106 11 17.5 11 20


40-16B1 41.6 34.299 2.5x1 37 3425 7837 86 102 128 18 106 11 17.5 11 20
45-10B1


45
10 6.350


46.4 39.91 2.5x1 45 3116 7953 88 74 132 18 110 11 17.5 11 15
45-10B2 46.4 39.91 2.5x2 79 5655 15905 88 104 132 18 110 11 17.5 11 15
45-12B2 12 7.938 46.8 38.688 2.5x2 81 7627 19799 96 123 142 22 117 13 20 13 20
50-5A2


50


5 3.175
50.6 47.324 1.5x2 48 1447 5382 80 63 114 16 96 9 14 8.5 15


50-5A3 50.6 47.324 1.5x3 73 2051 8072 80 73 114 16 96 9 14 8.5 15
50-6B2


6 3.969
50.8 46.744 2.5x2 81 3093 11149 84 75 118 16 100 9 14 8.5 15


50-6C2 50.8 46.744 3.5x2 109 4131 15608 84 80 118 15 100 9 14 8.5 15
50-6B3 50.8 46.744 2.5x3 119 4384 16723 84 93 118 16 100 9 14 8.5 15
50-8B2


8 4.763
51 46.132 2.5x2 84 4004 13409 87 88 128 18 107 11 17.5 11 15


50-8B3 51 46.132 2.5x3 124 5674 20114 87 112 128 18 107 11 17.5 11 15
50-10B2


10 6.350
51.4 44.91 2.5x2 87 5923 17670 94 104 135 18 114 11 17.5 11 15


50-10B3 51.4 44.91 2.5x3 129 8394 26505 94 134 135 18 114 11 17.5 11 15
50-10C1 51.4 44.91 3.5x1 60 4393 12481 94 84 135 18 114 11 17.5 11 15
50-12B1


12 7.938
51.8 43.688 2.5x1 46 4420 11047 102 87 150 22 125 13 20 13 20


50-12B2 51.8 43.688 2.5x2 90 8022 22094 102 123 150 22 125 13 20 13 20
50-12C1 51.8 43.688 3.5x1 63 5875 15380 102 99 150 22 125 13 20 13 20
50-30A2 30 6.350 51.4 44.91 1.5x2 52 3834 10658 94 160 135 18 114 11 17.5 11 15


Remark : Stiffness values listed above value are derived from theoretical formula while axial load is 30% of dynamic load rating without 
preload.
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Type


ØDg6 ØD -0.1
-0.3ØF


Ø
X


T<12 M6×1P


OIL HOLE
T≥12 1/8PT


BCD E


30°


30°


S


Ø
Y


Z


T


L


F S W


Model


Size
Ball
Dia.


PCD RD Circuits
Stiffness
kgf / μm


K


Dynamic
Load


1x106 revs
C (kgf)


Static
Load


Co (kgf )


Nut Flange Bolt Fit


Nominal
Dia.


Lead D L F T BCD-E X Y Z S


55-10B2
55


10 6.350
56.4 49.91 2.5x2 93 6071 19592 102 103 144 18 122 11 17.5 11 20


55-10C1 56.4 49.91 3.5x1 66 4562 13661 100 84 140 18 118 11 17.5 11 20
55-12B2


12 7.938
56.8 48.688 2.5x2 95 8392 24390 105 123 154 22 127 13 20 13 20


60-12B2 60 61.8 53.688 2.5x2 101 8742 26685 112 135 154 18 132 11 17.5 11 20
63-8A2


63


8 4.763
64 59.132 1.5x2 54 2826 10129 104 76 146 18 124 11 17.5 11 20


63-8A3 64 59.132 1.5x3 80 4004 15193 104 92 146 18 124 11 17.5 11 20
63-10B2


10 6.350
64.4 57.91 2.5x2 104 6533 22371 110 107 152 20 130 11 17.5 11 20


63-10B3 64.4 57.91 2.5x3 154 9528 33556 110 137 152 20 130 11 17.5 11 20
63-12B2 12 7.938 64.8 56.688 2.5x2 109 8943 28062 118 124 166 22 141 13 20 13 20
63-16B2 16


9.525
65.2 55.466 2.5x2 141 14862 46009 124 153 172 22 147 13 20 13 20


63-20B2 20 65.2 55.466 2.5x2 141 14862 46009 124 176 172 22 147 13 20 13 20
70-10B2


70
10 6.350


71.4 64.91 2.5x2 115 6843 25011 124 109 170 20 145 13 20 13 20
70-10B3 71.4 64.91 2.5x3 170 9698 37516 124 139 170 20 145 13 20 13 20
70-12B2


12 7.938
71.8 63.688 2.5x2 120 9382 31275 130 125 178 22 152 13 20 13 20


70-12B3 71.8 63.688 2.5x3 170 13296 46912 130 159 178 22 152 13 20 13 20
80-10B2


80


10 6.350
81.4 74.91 2.5x2 126 7202 28538 130 109 178 22 152 13 20 13 20


80-10B3 81.4 74.91 2.5x3 186 10207 42807 130 139 178 22 152 13 20 13 20
80-12B2


12 7.938
81.8 73.688 2.5x2 130 9797 35422 136 125 185 22 159 13 20 13 20


80-12B3 81.8 73.688 2.5x3 192 13844 53132 136 159 185 22 159 13 20 13 20
80-16B2


16
9.525


82.2 72.466 2.5x2 171 16485 58851 145 156 210 28 174 18 26 17.5 25
80-16B3 82.2 72.466 2.5x3 252 23363 88276 145 204 210 28 174 18 26 17.5 25
80-20B2


20
82.2 72.466 2.5x2 171 16485 58851 145 185 210 28 174 18 26 17.5 25


80-20B3 82.2 72.466 2.5x3 252 23363 88276 145 245 210 28 174 18 26 17.5 25
100-12B2


100


12 7.938
101.8 93.688 2.5x2 156 10761 44596 160 132 224 24 188 18 26 17.5 25


100-12B3 101.8 93.688 2.5x3 229 15251 66894 160 168 224 24 188 18 26 17.5 25
100-16B2


16
9.525


102.2 92.466 2.5x2 200 18123 77425 170 162 248 32 205 22 32 21.5 30
100-16B3 102.2 92.466 2.5x3 305 25684 111637 170 212 248 32 205 22 32 21.5 30
100-20B2


20
102.2 92.466 2.5x2 200 18123 74425 170 190 248 32 205 22 32 21.5 30


100-20B3 102.2 92.466 2.5x3 305 25684 111637 170 250 248 32 205 22 32 21.5 30


Remark: Stiffness values listed above value are derived from theoretical formula while axial load is 30% of dynamic load rating without 
preload.







S99TE17-1212 47


TypeF D V


Model
Size


Ball
Dia.


PCD RD Circuits
Stiffness
kgf / μm


K


Dynamic
Load


1x106 revs
C (kgf)


Static
 Load


Co (kgf )


Nut Flange
Return
Tube


Bolt Fit


Nominal
Dia.


Lead D L F T BCD-E W H X Y Z S


16-5B1
16


5 3.175


16.6 13.324 2.5x1 32 763 1400 31 80 54 12 41 24 22 5.5 9.5 5.5 24
16-5B2 16.6 13.324 2.5x2 65 1385 2799 31 110 54 12 41 24 22 5.5 9.5 5.5 24
16-5C1 16.6 13.324 3.5x1 46 1013 1946 31 90 54 12 41 24 22 5.5 9.5 5.5 24
20-5B1


20


20.6 17.324 2.5x1 38 837 1733 35 80 58 12 46 27 25 5.5 9.5 5.5 24
20-5B2 20.6 17.324 2.5x2 76 1519 3465 35 110 58 12 46 27 25 5.5 9.5 5.5 24
20-6B1


6 3.969
20.8 16.744 2.5x1 40 1139 2187 36 92 60 12 47 28 27 5.5 9.5 5.5 24


20-6C1 20.8 16.744 3.5x1 55 1512 3041 36 104 60 12 47 28 27 5.5 9.5 5.5 24
25-5B1


25


5 3.175
25.6 22.324 2.5x1 46 939 2209 40 80 64 12 52 31 26 5.5 9.5 5.5 24


25-5B2 25.6 22.324 2.5x2 90 1704 4417 40 110 64 12 52 31 26 5.5 9.5 5.5 24
25-5C1 25.6 22.324 3.5x1 68 1252 3085 40 90 64 12 52 31 26 5.5 9.5 5.5 24
25-6B2


6 3.969
25.8 21.744 2.5x2 94 2308 5523 42 128 68 12 55 32 28 6.6 11 6.5 24


25-6C1 25.8 21.744 3.5x1 66 1690 3844 42 104 68 12 55 32 28 6.6 11 6.5 24
25-10B1 10 4.763 26 21.132 2.5x1 48 1592 3237 45 122 72 16 58 34 29 6.6 11 6.5 24
28-5B1


28


5
3.175


28.6 25.324 2.5x1 51 984 2466 44 80 70 12 56 34 28 6.6 11 6.5 24
28-5B2 28.6 25.324 2.5x2 98 1785 4932 44 110 70 12 56 34 28 6.6 11 6.5 24
28-6A2 6 28.6 25.324 1.5x2 59 1150 2960 44 110 70 12 56 34 28 6.6 11 6.5 24
28-8A2 8


4.763
29 24.132 1.5x2 62 1960 4348 50 110 75 12 61 38 32 6.6 11 6.5 15


28-10B2 10 29 24.132 2.5x2 102 3060 7299 54 177 94 15 74 37 32 9 14 8.5 30
32-5B1


32


5 3.175
32.6 29.324 2.5x1 55 1039 2833 50 80 76 12 63 38 30 6.6 11 6.5 24


32-5B2 32.6 29.324 2.5x2 109 1886 5666 50 110 76 12 63 38 30 6.6 11 6.5 24
32-5C1 32.6 29.324 3.5x1 76 1388 3967 50 90 76 12 63 38 30 6.6 11 6.5 24
32-6B1


6 3.969
32.8 28.744 2.5x1 57 1409 3510 52 92 78 12 65 39 32 6.6 11 6.5 24


32-6B2 32.8 28.744 2.5x2 112 2556 7020 52 128 78 12 65 39 32 6.6 11 6.5 24
32-6C1 32.8 28.744 3.5x1 78 1888 4936 52 104 78 12 65 39 32 6.6 11 6.5 24
32-8B1


8 4.763
33 28.132 2.5x1 58 1810 4227 54 110 88 16 70 40 33 9 14 8.5 30


32-8B2 33 28.132 2.5x2 115 3284 8453 54 158 88 16 70 40 33 9 14 8.5 30
32-8C1 33 28.132 3.5x1 82 2428 5948 54 126 88 16 70 40 33 9 14 8.5 30
32-10B1


10


6.350


33.4 26.91 2.5x1 58 2651 5600 57 122 91 16 73 44 37 9 14 8.5 30
32-10B2 33.4 26.91 2.5x2 118 4810 11199 57 182 91 16 73 44 37 9 14 8.5 30
32-10C1 33.4 26.91 3.5x1 86 3519 7785 57 142 91 16 73 44 37 9 14 8.5 30
32-12A2


12
33.4 26.91 1.5x2 72 3035 6555 62 180 108 16 86 44 38 9 14 8.5 15


32-12B1 33.4 26.91 2.5x1 62 2650 5599 62 138 108 16 86 44 38 9 14 8.5 20
32-16A2 16 33.4 26.91 1.5x2 72 3035 6555 62 180 108 16 86 44 38 9 14 8.5 20
36-6B1


36
6 3.969


36.8 32.744 2.5x1 62 1486 3969 55 92 82 12 68 42 32 6.6 11 6.5 24
36-6B2 36.8 32.744 2.5x2 121 2696 7937 55 128 82 12 68 42 32 6.6 11 6.5 24
36-10B2 10 6.350 37.4 30.91 2.5x2 132 5105 12669 62 184 104 18 82 49 40 11 17.5 11 30


OIL HOLE


ØD-0.1
-0.3ØDg6


ØF


Ø
X


Ø
Y


L±1.5


S


Z


T


1/8PT


W
m


ax


Hmax


BCD E


30°30°
ØD-0.1


-0.3


Remark : Stiffness values listed above are derived from theoretical formula while preload is 10% of dynamic load rating. 







S99TE17-121248


TypeF D V


OIL HOLE


ØD-0.1
-0.3ØDg6


ØF


Ø
X


Ø
Y


L±1.5


S


Z


T


1/8PT


W
m


ax


Hmax


BCD E


30°30°
ØD-0.1
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Model
Size


Ball
Dia.


PCD RD Circuits
Stiffness
kgf / μm


K


Dynamic
Load


1x106 revs
C (kgf)


Static
 Load


Co (kgf )


Nut Flange
Return
Tube


Bolt Fit


Nominal
Dia.


Lead D L F T BCD-E W H X Y Z S


40-5B1


40


5 3.175
40.6 37.324 2.5x1 65 1141 3567 58 84 92 16 72 46 34 9 14 8.5 30


40-5B2 40.6 37.324 2.5x2 132 2071 7134 58 114 92 16 72 46 34 9 14 8.5 30
40-6B2 6 3.969 40.8 36.744 2.5x2 136 2817 8855 60 132 94 16 76 47 36 9 14 8.5 30
40-8B1


8 4.763
41 36.132 2.5x1 69 2003 5302 62 110 96 16 78 48 38 9 14 8.5 30


40-8B2 41 36.132 2.5x2 137 3634 10603 62 158 96 16 78 48 38 9 14 8.5 30
40-8C1 41 36.132 3.5x1 96 2679 7438 62 126 96 16 78 48 38 9 14 8.5 30
40-10B1


10 6.350
41.4 34.91 2.5x1 72 2959 7069 65 132 106 18 85 52 42 11 17.5 11 30


40-10B2 41.4 34.91 2.5x2 145 5370 14138 65 192 106 18 85 52 42 11 17.5 11 30
40-10C1 41.4 34.91 3.5x1 102 3932 9841 65 152 106 18 85 52 42 11 17.5 11 30
40-12A2 12 6.350 41.4 34.91 1.5x2 88 3402 8316 65 160 106 18 84 52 42 11 17.5 11 20
40-12B1


12


7.144


41.6 34.299 2.5x1 70 3425 7837 70 153 112 18 90 55 43 11 17.5 11 40
40-12B2 41.6 34.299 2.5x2 141 6217 15674 70 225 112 18 90 55 43 11 17.5 11 40
40-12C1 12 41.6 34.299 3.5x1 103 3932 9841 65 158 106 18 85 52 42 11 17.5 11 30
40-16A2 16 41.6 34.299 1.5x2 88 4006 9404 75 209 117 18 95 53 43 11 17.5 11 40
40-16B1 16 41.6 34.299 2.5x1 118 3425 7837 75 153 117 18 95 53 43 11 17.5 11 40
40-20A1 20


6.350
41.4 34.91 1.5x1 44 1874 4158 65 152 106 18 85 52 42 11 17.5 11 30


45-10B1
45


10
46.4 39.91 2.5x1 76 3116 7953 70 134 112 18 90 58 48 11 17.5 11 30


45-10B2 46.4 39.91 2.5x2 156 5655 15905 70 194 112 18 90 58 48 11 17.5 11 30
45-12B2 12 7.938 46.8 38.688 2.5x2 162 7627 19799 74 230 122 22 97 60 49 13 20 13 40
50-5A2


50


5
3.175


50.6 47.324 1.5x2 96 1447 5382 70 107 104 16 86 56 40 9 14 8.5 30
50-5A3 50.6 47.324 1.5x3 143 2051 8072 70 127 104 16 86 56 40 9 14 8.5 30
50-5B2 5 50.6 47.324 2.5x2 153 2245 8969 70 116 104 16 86 56 40 9 14 8.5 30
50-6B2


6 3.969
50.8 46.744 2.5x2 161 3093 11149 72 134 106 16 88 57 43 9 14 8.5 30


50-6B3 50.8 46.744 2.5x3 235 4384 16723 72 170 106 16 88 57 43 9 14 8.5 30
50-8B1


8 4.763
51 46.132 2.5x1 81 2206 6705 75 112 116 18 95 58 45 11 17.5 11 30


50-8B2 51 46.132 2.5x2 165 4004 13409 75 160 116 18 95 58 45 11 17.5 11 30
50-8B3 51 46.132 2.5x3 244 5674 20114 75 208 116 18 95 58 45 11 17.5 11 30
50-10B2


10 6.350
51.4 44.91 2.5x2 173 5923 17670 78 194 119 18 98 62 48 11 17.5 11 30


50-10B3 51.4 44.91 2.5x3 255 8394 26505 78 254 119 18 98 62 48 11 17.5 11 30
50-10C1 51.4 44.91 3.5x1 120 4393 12481 78 154 119 18 98 62 48 11 17.5 11 30
50-12B2


12 7.938
51.8 43.688 2.5x2 178 8022 22094 82 232 130 22 105 64 52 13 20 13 40


50-12C1 51.8 43.688 3.5x1 123 5875 15380 82 184 130 22 105 64 52 13 20 13 40
55-10C1


55
10 6.350 56.4 49.91 3.5x1 132 4562 13661 84 154 125 18 103 68 54 11 17.5 11 40


55-12B2 12 7.938 56.8 48.688 2.5x2 185 8392 24390 88 232 136 22 110 70 56 13 20 13 40


Remark : Stiffness values listed above are derived from theoretical formula while preload is 10% of dynamic load rating.







S99TE17-1212 49


TypeF D V


OIL HOLE
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Model
Size


Ball
Dia.


PCD RD Circuits
Stiffness
kgf / μm


K


Dynamic
Load


1x106 revs
C (kgf)


Static
 Load


Co (kgf )


Nut Flange
Return
Tube


Bolt Fit


Nominal
Dia.


Lead D L F T BCD-E W H X Y Z S


63-8A2


63


8 4.763
64 59.132 1.5x2 107 2826 10129 87 142 129 18 107 70 50 11 17.5 11 40


63-8A3 64 59.132 1.5x3 154 4004 15193 87 171 129 18 107 70 50 11 17.5 11 40
63-10B2


10 6.350
64.4 57.91 2.5x2 206 6533 22371 90 196 132 20 110 74 56 11 17.5 11 30


63-10B3 64.4 57.91 2.5x3 305 9258 33556 90 256 132 20 110 74 56 11 17.5 11 30
63-12B2 12 7.938 64.8 56.688 2.5x2 214 8943 28062 94 232 142 22 117 76 57 13 20 13 40
63-16B2 16


9.525
65.2 55.466 2.5x2 280 14862 46009 100 296 150 22 123 78 62 13 20 13 40


63-20B2 20 65.2 55.466 2.5x2 280 14862 46009 100 334 150 22 123 78 62 13 20 13 40
70-10B2


70
10 6.350


71.4 64.91 2.5x2 228 6843 25011 104 196 152 20 128 80 56 13 20 13 40
70-10B3 71.4 64.91 2.5x3 334 9698 37516 104 256 152 20 128 80 56 13 20 13 40
70-12B2


12 7.938
71.8 63.688 2.5x2 236 9382 31275 110 232 159 22 133 82 58 13 20 13 40


70-12B3 71.8 63.688 2.5x3 336 13296 46912 110 302 159 22 133 82 58 13 20 13 40
80-10B2


80


10 6.350
81.4 74.91 2.5x2 251 7202 28538 115 200 163 22 137 90 64 13 20 13 40


80-10B3 81.4 74.91 2.5x3 368 10207 42807 115 260 163 22 137 90 64 13 20 13 40
80-12B2


12 7.938
81.8 73.688 2.5x2 257 9797 35422 120 232 169 22 143 92 67 13 20 13 40


80-12B3 81.8 73.688 2.5x3 380 13884 53132 120 302 169 22 143 92 67 13 20 13 40
80-16B2


16
9.525


82.2 72.466 2.5x2 340 16485 58851 125 302 190 28 154 94 70 18 26 17.5 50
80-16B3 82.2 72.466 2.5x3 498 23363 88276 125 398 190 28 154 94 70 18 26 17.5 50
80-20B2


20
82.2 72.466 2.5x2 338 16485 58851 125 345 190 28 154 94 70 18 26 17.5 50


80-20B3 82.2 72.466 2.5x3 498 23363 88276 125 470 190 28 154 94 70 18 26 17.5 50
100-12B2


100


12 7.938
101.8 93.688 2.5x2 301 10761 44596 145 240 209 28 173 112 76 18 26 17.5 50


100-12B3 101.8 93.688 2.5x3 452 15251 66894 145 312 209 28 173 112 76 18 26 17.5 50
100-16B2


16
9.525


102.2 92.466 2.5x2 400 18125 74425 150 308 228 32 185 114 80 22 32 21.5 60
100-16B3 102.2 92.466 2.5x3 595 25684 111637 150 404 228 32 185 114 80 22 32 21.5 60
100-20B2


20
102.2 92.466 2.5x2 400 18123 74425 150 350 228 32 185 114 80 22 32 21.5 60


100-20B3 102.2 92.466 2.5x3 595 25684 111637 150 475 228 32 185 114 80 22 32 21.5 60


Remark : Stiffness values listed above are derived from theoretical formula while preload is 10% of dynamic load rating.







S99TE17-121250


TypeF D W


Model


Size
Ball
Dia.


PCD RD Circuits
Stiffness
kgf / μm


K


Dynamic
Load


1x106 revs
C (kgf)


Static
 Load


Co (kgf )


Nut Flange Bolt Fit


Nominal
Dia.


Lead D L F T BCD-E X Y Z S


16-5B2
16


5 3.175


16.6 13.324 2.5x2 65 1385 2799 40 110 64 12 51 5.5 9.5 5.5 24
16-5B1 16.6 13.324 2.5x1 32 763 1400 40 80 64 12 51 5.5 9.5 5.5 24
16-5C1 16.6 13.324 3.5x1 46 1013 1946 40 90 64 12 51 5.5 9.5 5.5 24
20-5B1


20


20.6 17.324 2.5x1 38 837 1733 44 80 68 12 55 5.5 9.5 5.5 24
20-5B2 20.6 17.324 2.5x2 76 1519 3465 44 110 68 12 55 5.5 9.5 5.5 24
20-6B1


6 3.969
20.8 16.744 2.5x1 40 1139 2187 48 92 72 12 59 5.5 9.5 5.5 24


20-6C1 20.8 16.744 3.5x1 55 1512 3041 48 104 72 12 59 5.5 9.5 5.5 24
25-5A2


25


5 3.175


25.6 22.324 1.5x2 54 1092 2622 50 102 73 11 61 5.5 9.5 5.5 24
25-5B1 25.6 22.324 2.5x1 46 939 2209 50 80 74 12 62 5.5 9.5 5.5 24
25-5B2 25.6 22.324 2.5x2 90 1704 4417 50 110 74 12 62 5.5 9.5 5.5 24
25-5C1 25.6 22.324 3.5x1 68 1252 3085 50 90 74 12 62 5.5 9.5 5.5 24
25-6B2


6 3.969
25.8 21.744 2.5x2 94 2304 5524 56 128 82 12 69 6.6 11 6.5 24


25-6C1 25.8 21.744 3.5x1 66 1690 3844 56 104 82 12 69 6.6 11 6.5 24
25-10B1 10 4.763 26 21.132 2.5x1 48 1592 3237 60 122 86 16 73 6.6 11 6.5 24
28-5B1


28
5


3.175


28.6 25.324 2.5x1 51 984 2466 55 80 85 12 69 6.6 11 6.5 24
28-5B2 28.6 25.324 2.5x2 98 1785 4932 55 110 85 12 69 6.6 11 6.5 24
28-6A2


6
28.6 25.324 1.5x2 59 1150 2960 55 110 85 12 69 6.6 11 6.5 24


28-6B2 28.6 25.324 2.5x2 98 1776 4980 55 123 85 12 69 6.6 11 6.5 24
32-4B2


32


4 2.381 32.25 29.792 2.5x2 91 1071 3582 54 93 81 12 67 6.6 11 6.5 24
32-5B1


5 3.175
32.6 29.324 2.5x1 55 1039 2833 58 80 84 12 71 6.6 11 6.5 24


32-5B2 32.6 29.324 2.5x2 109 1886 5666 58 110 84 12 71 6.6 11 6.5 24
32-5C1 32.6 29.324 3.5x1 76 1388 3967 58 90 84 12 71 6.6 11 6.5 24
32-6B1


6 3.969
32.8 28.744 2.5x1 57 1409 3510 62 92 88 12 75 6.6 11 6.5 24


32-6B2 32.8 28.744 2.5x2 112 2556 7020 62 128 88 12 75 6.6 11 6.5 24
32-6C1 32.8 28.744 3.5x1 78 1888 4936 62 104 88 12 75 6.6 11 6.5 24
32-8A2


8 4.763


33 28.132 1.5x2 70 2082 5151 66 135 100 15 82 9 14 8.5 30
32-8B1 33 28.132 2.5x1 58 1810 4227 66 110 100 16 82 9 14 8.5 30
32-8B2 33 28.132 2.5x2 115 3284 8453 66 158 100 16 82 9 14 8.5 30
32-8B3 33 28.132 2.5x3 168 4653 12678 74 205 108 16 90 9 14 8.5 30
32-8C1 33 28.132 3.5x1 82 2428 5948 66 126 100 16 82 9 14 8.5 30
32-10A2


10


6.350


33.4 26.91 1.5x2 72 3051 6612 74 167 108 15 90 9 14 8.5 30
32-10B1 33.4 26.91 2.5x1 58 2651 5600 74 122 108 16 90 9 14 8.5 30
32-10B2 33.4 26.91 2.5x2 118 4810 11199 74 182 108 16 90 9 14 8.5 30
32-10C1 33.4 26.91 3.5x1 86 3519 7785 74 142 108 16 90 9 14 8.5 30
32-12B1


12
33.4 26.91 2.5x1 62 2602 5510 74 153 108 18 90 9 14 8.5 30


32-12B2 33.4 26.91 2.5x2 118 4810 11199 74 232 108 16 90 9 14 8.5 30
32-12C1 33.4 26.91 3.5x1 84 3518 7784 74 166 108 16 90 9 14 8.5 30


ØD -0.1
-0.3ØD-0.1


-0.3ØDg6ØF
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Ø
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OIL HOLE


Remark : Stiffness values listed above are derived from theoretical formula while preload is 10% of dynamic load rating.
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Model


Size
Ball
Dia.


PCD RD Circuits
Stiffness
kgf / μm


K


Dynamic
Load


1x106 revs
C (kgf)


Static
 Load


Co (kgf )


Nut Flange Bolt Fit


Nominal
Dia.


Lead D L F T BCD-E X Y Z S


36-6B1


36


6 3.969
36.8 32.744 2.5x1 62 1486 3969 65 92 100 12 82 6.6 11 6.5 24


36-6B2 36.8 32.744 2.5x2 121 2696 7937 65 128 100 12 82 6.6 11 6.5 24
36-12A2


12
4.763 37 32.132 1.5x2 80 2557 6693 70 155 108 15 90 9 14 8.5 30


36-12B1
6.350


37.4 30.91 2.5x1 67 2812 6334 75 126 120 16 98 11 17.5 11 30
36-10B2 10 37.4 30.91 2.5x2 132 5105 12669 75 184 120 18 98 11 17.5 11 30
36-12B2 12 37.4 30.91 2.5x2 130 5105 12668 75 206 120 18 98 11 17.5 11 30
36-8A2


8 4.763
37 32.132 1.5x2 77 2217 5669 70 135 108 15 90 9 14 8.5 30


36-8B2 37 32.132 2.5x2 126 3489 9606 70 158 108 15 90 9 14 8.5 30
40-5B1


40


5 3.175
40.6 37.324 2.5x1 65 1141 3567 68 84 102 16 84 9 14 8.5 30


40-5B2 40.6 37.324 2.5x2 132 2071 7134 68 114 102 16 84 9 14 8.5 30
40-6B2 6 3.969 40.8 36.744 2.5x2 136 2817 8855 70 132 104 16 86 9 14 8.5 30
40-8B1


8 4.763


41 36.132 2.5x1 69 2003 5302 74 110 108 16 90 9 14 8.5 30
40-8B2 41 36.132 2.5x2 137 3634 10603 74 158 108 16 90 9 14 8.5 30
40-8B3 41 36.132 2.5x3 200 5150 15904 74 210 108 15 90 9 14 8.5 30
40-8C1 41 36.132 3.5x1 96 2679 7438 74 126 108 16 90 9 14 8.5 30
40-10A2


10 6.350


41.4 34.91 1.5x2 87 3418 8398 82 170 124 18 102 11 17.5 11 30
40-10B1 41.4 34.91 2.5x1 72 2959 7069 84 132 125 18 104 11 17.5 11 30
40-10B2 41.4 34.91 2.5x2 145 5370 14138 84 192 125 18 104 11 17.5 11 30
40-10C1 41.4 34.91 3.5x1 102 3932 9841 84 152 125 18 104 11 17.5 11 30
40-12A2


12


7.144


41.6 34.299 1.5x2 88 4006 9404 86 160 128 18 106 11 17.5 11 30
40-12B1 41.6 34.299 2.5x1 70 3425 7837 86 153 128 18 106 11 17.5 11 40
40-12B2 41.6 34.299 2.5x2 141 6217 15674 86 225 128 18 106 11 17.5 11 40
40-12C1 41.6 34.299 3.5x1 103 4637 11146 86 179 128 18 106 11 17.5 11 30
40-16A2


16
41.6 34.299 1.5x2 83 4007 9405 86 214 128 18 106 11 17.5 11 40


40-16B1 41.6 34.299 2.5x1 72 3425 7837 86 182 128 18 106 11 17.5 11 40
40-16B2 41.6 34.299 2.5x2 143 6216 15674 86 272 128 22 106 11 17.5 11 30
45-10B1


45
10 6.350


46.4 39.91 2.5x1 76 3111 7953 88 134 132 18 110 11 17.5 11 30
45-10B2 46.4 39.91 2.5x2 156 5655 15905 88 194 132 18 110 11 17.5 11 30
45-12B2 12 7.938 46.8 38.688 2.5x2 162 7627 19799 96 230 142 22 117 13 20 13 40
45-16B2 16 7.144 46.6 39.299 2.5x2 158 6636 17895 90 278 132 18 110 11 17.5 11 30
50-5A2


50


5 3.175
50.6 47.324 1.5x2 96 1447 5382 80 107 114 16 96 9 14 8.5 30


50-5A3 50.6 47.324 1.5x3 143 2051 8072 80 127 114 16 96 9 14 8.5 30
50-6B2


6 3.969
50.8 46.744 2.5x2 161 3093 11149 84 134 118 16 100 9 14 8.5 30


50-6B3 50.8 46.744 2.5x3 235 4384 16723 84 170 118 16 100 9 14 8.5 30
50-8B1


8 4.763
51 46.132 2.5x1 81 2206 6705 87 112 128 18 107 11 17.5 11 30


50-8B2 51 46.132 2.5x2 165 4004 13409 87 160 128 18 107 11 17.5 11 30
50-8B3 51 46.132 2.5x3 244 5674 20114 87 208 128 18 107 11 17.5 11 30
50-10B1 10 6.350 51.4 44.91 2.5x1 88 3245 8918 93 133 135 18 113 11 17.5 11 30


Remark : Stiffness values listed above are derived from theoretical formula while preload is 10% of dynamic load rating.
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Model


Size
Ball
Dia.


PCD RD Circuits
Stiffness
kgf / μm


K


Dynamic
Load


1x106 revs
C (kgf)


Static
 Load


Co (kgf )


Nut Flange Bolt Fit


Nominal
Dia.


Lead D L F T BCD-E X Y Z S


50-10B2


50


10 6.350
51.4 44.91 2.5x2 173 5923 17670 94 194 135 18 114 11 17.5 11 30


50-10B3 51.4 44.91 2.5x3 255 8394 26505 94 254 135 18 114 11 17.5 11 30
50-10C1 51.4 44.91 3.5x1 120 4393 12481 94 154 135 18 114 11 17.5 11 30
50-12B1


12
7.938


51.8 43.688 2.5x1 90 4367 10918 100 159 146 22 122 14 20 13 40
50-12B2 51.8 43.688 2.5x2 178 8022 22094 102 232 150 22 125 13 20 13 40
50-12C1 51.8 43.688 3.5x1 123 5875 15380 102 184 150 22 125 13 20 13 40
50-16B2 16 51.8 43.688 2.5x2 174 7918 21837 100 280 146 22 122 14 20 13 40
50-20B1 20 51.8 43.688 2.5x1 90 4367 10918 100 227 146 28 122 14 20 13 40
55-10C1


55
10 6.350 56.4 49.91 3.5x1 132 4562 13661 100 154 140 18 118 11 17.5 11 40


55-12B2 12 7.938 56.8 48.688 2.5x2 185 8392 24390 105 232 154 22 127 13 20 13 40
63-8A2


63


8 4.763
64 59.132 1.5x2 107 2826 10129 104 142 146 18 124 11 17.5 11 40


63-8A3 64 59.132 1.5x3 154 4004 15193 104 174 146 18 124 11 17.5 11 40
63-10B2


10 6.350
64.4 57.91 2.5x2 206 6533 22371 110 196 152 20 130 11 17.5 11 30


63-10B3 64.4 57.91 2.5x3 305 9258 33556 110 256 152 20 130 11 17.5 11 30
63-12B2 12 7.938 64.8 56.688 2.5x2 214 8943 28062 118 232 166 22 141 13 20 13 40
63-16B2 16


9.525
65.2 55.466 2.5x2 280 14862 46009 124 296 172 22 147 13 20 13 40


63-20B2 20 65.2 55.466 2.5x2 280 14862 46009 124 334 172 22 147 13 20 13 40
70-10B2


70


10 6.350
71.4 64.91 2.5x2 228 6843 25011 124 196 170 20 145 13 20 13 40


70-10B3 71.4 64.91 2.5x3 334 9698 37516 124 256 170 20 145 13 20 13 40
70-12B2


12 7.938
71.8 63.688 2.5x2 236 9382 31275 130 232 178 22 152 13 20 13 40


70-12B3 71.8 63.688 2.5x3 336 13296 46912 130 302 178 22 152 13 20 13 40
70-20B2 20 9.525 72.2 62.466 2.5x2 300 15644 51502 130 325 186 28 158 18 26 17.5 60
80-10B2


80


10 6.350
81.4 74.91 2.5x2 251 7202 28538 130 200 178 22 152 13 20 13 40


80-10B3 81.4 74.91 2.5x3 368 10207 42807 130 260 178 22 152 13 20 13 40
80-12B2


12 7.938
81.8 73.688 2.5x2 257 9797 35422 136 232 185 22 159 13 20 13 40


80-12B3 81.8 73.688 2.5x3 380 13884 53132 136 302 185 22 159 13 20 13 40
80-16B2


16
9.525


82.2 72.466 2.5x2 340 16485 58851 145 302 210 28 174 18 26 17.5 50
80-16B3 82.2 72.466 2.5x3 498 23363 88276 145 398 210 28 174 18 26 17.5 50
80-20B2


20
82.2 72.466 2.5x2 338 16485 58851 145 345 210 28 174 18 26 17.5 50


80-20B3 82.2 72.466 2.5x3 498 23363 88276 145 470 210 28 174 18 26 17.5 50
100-12B2


100


12 7.938
101.8 93.688 2.5x2 301 10761 44596 160 240 224 28 188 18 26 17.5 50


100-12B3 101.8 93.688 2.5x3 452 15251 66894 160 312 224 28 188 18 26 17.5 50
100-16B2


16
9.525


102.2 92.466 2.5x2 400 18123 74425 170 308 248 32 205 22 32 21.5 60
100-16B3 102.2 92.466 2.5x3 595 25684 111637 170 404 248 32 205 22 32 21.5 60
100-20B2


20
102.2 92.466 2.5x2 400 18123 74425 170 350 248 32 205 22 32 21.5 60


100-20B3 102.2 92.466 2.5x3 595 25684 111637 170 475 248 32 205 22 32 21.5 60


Remark : Stiffness values listed above are derived from theoretical formula while preload is 10% of dynamic load rating.







S99TE17-1212 53


TypeF S I


Model


Size
Ball
Dia.


PCD RD Circuits
Stiffness
kgf / μm


K


Dynamic
Load


1x106 revs
C (kgf)


Static
Load


Co (kgf )


Flange Bolt Fit


Nominal
Dia.


Lead D L F T BCD-E X Y Z S


 8-2.5T3 8 2.5 1.500 8.2 6.652 3 8 170 267 18 28 35 5 27 4.5 0 0 0
14-2.54T3


14
2.54


2.000
14.2 12.136 3 12 339 655 30 39 50 10.6 40 5 7 5 0


14-4T3 4 14.2 12.136 3 12 339 655 26 33 48 6 36 5.5 0 0 0
16-2T3


16


2
1.500


16.2 14.652 3 14 252 593 27 36 44 10 34 4.5 8 4.5 0
16-2.5T4 2.5 16.2 14.652 4 19 358 862 27 44 44 10 34 4.5 8 4.5 12
16-5T3


5
3.175


16.6 13.324 3 11 731 1331 30 46 54 12 41 5.5 9.5 5.5 12
16-5T4 16.6 13.324 4 12 936 1775 30 52 54 12 41 5.5 9.5 5.5 12
16-6T4 6 16.6 13.324 4 21 936 1775 32 58 54 12 42 5.5 9.5 5.5 12
20-2T6


20


2 1.500
20.2 18.652 6 32 518 1551 32 52 52 10 40 5.5 9.5 5.5 12


20-2T4 20.2 18.652 4 36 399 1112 32 40 52 10 40 5.5 9.5 5.5 12
20-2.5T5 2.5


2.000
20.2 18.136 5 28 637 1635 36 51 59 12 47 5.5 9.5 5.5 12


20-2.54T6 2.54 20.2 18.136 6 33 745 1962 36 55 59 12 47 5.5 9.5 5.5 12
20-4T3 4 2.381 20.25 17.792 3 17 509 1134 36 40 59 10 47 5.5 9.5 5.5 12
20-5T3


5 3.175
20.6 17.324 3 20 852 1767 34 46 57 12 45 5.5 9.5 5.5 12


20-5T4 20.6 17.324 4 27 1091 2356 34 53 57 12 45 5.5 9.5 5.5 12
20-6T3


6
3.969


20.8 16.744 3 20 1091 2081 36 51 60 12 48 5.5 9.5 5.5 12
20-6T4 20.8 16.744 4 27 1398 2774 36 61 60 12 48 5.5 9.5 5.5 12
20-10T3 10 20.8 16.744 3 20 1091 2080 35 64 57 12 45 5.5 9.5 5.5 12
25-2T6


25


2 1.500
25.2 23.652 6 39 560 1960 36 50 58 10 46 5.5 9.5 5.5 12


25-2T4 25.2 23.652 4 27 395 1307 36 40 58 10 46 5.5 9.5 5.5 12
25-2T3 25.2 23.652 3 20 309 980 36 35 58 10 46 5.5 9.5 5.5 12
25-2.5T5 2.5 2.000 25.2 23.136 5 34 716 2117 40 52 64 10 51 6.6 11 6.5 12
25-4T4 4 2.381 25.25 22.792 4 28 747 1989 40 53 64 12 51 5.5 9.5 5.5 12
25-5T3


5
3.175


25.6 22.324 3 28 977 2314 40 46 64 11 51 5.5 9.5 5.5 10
25-5T4 25.6 22.324 4 37 1252 3085 40 51 64 11 51 5.5 9.5 5.5 10
25-5T5 25.6 22.324 5 40 1516 3856 40 56 63 11 51 5.5 9.5 5.5 10
25-5T6 25.6 22.324 6 48 1773 4627 40 65 63 11 51 5.5 9.5 5.5 10
25-6T3


3.969
25.8 21.744 3 28 1272 2762 42 51 65 12 53 5.5 9.5 5.5 12


25-6T4 25.8 21.744 4 37 1628 3682 42 61 65 12 53 5.5 9.5 5.5 12
25-10T3


10 4.763
26 21.132 3 25 1591 3236 45 65 69 15 55 6.6 11 6.5 12


25-10T4 26 21.132 4 33 2038 4315 45 80 69 15 55 6.6 11 6.5 12


Ø
X


ØD-0.1
-0.3ØDg6


ØF


OIL HOLE


Ø
Y


L


Z


ST


30°


30°


BCD E


T=5  M3
T=6  M5
T=10,11  M6x1P
T≥12  1/8PT


Remark : Stiffness values listed above value are derived from theoretical formula while axial load is 30% of dynamic load rating without 
preload.







S99TE17-121254


TypeF S I


Ø
X


ØD-0.1
-0.3ØDg6


ØF


OIL HOLE


Ø
Y


L


Z


ST


30°


30°


BCD E


T=5  M3
T=6  M5
T=10,11  M6x1P
T≥12  1/8PT


Model


Size
Ball
Dia.


PCD RD Circuits
Stiffness
kgf / μm


K


Dynamic
Load


1x106 revs
C (kgf)


Static
Load


Co (kgf )


Nut Flange Bolt Fit


Nominal
Dia.


Lead D L F T BCD-E X Y Z S


32-5T3


32


5 3.175
32.6 29.324 3 33 1117 3081 44 48 46 74 12 60 6.6 11 6.5 12


32-5T4 32.6 29.324 4 42 1431 4108 44 48 53 74 12 60 6.6 11 6.5 12
32-5T6 32.6 29.324 6 63 2027 6162 44 48 66 74 12 60 6.6 11 6.5 12
32-6T3


6 3.969
32.8 28.744 3 33 1446 3620 45 50 51 76 12 62 6.6 11 6.5 12


32-6T4 32.8 28.744 4 43 1852 4826 45 50 61 76 12 62 6.6 11 6.5 12
32-6T6 32.8 28.744 6 65 2625 7239 45 50 75 76 12 62 6.6 11 6.5 12
32-8T3


8 4.763
33 28.132 3 35 1810 4227 47 52 63 78 16 64 6.6 11 6.5 12


32-8T4 33 28.132 4 47 2317 5635 47 52 74 78 16 64 6.6 11 6.5 12
32-10T3


10 6.350
33.4 26.91 3 35 2539 5327 51 56 72 82 16 68 6.6 11 6.5 12


32-10T4 33.4 26.91 4 48 3252 7102 51 56 83 82 16 68 6.6 11 6.5 12
40-5T4


40


5 3.175
40.6 37.324 4 50 1599 5280 51 54 53 80 16 66 6.6 11 6.5 12


40-5T6 40.6 37.324 6 74 2265 7919 51 54 66 80 16 66 6.6 11 6.5 12
40-5.08T6 5.08 3.175 40.6 37.324 6 74 2265 7919 53 56 65 90 15 72 9 14 8.5 15
40-6T4


6 3.969
40.8 36.744 4 50 2136 6420 53 56 65 88 16 72 9 14 8.5 15


40-6T6 40.8 36.744 6 74 3028 9630 53 56 79 88 16 72 9 14 8.5 15
40-8T4


8 4.763
41 36.132 4 52 2728 7596 55 60 78 92 16 75 9 14 8.5 15


40-8T6 41 36.132 6 76 3866 11394 55 60 99 92 16 75 9 14 8.5 15
40-10T3


10 6.350
41.4 34.91 3 40 2959 7069 60 65 76 96 16 80 9 14 8.5 15


40-10T4 41.4 34.91 4 51 3789 9426 60 65 87 96 16 80 9 14 8.5 15
50-5T4


50


5 3.175
50.6 47.324 4 62 1757 6745 62 65 57 96 16 80 9 14 8.5 15


50-5T6 50.6 47.324 6 91 2490 10117 62 65 70 96 16 80 9 14 8.5 15
50-6T4


6 3.969
50.8 46.744 4 62 2388 8250 64 68 65 100 16 84 9 14 8.5 15


50-6T6 50.8 46.744 6 93 3384 12375 64 68 79 100 16 84 9 14 8.5 15
50-8T4


8 4.763
51 46.132 4 62 2998 9578 65 70 78 102 16 85 9 14 8.5 15


50-8T6 51 46.132 6 92 4249 14367 65 70 99 102 16 85 9 14 8.5 15
50-10T3


10 6.350
51.4 44.91 3 50 3397 9256 69 74 78 114 18 92 11 17.5 11 20


50-10T4 51.4 44.91 4 63 4350 12341 69 74 89 114 18 92 11 17.5 11 20
50-10T6 51.4 44.91 6 94 6165 18511 69 74 112 114 18 92 11 17.5 11 20
50-12T3


12 7.938
51.8 43.688 3 50 4420 11047 73 78 90 118 18 96 11 17.5 11 20


50-12T4 51.8 43.688 4 63 5660 14730 73 78 103 118 18 96 11 17.5 11 20
50-20T4 20 9.525 52.2 42.466 4 80 9327 23955 75 78 186 129 28 105 14 20 13 30


Remark : Stiffness values listed above value are derived from theoretical formula while axial load is 30% of dynamic load rating without 
preload.







S99TE17-1212 55


TypeF S I


Ø
X


ØD-0.1
-0.3ØDg6


ØF


OIL HOLE


Ø
Y


L


Z


ST


30°


30°


BCD E


T=5  M3
T=6  M5
T=10,11  M6x1P
T≥12  1/8PT


Model


Size
Ball
Dia.


PCD RD Circuits
Stiffness
kgf / μm


K


Dynamic
Load


1x106 revs
C (kgf)


Static
Load


Co (kgf )


Nut Flange Bolt Fit


Nominal
Dia.


Lead D L F T BCD-E X Y Z S


63-6T4


63


6 3.969
63.8 59.744 4 75 2614 10542 78 80 66 119 18 98 11 17.5 11 20


63-6T6 63.8 59.744 6 113 3704 15813 78 80 81 119 18 98 11 17.5 11 20
63-8T4


8 4.763
64 59.132 4 77 3395 12541 79 82 80 122 18 100 11 17.5 11 20


63-8T6 64 59.132 6 114 4812 18811 79 82 101 122 18 100 11 17.5 11 20
63-10T4


10 6.350
64.4 57.91 4 79 4860 15858 82 88 91 134 20 110 14 20 13 20


63-10T6 64.4 57.91 6 115 6887 23786 82 88 114 134 20 110 14 20 13 20
63-12T4


12 7.938
64.8 56.688 4 78 6479 19293 86 92 105 138 20 114 14 20 13 20


63-12T6 64.8 56.688 6 113 9182 28939 86 92 133 138 20 114 14 20 13 20
80-10T4


80


10 6.350
81.4 74.91 4 96 5559 21118 99 105 91 152 20 127 14 20 13 20


80-10T6 81.4 74.91 6 140 7879 31677 99 105 114 152 20 127 14 20 13 20
80-12T4


12 7.938
81.8 73.688 4 97 7430 25681 103 110 109 170 24 138 18 26 17.5 25


80-12T6 81.8 73.688 6 141 10530 38521 103 110 137 170 24 138 18 26 17.5 25
80-16T3


16
9.525


82.2 72.466 3 95 9663 31622 108 115 118 174 24 143 18 26 17.5 25
80-16T4 82.2 72.466 4 130 12375 42162 108 115 136 174 24 143 18 26 17.5 25
80-20T3


20
82.2 72.466 3 95 9663 31622 108 115 138 174 24 143 18 26 17.5 25


80-20T4 82.2 72.466 4 125 12375 42162 108 115 161 174 24 143 18 26 17.5 25
100-12T4


100


12 7.938
101.8 93.688 4 105 8306 33001 123 130 109 190 24 158 18 26 17.5 25


100-12T6 101.8 93.688 6 175 11772 49502 123 130 137 190 24 158 18 26 17.5 25
100-16T4


16
9.525


102.2 92.466 4 107 13569 53161 125 135 136 194 24 163 18 26 17.5 30
100-16T6 102.2 92.466 6 140 19230 79741 125 135 173 194 24 163 18 26 17.5 30
100-20T4 20 102.2 92.466 4 155 13569 53161 125 135 161 194 24 163 18 26 17.5 30


Remark : Stiffness values listed above value are derived from theoretical formula while axial load is 30% of dynamic load rating without 
preload.







S99TE17-121256


TypeR S I


Model


Size
Ball
Dia.


PCD RD Circuits
Stiffness
kgf / μm


K


Dynamic
Load


1x106 revs
C (kgf)


Static
Load


Co (kgf )


Nut Keyway


Nominal
Dia.


Lead D L K W H K1


16-2T4
16


2 1.500 16.2 14.652 4 15 178 395 25 25 25 20 3 1.8 2.5
16-5T3


5 3.175


16.6 13.324 3 11 731 1331 28 30 40 20 3 1.8 10
16-5T4 16.6 13.324 4 12 936 1775 28 30 46 20 3 1.8 13
20-5T3


20


20.6 17.324 3 20 852 1767 32 34 41 20 3 1.8 10.5
20-5T4 20.6 17.324 4 27 1091 2356 32 34 48 20 3 1.8 14
20-6T3


6 3.969
20.8 16.744 3 20 1091 2081 34 36 46 20 4 2.5 13


20-6T4 20.8 16.744 4 27 1398 2774 34 36 56 25 4 2.5 15.5
25-5T3


25
5 3.175


25.6 22.324 3 28 977 2314 37 40 41 20 4 2.5 10.5
25-5T4 25.6 22.324 4 37 1252 3085 37 40 48 20 4 2.5 14
25-6T3


6 3.969
25.8 21.744 3 28 1272 2762 38 42 46 20 4 2.5 13


25-6T4 25.8 21.744 4 37 1628 3682 38 42 56 25 4 2.5 15.5
32-5T3


32


5 3.175
32.6 29.324 3 33 1117 3081 44 48 41 20 4 2.5 10.5


32-5T4 32.6 29.324 4 42 1431 4108 44 48 48 20 4 2.5 14
32-5T6 32.6 29.324 6 63 2027 6162 44 48 61 25 4 2.5 18
32-6T3


6 3.969
32.8 28.744 3 33 1446 3620 45 50 46 20 5 3 13


32-6T4 32.8 28.744 4 43 1852 4826 45 50 56 25 5 3 15.5
32-6T6 32.8 28.744 6 65 2625 7239 45 50 70 32 5 3 19
32-8T3


8 4.763
33 28.132 3 35 1810 4227 47 52 59 25 5 3 17


32-8T4 33 28.132 4 47 2317 5635 47 52 70 25 5 3 22.5
32-10T3


10 6.350
33.4 26.91 3 35 2539 5327 51 56 68 25 6 3.5 21.5


32-10T4 33.4 26.91 4 48 3252 7102 51 56 79 32 6 3.5 23.5
40-5T4


40


5 3.175
40.6 37.324 4 50 1599 5280 51 54 48 20 4 2.5 14


40-5T6 40.6 37.324 6 74 2265 7919 51 54 61 25 4 2.5 18
40-6T4


6 3.969
40.8 36.744 4 50 2136 6420 53 56 56 25 5 3 15.5


40-6T6 40.8 36.744 6 74 3028 9630 53 56 70 32 5 3 19
40-8T4


8 4.763
41 36.132 4 52 2728 7596 55 60 70 25 5 3 22.5


40-8T6 41 36.132 6 76 3866 11394 55 60 91 40 5 3 25.5
40-10T3


10 6.350
41.4 34.91 3 40 2959 7069 60 65 68 25 6 3.5 21.5


40-10T4 41.4 34.91 4 51 3789 9426 60 65 79 32 6 3.5 23.5
50-5T4


50


5 3.175
50.6 47.324 4 62 1757 6745 62 65 48 20 4 2.5 14


50-5T6 50.6 47.324 6 91 2490 10117 62 65 61 25 4 2.5 18
50-6T4


6 3.969
50.8 46.744 4 62 2388 8250 64 68 56 25 5 3 15.5


50-6T6 50.8 46.744 6 93 3384 12375 64 68 70 32 5 3 19
50-8T4


8 4.763
51 46.132 4 62 2998 9578 65 70 70 32 5 3 19


50-8T6 51 46.132 6 92 4249 14367 65 70 91 40 5 3 25.5
50-10T3


10 6.350
51.4 44.91 3 50 3397 9256 69 74 68 32 6 3.5 18


50-10T4 51.4 44.91 4 63 4350 12341 69 74 79 32 6 3.5 23.5


ØDg6


H


L


KK1


   
   


P
9


W


Remark : Stiffness values listed above value are derived from theoretical formula while axial load is 30% of dynamic load rating without 
preload.







S99TE17-1212 57


Type


Model


Size
Ball
Dia.


PCD RD Circuits
Stiffness
kgf / μm


K


Dynamic
Load


1x106 revs
C (kgf)


Static
Load


Co (kgf )


Nut Keyway


Nominal
Dia.


Lead D L K W H K1


50-10T6
50 12


6.350 51.4 44.91 6 94 6165 18511 69 74 102 40 6 3.5 31
50-12T3


7.938
51.8 43.688 3 50 4420 11047 73 78 82 40 6 3.5 21


50-12T4 51.8 43.688 4 63 5660 14730 73 78 95 40 6 3.5 27.5
63-6T4


63


6 3.969
63.8 59.744 4 75 2674 10542 78 80 56 25 6 3.5 15.5


63-6T6 63.8 59.744 6 113 3704 15813 78 80 70 32 6 3.5 19
63-8T4


8 4.763
64 59.132 4 77 3395 12541 79 82 70 32 6 3.5 19


63-8T6 64 59.132 6 114 4812 18811 79 82 91 40 6 3.5 25.5
63-10T4


10 6.350
64.4 57.91 4 79 4860 15858 82 88 79 32 8 4 23.5


63-10T6 64.4 57.91 6 115 6887 23786 82 88 102 40 8 4 31
63-12T4


12 7.938
64.8 56.688 4 78 6479 19293 86 92 95 40 8 4 27.5


63-12T6 64.8 56.688 6 113 9182 28939 86 92 123 50 8 4 36.5
80-10T4


80


10 6.350
81.4 74.91 4 96 5559 21118 99 105 79 32 8 4 23.5


80-10T6 81.4 74.91 6 140 7879 31677 99 105 102 40 8 4 31
80-12T4


12 7.938
81.8 73.688 4 97 7430 25681 103 110 95 40 8 4 27.5


80-12T6 81.8 73.688 6 141 10530 38521 103 110 123 50 8 4 36.5
80-16T3


16
9.525


82.2 72.466 3 95 9663 31622 108 115 106 40 10 5 33
80-16T4 82.2 72.466 4 130 12375 42162 108 115 124 50 10 5 37
80-20T3


20
82.2 72.466 3 95 9663 31622 108 115 126 50 10 5 38


80-20T4 82.2 72.466 4 125 12375 42162 108 115 149 63 10 5 43
100-12T4


100


12 7.938
101.8 93.688 4 105 8306 33001 123 130 95 40 8 4 27.5


100-12T6 101.8 93.688 6 175 11772 49502 123 130 123 50 8 4 36.5
100-16T4


16
9.525


102.2 92.466 4 107 13569 53161 125 135 124 50 10 5 37
100-16T6 102.2 92.466 6 140 19230 79741 125 135 161 63 10 5 49
100-20T4 20 102.2 92.466 4 155 13569 53161 125 135 149 63 10 5 43


Remark : Stiffness values listed above value are derived from theoretical formula while axial load is 30% of dynamic load rating without 
preload.


R S I


ØDg6


H


L
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P
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S99TE17-121258


TypeF D I


 Model


Size
Ball
Dia.


PCD RD Circuits
Stiffness
kgf / μm


K


Dynamic
Load


1x106 revs
C (kgf)


Static
 Load


Co (kgf )


Nut Flange Bolt Fit


Nominal
Dia.


Lead D L F T BCD-E X Y Z S


16-5T3
16


5 3.175


16.6 13.324 3 20 731 1331 28 30 78 54 12 41 5.5 9.5 5.5 24
16-5T4 16.6 13.324 4 23 936 1775 28 30 90 54 12 41 5.5 9.5 5.5 24
20-5T3


20


20.6 17.324 3 39 852 1767 32 34 78 57 12 45 5.5 9.5 5.5 24
20-5T4 20.6 17.324 4 54 1091 2356 32 34 92 57 12 45 5.5 9.5 5.5 24
20-6T3


6 3.969
20.8 16.744 3 39 1091 2081 34 36 89 60 12 48 5.5 9.5 5.5 24


20-6T4 20.8 16.744 4 54 1398 2774 34 36 109 60 12 48 5.5 9.5 5.5 24
25-2.5T5


25


2.5 2.000 25.2 23.136 5 66 716 2117 35 40 87 65 10 51 6.6 11 6.5 24
25-5T3


5 3.175
25.6 22.324 3 55 977 2314 37 40 78 64 12 52 5.5 9.5 5.5 24


25-5T4 20.6 22.324 4 73 1252 3085 37 40 96 64 12 52 5.5 9.5 5.5 24
25-6T3


6 3.969
25.8 21.744 3 56 1272 2762 38 42 89 65 12 53 5.5 9.5 5.5 24


25-6T4 25.8 21.744 4 75 1628 3682 38 42 109 65 12 53 5.5 9.5 5.5 24
25-10T3 10 4.763 26 21.132 3 49 1643 3265 47 51 140 74 15 60 6.6 11 6.5 24
28-5T5


28
5 3.175 28.6 25.324 5 86 1619 4404 45 50 110 74 12 62 5.5 9.5 5.5 24


28-10T4 10 4.763 29 24.132 4 70 2199 4969 45 50 150 74 12 61 6.6 11 6.5 24
32-2.5T6


32


2.5 2.000 32.2 30.136 6 97 928 3339 45 51 106 74 12 62 5.5 9.5 5.5 24
32-5T3


5
3.175


32.6 29.324 3 64 1117 3081 44 48 78 74 12 60 6.6 11 6.5 24
32-5T4 32.6 29.324 4 82 1431 4108 44 48 96 74 12 60 6.6 11 6.5 24
32-5T6 32.6 29.324 6 121 2027 6162 44 48 118 74 12 60 6.6 11 6.5 24
32-5.08T4 5.08 32.6 29.324 4 82 1430 4108 44 48 96 74 12 60 6.6 11 6.5 24
32-6T3


6 3.969
32.8 36.856 3 65 1446 3620 45 50 89 76 12 62 6.6 11 6.5 24


32-6T4 32.8 36.856 4 84 1852 4826 45 50 109 76 12 62 6.6 11 6.5 24
32-6T6 32.8 36.856 6 125 2625 7239 45 50 137 76 12 62 6.6 11 6.5 24
32-8T3


8 4.763
33 37.868 3 68 1810 4227 47 52 110 78 16 64 6.6 11 6.5 24


32-8T4 33 37.868 4 82 2317 5635 47 52 136 78 16 64 6.6 11 6.5 24
32-10T3


10 6.350
33.4 39.89 3 68 2539 5327 51 56 129 82 16 68 6.6 11 6.5 24


32-10T4 33.4 39.89 4 82 3252 7102 51 56 155 82 16 68 6.6 11 6.5 24
40-5T4


40


5 3.175
40.6 37.324 4 99 1599 5280 51 54 96 80 16 66 6.6 11 6.5 24


40-5T6 40.6 37.324 6 146 2265 7919 51 54 122 80 16 66 6.6 11 6.5 24
40-6T4


6 3.969
40.8 36.744 4 100 2136 6420 53 56 113 88 16 72 9 14 8.5 30


40-6T6 40.8 36.744 6 148 3028 9630 53 56 141 88 16 72 9 14 8.5 30
40-8T4


8 4.763
41 36.132 4 102 2728 7596 55 60 136 92 16 75 9 14 8.5 30


40-8T6 41 36.132 6 150 3866 11394 55 60 178 92 16 75 9 14 8.5 30
40-10T3


10


6.350


41.4 34.91 3 76 2959 7069 60 65 133 96 16 80 9 14 8.5 30
40-10T4 41.4 34.91 4 101 3789 9426 60 65 155 96 16 80 9 14 8.5 30
40-10T5 10 41.4 34.91 5 119 4590 1178 60 65 192 96 16 80 9 14 8.5 30
40-12T3


12
41.4 34.91 3 73 2958 7069 58 60 160 96 18 80 9 14 8.5 30


40-12T4 41.4 34.91 4 101 3789 9425 58 60 186 96 18 80 9 14 8.5 30


ØD-0.1
-0.3ØDg6


ØF


30°


30°


1/8PT
OIL HOLE


Ø
X


Ø
Y


L±1.5


ST


Z


BCD E


ØD-0.1
-0.3


Remark : Stiffness values listed above are derived from theoretical formula while preload is 10% of dynamic load rating.







S99TE17-1212 59


Type


 Model


Size
Ball
Dia.


PCD RD Circuits
Stiffness
kgf / μm


K


Dynamic
Load


1x106 revs
C (kgf)


Static
 Load


Co (kgf )


Nut Flange Bolt Fit


Nominal
Dia.


Lead D L F T BCD-E X Y Z S


45-10T4
45


10 7.144 46.6 39.299 4 108 4683 11930 68 70 160 110 18 90 11 17.5 11 30
45-12T3 12 6.350 46.4 39.91 3 80 3115 7952 68 70 183 110 16 90 11 17.5 11 30
45-16T3 16 7.144 46.6 39.299 3 82 3656 8947 68 70 183 110 16 90 11 17.5 11 30
50-5T4


50


5 3.175
50.6 47.324 4 121 1757 6745 62 65 96 96 16 80 9 14 8.5 30


50-5T6 50.6 47.324 6 177 2490 10117 62 65 122 96 16 80 9 14 8.5 30
50-6T4


6 3.969
50.8 46.744 4 123 2388 8250 64 68 113 100 16 84 9 14 8.5 30


50-6T6 50.8 46.744 6 179 3384 12375 64 68 147 100 16 84 9 14 8.5 30
50-8T4


8 4.763
51 46.132 4 122 2998 9578 65 70 136 102 16 85 9 14 8.5 30


50-8T6 51 46.132 6 178 4249 14367 65 70 178 102 16 85 9 14 8.5 30
50-10T3


10 6.350
51.4 44.91 3 95 3397 9256 69 74 135 114 18 92 11 17.5 11 40


50-10T4 51.4 44.91 4 124 4350 12341 69 74 157 114 18 92 11 17.5 11 40
50-10T6 51.4 44.91 6 184 6165 18511 69 74 203 114 18 92 11 17.5 11 40
50-12T3


12 7.938
51.8 43.688 3 94 4420 11047 73 78 158 118 18 96 11 17.5 11 40


50-12T4 51.8 43.688 4 124 5660 14730 73 78 184 118 18 96 11 17.5 11 40
63-6T4


63


6 3.969
63.8 59.744 4 148 2674 10542 78 80 115 119 18 98 11 17.5 11 40


63-6T6 63.8 59.744 6 220 3704 15813 78 80 143 119 18 98 11 17.5 11 40
63-8T4


8 4.763
64 59.132 4 152 3395 12541 79 82 138 122 18 100 11 17.5 11 40


63-8T6 64 59.132 6 222 4812 18811 79 82 180 122 18 100 11 17.5 11 40
63-10T4


10 6.350
64.4 57.91 4 158 4860 15858 82 88 159 134 20 110 14 20 13 40


63-10T6 64.4 57.91 6 228 6887 23786 82 88 205 134 20 110 14 20 13 40
63-12T4


12 7.938
64.8 56.688 4 152 6479 19293 86 92 186 138 20 114 14 20 13 40


63-12T6 64.8 56.688 6 224 9182 28939 86 92 242 138 20 114 14 20 13 40
80-10T4


80


10 6.350
81.4 74.91 4 190 5559 21118 99 105 172 152 20 127 14 20 13 40


80-10T6 81.4 74.91 6 277 7879 31677 99 105 214 152 20 127 14 20 13 40
80-12T4


12 7.938
81.8 73.688 4 192 7430 25681 103 110 190 170 24 138 18 26 17.5 50


80-12T6 81.8 73.688 6 280 10530 38521 103 110 246 170 24 138 18 26 17.5 50
80-16T3


16
9.525


82.2 72.466 3 188 9663 31622 108 115 208 174 24 143 18 26 17.5 50
80-16T4 82.2 72.466 4 254 12375 42162 108 115 244 174 24 143 18 26 17.5 50
80-20T3


20
82.2 72.466 3 189 9663 31622 108 115 250 174 24 143 18 26 17.5 50


80-20T4 82.2 72.466 4 248 12375 42162 108 115 296 174 24 143 18 26 17.5 50
100-12T4


100


12 7.938
101.8 93.688 4 206 8306 33001 123 130 190 190 24 158 18 26 17.5 50


100-12T6 101.8 93.688 6 343 11772 49502 123 130 246 190 24 158 18 26 17.5 50
100-16T4


16
9.525


102.2 92.466 4 212 13569 53161 135 135 244 194 24 163 18 26 17.5 60
100-16T6 102.2 92.466 6 276 19230 79741 135 135 318 194 24 163 18 26 17.5 60
100-20T4 20 102.2 92.466 4 300 13569 53161 135 135 296 194 24 163 18 26 17.5 60


Remark : Stiffness values listed above are derived from theoretical formula while preload is 10% of dynamic load rating.


F D I


ØD-0.1
-0.3ØDg6


ØF


30°


30°


1/8PT
OIL HOLE


Ø
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Ø
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BCD E


ØD-0.1
-0.3







S99TE17-121260


TypeR D I


Model


Size
Ball
Dia.


PCD RD Circuits
Stiffness
kgf / μm


K


Dynamic
Load


1x106 revs
C (kgf)


Static
 Load


Co (kgf )


Nut Keyway


Nominal
Dia.


Lead D L K W H


16-5T3
16 5


3.175


16.6 13.324 3 20 731 1331 28 30 72 20 3 1.8
16-5T4 16.6 13.324 4 23 936 1775 28 30 85 20 3 1.8
20-5T3


20
5


20.6 17.324 3 39 852 1767 32 34 75 20 3 1.8
20-5T4 20.6 17.324 4 54 1091 2356 32 34 85 20 3 1.8
20-6T3


6 3.969
20.8 16.744 3 39 1091 2081 34 36 87 20 4 2.5


20-6T4 20.8 16.744 4 54 1398 2774 34 36 103 25 4 2.5
25-5T3


25
5 3.175


25.6 22.324 3 55 977 2314 37 40 75 20 4 2.5
25-5T4 25.6 22.324 4 73 1252 3085 37 40 85 20 4 2.5
25-6T3


6 3.969
25.8 21.744 3 56 1272 2762 38 42 87 20 4 2.5


25-6T4 25.8 21.744 4 75 1628 3682 38 42 103 25 4 2.5
32-5T3


32


5 3.175
32.6 29.324 3 64 1117 3081 44 48 75 20 4 2.5


32-5T4 32.6 29.324 4 82 1431 4108 44 48 85 20 4 2.5
32-5T6 32.6 29.324 6 121 2027 6162 44 48 105 25 4 2.5
32-6T3


6 3.969
32.8 28.744 3 65 1446 3620 45 50 87 20 5 3


32-6T4 32.8 28.744 4 84 1852 4826 45 50 103 25 5 3
32-6T6 32.8 28.744 6 125 2625 7239 45 50 127 32 5 3
32-8T3


8 4.763
33 28.132 3 68 1810 4227 47 52 109 25 5 3


32-8T4 33 28.132 4 82 2317 5635 47 52 127 25 5 3
32-10T3


10 6.350
33.4 26.91 3 68 2539 5327 51 56 135 25 6 3.5


32-10T4 33.4 26.91 4 82 3252 7102 51 56 155 32 6 3.5
40-5T4


40


5 3.175
40.6 37.324 4 99 1599 5280 51 54 85 20 4 2.5


40-5T6 40.6 37.324 6 146 2265 7919 51 54 105 25 4 2.5
40-6T4


6 3.969
40.8 36.744 4 100 2136 6420 53 56 103 25 5 3


40-6T6 40.8 36.744 6 148 3028 9630 53 56 127 32 5 3
40-8T4


8 4.763
41 36.132 4 102 2728 7596 55 60 127 25 5 3


40-8T6 41 36.132 6 150 3866 11394 55 60 161 40 5 3
40-10T3


10 6.350
41.4 34.91 3 76 2959 7069 60 65 135 25 6 3.5


40-10T4 41.4 34.91 4 101 3789 9426 60 65 155 32 6 3.5


ØDg6ØDg6


H


KK


L±1.5


W
P


9


Remark : Stiffness values listed above are derived from theoretical formula while preload is 10% of dynamic load rating.







S99TE17-1212 61


Type


Model


Size
Ball
Dia.


PCD RD Circuits
Stiffness
kgf / μm


K


Dynamic
Load


1x106 revs
C (kgf)


Static
 Load


Co (kgf )


Nut Keyway


Nominal
Dia.


Lead D L K W H


50-5T4


50


5 3.175
50.6 47.324 4 121 1757 6745 62 65 85 20 4 2.5


50-5T6 50.6 47.324 6 177 2490 10117 62 65 105 25 4 2.5
50-6T4


6 3.969
50.8 46.744 4 123 2388 8250 64 68 103 25 5 3


50-6T6 50.8 46.744 6 179 3384 12375 64 68 127 32 5 3
50-8T4


8 4.763
51 46.132 4 122 2998 9578 65 70 127 32 5 3


50-8T6 51 46.132 6 178 4249 14367 65 70 161 40 5 3
50-10T3


10 6.350
51.4 44.91 3 95 3397 9256 69 74 135 32 6 3.5


50-10T4 51.4 44.91 4 124 4350 12341 69 74 155 32 6 3.5
50-10T6 51.4 44.91 6 184 6165 18511 69 74 197 40 6 3.5
50-12T3


12 7.938
51.8 43.688 3 94 4420 11047 73 78 161 40 6 3.5


50-12T4 51.8 43.688 4 124 5660 14730 73 78 185 40 6 3.5
63-6T4


63


6 3.969
63.8 59.744 4 148 2614 10542 78 80 106 25 6 3.5


63-6T6 63.8 59.744 6 220 3704 15813 78 80 130 32 6 3.5
63-8T4


8 4.763
64 59.132 4 152 3395 12541 79 82 131 32 6 3.5


63-8T6 64 59.132 6 222 4812 18811 79 82 165 40 6 3.5
63-10T4


10 6.350
64.4 57.91 4 158 4860 15858 82 88 160 32 8 4


63-10T6 64.4 57.91 6 228 6887 23786 82 88 202 40 8 4
63-12T4


12 7.938
64.8 56.688 4 152 6479 19293 86 92 185 40 8 4


63-12T6 64.8 56.688 6 224 9182 28939 86 92 238 50 8 4
63-20T4 20 9.525 65.2 55.466 4 189 10657 31251 90 95 260 50 8 4
80-10T4


80


10 6.350
81.4 74.91 4 190 5559 21118 99 105 160 32 8 4


80-10T6 81.4 74.91 6 277 7879 31677 99 105 202 40 8 4
80-12T4


12 7.938
81.8 73.688 4 192 7430 25681 103 110 185 40 8 4


80-12T6 81.8 73.688 6 280 10530 38521 103 110 238 50 8 4
80-16T3


16
9.525


82.2 72.466 3 188 9663 31622 108 115 200 40 10 5
80-16T4 82.2 72.466 4 254 12375 42162 108 115 236 50 10 5
80-20T3


20
82.2 72.466 3 189 9663 31622 108 115 245 50 10 5


80-20T4 82.2 72.466 4 248 12375 42162 108 115 289 63 10 5
100-12T4


100


12 7.938
101.8 93.688 4 206 8306 33001 123 130 185 40 8 4


100-12T6 101.8 93.688 6 343 11772 49502 123 130 238 50 8 4
100-16T4


16
9.525


102.2 92.466 4 212 13569 53161 125 135 236 50 10 5
100-16T6 102.2 92.466 6 276 19230 79741 125 135 310 63 10 5
100-20T4 20 102.2 92.466 4 300 13569 53161 125 135 289 63 10 5


Remark : Stiffness values listed above are derived from theoretical formula while preload is 10% of dynamic load rating.


R D I


ØDg6ØDg6


H
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S99TE17-121262


Type 1P F D W


Model


Size
Ball
Dia.


PCD RD Circuits
Stiffness
kgf / μm


K


Dynamic
Load


1x106 revs
C (kgf)


Static
 Load


Co (kgf )


Nut Flange Bolt


Nominal
Dia.


Lead D L T F BCD-E X Y Z


20-5B1


20
5 3.175


20.6 17.324 2.5x1 38 837 1733 44 87 27 67 55 5.5 9.5 5.5
20-5B2 20.6 17.324 2.5x2 76 1519 3465 44 117 27 67 55 5.5 9.5 5.5
20-6B1


6 3.969
20.8 16.744 2.5x1 40 1139 2187 48 95 29 71 59 5.5 9.5 5.5


20-6C1 20.8 16.744 3.5x1 55 1512 3041 48 107 29 71 59 5.5 9.5 5.5
25-5B1


25
5 3.175


25.6 22.324 2.5x1 46 939 2209 50 86 28 73 61 5.5 9.5 5.5
25-5B2 25.6 22.324 2.5x2 90 1704 4417 50 116 28 73 61 5.5 9.5 5.5
25-5C1 25.6 22.324 3.5x1 68 1252 3085 50 96 28 73 61 5.5 9.5 5.5
25-6B2


6 3.969
25.8 21.744 2.5x2 94 2308 5523 56 131 29 82 69 5.5 9.5 5.5


25-6C1 25.8 21.744 3.5x1 66 1690 3844 56 107 29 82 69 5.5 9.5 5.5
32-5B1


32


5 3.175
32.6 29.324 2.5x1 55 1039 2833 58 91 33 85 71 6.6 11 6.5


32-5B2 32.6 29.324 2.5x2 109 1886 5666 58 121 33 85 71 6.6 11 6.5
32-6B1


6 3.969
32.8 28.744 2.5x1 57 1409 3510 62 95 29 89 75 6.6 11 6.5


32-6B2 32.8 28.744 2.5x2 112 2556 7020 62 131 29 89 75 6.6 11 6.5
32-8B1


8 4.763
33 28.132 2.5x1 58 1810 4227 66 125 39 100 82 9 14 8.5


32-8B2 33 28.132 2.5x2 115 3284 8453 66 173 39 100 82 9 14 8.5
32-10B1


10 6.350
33.4 26.91 2.5x1 58 2651 5600 74 185 38 108 90 9 14 8.5


32-10B2 33.4 26.91 2.5x2 118 4810 11199 74 208 38 108 90 9 14 8.5
32-10C1 33.4 26.91 3.5x1 86 3519 7785 74 168 38 108 90 9 14 8.5
40-5B1


40


5 3.175
40.6 37.324 2.5x1 65 1141 3567 68 96 38 101 83 9 14 8.5


40-5B2 40.6 37.324 2.5x2 132 2071 7134 68 126 38 101 83 9 14 8.5
40-6B1


6 3.969
40.8 36.744 2.5x1 67 1552 4428 70 101 35 104 86 9 14 8.5


40-6B2 40.8 36.744 2.5x2 136 2817 8855 70 137 35 104 86 9 14 8.5
40-8B1


8 4.763
41 36.132 2.5x1 69 2003 5302 74 125 39 108 90 9 14 8.5


40-8B2 41 36.132 2.5x2 137 3634 10603 74 173 39 108 90 9 14 8.5
40-10B1


10 6.350
41.4 34.91 2.5x1 72 2959 7069 84 158 48 124 102 11 17.5 11


40-10B2 41.4 34.91 2.5x2 145 5370 14138 84 218 48 124 102 11 17.5 11
40-10C1 41.4 34.91 3.5x1 102 3932 9841 84 178 48 124 102 11 17.5 11
40-12B1


12 7.144
41.6 34.299 2.5x1 70 3425 7837 86 174 48 128 106 11 17.5 11


40-12B2 41.6 34.299 2.5x2 141 6217 15674 86 246 48 128 106 11 17.5 11


BCD E


ØD-0.1
-0.3 ØDg6


ØF


OIL HOLE
1/8PT


30°


30°


Ø
Y


Ø
X


Z


T


L±1.5


Remark : Stiffness values listed above are derived from theoretical formula while preload is 10% of dynamic load rating.







S99TE17-1212 63


Type 1P F D W


Model


Size
Ball
Dia.


PCD RD Circuits
Stiffness
kgf / μm


K


Dynamic
Load


1x106 revs
C (kgf)


Static
 Load


Co (kgf )


Nut Flange Bolt


Nominal
Dia.


Lead D L T F BCD-E X Y Z


50-8B1


50


8 4.763
51 46.132 2.5x1 81 2206 6705 87 133 47 129 107 11 17.5 11


50-8B2 51 46.132 2.5x2 165 4004 13409 87 181 47 129 107 11 17.5 11
50-10B1


10 6.350
51.4 44.91 2.5x1 87 3264 8835 94 158 48 135 113 11 17.5 11


50-10B2 51.4 44.91 2.5x2 173 5923 17670 94 218 48 135 113 11 17.5 11
50-12B2


12 7.938
51.8 43.688 2.5x2 178 8022 22094 102 260 58 146 122 14 20 13


50-12C1 51.8 43.688 3.5x1 123 5875 15380 102 200 58 146 122 14 20 13
63-10B2


63
10 6.350


64.4 57.91 2.5x2 206 6533 22371 110 228 58 154 130 14 20 13
63-10B3 64.4 57.91 2.5x3 305 9258 33556 110 288 58 154 130 14 20 13
63-12B2


12
7.938


64.8 56.688 2.5x2 214 8943 28062 118 260 58 166 141 14 20 13
80-12B2


80
81.8 73.688 2.5x2 257 9797 35422 136 260 58 185 159 14 20 13


80-12B3 81.8 73.688 2.5x3 380 13884 53132 136 340 58 185 159 14 20 13
80-20B2


20 9.525
82.2 72.466 2.5x2 338 16485 58851 145 404 66 204 172 18 26 17.5


100-20B2 100 102.2 92.466 2.5x2 400 18123 74425 170 404 86 243 205 22 32 21.5


BCD E


ØD-0.1
-0.3 ØDg6


ØF


OIL HOLE
1/8PT


30°


30°


Ø
Y


Ø
X


Z


T


L±1.5


Remark : Stiffness values listed above are derived from theoretical formula while preload is 10% of dynamic load rating.







S99TE17-121264


Type 2P F D W


Model


Size
Ball
Dia.


PCD RD Circuits
Stiffness
kgf / μm


K


Dynamic
Load


1x106 revs
C (kgf)


Static
 Load


Co (kgf )


Nut Flange Bolt Fit


Nominal
Dia.


Lead D d L F T BCD-E X Y Z S


20-20A1 20 20 3.969 20.8 16.744 1.5x1 26 719 1281 48 36 140 72 12 59 5.5 9.5 5.5 24
25-16B1


25
16


4.763


26 21.132 2.5x1 56 1592 3237 62 45 148 89 16 75 6.6 11 6.5 24
25-20B1 20 26 21.132 2.5x1 56 1592 3237 62 45 178 89 16 75 6.6 11 6.5 24
25-25A1 25 26 21.132 1.5x1 32 1019 1927 62 45 166 89 16 75 6.6 11 6.5 24
32-20B1


32
20 33 28.132 2.5x1 66 1810 4227 68 54 181 102 16 84 9 14 8.5 30


32-25B1 25 33 28.132 2.5x1 66 1810 4227 68 54 218 102 16 84 9 14 8.5 30
32-32A1 32 33 28.132 1.5x1 36 1154 2505 68 54 205 102 16 84 9 14 8.5 30
40-25B1


40
25


6.350
41.4 34.91 2.5x1 78 2959 7069 84 65 224 126 18 104 11 17.5 11 30


40-32B1 32 41.4 34.91 2.5x1 78 2959 7069 84 65 276 126 18 104 11 17.5 11 30
40-40A1 40 41.4 34.91 1.5x1 48 1875 4159 84 65 274 126 18 104 11 17.5 11 30
50-40A1


50
40


7.938
51.8 43.688 1.5x1 54 2801 6499 106 82 264 152 22 128 13 20 13 40


50-50A1 50 51.8 43.688 1.5x1 60 2801 6499 106 82 320 152 22 128 13 20 13 40


Remark : Stiffness values listed above are derived from theoretical formula while preload is 10% of dynamic load rating.


BCD E


OIL HOLE
1/8PT


ØDg6 ØD -0.1
-0.3


ØF
Ø


XØ
Y Z


L±1.5


T S


30°30° Ød -0.1
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S99TE17-1212 65


TypeP F D W


BCD E


30°


30°


Z
T


Ø
Y


Ø
X


S
L±1.5


ØF ØDg6 ØD-0.1
-0.3 d-0.1


-0.3


OIL HOLE
1/8PT


Model
Nominal


Dia.
Lead Circuits


Nut
Type


Dynamic
Load


1x106 revs
C (kgf)


Static
 Load


Co (kgf )


Ball
Dia.


Start
type


D d L F T BCD-E X Y Z S


36-20B2 36 20 2.5x2 PFDW 5447 13597 6.35 2 94 76 191 136 18 114 11 17.5 11 30
40-25B2


40
25 2.5x2 PFDW 6743 17002 7.144 2 98 80 230 140 18 118 11 17.5 11 30


40-30B2 30 2.5x2 PFDW 6743 17002 7.144 2 98 80 250 140 18 118 11 17.5 11 30
40-32B3 32 2.5x3 PFDW 7771 21823 6.35 3 96 78 270 142 22 118 13 20 13 30
45-25B2


45
25 2.5x2 PFDW 6991 19186 7.144 2 101 83 230 143 18 121 11 17.5 11 30


45-30B2 30 2.5x2 PFDW 6991 19186 7.144 2 101 83 250 143 18 121 11 17.5 11 30
45-32B3 32 2.5x3 PFDW 7857 24730 6.35 3 98 80 270 144 22 120 13 20 13 30
50-25B2


50
25 2.5x2 PFDW 7033 21370 7.144 2 103 85 230 145 18 123 11 17.5 11 40


50-30B2 30 2.5x2 PFDW 7033 21370 7.144 2 103 85 250 145 18 123 11 17.5 11 40
50-32B3 32 2.5x3 PFDW 8148 27525 6.35 3 101 83 270 147 22 123 13 20 13 40
55-25B2


55
25 2.5x2 PFDW 7518 23553 7.144 2 105 87 230 147 18 125 11 17.5 11 40


55-30B2 30 2.5x2 PFDW 7518 23553 7.144 2 105 87 250 147 18 125 11 17.5 11 40
55-32B3 32 2.5x3 PFDW 8332 30207 6.35 3 103 85 270 149 22 125 13 20 13 40


Remark : Stiffness values listed above are derived from theoretical formula while preload is 10% of dynamic load rating.







S99TE17-121266


Type


Model


Size
Ball
Dia.


PCD RD Circuits
Stiffness
kgf / μm


K


Dynamic
Load


1x106 revs
C (kgf)


Static
 Load


Co (kgf )


Flange Bolt


Nominal
Dia.


Lead D L F T BCD-E X Y Z


20-5T3


20
5 3.175


20.6 17.324 3 39 852 1767 34 100 58 30 46 5.5 9.5 5.5
20-5T4 20.6 17.324 4 54 1091 2356 34 110 58 30 46 5.5 9.5 5.5
20-6T3


6 3.969
20.8 16.744 3 39 1091 2081 36 111 58 29 46 5.5 9.5 5.5


20-6T4 20.8 16.744 4 54 1398 2774 36 127 58 29 46 5.5 9.5 5.5
25-5T3


25
5 3.175


25.6 22.324 3 55 977 2314 40 100 63 30 51 5.5 9.5 5.5
25-5T4 25.6 22.324 4 73 1252 3085 40 110 63 30 51 5.5 9.5 5.5
25-6T3


6 3.969
25.8 21.744 3 56 1272 2762 40 111 63 29 51 5.5 9.5 5.5


25-6T4 25.8 21.744 4 75 1628 3682 40 127 63 29 51 5.5 9.5 5.5
32-5T3


32


5 3.175
32.6 29.324 3 64 1117 3081 48 100 75 30 61 6.6 11 6.5


32-5T4 32.6 29.324 4 82 1431 4108 48 110 75 30 61 6.6 11 6.5
32-6T3


6 3.969
32.8 28.744 3 65 1446 3620 50 111 75 29 61 6.6 11 6.5


32-6T4 32.8 28.744 4 84 1852 4826 50 127 75 29 61 6.6 11 6.5
32-8T3


8 4.763
33 28.132 3 68 1810 4227 52 139 84 35 68 9 14 8.5


32-8T4 33 28.132 4 82 2317 5635 52 157 84 35 68 9 14 8.5
32-10T3


10 6.350
33.4 26.91 3 68 2539 5327 56 165 88 35 70 9 14 8.5


32-10T4 33.4 26.91 4 82 3252 7102 56 185 88 35 70 9 14 8.5
40-5T4


40


5 3.175
40.6 37.324 4 99 1599 5280 54 115 90 35 72 9 14 8.5


40-5T6 40.6 37.324 6 146 2265 7919 54 135 90 35 72 9 14 8.5
40-6T4


6 3.969
40.8 36.744 4 100 2136 6420 56 133 90 35 72 9 14 8.5


40-6T6 40.8 36.744 6 148 3028 9630 56 157 90 35 72 9 14 8.5
40-8T4


8 4.763
41 36.132 4 102 2728 7596 60 157 94 35 76 9 14 8.5


40-8T6 41 36.132 6 150 3866 11394 60 191 94 35 76 9 14 8.5
40-10T3


10 6.350
41.4 34.91 3 76 2529 7069 62 175 104 45 82 11 17.5 11


40-10T4 41.4 34.91 4 101 3789 9426 62 195 104 45 82 11 17.5 11
50-5T4


50


5 3.175
50.6 47.324 4 121 1757 6745 65 115 100 35 82 9 14 8.5


50-5T6 50.6 47.324 6 177 2490 10117 65 135 100 35 82 9 14 8.5
50-6T4


6 3.969
50.8 46.744 4 123 2388 8250 68 136 100 38 82 9 14 8.5


50-6T6 50.8 46.744 6 179 3384 12375 68 160 100 38 82 9 14 8.5
50-8T4


8 4.763
51 46.132 4 122 2998 9578 70 165 112 43 90 11 17.5 11


50-8T6 51 46.132 6 178 4249 14367 70 199 112 43 90 11 17.5 11
50-10T3


10 6.350
51.4 44.91 3 95 3397 9256 74 175 114 45 92 11 17.5 11


50-10T4 51.4 44.91 4 124 4350 12341 74 195 114 45 92 11 17.5 11
50-10T6 51.4 44.91 6 184 6165 18511 74 235 114 43 92 11 17.5 11
50-12T3


12 7.938
51.8 43.688 3 94 4420 11047 75 203 121 49 97 14 20 13


50-12T4 51.8 43.688 4 124 5660 14730 75 227 121 49 97 14 20 13


ØD-0.1
-0.3


T


OIL HOLE
1/8PT


BCD E


30°


30°
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Remark : Stiffness values listed above are derived from theoretical formula while preload is 10% of dynamic load rating.
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Type


ØD-0.1
-0.3


T


OIL HOLE
1/8PT


BCD E


30°


30°


ØF


ØDg6


Ø
X


Ø
Y


Z


L±1.5


p F D I


Model


Size
Ball
Dia.


PCD RD Circuits
Stiffness
kgf / μm


K


Dynamic
Load


1x106 revs
C (kgf)


Static
 Load


Co (kgf )


Flange Bolt


Nominal
Dia.


Lead D L F T BCD-E X Y Z


63-6T4


63


6 3.969
63.8 59.744 4 148 2614 10542 80 142 122 44 100 11 17.5 11


63-6T6 63.8 59.744 6 220 3704 15813 80 166 122 44 100 11 17.5 11
63-8T4


8 4.763
64 59.132 4 152 3395 12541 82 165 124 43 102 11 17.5 11


63-8T6 64 59.132 6 222 4812 18811 82 199 124 43 102 11 17.5 11
63-10T4


10 6.350
64.4 57.91 4 158 4860 15858 85 205 131 55 107 14 20 13


63-10T6 64.4 57.91 6 228 6887 23786 85 245 131 53 107 14 20 13
63-12T4


12 7.938
64.8 56.688 4 152 6479 19293 90 230 136 52 112 14 20 13


63-12T6 64.8 56.688 6 224 9182 28939 90 280 136 52 112 14 20 13
80-10T4


80


10 6.350
81.4 74.91 4 190 5559 21118 105 205 151 55 127 14 20 13


80-10T6 81.4 74.91 6 277 7879 31677 105 245 151 53 127 14 20 13
80-12T4


12 7.938
81.8 73.688 4 192 7430 25681 110 230 156 52 132 14 20 13


80-12T6 81.8 73.688 6 280 10530 38521 110 280 156 52 132 14 20 13
80-20T3


20 9.525
82.2 72.466 3 189 9663 31622 115 301 173 65 143 18 26 17.5


80-20T4 82.2 72.466 4 248 12375 42162 115 346 173 66 143 18 26 17.5
100-10T6


100
10 6.350 101.4 94.91 6 236 8662 40469 125 245 171 53 147 14 20 13


100-12T6 12
9.525


102.2 92.466 6 343 19230 79741 130 292 188 64 158 18 26 17.5
100-20T4 20 102.2 92.466 4 300 13569 53161 135 356 205 76 169 22 32 21.5


Remark : Stiffness values listed above are derived from theoretical formula while preload is 10% of dynamic load rating.







S99TE17-121268


Type


Model


Size
Ball
Dia.


PCD RD Circuits
Stiffness
kgf / μm


K


Dynamic
Load


1x106 revs
C (kgf)


Static
 Load


Co (kgf )


Nut Flange Bolt Fit


Nominal
Dia.


Lead D L F T BCD-E X Y Z S


16-5B1
16


5 3.175


16.6 13.324 2.5x1 32 763 1400 40 58 64 12 51 5.5 9.5 5.5 24
16-5A1 16.6 13.324 1.5x1 20 482 820 40 50 64 12 51 5.5 9.5 5.5 24
20-5B1


20
20.6 17.324 2.5x1 38 837 1733 44 60 68 12 55 5.5 9.5 5.5 24


20-5A2 20.6 17.324 1.5x2 46 979 2079 44 70 68 12 55 5.5 9.5 5.5 24
20-6B1 6 3.969 20.8 16.744 2.5x1 40 1139 2187 48 69 72 12 59 5.5 9.5 5.5 24
25-4B1


25


4 2.381
25.25 22.792 2.5x1 38 544 1376 46 48 69 11 57 5.5 9.5 5.5 12


25-4B2 25.25 22.792 2.5x2 74 988 2752 46 72 69 11 57 5.5 9.5 5.5 12
25-5B1


5 3.175
25.6 22.324 2.5x1 46 939 2209 50 60 74 12 62 5.5 9.5 5.5 24


25-5A2 25.6 22.324 1.5x2 48 1078 2594 50 70 74 12 62 5.5 9.5 5.5 24
25-5C1 25.6 22.324 3.5x1 68 1252 3085 50 72 74 12 62 5.5 9.5 5.5 24
25-6A2


6 3.969
25.8 21.744 1.5x2 56 1462 3249 56 82 82 12 69 6.6 11 6.5 24


25-6C1 25.8 21.744 3.5x1 66 1690 3844 56 81 82 12 69 6.6 11 6.5 24
25-10A1 10 4.763 26 21.132 1.5x1 29 1019 1927 60 81 86 16 73 6.6 11 6.5 24
28-5B1


28
5


3.175


28.6 25.324 2.5x1 51 984 2466 55 60 85 12 69 6.6 11 6.5 24
28-5B2 28.6 25.324 2.5x2 98 1785 4932 55 96 85 12 69 6.6 11 6.5 24
28-6A2 6 28.6 25.324 1.5x2 59 1150 2960 55 80 85 12 69 6.6 11 6.5 24
32-5B1


32


5
32.6 29.324 2.5x1 55 1039 2833 58 62 84 12 71 6.6 11 6.5 24


32-5A2 32.6 29.324 1.5x2 65 1216 3400 58 70 84 12 71 6.6 11 6.5 24
32-5C1 32.6 29.324 3.5x1 76 1388 3967 58 72 84 12 71 6.6 11 6.5 24
32-6B1


6 3.969
32.8 28.744 2.5x1 57 1409 3510 62 70 88 12 75 6.6 11 6.5 24


32-6A2 32.8 28.744 1.5x2 67 1633 4168 62 81 88 12 75 6.6 11 6.5 24
32-6C1 32.8 28.744 3.5x1 78 1888 4936 62 83 88 12 75 6.6 11 6.5 24
32-8B1


8 4.763
33 28.132 2.5x1 58 1810 4227 66 92 100 16 82 9 14 8.5 30


32-8A2 33 28.132 1.5x2 69 2094 5009 66 106 100 16 82 9 14 8.5 30
32-8C1 33 28.132 3.5x1 82 2428 5948 66 108 100 16 82 9 14 8.5 30
32-10B1


10
6.350


33.4 26.91 2.5x1 58 2651 5600 74 110 108 16 90 9 14 8.5 30
32-10A1 33.4 26.91 1.5x1 36 1673 3278 74 90 108 16 90 9 14 8.5 30
32-12A1


12
33.4 26.91 1.5x1 37 1672 3278 74 97 108 18 90 9 14 8.5 15


32-12B1 33.4 26.91 2.5x1 61 2650 5599 74 117 108 18 90 9 14 8.5 15


OIL HOLET
1/8PT
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Remark : Stiffness values listed above are derived from theoretical formula while preload is 10% of dynamic load rating.
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Type


OIL HOLET
1/8PT


ØD -0.1
-0.3ØDg6


ØF


BCD E


30°


30°


Ø
X


Ø
Y


Z


L


ST


o F S W


Model


Size
Ball
Dia.


PCD RD Circuits
Stiffness
kgf / μm


K


Dynamic
Load


1x106 revs
C (kgf)


Static
 Load


Co (kgf )


Nut Flange Bolt Fit


Nominal
Dia.


Lead D L F T BCD-E X Y Z S


36-6B1


36
6 3.175


36.6 33.324 2.5x1 62 1486 3969 65 68 100 12 82 6.6 11 6.5 24
36-6B2 36.6 33.324 2.5x2 121 2696 7937 65 103 100 12 82 6.6 11 6.5 24
36-10A1 10


6.350
37.4 30.91 1.5x1 40 1779 3718 75 90 120 18 98 11 17.5 11 30


36-16B1 16 37.4 30.91 2.5x1 67 2812 6334 74 136 114 18 90 9 14 8.5 15
40-5B1


40


5 3.175
40.6 37.324 2.5x1 65 1141 3567 68 65 102 16 84 9 14 8.5 30


40-5B2 40.6 37.324 2.5x2 132 2071 7134 68 95 102 16 84 9 14 8.5 30
40-6B2 6 3.969 40.8 36.744 2.5x2 136 2817 8855 70 109 104 16 86 9 14 8.5 30
40-8B1


8 4.763
41 36.132 2.5x1 69 2003 5302 74 90 108 16 90 9 14 8.5 30


40-8C1 41 36.132 3.5x1 96 2679 7438 74 108 108 16 90 9 14 8.5 30
40-10B1


10 6.350
41.4 34.91 2.5x1 72 2959 7069 84 110 125 18 104 11 17.5 11 30


40-10C1 41.4 34.91 3.5x1 102 3932 9841 84 132 125 18 104 11 17.5 11 30
40-12B1 12


7.144
41.6 34.299 2.5x1 72 3425 7837 86 117 128 18 106 11 17.5 11 40


40-16A1 16 41.6 34.299 1.5x1 46 2208 4703 86 117 128 18 106 11 17.5 11 40
45-10B1


45
10 6.350 46.4 39.91 2.5x1 76 3111 7953 88 110 132 18 110 11 17.5 11 30


45-12B1 12 7.938 46.8 38.688 2.5x1 81 4202 9900 96 132 142 22 117 13 20 13 40
50-5A2


50


5 3.175
50.6 47.324 1.5x2 96 1447 5382 80 74 114 16 96 9 14 8.5 30


50-5A3 50.6 47.324 1.5x3 143 2051 8072 80 103 114 16 96 9 14 8.5 30
50-6B2 6 3.969 50.8 46.744 2.5x2 161 3093 11149 84 110 118 16 100 9 14 8.5 30
50-8B1


8 4.763
51 46.132 2.5x1 81 2206 6705 87 92 128 18 107 11 17.5 11 30


50-8B2 51 46.132 2.5x2 165 4004 13409 87 140 128 18 107 11 17.5 11 30
50-10B2


10 6.350
51.4 44.91 2.5x2 173 5923 17670 94 170 135 18 114 11 17.5 11 30


50-10C1 51.4 44.91 3.5x1 120 4393 12481 94 130 135 18 114 11 17.5 11 30
50-12B1 12 7.938 51.8 43.688 2.5x1 123 4420 11047 102 132 150 22 125 13 20 13 40
55-10C1


55
10 6.350 56.4 49.91 3.5x1 132 4562 13661 100 130 140 18 118 11 17.5 11 40


55-12B1 12 7.938 56.8 48.688 2.5x1 128 4624 12195 105 132 154 22 127 13 20 13 40
63-8A2


63


8 4.763 64 59.132 1.5x2 107 2826 10129 104 108 146 18 124 11 17.5 11 40
63-10B2 10 6.350 64.4 57.91 2.5x2 206 6533 22371 110 172 152 20 130 11 17.5 11 40
63-12B1 12 7.938 64.8 56.688 2.5x1 107 4927 14031 118 135 166 22 141 13 20 13 40
63-16B1 16


9.525
65.2 55.466 2.5x1 140 8189 23005 124 158 172 22 147 13 20 13 40


63-20A1 20 65.2 55.466 1.5x1 84 5306 13890 124 147 172 22 147 13 20 13 40
70-10B1


70
10 6.350 71.4 64.91 2.5x1 114 3770 12506 124 112 170 20 145 13 20 13 40


70-12B1 12 7.938 71.8 63.688 2.5x1 118 5169 15638 130 132 178 22 152 13 20 13 40


Remark : Stiffness values listed above are derived from theoretical formula while preload is 10% of dynamic load rating.







S99TE17-121270


Type


Model
Nominal


Dia.
Lead Circuits


Nut
Type


Dynamic
Load


1x106 revs
C (kgf)


Static
 Load


Co (kgf )


Ball
Dia.


Start 
type


D L F T BCD-E X Y Z S


36-20C1 36 20 3.5x1 OFSW 4478 10201 6.35 2 94 121 136 18 114 11 17.5 11 30
40-20C1


40
20 3.5x1 OFSW 4810 11367 6.35 2 96 121 138 18 116 11 17.5 11 30


40-20B2 20 2.5x2 OFSW 6537 16238 6.35 2 96 161 138 18 116 11 17.5 11 30
45-20C1


45
20 3.5x1 OFSW 4845 12823 6.35 2 98 122 140 18 118 11 17.5 11 30


45-20B2 20 2.5x2 OFSW 6585 18318 6.35 2 98 162 140 18 118 11 17.5 11 30
45-25C1 25 3.5x1 OFSW 5501 19186 7.144 2 101 141 143 18 121 11 17.5 11 30
50-20C1


50


20 3.5x1 OFSW 5027 14278 6.35 2 101 122 143 18 121 11 17.5 11 40
50-20B2 20 2.5x2 OFSW 6831 20397 6.35 2 101 162 143 18 121 11 17.5 11 40
50-25C1 25 3.5x1 OFSW 5782 16033 7.144 2 103 141 145 18 123 11 17.5 11 40
50-30C1 30 3.5x1 OFSW 5782 16033 7.144 2 103 160 145 18 123 11 17.5 11 40
55-20C1


55


20 3.5x1 OFSW 5158 15733 6.35 2 103 122 145 18 123 11 17.5 11 40
55-20B2 20 2.5x2 OFSW 7009 22476 6.35 2 103 162 145 18 123 11 17.5 11 40
55-25C1 25 3.5x1 OFSW 6181 17670 7.144 2 105 141 147 18 125 11 17.5 11 40
55-30C1 30 3.5x1 OFSW 6181 17670 7.144 2 105 160 147 18 125 11 17.5 11 40


30°


30°


1/8 PT
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Typeo F S I


Model


Size
Ball
Dia.


PCD RD Circuits
Stiffness
kgf / μm


K


Dynamic
Load


1x106 revs
C (kgf)


Static
 Load


Co (kgf )


Nut Flange Bolt Fit


Nominal
Dia.


Lead D L F T BCD-E X Y Z S


20-5T3
20


5 3.175 20.6 17.324 3x2 39 852 1767 34 67 57 12 45 5.5 9.5 5.5 24
20-6T3 6 3.969 20.8 16.744 3x2 39 1091 2081 36 77 60 12 48 5.5 9.5 5.5 24
25-5T3


25
5 3.175 25.6 22.324 3x2 55 977 2314 40 67 64 12 52 5.5 9.5 5.5 24


25-6T3 6 3.969 25.8 21.744 3x2 56 1272 2762 42 77 65 12 53 5.5 9.5 5.5 24
32-5T3


32


5 3.175
32.6 29.324 3x2 64 1117 3081 48 67 74 12 60 6.5 11 6.5 24


32-5T4 32.6 29.324 4x2 82 1431 4108 48 77 74 12 60 6.5 11 6.5 24
32-6T3


6 3.969
32.8 28.744 3x2 65 1446 3620 50 67 76 12 62 6.5 11 6.5 24


32-6T4 32.8 28.744 4x2 84 1852 4826 50 90 76 12 62 6.5 11 6.5 24
32-8T3


8 4.763
33 28.132 3x2 68 1810 4227 52 100 78 16 64 6.6 11 6.5 24


32-8T4 33 28.132 4x2 82 2317 5635 52 117 78 16 64 6.6 11 6.5 24
32-10T3 10 6.350 33.4 26.91 3x2 68 2539 5327 56 120 82 16 68 6.6 11 6.5 24
36-8T4 36 8 4.763 37 32.132 4 88 2531 6614 56 116 86 15 70 9 14 8.5 25
40-5T4


40


5 3.175
40.6 37.324 4x2 99 1599 5280 54 81 80 16 66 6.6 11 6.5 24


40-5T6 40.6 37.324 6x2 146 2265 7919 54 102 80 16 66 6.6 11 6.5 24
40-6T4


6 3.969
40.8 36.744 4x2 100 2136 6420 56 94 88 16 72 9 14 8.5 30


40-6T6 40.8 36.744 6x2 148 3028 9630 56 119 88 16 72 9 14 8.5 30
40-8T4 8 4.763 41 36.132 4x2 102 2728 7596 60 117 92 16 75 9 14 8.5 30
40-10T3


10 6.350
41.4 34.91 3x2 76 2959 7069 65 123 96 16 80 9 14 8.5 30


40-10T4 41.4 34.91 4x2 101 3789 9426 65 143 96 16 80 9 14 8.5 30
50-5T4


50


5 3.175
50.6 47.324 4x2 121 1757 6745 65 81 96 16 80 9 14 8.5 30


50-5T6 50.6 47.324 6x2 177 2490 10117 65 102 96 16 80 9 14 8.5 30
50-6T4


6 3.969
50.8 46.744 4x2 123 2388 8250 68 94 100 16 84 9 14 8.5 30


50-6T6 50.8 46.744 6x2 179 3384 12375 68 119 100 16 84 9 14 8.5 30
50-8T4 8 4.763 51 46.132 4x2 122 2998 9578 70 120 102 16 85 9 14 8.8 30
50-10T3


10 6.350
51.4 44.91 3x2 95 3397 9256 74 123 114 18 92 11 17.5 11 40


50-10T4 51.4 44.91 4x2 124 4350 12341 74 143 114 18 92 11 17.5 11 40
50-12T3 12 7.938 51.8 43.688 3x2 94 4420 11047 78 147 118 18 96 11 17.5 11 40
63-6T4


63


6 3.969
63.8 59.744 4x2 148 2614 10542 80 96 119 18 98 11 17.5 11 40


63-6T3 63.8 59.744 3x2 220 3704 15813 80 121 119 18 98 11 17.5 11 40
63-8T4 8 4.763 64 59.132 4x2 152 3395 12541 82 119 122 18 100 11 17.5 11 40
63-10T4 10 6.350 64.4 57.91 4x2 158 4860 15858 88 147 134 20 110 14 20 13 40
63-12T3 12 7.938 64.8 56.688 3x2 114 5059 14470 92 150 138 20 114 14 20 13 40
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Remark : Stiffness values listed above are derived from theoretical formula while preload is 10% of dynamic load rating.







S99TE17-121272


TypeF S H


Model


Size
Ball
Dia.


PCD RD Circuits
Stiffness
kgf / μm


K


Dynamic
Load


1x106 revs
C (kgf)


Static
 Load


Co (kgf )


Nut Flange Bolt Fit


Nominal
Dia.


Lead D L F T BCD-E H X S M


15-20S1 15 20


3.175


15.6 12.324 1.8x1 18 540 1030 34 45 55 10 45 36 5.5 24 0
16-16S2


16 16


16.6 13.324 1.8x2 35 1060 2280
32 48 53 10 42 38 4.5 26 0


16-16S4 16.6 13.324 1.8x4 68 1930 4560
16-16S2 16.6 13.324 1.8x2 35 1060 2280


33 48 58 10 45 38 6.6 26 0
16-16S4 16.6 13.324 1.8x4 68 1930 4560
20-20S2


20 20
20.6 17.324 1.8x2 42 1180 2860 39 48 62 10 50 46 5.5 27.5 0


20-20S2 20.6 17.324 1.8x2 42 1180 2860
38 58 62 10 50 46 5.5 32.5 3


20-20S4 20.6 17.324 1.8x4 81 2150 5720
25-25S2


25 25 3.969
25.8 21.744 1.8x2 53 1770 4470


47 67 74 12 60 56 6.6 39.5 3
25-25S4 25.8 21.744 1.8x4 105 3220 8940
32-32S2


32 32 4.763
33 28.132 1.8x2 66 2510 6770


58 85 92 15 74 68 9 48 0
32-32S4 33 28.132 1.8x4 128 4550 13540
40-40S2


40 40 6.350
41.4 34.91 1.8x2 82 4130 11450


72 102 114 17 93 84 11 60 0
40-40S4 41.4 34.91 1.8x4 159 7500 22910
50-50S2


50 50 7.938
51.8 43.688 1.8x2 100 6170 17900


90 125 135 20 112 104 14 83.5 0
50-50S4 51.8 43.688 1.8x4 193 11210 35800


OIL HOLE


ØF


ØDg6ØD


M M
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T
4-Ø X THRU


M6x1P
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H
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Remark : Stiffness values listed above are derived from theoretical formula while preload is 5% of dynamic load rating.
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TypeD F S V


Model
Size


Ball
Dia.


PCD RD Circuits


Dynamic
Load


1x106 revs
C (kgf)


Static
 Load


Co (kgf )


Nut Flange
Return
Tube


Bolt


Nominal
Dia.


Lead D L F T BCD-E W H X Y Z


16-16A2 16 16
3.175


16.6 13.324 1.5x2 704 1376 32 60 55 12 43 22 22 5.5 9.5 5.5
20-20A2 20 20 20.6 17.324 1.5x2 793 1745 36 69 60 12 47 28 27 5.5 9.5 5.5
25-25A2 25 25 3.969 25.8 21.744 1.5x2 1174 2730 42 69 70 12 55 32 28 6.6 11 6.5
32-32A2 32 32 4.763 33 28.132 1.5x2 1682 4208 54 94 100 15 80 40 37 9 14 8.5
40-40A2 40 40 6.350 41.4 34.91 1.5x2 2806 7222 65 115 106 18 85 52 42 11 17.5 11
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S99TE17-121274


Type  Miniature


6.3 Miniature Ground Ballscrew


Stroke HIWIN Code L1 L2 L3 Accuracy grade


40 R6-1.0T3-FSI-65-105-0.008 65 75 105 3


70 R6-1.0T3-FSI-95-135-0.008 95 105 135 3


100 R6-1.0T3-FSI-125-165-0.008 125 135 165 3


Ballscrew Data


Direction Right Hand


Lead (mm) 1.0


Lead Angle 2.99º


P.C.D (mm) 6.1


Screw P.C.D (mm) 6.1


RD (mm) 5.261


Steel Ball (mm) Ø0.8


Circuits 1x3


Dynamic Load C (Kgf) 66


Static Load Co (Kgf) 111


Axial Play (mm) 0 0.005 MAX


Drag Torque (Kgf-cm) 0.13 MAX 0.03 MAX


Spacer Ball - -


Unit : mm


F S I (SHAFT OD 6, LEAD 1)


D-D VIEW


15
3.5


Ø12 -0.006
-0.017


BCD 18


WITHOUT WIPER


G
G


0.008 AA'


0.008 BB'


2MAX
(INCOMPLETE 
THREAD)


(10)


Ø6


Ø9.5


G


A'


B'


A


B


L1
L2


7.5


7


22.5


L3
(30)


Ø4.5  0
-0.008


Ø6  0
-0.005


G


G


G


M6X0.75P
MD6-0.022


-0.162


PD5.513-0.022
-0.122


C


D


D


0.009 BB'


16


30°30°


6-Ø3.4 THRU


M2.5x0.45Px5DP


0.0025 C


8  0
-0.2


7
3


C0.3
C0.3


R0.2
MAX


0.004 C


Q


Q


Q-Q SECTION


R0.4


C0.3
C0.2


5 5


Ø24







S99TE17-1212 75


Type  Miniature


Stroke HIWIN Code L1 L2 L3 Accuracy grade


40 R8-1.0T3-FSI-80-138-0.008 80 92 138 3


70 R8-1.0T3-FSI-110-168-0.008 110 122 168 3


100 R8-1.0T3-FSI-140-198-0.008 140 152 198 3


150 R8-1.0T3-FSI-190-248-0.008 190 202 248 3


Ballscrew Data


Direction Right Hand


Lead (mm) 1.0


Lead Angle 2.25º


P.C.D (mm) 8.1


Screw P.C.D (mm) 8.1


RD (mm) 7.261


Steel Ball (mm) Ø0.8


Circuits 1x3


Dynamic Load C (Kgf) 79


Static Load Co (Kgf) 157


Axial Play (mm) 0 0.005 MAX


Drag Torque (Kgf-cm) 0.18 MAX 0.05 MAX


Spacer Ball - -


Unit : mm


F S I (SHAFT OD 8, LEAD 1)


D-D VIEW


16
4


BCD 21


G


G 0.009 BB'


0.008 BB'


55


G


A'


B'


A


B


L1
L2 9


10


9


27
(37)


G


G


G
G


G


6.8+0.1
 0


0.8 +0.1
 0


0.008 AA'


0.0025 C'


0.004 C 0.008 AA'


0.0025 C


C'C


Ø27


Ø14-0.006
-0.017 WITHOUT WIPER


Ø5.7  0
-0.06


Ø6  0
-0.005


C0.2


R0.2
MAX


4


Ø11.5
PD7.350 -0.026


-0.138


MD8-0.026
-0.206


M8X1P


MAX


Ø8  0
-0.006


Q


Q


Q-Q SECTION


30° 30°


18


L3


C0.2


(12)


10  0
-0.2


8


Ø7


4-Ø3.4 THRU


Ø6  0
-0.008


D


D


Ø8


R0.2


R0.4







S99TE17-121276


Type  Miniature


D-D VIEW


22
4


Ø28


BCD 22


G


G


0.009 BB'


0.008 BB'


55


8


Ø8


Ø11.5


G


A'


B'


A


B


L1
L2 9


10


9


27


L3
(37)


Ø5.7  0
-0.06


Ø6  0
-0.005


Ø6  0
-0.008 Ø8  0


-0.006


G


G


G G


G


M8X1P


MD8-0.026
-0.206


PD7.35 -0.026
-0.138


10  0
-0.2


6.8 +0.1
 0


0.8 +0.1
 0


0.008 AA'


0.0025 C'


0.008 AA'


0.0025 C


C'C


0.004 C


Ø6.5C0.2


4


(12)


Q


Q


Ø15 -0.006
-0.017 WIPER BOTH ENDS


D


D


30° 30°


19


Q-Q SECTION


R0.2
MAX


MAX
R0.2


C0.2


4-Ø3.4 THRU


R0.4


Stroke HIWIN Code L1 L2 L3 Accuracy grade


40 R8-1.5T3-FSI-80-138-0.008 80 92 138 3


70 R8-1.5T3-FSI-110-168-0.008 110 122 168 3


100 R8-1.5T3-FSI-140-198-0.008 140 152 198 3


150 R8-1.5T3-FSI-190-248-0.008 190 202 248 3


Ballscrew Data


Direction Right Hand


Lead (mm) 1.5


Lead Angle 3.37º


P.C.D (mm) 8.1


Screw P.C.D (mm) 8.1


RD (mm) 7.050


Steel Ball (mm) Ø1


Circuits 1x3


Dynamic Load C (Kgf) 105


Static Load Co (Kgf) 191


Axial Play (mm) 0 0.005 MAX


Drag Torque (Kgf-cm) 0.2 MAX 0.05 MAX


Spacer Ball - -


Unit : mm


F S I (SHAFT OD 8, LEAD 1.5)







S99TE17-1212 77


Type  Miniature


D-D VIEW


26
4


G


G 0.009 BB'
0.008 BB'


8


G


A'


B'


A


B


L1
L2 9


10


9


27


L3
(37)


G


G


G G


G


M8X1P
MD8-0.026


-0.206


PD7.35-0.026
-0.138


4


10  0
-0.2


6.8+0.1
 0


0.8+0.1
 0


0.008 AA'


0.0025 C'


0.004 C 0.008 AA'


0.0025 C


C'C


30° 30°


BCD 23


(12)


Ø16-0.006
-0.017


Ø8 Ø6  0
-0.005


Ø5.7  0
-0.06


Ø8  0
-0.006 Ø11.5


D


D
MAX
R0.2


C0.2MAX
R0.2


C0.2Ø6  0
-0.008


WIPER BOTH ENDS


20


4-Ø3.4 THRU


Q


Q


Q-Q SECTION


Ø6.5


Ø29


R0.4


55


Stroke HIWIN Code L1 L2 L3 Accuracy grade


40 R8-2T3-FSI-80-138-0.008 80 92 138 3


70 R8-2T3-FSI-110-168-0.008 110 122 168 3


100 R8-2T3-FSI-140-198-0.008 140 152 198 3


150 R8-2T3-FSI-190-248-0.008 190 202 248 3


Ballscrew Data


Direction Right Hand


Lead (mm) 2.0


Lead Angle 4.44º


P.C.D (mm) 8.2


Screw P.C.D (mm) 8.2


RD (mm) 6.652


Steel Ball (mm) Ø1.5


Circuits 1x3


Dynamic Load C (Kgf) 170


Static Load Co (Kgf) 267


Axial Play (mm) 0 0.005 MAX


Drag Torque (Kgf-cm) 0.20 MAX 0.05 MAX


Spacer Ball - -


Unit : mm


F S I (SHAFT OD 8, LEAD 2)







S99TE17-121278


Type  Miniature


D-D VIEW


28
5


Ø18 -0.006
-0.017


BCD 27


WIPER BOTH ENDS


G


G


0.009 BB'


0.008 BB'


48


Ø10


G


A'


B'


A


B


L1
L2 9


10 27


L3
(37)


Ø5.7  0
-0.06


Ø6  0
-0.005


Ø6  0
-0.008 Ø8  0


-0.006


G


G G


G 6.8+0.1
 0


0.8+0.1
 0


0.008 AA'


0.004 C


C'C


D


D


4


(12)


10  0
-0.2


Q-Q SECTION


R0.4


9


M8X1P
MD8-0.026


-0.206


PD7.35-0.026
-0.138


MAX


MAX
R0.2


0.008 AA'


0.004 C'


0.004 C


5 5


Q


Q


Ø8


R0.2


C0.2


Ø11.5


30° 30°


22


4-Ø4.5 THRU


Ø35


G


Stroke HIWIN Code L1 L2 L3 Accuracy grade


50 R10-2T3-FSI-100-158-0.008 100 112 158 3


100 R10-2T3-FSI-150-208-0.008 150 162 208 3


150 R10-2T3-FSI-200-258-0.008 200 212 258 3


200 R10-2T3-FSI-250-308-0.008 250 262 308 3


Ballscrew Data


Direction Right Hand


Lead (mm) 2


Lead Angle 3.57º


P.C.D (mm) 10.2


Screw P.C.D (mm) 10.2


RD (mm) 8.652


Steel Ball (mm) Ø1.5


Circuits 1x3


Dynamic Load C (Kgf) 196


Static Load Co (Kgf) 348


Axial Play (mm) 0 0.005 MAX


Drag Torque (Kgf-cm) 0.01~0.24 0.05 MAX


Spacer Ball - -


Unit : mm


F S I (SHAFT OD 10, LEAD 2)







S99TE17-1212 79


Type  Miniature


D-D VIEW


32
5


Ø36


4-Ø4.5 THRU
BCD 28


G


G


0.009 BB'


0.008 BB'
8


Ø10


G


A'


B'


A


B


L1
L2 9


10


9


(27)


L3
37


Ø5.7  0
-0.06Ø6  0


-0.008


G


G


G G


G


M8X1P
MD8-0.026


-0.206


PD7.35-0.026
-0.138


6.8 +0.1
 0


0.8 +0.1
 0


0.008 AA'


0.004 C'


0.004 C 0.008 AA'


0.004 C


C'


(12)


Ø19-0.007
-0.020


Ø6  0
-0.005


D


DØ8  0
-0.006


C0.2


Q


Q


Q-Q SECTION


R0.2
MAX


10  0
-0.2


4


R0.2
MAX


30° 30°


23


C


WIPER BOTH ENDS


Ø7.5Ø11.5


5 5


R0.4


Stroke HIWIN Code L1 L2 L3 Accuracy grade


50 R10-2.5T3-FSI-100-158-0.008 100 112 158 3


100 R10-2.5T3-FSI-150-208-0.008 150 162 208 3


150 R10-2.5T3-FSI-200-258-0.008 200 212 258 3


200 R10-2.5T3-FSI-250-308-0.008 250 262 308 3


Ballscrew Data


Direction Right Hand


Lead (mm) 2.5


Lead Angle 4.46º


P.C.D (mm) 10.2


Screw P.C.D (mm) 10.2


RD (mm) 8.136


Steel Ball (mm) Ø2


Circuits 1x3


Dynamic Load C (Kgf) 274


Static Load Co (Kgf) 438


Axial Play (mm) 0 0.005 MAX


Drag Torque (Kgf-cm) 0.02~0.3 0.05 MAX


Spacer Ball - -


Unit : mm


F S I (SHAFT OD 10, LEAD 2.5)







S99TE17-121280


Type  Miniature


28
5


BCD 29


G


G


0.009 BB'


0.008 BB'


55


G


A'


B'


A


B


L1
10


15


10


30
10


L3
(45)


G


G


G G


G


7.9+0.1
 0


0.008 AA'


0.004 C'
0.004 C 0.008 AA'


0.004 C


C


L2
(15)


Ø37


Ø20-0.007
-0.020


Ø12


5


PD9.35-0.026
-0.138


MD10-0.026
-0.206


M10X1P
Ø8  0


-0.009


12  0
-0.25


Ø10


Q


Q


30° 30°


24


4-Ø4.5 THRU


Ø14


C0.2


R0.2
MAX


Ø10  0
-0.006R0.4


WIPER BOTH ENDS


Q-Q SECTION


D-D VIEW


0.9+0.1
 0


C'


Ø8  0
-0.006


Ø7.6  0
-0.06R0.2


MAX


D


D


Stroke HIWIN Code L1 L2 L3 Accuracy grade


50 R12-2T3-FSI-110-180-0.008 110 125 180 3


100 R12-2T3-FSI-160-230-0.008 160 175 230 3


150 R12-2T3-FSI-210-280-0.008 210 225 280 3


200 R12-2T3-FSI-260-330-0.008 260 275 330 3


250 R12-2T3-FSI-310-380-0.008 310 325 380 3


Unit : mm


F S I (SHAFT OD 12, LEAD 2)


Ballscrew Data


Direction Right Hand


Lead (mm) 2


Lead Angle 2.99º


P.C.D (mm) 12.2


Screw P.C.D (mm) 12.2


RD (mm) 10.652


Steel Ball (mm) Ø1.5


Circuits 1x3


Dynamic Load C (Kgf) 217


Static Load Co (Kgf) 430


Axial Play (mm) 0 0.005 MAX


Drag Torque (Kgf-cm) 0.04~0.35 0.1 MAX


Spacer Ball - -







S99TE17-1212 81


Type  Miniature


D-D VIEW


32
5


Ø21-0.007
-0.020


Ø38


4-Ø4.5 THRU
BCD 30


WIPER BOTH ENDS


G


G


0.010 BB'


0.008 BB'


10


Ø12Ø10Ø14


G


A'


B'


A


B


L1
L2 10


15


10


30


L3
(45)


Ø7.6  0
-0.06


Ø8  0
-0.006


Ø8  0
-0.009 Ø10  0


-0.006


G


G


G G


G


M10X1P
MD10-0.026


-0.206


PD9.35 -0.026
-0.138


5
7.9+0.1


 0


0.9+0.1
 0


0.008 AA'


0.004 C'


0.004 C 0.008 AA'


0.004 C


C'C


D


D


30° 30°


25


12  0
-0.25


Q-Q SECTION


(15)


Q


Q


R0.2
MAX


C0.2
R0.4


MAX
R0.2


5 5


Stroke HIWIN Code L1 L2 L3 Accuracy grade


50 R12-2.5T3-FSI-110-180-0.008 110 125 180 3


100 R12-2.5T3-FSI-160-230-0.008 160 175 230 3


150 R12-2.5T3-FSI-210-280-0.008 210 225 280 3


200 R12-2.5T3-FSI-260-330-0.008 260 275 330 3


250 R12-2.5T3-FSI-310-380-0.008 310 325 380 3


Ballscrew Data


Direction Right Hand


Lead (mm) 2.5


Lead Angle 3.73º


P.C.D (mm) 12.2


Screw P.C.D (mm) 12.2


RD (mm) 10.136


Steel Ball (mm) Ø2


Circuits 1x3


Dynamic Load C (Kgf) 309


Static Load Co (Kgf) 546


Axial Play (mm) 0 0.005 MAX


Drag Torque (Kgf-cm) 0.04~0.35 0.1 MAX


Spacer Ball - -


Unit : mm


F S I (SHAFT OD 12, LEAD 2.5)







S99TE17-121282


Type  Miniature


6
28 55


L1


1.15+0.14
0


9.15+0.1
0


22


410


10


3015


L3


D


5


L2(45)


Ø40


BCD 31


26


Ø21-0.007
-0.020


C0.2


D-D VIEW


Q-Q SECTION


4-Ø5.5 THRU


WIPER BOTH ENDS


12  0
-0.25


Q


Q


Ø10  0
-0.006


C0.2
R0.2
MAX


B B'


A A'


C'C


D


Ø9.6 0
-0.09Ø15


R0.2
MAX


0.010 BB'
0.012 BB'


0.004 C'


0.012 AA'


0.004 C


0.012 AA'0.006 C


G
GG


G


G


G


G


R0.4


Ø10  0
-0.009


(14)


G


G


Ø12  0
-0.008 Ø11 Ø14


30° 30°


M12X1P
MD12 -0.026


-0.206


PD11.35 -0.026
-0.144


Stroke HIWIN Code L1 L2 L3 Accuracy grade


50 R14-2T3-FSI-85-166-0.008 85 99 166 3


100 R14-2T3-FSI-135-216-0.008 135 149 216 3


150 R14-2T3-FSI-185-266-0.008 185 199 266 3


200 R14-2T3-FSI-235-316-0.008 235 249 316 3


250 R14-2T3-FSI-335-416-0.008 335 349 416 3


Unit : mm


F S I (SHAFT OD 14, LEAD 2)


Ballscrew Data


Direction Right Hand


Lead (mm) 2


Lead Angle 2.57º


P.C.D (mm) 14.2


Screw P.C.D (mm) 14.2


RD (mm) 12.652


Steel Ball (mm) Ø1.5


Circuits 1x3


Dynamic Load C (Kgf) 236


Static Load Co (Kgf) 511


Axial Play (mm) 0 0.005 or less


Drag Torque (Kgf-cm) 0.05~0.5 -


Spacer Ball - -







S99TE17-1212 83


Type  Miniature


Q-Q SECTION


D-D VIEW


WIPER BOTH ENDS


33
6


Ø45


G


G


0.012 BB'
0.010 BB'


B'B


4-Ø5.5 THRU
BCD 36


12  0
-0.25


Ø26 -0.007
-0.020


5510


G


A'A


L1
L2 22


15


10


30


L3
(45)


G


G


G G


G


9.15 +0.1
 0


0.012 AA'


0.004 C'


0.006 C 0.012 AA'


0.004 C


C'C


PD11.35-0.026
-0.144


MD12 -0.026
-0.206


M12X1P MAX


MAX
R0.2


Ø14 Ø9.6  0
-0.09


Ø10 0
-0.006


R0.4
Ø10  0


-0.009 Ø12  0
-0.008 Ø15 Ø11


R0.2
C0.2


(15)


D


D


30° 30°


28


1.15 +0.14
 05


Q


Q


5


30°


0.5


Stroke HIWIN Code L1 L2 L3 Accuracy grade


100 R14-4T3-FSI-148-230-0.008 148 163 230 3


150 R14-4T3-FSI-198-280-0.008 198 213 280 3


200 R14-4T3-FSI-248-330-0.008 248 263 330 3


300 R14-4T3-FSI-348-430-0.008 348 363 430 3


400 R14-4T3-FSI-448-530-0.008 448 463 530 3


Ballscrew Data


Direction Right Hand


Lead (mm) 4


Lead Angle 5.11º


P.C.D (mm) 14.25


Screw P.C.D (mm) 14.25


RD (mm) 11.792


Steel Ball (mm) Ø2.381


Circuits 1x3


Dynamic Load C (Kgf) 403


Static Load Co (Kgf) 725


Axial Play (mm) 0 0.005 or less


Drag Torque (Kgf-cm) 0.1~0.7 -


Spacer Ball - -


Unit : mm


F S I (SHAFT OD 14, LEAD 4)







S99TE17-121284


Type  Miniature


D


D


R0.4


D-D VIEW


39
10


BCD 36


G


G


0.012 BB'
0.010 BB'


B'B


WIPER BOTH ENDSØ26-0.007
-0.020


Ø46


4-Ø4.5 THRU,Ø8x4.5 DP


55


G


A'A


L1
10


15


10


30
10 5


L3
(45)


G


G G


G


7.9+0.1
 0


0.9+0.1
 0


0.012 AA'


0.003 C'


0.006 C
0.012 AA'


0.003 C


C'C


(15)
L2


5


Q


MAX


MAX


12  0
-0.25


Q-Q SECTION


30° 30°


28


42


M6x1Px6DP


14


Ø10 Ø7.6  0
-0.06Ø8


Ø14


Ø10  0
-0.006


M10X1P
Ø8 0


-0.009


MD10 -0.026
-0.206


PD9.35 -0.026
-0.138


R0.2 Q


C0.2
R0.2


Ø8 0
-0.006


C0.2


Stroke HIWIN Code L1 L2 L3 Accuracy grade


50 R10-4B1-FSB-110-180-0.008 110 125 180 3


100 R10-4B1-FSB-160-230-0.008 160 175 230 3


150 R10-4B1-FSB-210-280-0.008 210 225 280 3


200 R10-4B1-FSB-260-330-0.008 260 275 330 3


250 R10-4B1-FSB-310-380-0.008 310 325 380 3


300 R10-4B1-FSB-360-430-0.008 360 375 430 3


Unit : mm


F S B (SHAFT OD 10, LEAD 4)


Ballscrew Data


Direction Right Hand


Lead (mm) 4


Lead Angle 7.11º


P.C.D (mm) 10.2


Screw P.C.D (mm) 10.2


RD (mm) 8.136


Steel Ball (mm) Ø2


Circuits 2.5x1


Dynamic Load C (Kgf) 176 280


Static Load Co (Kgf) 225 449


Axial Play (mm) 0 0.005 or less


Drag Torque (Kgf-cm) 0.05~0.4 0.1MAX


Spacer Ball 1 : 1 -







S99TE17-1212 85


Type  Miniature


(15)
5


C0.5


40
10


Ø50


4-Ø4.5 THRU,Ø8x4 DP
BCD 40


G


G


0.010 BB'


0.008 BB'


B


Ø30 -0.007
-0.020 WITHOUT WIPER


Q-Q SECTION


B'


5


10


Ø12


G


A A'


L1
L2 10


15


10


30


L3
(45)


G


G


G G


G


5


12 0
-0.25


7.9 +0.1
0


0.9


0.008 AA'


0.004 C'


0.008 AA'


0.004 C


C'C


0.005 C D


D


30°30°


32


15
45


M6x1Px6DP
(OIL HOLE)D-D VIEW


Ø10 0
-0.006


Ø8 0
-0.009


M10X1P
MD10-0.026


-0.206


PD9.35-0.026
-0.138


Ø9.5
Ø14


R0.4


Ø7.6 0
-0.06


Ø8


C0.5


Q


Q


MAX


MAX
R0.2


C0.2 R0.2


+0.1
0


0
-0.006


Stroke HIWIN Code L1 L2 L3 Accuracy grade


50 R12-5B1-FSW -110-180-0.008 110 125 180 3


100 R12-5B1-FSW -160-230-0.008 160 175 230 3


150 R12-5B1-FSW -210-280-0.008 210 225 280 3


200 R12-5B1-FSW -260-330-0.008 260 275 330 3


250 R12-5B1-FSW -310-380-0.008 310 325 380 3


350 R12-5B1-FSW -410-480-0.008 410 425 480 3


450 R12-5B1-FSW -510-580-0.008 510 525 580 3


Ballscrew Data


Direction Right Hand


Lead (mm) 5


Lead Angle 7.4º


P.C.D (mm) 12.25


Screw P.C.D (mm) 12.25


RD (mm) 9.792


Steel Ball (mm) Ø2.381


Circuits 2.5x1


Dynamic Load C (Kgf) 241 382


Static Load Co (Kgf) 319 637


Axial Play (mm) 0 0.005 MAX


Drag Torque (Kgf-cm) 0.1~0.45 0.1 MAX


Spacer Ball 1 : 1 -


Unit : mm


F S W (SHAFT OD 12, LEAD 5)







S99TE17-121286


Type  Miniature


C0.5


(15)
5


D-D VIEW


50
10


Ø50


4-Ø4.5 THRU,Ø8x4.5 DP
BCD 40


G


G


0.010 BB'


0.008 BB'


B'B


Ø30 -0.007
-0.020 WIPER BOTH ENDS


5


10


Ø12


G


A'A


L1
L2 10


15


10


30


L3
(45)


Ø7.6 0
-0.06


G


G


G G


G


M10X1P
MD10 -0.026


-0.206


PD9.35 -0.026
-0.138


5


12 0
-0.25


7.9+0.1
0


0.9+0.1
0


0.008 AA'


0.004 C'


0.008 AA'


0.004 C


C'C


Ø9.5
Ø8 0


-0.009


Ø10 0
-0.006 Ø14


0.005 C


R0.4


Ø8 0
-0.006


D


D


30°30°


32


15
45


M6x1Px6DP
(OIL HOLE)


Q-Q SECTION


C0.5


Q


Q
R0.2
MAX


C0.2


R0.2
MAX


Stroke HIWIN Code L1 L2 L3 Accuracy grade


100 R12-10B1-FSW-160-230-0.008 160 175 230 3


150 R12-10B1-FSW-210-280-0.008 210 225 280 3


250 R12-10B1-FSW-310-380-0.008 310 325 380 3


350 R12-10B1-FSW-410-480-0.008 410 425 480 3


450 R12-10B1-FSW-510-580-0.008 510 525 580 3


Unit : mm


F S W (SHAFT OD 12, LEAD 10)


Ballscrew Data


Direction Right Hand


Lead (mm) 10


Lead Angle 14.57º


P.C.D (mm) 12.25


Screw P.C.D (mm) 12.25


RD (mm) 9.792


Steel Ball (mm) Ø2.381


Circuits 2.5x1


Dynamic Load C (Kgf) 241 382


Static Load Co (Kgf) 319 637


Axial Play (mm) 0 0.005 MAX


Drag Torque (Kgf-cm) 0.1~0.5 0.5 MAX


Spacer Ball 1 : 1 -
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Type  Miniature


D-D VIEW


12 0
-0.25


55


Ø14


G


A'A


L1
22


15


10


30
10 5


L3
(45)


Ø9.6 0
-0.09


Ø10 0
-0.006Ø10 0


-0.009
Ø15


GG


G


G G


G


M12X1P
MD12-0.026


-0.206


9.15 +0.1
0


1.15 +0.14
0


C'C


L2


Ø10.5


5


R0.2
MAX


R0.2
MAX


C0.2


Ø12 0
-0.008


PD11.35-0.026
-0.144


0.004 C


0.009 AA'0.006 C
0.008 BB'


0.012 BB'


0.004 C'


0.009 AA'


34


50
17


M6x1Px6 DP


Q


Q


Q-Q SECTION


30° 30°


40
11


Ø57


WIPER BOTH ENDS


G


G


B'B


Ø34 -0.009
-0.025


D 


D 


BCD 45
4-Ø5.5 THRU,Ø9.5x5.5 DP


(15)


Stroke HIWIN Code L1 L2 L3 Accuracy grade


100 R14-5B1-FSW-189-271-0.008 189 204 271 3


150 R14-5B1-FSW-239-321-0.008 239 254 321 3


250 R14-5B1-FSW-339-421-0.008 339 354 421 3


350 R14-5B1-FSW-439-521-0.008 439 454 521 3


450 R14-5B1-FSW-539-621-0.008 539 554 621 3


600 R14-5B1-FSW-689-771-0.008 689 704 771 3


Ballscrew Data


Direction Right Hand


Lead (mm) 5


Lead Angle 6.22º


P.C.D (mm) 14.6


Screw P.C.D (mm) 14.6


RD (mm) 11.324


Steel Ball (mm) Ø3.175


Circuits 2.5x1


Dynamic Load C (Kgf) 448 710


Static Load Co (Kgf) 608 1215


Axial Play (mm) 0 0.005 MAX


Drag Torque (Kgf-cm) 0.15~0.70 0.2 MAX


Spacer Ball 1 : 1 -


Unit : mm


F S W (SHAFT OD 14, LEAD 5)







S99TE17-121288


Type  Miniature


D-D VIEW


46
11


BCD 45


G


G


Ø57


Ø34-0.009
-0.025 WIPER BOTH ENDS


4-Ø5.5 THRU,Ø9.5x5.5 DP


10


G


A'A


L1
L2 22


15


10


30


L3
(45)


G


G


G G


G


9.15 +0.1
0


1.15 +0.14
0


0.009 AA'


0.004 C'


0.006 C 0.009 AA'


0.004 C


C'C


(15)


Ø10.5


5


D


D
Ø15


Q


Q


C0.2


Ø14 MAXØ12 -0.002
-0.008


PD11.35-0.026
-0.144


MD12 -0.026
-0.206


M12X1P


Ø10 0
-0.009


Q-Q SECTION


12 0
-0.25


30° 30°


34


50


17


M6x1Px6DP
(OIL HOLE)


R0.2
MAX


R0.4


5 5


Ø10 0
-0.006Ø9.6 0


-0.09


R0.2
M5x0.8Px12 DP


0.008 BB'


0.012 BB'


Stroke HIWIN Code L1 L2 L3 Accuracy grade


100 R14-8B1-FSW-189-271-0.008 189 204 271 3


150 R14-8B1-FSW-239-321-0.008 239 254 321 3


200 R14-8B1-FSW-289-371-0.008 289 304 371 3


250 R14-8B1-FSW-339-421-0.008 339 354 421 3


300 R14-8B1-FSW-389-471-0.008 389 404 471 3


350 R14-8B1-FSW-439-521-0.008 439 454 521 3


400 R14-8B1-FSW-489-571-0.008 489 504 571 3


450 R14-8B1-FSW-539-621-0.008 539 554 621 3


500 R14-8B1-FSW-589-671-0.008 589 604 671 3


550 R14-8B1-FSW-639-721-0.008 639 654 721 3


600 R14-8B1-FSW-689-771-0.008 689 704 771 3


700 R14-8B1-FSW-789-871-0.008 789 804 871 3


Unit : mm


F S W (SHAFT OD 14, LEAD 8)


Ballscrew Data


Direction Right Hand


Lead (mm) 8


Lead Angle 9.89º


P.C.D (mm) 14.6


Screw P.C.D (mm) 14.6


RD (mm) 11.324


Steel Ball (mm) Ø3.175


Circuits 2.5x1


Dynamic Load C (Kgf) 448 710


Static Load Co (Kgf) 608 1215


Axial Play (mm) 0 0.005 MAX


Drag Torque (Kgf-cm) 0.15~0.79 0.24 MAX


Spacer Ball 1 : 1 -
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Type  Miniature


D-D VIEW


0.012 BB'


0.010 BB'


55810


G


A'A


167


185 10


15


10


30


240


(45)


G


G


G G


G


7.9 +0.1
0


0.9


0.012 AA'


0.003 C'


0.006 C 0.012 AA'


0.003 C


C'C


(18)


Ø10


Ø8 0
-0.006


Ø7.6 0
-0.08Ø7.5Ø14Ø10 0


-0.006


PD9.35-0.026
-0.138


MD10-0.026
-0.206


M10X1P


Ø8 0
-0.009


C0.2


C0.2


MAX
R0.2


MAX
R0.2


(OIL HOLE)


14
42


12 0
-0.25


Q-Q SECTION


R0.4


2MAX


30° 30°
28


M6x1Px6DP


39
10


Ø46


BCD 36


G


G
B'B


5


Q


Q


D


Ø26 -0.007
-0.020 WIPER BOTH ENDS


4-Ø4.5 THRU,Ø8x4.5 DP


D


+0.1
0


(INCOMPLETE 
THREAD)


Stroke HIWIN Code L1 L2 L3 Accuracy grade


100 R10-10A1-FSB-167-240-0.008 167 185 240 3


150 R10-10A1-FSB-217-290-0.008 217 235 290 3


200 R10-10A1-FSB-267-340-0.008 267 285 340 3


250 R10-10A1-FSB-317-390-0.008 317 335 390 3


300 R10-10A1-FSB-367-440-0.008 367 385 440 3


Ballscrew Data


Direction Right Hand


Lead (mm) 10


Lead Angle 16.71º


P.C.D (mm) 10.6


Screw P.C.D (mm) 10.6


RD (mm) 7.324


Steel Ball (mm) Ø3.175


Circuits 1.5x1


Dynamic Load C (Kgf) 223 354


Static Load Co (Kgf) 245 489


Axial Play (mm) 0 0.005 or less


Drag Torque (Kgf-cm) 0.1~0.5 -


Spacer Ball 1 : 1 -


Unit : mm


F S B (SHAFT OD 10, LEAD 10)







S99TE17-121290


Type  Standard


D-D VIEW


51
11


6


G


G


B'B


Ø57


Ø34-0.009
-0.025 WIPER BOTH ENDS


BCD 45
4-Ø5.5 THRU,Ø9.5x5.5 DP


0.015 BB'


0.011 BB'


101010


G


A'A


L1
L2 22


15


10


30


L3
(45)


G


G


G G


G


9.15+0.1
0


1.15+0.14
0


0.014 AA'
0.004 C'


0.009 C


0.014 AA'
0.004 C


C'C


(15)


Ø9.6 0
-0.09


R0.2
MAX


5


Q


Q


MAX


12 0
-0.25


Q-Q SECTION


30° 30°


34
50


17


2-M6x1Px6DP


R0.4


5


D


D


Ø10 0
-0.009 Ø12Ø15


R0.2


M12X1P
MD12 -0.026


-0.206


PD11.35-0.026
-0.144


Ø15
Ø10 0


-0.006


M5x0.8Px12DPØ12 0
-0.008


C0.2


OIL HOLE


6.4 End Machining Ground Ballscrew Series


Stroke HIWIN Code L1 L2 L3 Accuracy grade


100 R15-10B1-FSW-189-271-0.018 189 204 271 5


150 R15-10B1-FSW-239-321-0.018 239 254 321 5


200 R15-10B1-FSW-289-371-0.018 289 304 371 5


250 R15-10B1-FSW-339-421-0.018 339 354 421 5


300 R15-10B1-FSW-389-471-0.018 389 404 471 5


350 R15-10B1-FSW-439-521-0.018 439 454 521 5


400 R15-10B1-FSW-489-571-0.018 489 504 571 5


450 R15-10B1-FSW-539-621-0.018 539 554 621 5


500 R15-10B1-FSW-589-671-0.018 589 604 671 5


550 R15-10B1-FSW-639-721-0.018 639 654 721 5


600 R15-10B1-FSW-689-771-0.018 689 704 771 5


700 R15-10B1-FSW-789-871-0.018 789 804 871 5


800 R15-10B1-FSW-889-971-0.018 889 904 971 5


1000 R15-10B1-FSW-1089-1171-0.018 1089 1104 1171 5


Unit : mm


F S W (SHAFT OD 15, LEAD 10)


Ballscrew Data


Direction Right Hand


Lead (mm) 10


Lead Angle 11.53º


P.C.D (mm) 15.6


Screw P.C.D (mm) 15.6


RD (mm) 12.324


Steel Ball (mm) Ø3.175


Circuits 2.5x1


Dynamic Load C (Kgf) 460 729


Static Load Co (Kgf) 645 1290


Axial Play (mm) 0 0.005 MAX


Drag Torque (Kgf-cm) 0.15~0.79 0.24 MAX


Spacer Ball 1 : 1 -
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Type  Standard


D-D VIEW


42
11


6


BCD 51


G


G


Ø63
Ø40 -0.009


-0.025 WIPER BOTH ENDS


OIL HOLE


4-Ø5.5 THRU,Ø9.5x5.5 DP


1010510


G


A'A


L1
L2 22


15


10


30


L3
(45)


G


G


G G


G


9.15 +0.1
0


1.15 +0.14
0


0.010 AA'


0.003 C'


0.006 C 0.010 AA'


0.003 C


C'C


(15)


Ø16 Ø9.6 0
-0.09


Ø10 0
-0.006


X


D


D


PD11.35-0.026
-0.144


MD12 -0.026
-0.206


M12X1P


Ø12 0
-0.008


C0.2


Ø12Ø15R0.2
MAX


Ø10 0
-0.009


12 0
-0.25


Q-Q SECTION


5


Q


Q


30° 30°


40
17


55


2-M6x1Px6DP
X DETAIL


R0.4


B B'


0.008 BB'


0.010 BB'


M5x0.8Px12DP


F0.4X0.2DIN509


0.
2


1.
1


+0
.1 0


0.
4


15°


0.1
2


8°


+0.05
0


Stroke HIWIN Code L1 L2 L3 Accuracy grade


100 R16-5B1-FSW-189-271-0.018 189 204 271 5


200 R16-5B1-FSW-289-371-0.018 289 304 371 5


300 R16-5B1-FSW-389-471-0.018 389 404 471 5


400 R16-5B1-FSW-489-571-0.018 489 504 571 5


600 R16-5B1-FSW-689-771-0.018 689 704 771 5


800 R16-5B1-FSW-889-971-0.018 889 904 971 5


Ballscrew Data


Direction Right Hand


Lead (mm) 5


Lead Angle 5.48º


P.C.D (mm) 16.6


Screw P.C.D (mm) 16.2


RD (mm) 13.324


Steel Ball (mm) Ø3.175


Circuits 2.5x1


Dynamic Load C (Kgf) 481 763


Static Load Co (Kgf) 700 1399


Axial Play (mm) 0 0.005 or less


Drag Torque (Kgf-cm) 0.15~0.8 0.2MAX


Spacer Ball 1 : 1 -


Unit : mm


(SHAFT OD 16, LEAD 5)F S W







S99TE17-121292


Type  Standard


D-D VIEW


Q-Q SECTION


X DETAIL


45° 45°


24


49
11


Ø40-0.009
-0.025


Ø63


BCD 51


WIPER BOTH ENDS


G


G


0.012 BB'


0.010 BB'


B'B


6-Ø5.5 THRU,Ø9.5x5.5 DP


M6x1Px6DP
(OIL HOLE)


1010


2MAX


(25)


Ø20


G


A'A


L3
L2 25


20


15


40


L1
(60)


Ø14.3 0
-0.11


Ø12 0
-0.011 Ø15 0


-0.008


G


G G


G


M15X1P
MD15-0.026


-0.206


PD14.35-0.026
-0.144


10.15+0.1
0


1.15+0.14
0


0.014 AA'


0.005 C'


0.009 C 0.018 AA'


0.005 C


C'C


D


D


R0.2
MAX


R0.4


9 7


17 0
-0.25


Q


QC0.2


Ø19.5


M6X1PX15DP


G


Ø15 0
-0.008


X


F0.2X0.1DIN509


0.
1


0.
9


+0
.1 0


0.
2


15°


1


8°
+0.05


00.1


C0.2


(INCOMPLETE 
THREAD)


Stroke HIWIN Code L1 L2 L3 Accuracy grade


150 R20-4B2-FSW-225-335-0.018 225 250 335 5


200 R20-4B2-FSW-275-385-0.018 275 300 385 5


300 R20-4B2-FSW-375-485-0.018 375 400 485 5


400 R20-4B2-FSW-475-585-0.018 475 500 585 5


500 R20-4B2-FSW-575-685-0.018 575 600 685 5


600 R20-4B2-FSW-675-785-0.018 675 700 785 5


Unit : mm


F S W (SHAFT OD 20, LEAD 4)


Ballscrew Data


Direction Right Hand


Lead (mm) 4


Lead Angle 3.6º


P.C.D (mm) 20.25


Screw P.C.D (mm) 20.25


RD (mm) 17.792


Steel Ball (mm) Ø2.381


Circuits 2.5x2


Dynamic Load C (Kgf) 561


Static Load Co (Kgf) 1085


Axial Play (mm) 0


Drag Torque (Kgf-cm) 0.12~0.68


Spacer Ball 1 : 1
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Type  Standard


D-D VIEW


56
11


Ø67


WIPER BOTH ENDS


G


G


0.012 BB'


0.010 BB'


B'B


6-Ø5.5 THRU,Ø9.5x5.5 DP


26


BCD 55


Ø44-0.009
-0.025


D


D


45°45°


M6X1PX6DP
(OIL HOLE)


1010
(25)


G


A'A


L3
L2 25


20


15


40


L1
(60)


G


G


G G


G


M15X1P
MD15-0.026


-0.206


PD14.35-0.026
-0.144


10.15+0.1
0


1.15+0.14
0


0.011 AA'


0.005 C'


0.009 C 0.018 AA'


0.005 C


C'C


Ø15 0
-0.008


Ø14.3 0
-0.11 M6X1PX15DP


Ø20MAXØ15 0
-0.008


C0.2


9 7


17 0
-0.25


R0.4


C0.2


R0.2
Ø19.5


Ø12 0
-0.011


Q-Q SECTION


X


X DETAIL


2MAX


Q


Q


F0.2X0.1DIN509


0.
1


0.
9


+0
.1 0


0.
2


15°


1


8°
+0.05


00.1


(INCOMPLETE 
THREAD)


Stroke HIWIN Code L1 L2 L3 Accuracy grade


150 R20-5B2-FSW-225-335-0.018 225 250 335 5


200 R20-5B2-FSW-275-385-0.018 275 300 385 5


300 R20-5B2-FSW-375-485-0.018 375 400 485 5


400 R20-5B2-FSW-475-585-0.018 475 500 585 5


500 R20-5B2-FSW-575-685-0.018 575 600 685 5


700 R20-5B2-FSW-775-885-0.018 775 800 885 5


Ballscrew Data


Direction Right Hand


Lead (mm) 5


Lead Angle 4.42º


P.C.D (mm) 20.6


Screw P.C.D (mm) 20.6


RD (mm) 17.324


Steel Ball (mm) Ø3.175


Circuits 2.5x2


Dynamic Load C (Kgf) 952


Static Load Co (Kgf) 1732


Axial Play (mm) 0


Drag Torque (Kgf-cm) 0.28~1.32


Spacer Ball 1 : 1


Unit : mm


(SHAFT OD 20, LEAD 5)F S W







S99TE17-121294


Type  Standard


D - D  V I E WX  D E T A I L


( 2 5 )


R 0 . 4


5
Q


Q


1 7 0
- 0 . 2 5


Q - Q  S E C T I O N


C 0 . 2
M 6 X 1 P X 1 5 D P


3 0 ° 3 0 °


4 6


66


24


2 - M 6 X 1 P X 6 D P


X


5 4
1 3


O I L  H O L E  6


Ø7 4


4 - Ø6 . 6  T H R U , Ø1 1 x 6 . 5  D P
B C D  5 9


G


G


0 . 0 1 5 B B '


0 . 0 1 1 B B '


B 'B


W I P E R  B O T H  E N D SØ4 6 - 0 . 0 0 9
- 0 . 0 2 5


1 01 5


G


A 'A


L 3
L 2 2 5


2 0


1 5


4 0


L 1
( 6 0 )


G


G


G


1 0 . 1 5 + 0 . 1
0


1 . 1 5 + 0 . 1 4
0


0 . 0 1 4 A A '
0 . 0 0 4 C '


0 . 0 0 9 C


0 . 0 1 4 A A '


0 . 0 0 4 C


C 'C


D


D


Ø2 0
Ø1 5 0


- 0 . 0 0 8Ø1 6 . 5
M 1 5 X 1 P Ø1 5 0


- 0 . 0 0 8


M D 1 5 - 0 . 0 2 6
- 0 . 2 0 6


P D 1 4 . 3 5 - 0 . 0 2 6
- 0 . 1 4 4


Ø1 2 0
- 0 . 0 1 1


Ø1 9 . 5 Ø1 4 . 3 0
- 0 . 1 1


1 0 1 0


G


G


C 0 . 2


R 0 . 2
M A X


F 0 . 2 X 0 . 1 D I N 5 0 9


0.
1


0.
9


+0
.1 0


0 . 2


1 5 °


1


8 °


+ 0 . 0 5
00 . 1


Stroke HIWIN Code L1 L2 L3 Accuracy grade


200 R20-10B1-FSW- 289 - 399-0.018 289 314 399 5


300 R20-10B1-FSW- 389 - 499-0.018 389 414 499 5


400 R20-10B1-FSW- 489 - 599-0.018 489 514 599 5


500 R20-10B1-FSW- 589 - 699-0.018 589 614 699 5


600 R20-10B1-FSW- 689 - 799-0.018 689 714 799 5


700 R20-10B1-FSW- 789 - 899-0.018 789 814 899 5


800 R20-10B1-FSW- 889 -999-0.018 889 914 999 5


900 R20-10B1-FSW- 989 -1099-0.018 989 1014 1099 5


1000 R20-10B1-FSW- 1089 -1199-0.018 1089 1114 1199 5


1100 R20-10B1-FSW- 1189 -1299-0.018 1189 1214 1299 5


1400   R20-10B1-FSW- 1289 -1399-0.018 1289 1314 1399 5


Unit : mm


F S W (SHAFT OD 20, LEAD 10)


Ballscrew Data


Direction Right Hand


Lead (mm) 10


Lead Angle 8.7º


P.C.D (mm) 20.8


Screw P.C.D (mm) 20.8


RD (mm) 16.744


Steel Ball (mm) Ø3.969


Circuits 2.5x1


Dynamic Load C (Kgf) 718 1139


Static Load Co (Kgf) 1094 2187


Axial Play (mm) 0 0.005 MAX


Drag Torque (Kgf-cm) 0.2~1.2 0.3 MAX


Spacer Ball 1 : 1 -







S99TE17-1212 95


Type  Standard


10101015


G


A'A


L3
L2 25


20


15


40


G


G


G G


G


10.15+0.1
0


1.15+0.14
0


0.014 AA'


0.004 C'


0.009 C 0.014 AA'


0.004 C


C'C


(25)


Ø15 0
-0.008


PD14.35-0.026
-0.144


MD15-0.026
-0.206


M15X1P
Ø16.5


Ø14.3 0
-0.11 Ø15 0


-0.008


Ø20


D


D


R0.2
MAX


R0.4


17 0
-0.25


Q-Q SECTION


Ø19.5


Q


Q


5


4-Ø6.6 THRU,Ø11x6.5 DP
BCD 59


2-M6X1PX6DP


Ø46 -0.009
-0.025 WIPER BOTH ENDS


D-D VIEW


0.011 BB'


0.015 BB'


(60)
L1


C0.2
C0.2


X DETAIL


Ø12 0
-0.011


63
13


7


G


G


Ø74


30° 30°


46


66


24


F0.2X0.1DIN509


0.
1


0.
9


+0
.1 0


0.
2


15°


1


8°
+0.05


00.1


M6X1PX15DP


X


OIL HOLE


Stroke HIWIN Code L1 L2 L3 Accuracy grade


200 R20-20A1-FSW-310-420-0.018 310 335 420 5


300 R20-20A1-FSW-410-520-0.018 410 435 520 5


400 R20-20A1-FSW-510-620-0.018 510 535 620 5


500 R20-20A1-FSW-610-720-0.018 610 635 720 5


600 R20-20A1-FSW-710-820-0.018 710 735 820 5


700 R20-20A1-FSW-810-920-0.018 810 835 920 5


800 R20-20A1-FSW-910-1020-0.018 910 935 1020 5


900 R20-20A1-FSW-1010-1120-0.018 1010 1035 1120 5


1000 R20-20A1-FSW-1110-1220-0.018 1110 1135 1220 5


1100 R20-20A1-FSW-1210-1320-0.018 1210 1235 1320 5


1400 R20-20A1-FSW-1510-1620-0.018 1510 1535 1620 5


Ballscrew Data


Direction Right Hand


Lead (mm) 20


Lead Angle 17.01º


P.C.D (mm) 20.8


Screw P.C.D (mm) 20.8


RD (mm) 16.744


Steel Ball (mm) Ø3.969


Circuits 1.5x1


Dynamic Load C (Kgf) 453 719


Static Load Co (Kgf) 641 1280


Axial Play (mm) 0 0.005 MAX


Drag Torque (Kgf-cm) 0.2~1.2 0.3 MAX


Spacer Ball 1 : 1 -


Unit : mm


(SHAFT OD 20, LEAD 20)F S W







S99TE17-121296


Type  Standard


R0.4 R0.2
MAX C0.2


Q-Q SECTION
X DETAIL


48
11


Ø46-0.009
-0.025


Ø69


6-Ø5.5 THRU,Ø9.5x5.5 DP
BCD 58


WIPER BOTH ENDS


G


G 0.015 BB'


0.011 BB'


B'B


1515


2 MAX


30


Ø25


G


A'A


L3
L2 (53)


(27)


16


53


L1
80


Ø15 0
-0.011


Ø20 0
-0.009


G


G


G G


G


M20X1P
MD20-0.026


-0.206


PD19.35-0.026
-0.144


15.35+0.1
0


1.35+0.14
0


0.016 AA'


0.005 C'


0.007 C 0.016 AA'


0.005 C


C'C


D


D


14 10


Q


Q


22 0
-0.35


Ø19 0
-0.21


16


Ø20 0
-0.009


F0.2X0.1DIN509


0.
1


0.
9


+0
.1 0


0.
2


15°


1


8°
+0.05


00.1


M20X1P
MD20-0.026


-0.206


PD19.35-0.026
-0.144


X


C0.2


M6X1PX6DP
(OIL HOLE)


45° 45°


26


(INCOMPLETE 
THREAD)


D-D VIEW


Stroke HIWIN Code L1 L2 L3 Accuracy grade


150 R25-4B2-FSW-220-383-0.018 220 250 383 5


200 R25-4B2-FSW-270-433-0.018 270 300 433 5


300 R25-4B2-FSW-370-533-0.018 370 400 533 5


400 R25-4B2-FSW-470-633-0.018 470 500 633 5


500 R25-4B2-FSW-570-733-0.018 570 600 733 5


700 R25-4B2-FSW-770-933-0.018 770 800 933 5


Unit : mm


F S W (SHAFT OD 25, LEAD 4)


Ballscrew Data


Direction Right Hand


Lead (mm) 4


Lead Angle 2.89º


P.C.D (mm) 25.25


Screw P.C.D (mm) 25.25


RD (mm) 22.792


Steel Ball (mm) Ø2.381


Circuits 2.5x2


Dynamic Load C (Kgf) 988


Static Load Co (Kgf) 2752


Axial Play (mm) 0


Drag Torque (Kgf-cm) 0.15~0.85


Spacer Ball 1 : 1







S99TE17-1212 97


Type  Standard


D-D VIEW


55
11


Ø73


BCD 61


28


G


G


0.015 BB'
0.013 BB'


B'B


Ø50-0.009
-0.025


(OIL HOLE)


6-Ø5.5 THRU,Ø9.5x5.5 DP


M6x1Px6DP


Q


Q


WIPER BOTH ENDS


X DETAIL


X X


1515


2MAX


(30)


Ø25


G


A'A


L1
L2


16


53


16


53


L3
(80)


Ø20 0
-0.009


Ø15 0
-0.011


G


G


G G


G


M20X1P
MD20-0.026


-0.206


PD19.35-0.026
-0.144


M20X1P
MD20-0.026


-0.206


PD19.35-0.026
-0.144


0.016 AA'
0.005 C'


0.007 C 0.016 AA'
0.005 C


C'C


R0.4


14 10


22 0
-0.35


Q-Q SECTION


45° 45°


15.35+0.1
0


1.35+0.14
0


C0.5Ø20 0
-0.009


Ø19 0
-0.21


27


C0.5


F0.2X0.1DIN509


0.
1


0.
9


+0
.1 0


0.
2


15°


1


8°


+0.05
00.1


(INCOMPLETE 
THREAD)


Stroke HIWIN Code L1 L2 L3 Accuracy grade


150 R25-5B2-FSW-220-383-0.018 220 250 383 5


200 R25-5B2-FSW-270-433-0.018 270 300 433 5


300 R25-5B2-FSW-370-533-0.018 370 400 533 5


400 R25-5B2-FSW-470-633-0.018 470 500 633 5


500 R25-5B2-FSW-570-733-0.018 570 600 733 5


600 R25-5B2-FSW-670-833-0.018 670 700 833 5


700 R25-5B2-FSW-770-933-0.018 770 800 933 5


900 R25-5B2-FSW-970-1133-0.018 970 1000 1133 5


1000 R25-5B2-FSW-1170-1333-0.018 1170 1200 1333 5


Ballscrew Data


Direction Right Hand


Lead (mm) 5


Lead Angle 3.56º


P.C.D (mm) 25.6


Screw P.C.D (mm) 25.6


RD (mm) 22.324


Steel Ball (mm) Ø3.175


Circuits 2.5x2


Dynamic Load C (Kgf) 1073


Static Load Co (Kgf) 2209


Axial Play (mm) 0


Drag Torque (Kgf-cm) 0.36~1.44


Spacer Ball 1 : 1


Unit : mm


(SHAFT OD 25, LEAD 5)F S W







S99TE17-121298


Type  Standard


D-D VIEW


X X


62
11


Ø76


BCD 64


G


G


0.013 BB'
0.009 BB'


B'B


6-Ø5.5 THRU,Ø9.5x5.5DP


(OIL HOLE)


Ø53-0.010
-0.029 WIPER BOTH ENDS


Q


Q-Q SECTION
X DETAIL


Q


1515


2MAX


(30)


G


A'A


L1
L2


16


53
27


16


53


L3
(80)


G


G


G G


G


0.016 AA'
0.005 C'


0.007 C 0.016 AA'
0.005 C


C'C


15.35+0.1
0


1.35+0.14
0


Ø19 0
-0.11


Ø20 0
-0.009 M20X1P


MD20-0.026
-0.206


PD19.35-0.026
-0.144


Ø20 0
-0.009M20X1P


MD20-0.026
-0.206


PD19.35-0.026
-0.144


Ø15 0
-0.011 R0.4


45° 45°


M6X1PX6DP


Ø25


D


D


22 0
-0.35


14 10


29


C0.3C0.3


F0.2X0.1DIN509


0.
1


0.
9


+0
.1 0


0.
2


15°


1


8°


+0.05
00.1


(INCOMPLETE 
THREAD)


Stroke HIWIN Code L1 L2 L3 Accuracy grade


250 R25-6B2-FSW-370-533-0.018 370 400 533 5


450 R25-6B2-FSW-570-733-0.018 570 600 733 5


650 R25-6B2-FSW-770-933-0.018 770 800 933 5


1050 R25-6B2-FSW-1170-1333-0.018 1170 1200 1333 5


Unit : mm


F S W (SHAFT OD 25, LEAD 6)


Ballscrew Data


Direction Right Hand


Lead (mm) 6


Lead Angle 4.23º


P.C.D (mm) 25.8


Screw P.C.D (mm) 25.8


RD (mm) 21.744


Steel Ball (mm) Ø3.969


Circuits 2.5x2


Dynamic Load C (Kgf) 1453


Static Load Co (Kgf) 2761


Axial Play (mm) 0


Drag Torque (Kgf-cm) 0.42~2.4


Spacer Ball 1 : 1







S99TE17-1212 99


Type  Standard


D-D VIEW


15


G


G


B'B


45° 45°


326-Ø6.6 THRU,Ø11x6.5 DP
BCD 71


Ø85


Ø58-0.010
-0.029 WIPER BOTH ENDS


Q-Q SECTION
X DETAIL


X


0.019 BB'
0.013 BB'


15


2MAX


(30)


G


A'A


L1
L2 53


27


16


53


L3
(80)


G


G


G G


G 0.016 AA'
0.005 C'


0.007 C 0.016 AA'
0.005 C


C'C


15


Ø25 Ø20 0
-0.009


14 10


X


PD19.35-0.026
-0.144


MD20-0.026
-0.206


M20X1P C0.3Ø15 0
-0.011 R0.4


Q


22 0
-0.35


M6x1Px6DP
(OIL HOLE)


81


D


D
Ø19 0


-0.21Ø20 0
-0.009


16


PD19.35-0.026
-0.144


MD20-0.026
-0.206


M20X1P


Q


1.35+0.14
0


C0.3


F0.2X0.1DIN509


0.
1


0.
9


+0
.1 0


0.
2


15°


1


8°
+0.05


00.1


15.35+0.1
0


(INCOMPLETE 
THREAD)


Stroke HIWIN Code L1 L2 L3 Accuracy grade


250 R25-10A2-FSW-370-533-0.018 370 400 533 5


450 R25-10A2-FSW-570-733-0.018 570 600 733 5


650 R25-10A2-FSW-770-933-0.018 770 800 933 5


850 R25-10A2-FSW-970-1133-0.018 970 1000 1133 5


1050 R25-10A2-FSW-1170-1333-0.018 1170 1200 1333 5


1350 R25-10A2-FSW-1470-1633-0.018 1470 1500 1633 5


Ballscrew Data


Direction Right Hand


Lead (mm) 10


Lead Angle 6.98º


P.C.D (mm) 26


Screw P.C.D (mm) 26


RD (mm) 21.132


Steel Ball (mm) Ø4.763


Circuits 1.5x2


Dynamic Load C (Kgf) 1164


Static Load Co (Kgf) 1927


Axial Play (mm) 0


Drag Torque (Kgf-cm) 0.42~2.4


Spacer Ball 1 : 1


Unit : mm


(SHAFT OD 25, LEAD 10)F S W







S99TE17-1212100


Type  Standard


D-D VIEW


6-Ø6.6 THRU,Ø11x6.5 DP
BCD 69


G


0.019 BB'


0.013 BB'


B


56
12


Ø55-0.010
-0.029 WIPER BOTH ENDS


B'
Q


Q-Q SECTION


MAX
MAX


Ø85


R0.2Q


1515


G


A'A


16


65
(12)


16


(30)


L3
(80)


G


G


G G


G


M20X1P
MD20-0.026


-0.206


PD19.35-0.026
-0.144


M20X1P
MD20-0.026


-0.206


PD19.35-0.026
-0.144


0.016 AA'


0.005 C'


0.006 C 0.012 AA'
0.005 C


C'C


Ø20 0
-0.009Ø15 0


-0.011


Ø25
Ø28 Ø25


Ø20 0
-0.009


45°45°


31


R0.2


G


15.35+0.1
0


1.35+0.14
0


Ø19 0
-0.21


D


D


14 10


22 0
-0.35


C0.3


L2


M6X1PX6DP
(OIL HOLE)


C0.3


R0.4


L1 535327


Stroke HIWIN Code L1 L2 L3 Accuracy grade


200 R28-5B2-FSW-270-445-0.018 270 300 445 5


300 R28-5B2-FSW-370-545-0.018 370 400 545 5


400 R28-5B2-FSW-470-645-0.018 470 500 645 5


450 R28-5B2-FSW-558-733-0.018 558 588 733 5


650 R28-5B2-FSW-758-933-0.018 758 788 933 5


850 R28-5B2-FSW-958-1133-0.018 958 988 1133 5


1050 R28-5B2-FSW-1158-1333-0.018 1158 1188 1333 5


Unit : mm


F S W (SHAFT OD 28, LEAD 5)


Ballscrew Data


Direction Right Hand


Lead (mm) 5


Lead Angle 3.19º


P.C.D (mm) 28.6


Screw P.C.D (mm) 28.6


RD (mm) 25.324


Steel Ball (mm) Ø3.175


Circuits 2.5x2


Dynamic Load C (Kgf) 1124


Static Load Co (Kgf) 2466


Axial Play (mm) 0


Drag Torque (Kgf-cm) 0.3~1.7


Spacer Ball 1 : 1







S99TE17-1212 101


Type  Standard


D-D VIEW


6-Ø6.6 THRU,Ø11x6.5 DP
BCD 69


G


0.019 BB'
0.013 BB'


B


63
12


Ø55-0.010
-0.029 WIPER BOTH ENDS


B'
Q


Q-Q SECTION


MAX
MAX


Ø85


R0.2
Q


1515


G


A'A


16


65
(12)


16


(30)


L3
(80)


G


G


G G


G


M20X1P
MD20-0.026


-0.206


PD19.35-0.026
-0.144


M20X1P
MD20-0.026


-0.206


PD19.35-0.026
-0.144


0.016 AA'
0.005 C'


0.006 C 0.012 AA'
0.005 C


C'C


Ø20 0
-0.009Ø15 0


-0.011


Ø25
Ø28 Ø25


Ø20 0
-0.009


45°45°


31


R0.2


G


15.35+0.1
0


1.35+0.14
0


Ø19 0
-0.21


D


D


14 10


22 0
-0.35


C0.3


L2


M6X1PX6DP
(OIL HOLE)


C0.3


R0.4


L1 535327


Stroke HIWIN Code L1 L2 L3 Accuracy grade


250 R28-6B2-FSW-370-545-0.018 370 412 545 5


450 R28-6B2-FSW-570-745-0.018 570 612 745 5


650 R28-6B2-FSW-758-933-0.018 758 800 933 5


850 R28-6B2-FSW-958-1133-0.018 958 1000 1133 5


1050 R28-6B2-FSW-1158-1333-0.018 1158 1200 1333 5


Ballscrew Data


Direction Right Hand


Lead (mm) 6


Lead Angle 3.82º


P.C.D (mm) 28.6


Screw P.C.D (mm) 28.6


RD (mm) 25.324


Steel Ball (mm) Ø3.175


Circuits 2.5x2


Dynamic Load C (Kgf) 1124


Static Load Co (Kgf) 2466


Axial Play (mm) 0


Drag Torque (Kgf-cm) 0.36~2.04


Spacer Ball 1 : 1


Unit : mm


(SHAFT OD 28, LEAD 6)F S W







S99TE17-1212102


Type  Standard


D


D


D-D VIEW


X X


1515


2MAX


(35)


Ø32


G


A'A


20


62
33


20


62
(95)


Ø25 0
-0.009Ø20 0


-0.013 Ø25 0
-0.009


G


G


G G


G


M25X1.5P
MD25-0.032


-0.268


PD24.026 -0.032
-0.182


M25X1.5P
MD25-0.032


-0.268


PD24.026-0.032
-0.182


C'C


15


Q


Q
Ø23.9 0


-0.21


X DETAIL


0.013 BB'
0.019 BB'


R0.4


L3
L2


L1


6-Ø6.6 THRU,Ø11x6.5 DP


12


F0.4X0.2DIN509


0.
2


1.
1


+0
.1 0


0.
4


15°


0.1
2


8°
+0.05


0


56
12


Ø58-0.010
-0.029


Ø85


BCD 71
32


WIPER BOTH ENDS


G


G


B'B


45°


45°


M6x1Px6DP
(OIL HOLE)


Q-Q SECTION


27 0
-0.35


16.35+0.1
0


1.35+0.14
0


0.005 C'
0.014 AA'0.005 C


0.014 AA'0.007 C


(INCOMPLETE 
THREAD)


Stroke HIWIN Code L1 L2 L3 Accuracy grade


150 R32-5B2-FSW-265-457-0.018 265 300 457 5


250 R32-5B2-FSW-365-557-0.018 365 400 557 5


350 R32-5B2-FSW-465-657-0.018 465 500 657 5


450 R32-5B2-FSW-565-757-0.018 565 600 757 5


550 R32-5B2-FSW-665-857-0.018 665 700 857 5


650 R32-5B2-FSW-765-957-0.018 765 800 957 5


850 R32-5B2-FSW-965-1157-0.018 965 1000 1157 5


1050 R32-5B2-FSW-1165-1357-0.018 1165 1200 1357 5


1350 R32-5B2-FSW-1465-1657-0.018 1465 1500 1657 5


Unit : mm


F S W (SHAFT OD 32, LEAD 5)


Ballscrew Data


Direction Right Hand


Lead (mm) 5


Lead Angle 2.79º


P.C.D (mm) 32.6


Screw P.C.D (mm) 32.6


RD (mm) 29.324


Steel Ball (mm) Ø3.175


Circuits 2.5x2


Dynamic Load C (Kgf) 1188


Static Load Co (Kgf) 2833


Axial Play (mm) 0


Drag Torque (Kgf-cm) 0.48~1.92


Spacer Ball 1 : 1







S99TE17-1212 103


Type  Standard


D-D VIEW


X X


1515


2MAX


(35)


Ø32


G


A'A


20


62
33


20


62
(95)


Ø25 0
-0.009Ø20 0


-0.013 Ø25 0
-0.009


G


G


G G


G


M25X1.5P
MD25-0.032


-0.268


PD24.026-0.032
-0.182


M25X1.5P
MD25-0.032


-0.268


PD24.026-0.032
-0.182


C'C


15


Q


Q
Ø23.9 0


-0.21


X DETAIL


0.013 BB'
0.019 BB'


R0.4


L3
L2


L1


6-Ø6.6 THRU,Ø11x6.5 DP


12


F0.4X0.2DIN509


0.
2


1.
1


+0
.1 0


0.
4


15°


0.1
2


8°
+0.05


0


D


D


63
12


Ø62-0.010
-0.029


Ø89


BCD 75
34


WIPER BOTH ENDS


G


B'B


45°


45°


M6x1Px6DP
(OIL HOLE)


Q-Q SECTION


27 0
-0.35


16.35+0.1
0


1.35 +0.14
0


0.005 C'
0.020 AA'0.005 C


0.020 AA'0.007 C


G


(INCOMPLETE 
THREAD)


Stroke HIWIN Code L1 L2 L3 Accuracy grade


250 R32-6B2-FSW-365-557-0.018 365 400 557 5


450 R32-6B2-FSW-565-757-0.018 565 600 757 5


650 R32-6B2-FSW-765-957-0.018 765 800 957 5


850 R32-6B2-FSW-965-1157-0.018 965 1000 1157 5


1050 R32-6B2-FSW-1165-1357-0.018 1165 1200 1357 5


1350 R32-6B2-FSW-1465-1657-0.018 1465 1500 1657 5


Ballscrew Data


Direction Right Hand


Lead (mm) 6


Lead Angle 3.33º


P.C.D (mm) 32.8


Screw P.C.D (mm) 32.8


RD (mm) 28.744


Steel Ball (mm) Ø3.969


Circuits 2.5x2


Dynamic Load C (Kgf) 1610


Static Load Co (Kgf) 3510


Axial Play (mm) 0


Drag Torque (Kgf-cm) 0.48~2.72


Spacer Ball 1 : 1


Unit : mm


(SHAFT OD 32, LEAD 6)F S W







S99TE17-1212104


Type  Standard


D - D  V I E W


4 7
1 1


B C D  4 5


G


G


0 . 0 1 5 B B '


0 . 0 1 1 B B '


B 'B


Ø5 7


Ø3 4 - 0 . 0 0 9
- 0 . 0 2 5 W I P E R  B O T H  E N D S


O I L  H O L E   6


4 - Ø5 . 5  T H R U , Ø9 . 5 x 5 . 5  D P


1 01 01 0


G


A 'A


L 1


L 2 2 2


1 5


1 0


3 0


L 3


( 4 5 )


G


G


G G


G


9 . 1 5 + 0 . 1
0


1 . 1 5 + 0 . 1 4
0


0 . 0 1 4 A A '


0 . 0 0 4 C '


0 . 0 0 9 C 0 . 0 1 4 A A '


0 . 0 0 4 C


C 'C


( 2 0 )


Ø1 6


D


D
M A X


Ø9 . 6 0
- 0 . 0 9 Ø1 0 0


- 0 . 0 0 6


M 5 x 0 . 8 P x 1 2 D P


Ø1 3


5


Q


C 0 . 2


Ø1 2 0
- 0 . 0 0 8


P D 1 1 . 3 5 - 0 . 0 2 6
- 0 . 1 4 4


M D 1 2 - 0 . 0 2 6
- 0 . 2 0 6


M 1 2 X 1 PØ1 0 0
- 0 . 0 0 9


R 0 . 2
M A X


Ø1 5


Q - Q  S E C T I O N


1 2 0
- 0 . 2 5


3 0 ° 3 0 °


50
17


3 4


2 - M 6 x 1 P x 6 D P


R 0 . 4


C 0 . 5 R 0 . 2C 0 . 5


Q


C 0 . 5 C 0 . 5


Stroke HIWIN Code L1 L2 L3 Accuracy grade


100 R16-16K2-FSC-184- 271-0.018 184 204 271 5


150 R16-16K2-FSC-234- 321-0.018 234 254 321 5


200 R16-16K2-FSC-284- 371-0.018 284 304 371 5


250 R16-16K2-FSC-334- 421-0.018 334 354 421 5


300 R16-16K2-FSC-384- 471-0.018 384 404 471 5


350 R16-16K2-FSC-434- 521-0.018 434 454 521 5


400 R16-16K2-FSC-484- 571-0.018 484 504 571 5


450 R16-16K2-FSC-534- 621-0.018 534 554 621 5


500 R16-16K2-FSC-584- 671-0.018 584 604 671 5


550 R16-16K2-FSC-634- 721-0.018 634 654 721 5


600 R16-16K2-FSC- 684-771-0.018 684 704 771 5


700 R16-16K2-FSC- 784-871-0.018 784 804 871 5


800 R16-16K2-FSC- 884-971-0.018 884 904 971 5


1000 R16-16K2-FSC- 1084-1171-0.018 1084 1104 1171 5


Unit : mm


F S C (SHAFT OD 16, LEAD 16)


Ballscrew Data


Direction Right Hand


Lead (mm) 16


Lead Angle 17.06º


P.C.D (mm) 16.6


Screw P.C.D (mm) 16.6


RD (mm) 13.324


Steel Ball (mm) Ø3.175


Circuits 2


Dynamic Load C (Kgf) 420 680


Static Load Co (Kgf) 690 1385


Axial Play (mm) 0 0.005 MAX


Drag Torque (Kgf-cm) 0.15~0.79 0.24 MAX


Spacer Ball 1 : 1 -







S99TE17-1212 105


Type  Standard


Q


Q


15151020


Ø25
Ø21Ø25


G


A'A


L1
L2


16


53
27


16


53


L3
(80)


Ø20 0
-0.009


Ø15 0
-0.011 Ø20 0


-0.009


G


G


G G


G


M20X1P
MD20-0.026


-0.206


PD19.35-0.026
-0.144


M20X1P
MD20-0.026


-0.206


PD19.35-0.026
-0.144


0.013 AA'


0.004 C'


0.01 C
0.018 AA'


0.004 C


C'C


D


D


80
12


Ø44-0.009
-0.025


Ø71


BCD 57


23


WIPER BOTH ENDS


G


G


0.015 BB'


0.011 BB'


B'B


4-Ø6.6THRU


R0.2
MAX


(30)


10


C0.3
MAX


15.35+0.1
0


1.35+0.14
0


C0.3


R0.2 Ø19 0
-0.21


M6X1PX6DP
(OIL HOLE)


30°30°


22 0
-0.35


Q-Q SECTION


D-D VIEW


R0.4


Stroke HIWIN Code L1 L2 L3 Accuracy grade


600 R25-20K3-FSC- 750- 913-0.018 750 780 913 5


800 R25-20K3-FSC- 950- 1113-0.018 950 980 1113 5


1000 R25-20K3-FSC- 1150- 1313-0.018 1150 1180 1313 5


1200 R25-20K3-FSC- 1350- 1513-0.018 1350 1380 1513 5


1400 R25-20K3-FSC- 1550- 1713-0.018 1550 1580 1713 5


1600 R25-20K3-FSC- 1750- 1913-0.018 1750 1780 1913 5


2000 R25-20K3-FSC- 2150- 2313-0.018 2150 2180 2313 5


Ballscrew Data


Direction Right Hand


Lead (mm) 20


Lead Angle 13.97º


P.C.D (mm) 25.6


Screw P.C.D (mm) 25.6


RD (mm) 22.324


Steel Ball (mm) Ø3.175


Circuits 3


Dynamic Load C (Kgf) 790 1260


Static Load Co (Kgf) 1715 3430


Axial Play (mm) 0 0.005 MAX


Drag Torque (Kgf-cm) 0.4~2.5 0.5 MAX


Spacer Ball 1 : 1 -


Unit : mm


(SHAFT OD 25, LEAD 20)F S C







S99TE17-1212106


Type  Standard


Q


Q


15151020


Ø25
Ø21Ø25


G


A'A


L1
L2


16


53
27


16


53


L3
(80)


Ø20 0
-0.009


Ø15 0
-0.011 Ø20 0


-0.009


G


G


G G


G


M20X1P
MD20-0.026


-0.206


PD19.35-0.026
-0.144


M20X1P
MD20-0.026


-0.206


PD19.35-0.026
-0.144


0.013 AA'


0.004 C'


0.01 C
0.018 AA'


0.004 C


C'C


D


D


69
12


Ø44 -0.009
-0.025


Ø71


BCD 57


23


WIPER BOTH ENDS


G


G


0.015 BB'


0.011 BB'


B'B


4-Ø6.6THRU


R0.2
MAX


(30)


10


C0.3
MAX


15.35+0.1
0


1.35+0.14
0


C0.3


R0.2 Ø19 0
-0.21


M6X1PX6DP
(OIL HOLE)


30°30°


22 0
-0.35


Q-Q SECTION


D-D VIEW


R0.4


Stroke HIWIN Code L1 L2 L3 Accuracy grade


600 R25-25K2-FSC-750-913-0.018 750 780 913 5


800 R25-25K2-FSC-950-1113-0.018 950 980 1113 5


1000 R25-25K2-FSC-1150-1313-0.018 1150 1180 1313 5


1200 R25-25K2-FSC-1350-1513-0.018 1350 1380 1513 5


1400 R25-25K2-FSC-1550-1713-0.018 1550 1580 1713 5


1600 R25-25K2-FSC-1750-1913-0.018 1750 1780 1913 5


2000 R25-25K2-FSC-2150-2313-0.018 2150 2180 2313 5


Unit : mm


F S C (SHAFT OD 25, LEAD 25)


Ballscrew Data


Direction Right Hand


Lead (mm) 25


Lead Angle 17.27º


P.C.D (mm) 25.6


Screw P.C.D (mm) 25.6


RD (mm) 22.324


Steel Ball (mm) Ø3.175


Circuits 2


Dynamic Load C (Kgf) 520 840


Static Load Co (Kgf) 1085 2170


Axial Play (mm) 0 0.005 MAX


Drag Torque (Kgf-cm) 0.4~2.5 0.25 MAX


Spacer Ball 1 : 1 -







S99TE17-1212 107


Type  Standard


Q


Q


97
10 15


Ø54-0.010
-0.029


Ø85


Ø54-0.1
-0.3


BCD 67


28


WIPER BOTH ENDS


G


G 0.019 BB'


0.013 BB'


B'B


30°30°


4-Ø9THRU


27 0
-0.35


M6X1PX8DP
(OIL HOLE)F0.4X0.2DIN509


0.
2


1.
1


+0
.1 0


0.
4


15°


0.1
2


8°
+0.05


0


16.35+0.1
0


1.35+0.14
0


Ø23.9 0
-0.21


X X


1515
12(27)


Ø32
Ø27.5Ø32


G


A'A


L1
L2


20


62
33


20


62


L3
(95)


Ø25 0
-0.009


Ø20 0
-0.013 Ø25 0


-0.009


G


G


G G


G


M25X1.5P
MD25-0.032


-0.268


PD24.026-0.032
-0.182


M25X1.5P
MD25-0.032


-0.268


PD24.026-0.032
-0.182


0.013 AA'


0.004 C'


0.007 C
0.018 AA'


0.004 C


C'C


D


DC0.5


R0.4


12


Q-Q SECTION


D-D VIEWX DETAIL


Stroke HIWIN Code L1 L2 L3 Accuracy grade


1000 R32-25K3-FSC-1180-1376-0.018 1180 1219 1376 5


1500 R32-25K3-FSC-1680-1876-0.018 1680 1719 1876 5


2000 R32-25K3-FSC-2180-2376-0.018 2180 2219 2376 5


2600 R32-25K3-FSC-2780-2976-0.018 2780 2819 2976 5


Ballscrew Data


Direction Right Hand


Lead (mm) 25


Lead Angle 13.56º


P.C.D (mm) 33


Screw P.C.D (mm) 33


RD (mm) 28.132


Steel Ball (mm) Ø4.763


Circuits 3


Dynamic Load C (Kgf) 1980 3150


Static Load Co (Kgf) 4410 8820


Axial Play (mm) 0 0.005 or less


Drag Torque (Kgf-cm) 0.69~3.21 0.8MAX


Spacer Ball 1 : 1 -


Unit : mm


(SHAFT OD 32, LEAD 25)F S C







S99TE17-1212108


Type  Standard


Q


Q


87
10 15


Ø51-0.010
-0.029


Ø85


Ø51-0.1
-0.3


BCD 67


26


WIPER BOTH ENDS


G


G 0.019 BB'


0.013 BB'


B'B


30°30°


4-Ø9THRU


27 0
-0.35


M6X1PX8DP
(OIL HOLE)F0.4X0.2DIN509


0.
2


1.
1


+0
.1 0


0.
4


15°


0.1
2


8°
+0.05
0


16.35+0.1
0


1.35+0.14
0


Ø23.9 0
-0.21


X X


1515
12(27)


Ø32
Ø27.5Ø32


G


A'A


L1
L2


20


62
33


20


62


L3
(95)


Ø25 0
-0.009


Ø20 0
-0.013 Ø25 0


-0.009


G


G


G G


G


M25X1.5P
MD25-0.032


-0.268


PD24.026-0.032
-0.182


M25X1.5P
MD25-0.032


-0.268


PD24.026-0.032
-0.182


0.013 AA'


0.004 C'


0.007 C
0.018 AA'


0.004 C


C'C


D


DC0.5


R0.4


12


Q-Q SECTION


D-D VIEWX DETAIL


Stroke HIWIN Code L1 L2 L3 Accuracy grade


1000 R32-32K2-FSC-1180-1376-0.018 1180 1219 1376 5


1500 R32-32K2-FSC-1680-1876-0.018 1680 1719 1876 5


2000 R32-32K2-FSC-2180-2376-0.018 2180 2219 2376 5


2600 R32-32K2-FSC-2780-2976-0.018 2780 2819 2976 5


Unit : mm


F S C (SHAFT OD 32, LEAD 32)


Ballscrew Data


Direction Right Hand


Lead (mm) 32


Lead Angle 17.25º


P.C.D (mm) 32.8


Screw P.C.D (mm) 32.8


RD (mm) 28.744


Steel Ball (mm) Ø3.969


Circuits 2


Dynamic Load C (Kgf) 800 1280


Static Load Co (Kgf) 1765 3530


Axial Play (mm) 0 0.005 or less


Drag Torque (Kgf-cm) 0.7~3.21 0.8MAX


Spacer Ball 1 : 1 -
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Type  Standard


D-D VIEW
X DETAIL


1515


3MAX


(20)


Ø32


G


A'A


L1
L2


26


104
51


26


104


L3
(155)


Ø25 0
-0.009Ø20 0


-0.013 Ø25 0
-0.009


G


G


G G


G


M25X1.5P
MD25-0.032


-0.268


PD24.026-0.032
-0.182


M25X1.5P
MD25-0.032


-0.268


PD24.026-0.032
-0.182


0.020 AA'


0.005 C'


0.007 C
0.020 AA'


0.005 C


C'C


D


D


R0.4


8+0.13
+0.04


10


F0.4X0.2DIN509


0.
2


1.
1


+0
.1 0


0.
4


15°


0.1
2


8°
+0.05
0


8+0.13
+0.04


10
X X


190±1.5
15


Ø74-0.1
-0.3Ø74-0.010


-0.029


Ø108


6-Ø9THRU,Ø14x8.5DP
BCD 90


41


WIPER BOTH ENDS


G


G


0.019 BB'
0.013 BB'


45°45°


B'B


M6X1PX8DP
(OIL HOLE)


(INCOMPLETE 
THREAD)


Stroke HIWIN Code L1 L2 L3 Accuracy grade


150 R32-10B2-FDW-380-659-0.018 380 400 659 5


250 R32-10B2-FDW-480-759-0.018 480 500 759 5


350 R32-10B2-FDW-580-859-0.018 580 600 859 5


450 R32-10B2-FDW-680-959-0.018 680 700 959 5


550 R32-10B2-FDW-780-1059-0.018 780 800 1059 5


750 R32-10B2-FDW-980-1259-0.018 980 1000 1259 5


950 R32-10B2-FDW-1180-1459-0.018 1180 1200 1459 5


1250 R32-10B2-FDW-1480-1759-0.018 1480 1500 1759 5


1550 R32-10B2-FDW-1780-2059-0.018 1780 1800 2059 5


Ballscrew Data


Direction Right Hand


Lead (mm) 10


Lead Angle 5.44º


P.C.D (mm) 33.4


Screw P.C.D (mm) 33.4


RD (mm) 26.91


Steel Ball (mm) Ø6.35


Circuits 2.5x2


Dynamic Load C (Kgf) 4810


Static Load Co (Kgf) 11199


Axial Play (mm) 0


Drag Torque (Kgf-cm) 5.51~11.43


Spacer Ball -


Unit : mm


(SHAFT OD 32, LEAD 10)F D W







S99TE17-1212110


Type  Standard


D-D VIEWX DETAIL


193±1.5
18


Ø75-0.1
-0.3Ø75-0.010


-0.029


Ø120


6-Ø11THRU,Ø17.5x11DP
BCD 98


45


WIPER BOTH ENDS


G


G 0.015 BB'
0.012 BB'


45°45°


B'B


1/8PTX10DP
(OIL HOLE)


X X


F0.4X0.2DIN509


1.
1


0.
2+0


.1 0
0.


4


15°


0.1
2


8°
+0.05
0


20


3MAX


(20)


Ø36


G


A'A


L1
L2


26


104
61


26


104


L3
(165)


Ø25 0
-0.009Ø25 0


-0.013 Ø30 0
-0.009


G


G


G G


G


M25X1.5P
MD25-0.032


-0.268


PD24.026-0.032
-0.182


M30X1.5P
MD30-0.032


-0.268


PD29.026-0.032
-0.182


0.014 AA'


0.004 C'


0.007 C
0.014 AA'


0.004 C


C'C


D


D


R0.4


10+0.13
+0.041210+0.13


+0.04 12
(INCOMPLETE 
THREAD)


Stroke HIWIN Code L1 L2 L3 Accuracy grade


250 R36-10B2-FDW-480-769-0.018 480 500 769 5


450 R36-10B2-FDW-680-969-0.018 680 700 969 5


750 R36-10B2-FDW-980-1269-0.018 980 1000 1269 5


1150 R36-10B2-FDW-1380-1669-0.018 1380 1400 1669 5


1550 R36-10B2-FDW-1780-2069-0.018 1780 1800 2069 5


Unit : mm


F D W (SHAFT OD 36, LEAD 10)


Ballscrew Data


Direction Right Hand


Lead (mm) 10


Lead Angle 4.86º


P.C.D (mm) 37.4


Screw P.C.D (mm) 37.4


RD (mm) 30.91


Steel Ball (mm) Ø6.35


Circuits 2.5x2


Dynamic Load C (Kgf) 5105


Static Load Co (Kgf) 12668


Axial Play (mm) 0


Drag Torque (Kgf-cm) 6.64~12.34


Spacer Ball -
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Type  Standard


D-D VIEWX DETAIL


X X


F0.4X0.2DIN509


0.
2


1.
1


+0
.1 0


0.
4


15°


0.1
2


8°
+0.05
0


193±1.5
18


Ø82-0.1
-0.3Ø82-0.012


-0.034


Ø124


6-Ø11THRU,Ø17.5x11DP
BCD 102


47


WIPER BOTH ENDS


G


G


0.027 BB'
0.015 BB'


45°45°


B'B


1/8PTX10DP
(OIL HOLE)


20


3MAX


(20)


Ø40


G


A'A


L1
L2


26


104
61


26


104


L3
(165)


Ø30 0
-0.009


Ø25 0
-0.013 Ø30 0


-0.009


G


G


G G


G


M30X1.5P
MD30-0.032


-0.268


PD29.026-0.032
-0.182


M30X1.5P
MD30-0.032


-0.268


PD29.026-0.032
-0.182


0.013 AA'


0.004 C'


0.007 C
0.014 AA'


0.004 C


C'C


D


D


10+0.13
+0.04 12 10+0.13


+0.0412(INCOMPLETE 
THREAD)


Stroke HIWIN Code L1 L2 L3 Accuracy grade


250 R40-10B2-FDW-480-769-0.018 480 500 769 5


350 R40-10B2-FDW-580-869-0.018 580 600 869 5


450 R40-10B2-FDW-680-969-0.018 680 700 969 5


550 R40-10B2-FDW-780-1069-0.018 780 800 1069 5


750 R40-10B2-FDW-980-1269-0.018 980 1000 1269 5


950 R40-10B2-FDW-1180-1469-0.018 1180 1200 1469 5


1150 R40-10B2-FDW-1380-1669-0.018 1380 1400 1669 5


1350 R40-10B2-FDW-1580-1869-0.018 1580 1600 1869 5


1550 R40-10B2-FDW-1780-2069-0.018 1780 1800 2069 5


2150 R40-10B2-FDW-2380-2669-0.018 2380 2400 2669 5


Ballscrew Data


Direction Right Hand


Lead (mm) 10


Lead Angle 4.4º


P.C.D (mm) 41.4


Screw P.C.D (mm) 41.4


RD (mm) 34.91


Steel Ball (mm) Ø6.35


Circuits 2.5x2


Dynamic Load C (Kgf) 5369


Static Load Co (Kgf) 14138


Axial Play (mm) 0


Drag Torque (Kgf-cm) 8.26~13.78


Spacer Ball -


Unit : mm


(SHAFT OD 40, LEAD 10)F D W







S99TE17-1212112


Type  Standard


D-D VIEW
X DETAIL


X X


F0.4X0.2DIN509


0.
2


1.
1


+0
.1 0


0.
4


15°


0.1
2


8°
+0.05
0


225±1.5
18


Ø86-0.1
-0.3Ø86-0.012


-0.034


Ø128


6-Ø11THRU,Ø17.5x11DP
BCD 106


WIPER BOTH ENDS


G


G


0.020 BB'


0.013 BB'


B


1/8PTX10DP
(OIL HOLE)


20


3MAX


(20)


Ø40


G


A'A


L1
L2


26


104
61


26


104


L3
(165)


Ø30 0
-0.009


Ø25 0
-0.013 Ø30 0


-0.009


G


G


G G


G


M30X1.5P
MD30-0.032


-0.268


PD29.026-0.032
-0.182


M30X1.5P
MD30-0.032


-0.268


PD29.026-0.032
-0.182


0.014 AA'


0.004 C'


0.007 C
0.014 AA'


0.004 C


C'C


D


D


10+0.13
+0.04 12 10+0.13


+0.0412


48


45°45°


(INCOMPLETE 
THREAD)


Stroke HIWIN Code L1 L2 L3 Accuracy grade


400 R40-12B2-FDW-680-969-0.018 680 700 969 5


700 R40-12B2-FDW-980-1269-0.018 980 1000 1269 5


1100 R40-12B2-FDW-1380-1669-0.018 1380 1400 1669 5


1500 R40-12B2-FDW-1780-2069-0.018 1780 1800 2069 5


2200 R40-12B2-FDW-2480-2769-0.018 2480 2500 2769 5


Unit : mm


F D W (SHAFT OD 40, LEAD 12)


Ballscrew Data


Direction Right Hand


Lead (mm) 12


Lead Angle 5.25º


P.C.D (mm) 41.6


Screw P.C.D (mm) 41.6


RD (mm) 34.299


Steel Ball (mm) Ø7.144


Circuits 2.5x2


Dynamic Load C (Kgf) 6216


Static Load Co (Kgf) 15614


Axial Play (mm) 0


Drag Torque (Kgf-cm) 9.79~18.17


Spacer Ball -







S99TE17-1212 113


Type  Standard


D-D VIEWX DETAIL


Q


Q


Q-Q SECTION


X


F0.4X0.2DIN509


0.
2


1.
1


+0
.1 0


0.
4


15°


0.1
2


8°


+0.05
0


40
10


Ø25-0.007
-0.020


Ø44


4-Ø5.5THRU
BCD 35


WIPER BOTH ENDS


G


G


0.010 BB'


0.008 BB'


B'B


30°30°


29


12 0
-0.25


16


1010510


Ø16
Ø14Ø15


G


A'A


L1
L2 22


15


10


30


L3
(45)


Ø9.6 0
-0.09


Ø10 0
-0.006


Ø10 0
-0.009


Ø12 0
-0.008


GG


G


G G


G


M12X1P
MD12-0.026


-0.206


PD11.35-0.026
-0.144


9.15+0.1
0


1.15+0.14
0


0.007 AA'


0.003 C'


0.005 C
0.010 AA'


0.003 C


C'C


D


D


M6X1PX6DP
(OIL HOLE)


(15)


R0.2
MAX


C0.2
R0.4


5 3


M5X0.8PX12DP


Stroke HIWIN Code L1 L2 L3 Accuracy grade


50 R16-2T4-FSI-139-221-0.008 139 154 221 3


100 R16-2T4-FSI-189-271-0.008 189 204 271 3


150 R16-2T4-FSI-239-321-0.008 239 254 321 3


200 R16-2T4-FSI-289-371-0.008 289 304 371 3


300 R16-2T4-FSI-389-471-0.008 389 404 471 3


Ballscrew Data


Direction Right Hand


Lead (mm) 2


Lead Angle 2.25º


P.C.D (mm) 16.2


Screw P.C.D (mm) 16.2


RD (mm) 14.652


Steel Ball (mm) Ø1.5


Circuits 1x4


Dynamic Load C (Kgf) 323


Static Load Co (Kgf) 790


Axial Play (mm) 0 0.005 or less


Drag Torque (Kgf-cm) 0.05~0.5 0.15MAX


Spacer Ball 1 : 1 -


Unit : mm


(SHAFT OD 16, LEAD 2)F S I







S99TE17-1212114


Type  Standard


D-D VIEW
X DETAIL


Q


Q


Q-Q SECTION


X


F0.4X0.2DIN509


0.
2


1.
1


+0
.1 0


0.
4


15°


0.1
2


8°


+0.05
0


44
10


Ø25-0.007
-0.020


Ø44


4-Ø5.5THRU
BCD 35


WIPER BOTH ENDS


G


G


0.010 BB'


0.008 BB'


B'B


30°30°


29


12 0
-0.25


1010510


Ø16
Ø12Ø15


G


A'A


L1
L2 22


15


10


30


L3
(45)


Ø9.6 0
-0.09


Ø10 0
-0.006


Ø10 0
-0.009


Ø12 0
-0.008


GG


G


G G


G


M12X1P
MD12-0.026


-0.206


PD11.35-0.026
-0.144


9.15+0.1
0


1.15+0.14
0


0.012 AA'


0.004 C'


0.006 C
0.012 AA'


0.003 C


C'C


D


D


M6X1PX6DP
(OIL HOLE)


(15)


R0.2
MAX


C0.5
R0.4


5


M5X0.8PX12DP


Stroke HIWIN Code L1 L2 L3 Accuracy grade


50 R16-2.5T4-FSI-139-221-0.008 139 154 221 3


100 R16-2.5T4-FSI-189-271-0.008 189 204 271 3


150 R16-2.5T4-FSI-239-321-0.008 239 254 321 3


200 R16-2.5T4-FSI-289-371-0.008 289 304 371 3


300 R16-2.5T4-FSI-389-471-0.008 389 404 471 3


Unit : mm


F S I (SHAFT OD 16, LEAD 2.5)


Ballscrew Data


Direction Right Hand


Lead (mm) 2.5


Lead Angle 2.81º


P.C.D (mm) 16.2


Screw P.C.D (mm) 16.2


RD (mm) 14.652


Steel Ball (mm) Ø1.5


Circuits 1x4


Dynamic Load C (Kgf) 323


Static Load Co (Kgf) 790


Axial Play (mm) 0 0.005 or less


Drag Torque (Kgf-cm) 0.05~0.5 0.15MAX


Spacer Ball - -
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 StandardTyPE


D-D VIEW


1515


G


A'A


L1


16


53
1227


16


53 (30)
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Stroke HIWIN Code L1 L2 L3 Accuracy grade


150 R28-5B2-OFSW-270-445-0.018 270 312 445 5


250 R28-5B2-OFSW-370-545-0.018 370 412 545 5


350 R28-5B2-OFSW-470-645-0.018 470 512 645 5


450 R28-5B2-OFSW-558-733-0.018 558 600 733 5


650 R28-5B2-OFSW-758-933-0.018 758 800 933 5


850 R28-5B2-OFSW-958-1133-0.018 958 1000 1133 5


1050 R28-5B2-OFSW-1158-1333-0.018 1158 1200 1333 5


Ballscrew Data


Direction Right Hand


Lead (mm) 5


Lead Angle 3.19º


P.C.D (mm) 28.6


Screw P.C.D (mm) 28.6


RD (mm) 25.324


Steel Ball (mm) Ø3.175


Circuits 2.5x2


Dynamic Load C (Kgf) 1784


Static Load Co (Kgf) 4932


Axial Play (mm) 0


Drag Torque (Kgf-cm) 1.1~3.3


Spacer Ball -


Unit : mm


(SHAFT OD 16, LEAD 2)o F S W
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Stroke HIWIN Code L1 L2 L3 Accuracy grade


250 R28-6B2-OFSW-370-545-0.018 370 412 545 5


450 R28-6B2-OFSW-570-745-0.018 570 612 745 5


650 R28-6B2-OFSW-758-933-0.018 758 800 933 5


850 R28-6B2-OFSW-958-1133-0.018 958 1000 1133 5


1050 R28-6B2-OFSW-1158-1333-0.018 1158 1200 1333 5


Ballscrew Data


Direction Right Hand


Lead (mm) 6


Lead Angle 3.82º


P.C.D (mm) 28.6


Screw P.C.D (mm) 28.6


RD (mm) 25.324


Steel Ball (mm) Ø3.175


Circuits 2.5x2


Dynamic Load C (Kgf) 1784


Static Load Co (Kgf) 4932


Axial Play (mm) 0


Drag Torque (Kgf-cm) 1.2~3.6


Spacer Ball -


Unit : mm


(SHAFT OD 28, LEAD 6)o F S W
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Stroke HIWIN Code L1 L2 L3 Accuracy grade


150 R32-5B2-OFSW-280-529-0.018 280 300 529 5


250 R32-5B2-OFSW-380-629-0.018 380 400 629 5


350 R32-5B2-OFSW-480-729-0.018 480 500 729 5


450 R32-5B2-OFSW-580-829-0.018 580 600 829 5


550 R32-5B2-OFSW-680-929-0.018 680 700 929 5


650 R32-5B2-OFSW-780-1029-0.018 780 800 1029 5


850 R32-5B2-OFSW-980-1229-0.018 980 1000 1229 5


1050 R32-5B2-OFSW-1180-1429-0.018 1180 1200 1429 5


1350 R32-5B2-OFSW-1480-1729-0.018 1480 1500 1729 5


Ballscrew Data


Direction Right Hand


Lead (mm) 5


Lead Angle 2.79º


P.C.D (mm) 32.6


Screw P.C.D (mm) 32.6


RD (mm) 29.324


Steel Ball (mm) Ø3.175


Circuits 2.5x2


Dynamic Load C (Kgf) 1886


Static Load Co (Kgf) 5666


Axial Play (mm) 0


Drag Torque (Kgf-cm) 1.2~3.6


Spacer Ball -


Unit : mm


(SHAFT OD 32, LEAD 5)o F S W
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(INCOMPLETE 
THREAD)


Stroke HIWIN Code L1 L2 L3 Accuracy grade


250 R32-6B2-OFSW-380-629-0.018 380 400 629 5


450 R32-6B2-OFSW-580-829-0.018 580 600 829 5


650 R32-6B2-OFSW-780-1029-0.018 780 800 1029 5


850 R32-6B2-OFSW-980-1229-0.018 980 1000 1229 5


1050 R32-6B2-OFSW-1180-1429-0.018 1180 1200 1429 5


1350 R32-6B2-OFSW-1480-1729-0.018 1480 1500 1729 5


Ballscrew Data


Direction Right Hand


Lead (mm) 6


Lead Angle 3.33º


P.C.D (mm) 32.8


Screw P.C.D (mm) 32.8


RD (mm) 28.744


Steel Ball (mm) Ø3.969


Circuits 2.5x2


Dynamic Load C (Kgf) 2556


Static Load Co (Kgf) 7019


Axial Play (mm) 0


Drag Torque (Kgf-cm) 2.32~4.82


Spacer Ball -


Unit : mm


(SHAFT OD 32, LEAD 6)o F S W
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Stroke HIWIN Code L1 L2 L3 Accuracy grade


250 R32-8B1-OFSW-380-629-0.018 380 400 629 5


450 R32-8B1-OFSW-580-829-0.018 580 600 829 5


650 R32-8B1-OFSW-780-1029-0.018 780 800 1029 5


850 R32-8B1-OFSW-980-1229-0.018 980 1000 1229 5


1350 R32-8B1-OFSW-1480-1729-0.018 1480 1500 1729 5


Ballscrew Data


Direction Right Hand


Lead (mm) 8


Lead Angle 4.41º


P.C.D (mm) 33


Screw P.C.D (mm) 33


RD (mm) 28.132


Steel Ball (mm) Ø4.763


Circuits 2.5x1


Dynamic Load C (Kgf) 2650


Static Load Co (Kgf) 5599


Axial Play (mm) 0


Drag Torque (Kgf-cm) 1.26~5.06


Spacer Ball -


Unit : mm


(SHAFT OD 32, LEAD 8)o F S W
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Stroke HIWIN Code L1 L2 L3 Accuracy grade


250 R32-10B1-OFSW-380-629-0.018 380 400 629 5


350 R32-10B1-OFSW-480-729-0.018 480 500 729 5


450 R32-10B1-OFSW-580-829-0.018 580 600 829 5


550 R32-10B1-OFSW-680-929-0.018 680 700 929 5


650 R32-10B1-OFSW-780-1029-0.018 780 800 1029 5


850 R32-10B1-OFSW-980-1229-0.018 980 1000 1229 5


1050 R32-10B1-OFSW-1180-1429-0.018 1180 1200 1429 5


1350 R32-10B1-OFSW-1480-1729-0.018 1480 1500 1729 5


1650 R32-10B1-OFSW-1780-2029-0.018 1780 1800 2029 5


Ballscrew Data


Direction Right Hand


Lead (mm) 10


Lead Angle 5.44º


P.C.D (mm) 33.4


Screw P.C.D (mm) 33.4


RD (mm) 26.91


Steel Ball (mm) Ø6.35


Circuits 2.5x1


Dynamic Load C (Kgf) 2650


Static Load Co (Kgf) 5599


Axial Play (mm) 0


Drag Torque (Kgf-cm) 3.58~7.44


Spacer Ball -


Unit : mm


(SHAFT OD 32, LEAD 10)o F S W
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Stroke HIWIN Code L1 L2 L3 Accuracy grade


350 R36-10B1-OFSW-480-739-0.018 480 500 739 5


550 R36-10B1-OFSW-680-939-0.018 680 700 939 5


850 R36-10B1-OFSW-980-1239-0.018 980 1000 1239 5


1250 R36-10B1-OFSW-1380-1639-0.018 1380 1400 1639 5


1650 R36-10B1-OFSW-1780-2039-0.018 1780 1800 2039 5


Ballscrew Data


Direction Right Hand


Lead (mm) 10


Lead Angle 4.84º


P.C.D (mm) 37.4


Screw P.C.D (mm) 37.4


RD (mm) 30.91


Steel Ball (mm) Ø6.35


Circuits 2.5x1


Dynamic Load C (Kgf) 2812


Static Load Co (Kgf) 6334


Axial Play (mm) 0


Drag Torque (Kgf-cm) 3.91~8.13


Spacer Ball -


Unit : mm


(SHAFT OD 36, LEAD 10)o F S W
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Stroke HIWIN Code L1 L2 L3 Accuracy grade


250 R40-5B2-OFSW-380-639-0.018 380 400 639 5


450 R40-5B2-OFSW-580-839-0.018 580 600 839 5


650 R40-5B2-OFSW-780-1039-0.018 780 800 1039 5


850 R40-5B2-OFSW-980-1239-0.018 980 1000 1239 5


1050 R40-5B2-OFSW-1180-1439-0.018 1180 1200 1439 5


1450 R40-5B2-OFSW-1580-1839-0.018 1580 1600 1839 5


Ballscrew Data


Direction Right Hand


Lead (mm) 5


Lead Angle 2.24º


P.C.D (mm) 40.6


Screw P.C.D (mm) 40.6


RD (mm) 37.324


Steel Ball (mm) Ø3.175


Circuits 2.5x2


Dynamic Load C (Kgf) 2070


Static Load Co (Kgf) 7134


Axial Play (mm) 0


Drag Torque (Kgf-cm) 1.81~4.21


Spacer Ball -


Unit : mm


(SHAFT OD 40, LEAD 5)o F S W
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Stroke HIWIN Code L1 L2 L3 Accuracy grade


200 R40-8B2-OFSW-380-639-0.018 380 400 639 5


400 R40-8B2-OFSW-580-839-0.018 580 600 839 5


600 R40-8B2-OFSW-780-1039-0.018 780 800 1039 5


800 R40-8B2-OFSW-980-1239-0.018 980 1000 1239 5


1000 R40-8B2-OFSW-1180-1439-0.018 1180 1200 1439 5


1400 R40-8B2-OFSW-1580-1839-0.018 1580 1600 1839 5


Ballscrew Data


Direction Right Hand


Lead (mm) 8


Lead Angle 3.55º


P.C.D (mm) 41


Screw P.C.D (mm) 41


RD (mm) 36.132


Steel Ball (mm) Ø4.763


Circuits 2.5x2


Dynamic Load C (Kgf) 3634


Static Load Co (Kgf) 10603


Axial Play (mm) 0


Drag Torque (Kgf-cm) 4.24~8.82


Spacer Ball -


Unit : mm


(SHAFT OD 40, LEAD 8)o F S W
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Stroke HIWIN Code L1 L2 L3 Accuracy grade


350 R40-10B1-OFSW-480-739-0.018 480 500 739 5


450 R40-10B1-OFSW-580-839-0.018 580 600 839 5


550 R40-10B1-OFSW-680-939-0.018 680 700 939 5


650 R40-10B1-OFSW-780-1039-0.018 780 800 1039 5


850 R40-10B1-OFSW-980-1239-0.018 980 1000 1239 5


1050 R40-10B1-OFSW-1180-1439-0.018 1180 1200 1439 5


1250 R40-10B1-OFSW-1380-1639-0.018 1380 1400 1639 5


1450 R40-10B1-OFSW-1580-1839-0.018 1580 1600 1839 5


1650 R40-10B1-OFSW-1780-2039-0.018 1780 1800 2039 5


2250 R40-10B1-OFSW-2380-2639-0.018 2380 2400 2639 5


Ballscrew Data


Direction Right Hand


Lead (mm) 10


Lead Angle 4.4º


P.C.D (mm) 41.4


Screw P.C.D (mm) 41.4


RD (mm) 34.91


Steel Ball (mm) Ø6.35


Circuits 2.5x1


Dynamic Load C (Kgf) 2958


Static Load Co (Kgf) 7069


Axial Play (mm) 0


Drag Torque (Kgf-cm) 4.57~8.49


Spacer Ball -


Unit : mm


(SHAFT OD 40, LEAD 10)o F S W
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Stroke HIWIN Code L1 L2 L3 Accuracy grade


500 R40-12B1-OFSW-680-939-0.018 680 700 939 5


800 R40-12B1-OFSW-980-1239-0.018 980 1000 1239 5


1200 R40-12B1-OFSW-1380-1639-0.018 1380 1400 1639 5


1600 R40-12B1-OFSW-1780-2039-0.018 1780 1800 2039 5


2300 R40-12B1-OFSW-2480-2739-0.018 2480 2500 2739 5


Ballscrew Data


Direction Right Hand


Lead (mm) 12


Lead Angle 5.25º


P.C.D (mm) 41.6


Screw P.C.D (mm) 41.6


RD (mm) 34.299


Steel Ball (mm) Ø7.144


Circuits 2.5x1


Dynamic Load C (Kgf) 3425


Static Load Co (Kgf) 7837


Axial Play (mm) 0


Drag Torque (Kgf-cm) 5.93~11.01


Spacer Ball -


Unit : mm


(SHAFT OD 40, LEAD 12)o F S W
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Stroke HIWIN Code L1 L2 L3 Accuracy grade


550 R45-10B1-OFSW-680-947-0.018 680 700 947 5


850 R45-10B1-OFSW-980-1247-0.018 980 1000 1247 5


1250 R45-10B1-OFSW-1380-1647-0.018 1380 1400 1647 5


1650 R45-10B1-OFSW-1780-2047-0.018 1780 1800 2047 5


2350 R45-10B1-OFSW-2480-2747-0.018 2480 2500 2747 5


Ballscrew Data


Direction Right Hand


Lead (mm) 10


Lead Angle 3.92º


P.C.D (mm) 46.4


Screw P.C.D (mm) 46.4


RD (mm) 39.91


Steel Ball (mm) Ø6.35


Circuits 2.5x1


Dynamic Load C (Kgf) 3115


Static Load Co (Kgf) 7952


Axial Play (mm) 0


Drag Torque (Kgf-cm) 4.58~9.5


Spacer Ball -


Unit : mm


(SHAFT OD 45, LEAD 10)o F S W
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Stroke HIWIN Code L1 L2 L3 Accuracy grade


450 R50-10B1-OFSW-580-862-0.018 580 600 862 5


650 R50-10B1-OFSW-780-1062-0.018 780 800 1062 5


850 R50-10B1-OFSW-980-1262-0.018 980 1000 1262 5


1050 R50-10B1-OFSW-1180-1462-0.018 1180 1200 1462 5


1350 R50-10B1-OFSW-1480-1762-0.018 1480 1500 1762 5


1850 R50-10B1-OFSW-1980-2262-0.018 1980 2000 2262 5


2450 R50-10B1-OFSW-2580-2862-0.018 2580 2600 2862 5


Ballscrew Data


Direction Right Hand


Lead (mm) 10


Lead Angle 3.54º


P.C.D (mm) 51.4


Screw P.C.D (mm) 51.4


RD (mm) 44.91


Steel Ball (mm) Ø6.35


Circuits 2.5x1


Dynamic Load C (Kgf) 3263


Static Load Co (Kgf) 8835


Axial Play (mm) 0


Drag Torque (Kgf-cm) 4.84~11.28


Spacer Ball -


Unit : mm


(SHAFT OD 50, LEAD 10)o F S W
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Stroke HIWIN Code L1 L2 L3 Accuracy grade


350 R50-10B2-OFSW-580-892-0.018 580 600 892 5


550 R50-10B2-OFSW-780-1092-0.018 780 800 1092 5


750 R50-10B2-OFSW-980-1292-0.018 980 1000 1292 5


950 R50-10B2-OFSW-1180-1492-0.018 1180 1200 1492 5


1250 R50-10B2-OFSW-1480-1792-0.018 1480 1500 1792 5


1750 R50-10B2-OFSW-1980-2292-0.018 1980 2000 2292 5


2350 R50-10B2-OFSW-2580-2892-0.018 2580 2600 2892 5


Ballscrew Data


Direction Right Hand


Lead (mm) 10


Lead Angle 3.54º


P.C.D (mm) 51.4


Screw P.C.D (mm) 51.4


RD (mm) 44.91


Steel Ball (mm) Ø6.35


Circuits 2.5x2


Dynamic Load C (Kgf) 5923


Static Load Co (Kgf) 17670


Axial Play (mm) 0


Drag Torque (Kgf-cm) 10.48~17.48


Spacer Ball -


Unit : mm


(SHAFT OD 50, LEAD 10)o F S W
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6.5 High Lead Ground Ballscrew


Stroke HIWIN Code L1 L2 L3 Accuracy grade


150 2R15-10U2-DFSH-239-321-0.018 239 254 321 5


200 2R15-10U2-DFSH-289-371-0.018 289 304 371 5


250 2R15-10U2-DFSH-339-421-0.018 339 354 421 5


300 2R15-10U2-DFSH-389-471-0.018 389 404 471 5


350 2R15-10U2-DFSH-439-521-0.018 439 454 521 5


400 2R15-10U2-DFSH-489-571-0.018 489 504 571 5


450 2R15-10U2-DFSH-539-621-0.018 539 554 621 5


500 2R15-10U2-DFSH-589-671-0.018 589 604 671 5


550 2R15-10U2-DFSH-639-721-0.018 639 654 721 5


600 2R15-10U2-DFSH-689-771-0.018 689 704 771 5


700 2R15-10U2-DFSH-789-871-0.018 789 804 871 5


800 2R15-10U2-D FSH-889-971-0.018 889 904 971 5


Unit : mm


D F S H (SHAFT OD 15, LEAD 10)


Ballscrew Data


Direction Right Hand


Lead (mm) 10


Lead Angle 11.53º


P.C.D (mm) 15.6


Screw P.C.D (mm) 15.6


RD (mm) 12.324


Steel Ball (mm) Ø3.175


Circuits 2.8x2


Dynamic Load C (Kgf) 940 1490


Static Load Co (Kgf) 1590 3190


Axial Play (mm) 0 0.005 or less


Drag Torque (Kgf-cm) 0.2~1 -


Spacer Ball 1 : 1 -
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Stroke HIWIN Code L1 L2 L3 Accuracy grade


150 2R15-20S2-DFSH-236-321-0.018 236 254 321 5


200 2R15-20S2-DFSH-286-371-0.018 286 304 371 5


250 2R15-20S2-DFSH-336-421-0.018 336 354 421 5


300 2R15-20S2-DFSH-386-471-0.018 386 404 471 5


350 2R15-20S2-DFSH-436-521-0.018 436 454 521 5


400 2R15-20S2-DFSH-486-571-0.018 486 504 571 5


450 2R15-20S2-DFSH-536-621-0.018 536 554 621 5


500 2R15-20S2-DFSH-586-671-0.018 586 604 671 5


550 2R15-20S2-DFSH-636-721-0.018 636 654 721 5


600 2R15-20S2-DFSH-686-771-0.018 686 704 771 5


700 2R15-20S2-DFSH-786-871-0.018 786 804 871 5


800 2R15-20S2-DFSH-886-971-0.018 886 904 971 5


Unit : mm


D F S H (SHAFT OD 15, LEAD 20)


Ballscrew Data


Direction Right Hand


Lead (mm) 20


Lead Angle 22.2º


P.C.D (mm) 15.6


Screw P.C.D (mm) 15.6


RD (mm) 12.324


Steel Ball (mm) Ø3.175


Circuits 1.8x2


Dynamic Load C (Kgf) 620 990


Static Load Co (Kgf) 1030 2070


Axial Play (mm) 0 0.005 or less


Drag Torque (Kgf-cm) 0.2~0.9 -


Spacer Ball 1 : 1 -
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Stroke HIWIN Code L1 L2 L3 Accuracy grade


100 R15-20S1-FSH-186-271-0.018 186 204 271 5


150 R15-20S1-FSH-236-321-0.018 236 254 321 5


200 R15-20S1-FSH-286-371-0.018 286 304 371 5


250 R15-20S1-FSH-336-421-0.018 336 354 421 5


300 R15-20S1-FSH-386-471-0.018 386 404 471 5


350 R15-20S1-FSH-436-521-0.018 436 454 521 5


400 R15-20S1-FSH-486-571-0.018 486 504 571 5


450 R15-20S1-FSH-536-621-0.018 536 554 621 5


500 R15-20S1-FSH-586-671-0.018 586 604 671 5


550 R15-20S1-FSH-636-721-0.018 636 654 721 5


600 R15-20S1-FSH-686-771-0.018 686 704 771 5


700 R15-20S1-FSH-786-871-0.018 786 804 871 5


800 R15-20S1-FSH-886-971-0.018 886 904 971 5


1000 R15-20S1-FSH-1086-1171-0.018 1086 1104 1171 5


Unit : mm


F S H (SHAFT OD 15, LEAD 20)


Ballscrew Data


Direction Right Hand


Lead (mm) 20


Lead Angle 22.2º


P.C.D (mm) 15.6


Screw P.C.D (mm) 15.6


RD (mm) 12.324


Steel Ball (mm) Ø3.175


Circuits 1.8x1


Dynamic Load C (Kgf) 340 540


Static Load Co (Kgf) 510 1030


Axial Play (mm) 0 0.005 or less


Drag Torque (Kgf-cm) 0.15~0.8 0.24MAX


Spacer Ball 1 : 1 -
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Stroke HIWIN Code L1 L2 L3 Accuracy grade


150 2R16-16S2-DFSH-234-321-0.018 234 254 321 5


200 2R16-16S2-DFSH-284-371-0.018 284 304 371 5


250 2R16-16S2-DFSH-334-421-0.018 334 354 421 5


300 2R16-16S2-DFSH-384-471-0.018 384 404 471 5


350 2R16-16S2-DFSH-434-521-0.018 434 454 521 5


400 2R16-16S2-DFSH-484-571-0.018 484 504 571 5


450 2R16-16S2-DFSH-534-621-0.018 534 554 621 5


500 2R16-16S2-DFSH-584-671-0.018 584 604 671 5


550 2R16-16S2-DFSH-634-721-0.018 634 654 721 5


600 2R16-16S2-DFSH-684-771-0.018 684 704 771 5


700 2R16-16S2-DFSH-784-871-0.018 784 804 871 5


800 2R16-16S2-DFSH-884-971-0.018 884 904 971 5


Unit : mm


D F S H (SHAFT OD 16, LEAD 16)


Ballscrew Data


Direction Right Hand


Lead (mm) 16


Lead Angle 17.06º


P.C.D (mm) 16.6


Screw P.C.D (mm) 16.6


RD (mm) 13.324


Steel Ball (mm) Ø3.175


Circuits 1.8x2


Dynamic Load C (Kgf) 670 1060


Static Load Co (Kgf) 1140 2280


Axial Play (mm) 0 0.005 or less


Drag Torque (Kgf-cm) 0.2~1 -


Spacer Ball 1 : 1 -
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Stroke HIWIN Code L1 L2 L3 Accuracy grade


300 2R20-20S2-DFSH-410-520-0.018 410 435 520 5


400 2R20-20S2-DFSH-510-620-0.018 510 535 620 5


500 2R20-20S2-DFSH-610-720-0.018 610 635 720 5


600 2R20-20S2-DFSH-710-820-0.018 710 735 820 5


700 2R20-20S2-DFSH-810-920-0.018 810 835 920 5


800 2R20-20S2-DFSH-910-1020-0.018 910 935 1020 5


900 2R20-20S2-DFSH-1010-1120-0.018 1010 1035 1120 5


1000 2R20-20S2-DFSH-1110-1220-0.018 1110 1135 1220 5


1100 2R20-20S2-DFSH-1210-1320-0.018 1210 1235 1320 5


Unit : mm


D F S H (SHAFT OD 20, LEAD 20)


Ballscrew Data


Direction Right Hand


Lead (mm) 20


Lead Angle 17.17º


P.C.D (mm) 20.6


Screw P.C.D (mm) 20.6


RD (mm) 17.324


Steel Ball (mm) Ø3.175


Circuits 1.8x2


Dynamic Load C (Kgf) 740 1180


Static Load Co (Kgf) 1430 2860


Axial Play (mm) 0 0.005 or less


Drag Torque (Kgf-cm) 0.1~1 -


Spacer Ball 1 : 1 -
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 High LeadTyPE


D-D VIEW


Q-Q SECTION


53
3012


OIL HOLE 6


Ø74


BCD 60


G
G


30° 30°


49
66


(30)


Q


Q


Ø47-0.009
-0.025Ø47-0.1


-0.3


M6x1Px8DP
4-Ø6.6THRU,Ø11x6.5DP


15151020


G


A'A


L1
L2 31


27


16


53


L3
(80)


G


G


G G


G


10


22 0
-0.35


0.008 C
0.016 AA'


0.004 C


C'C


D


D


MAX MAX


0.004 C'


0.016 AA'


1.35+0.14
0


0.011 BB'
0.015 BB'


B B'


Ø25 C0.3


R0.2


Ø21.5C0.3


R0.2


Ø20 0
-0.009M20X1P


PD19.35-0.026
-0.144


MD20 -0.026
-0.206


Ø15 0
-0.011


Ø25 Ø20 0
-0.009


Ø19 0
-0.21


R0.4


15.35+0.1
0


Stroke HIWIN Code L1 L2 L3 Accuracy grade


500 2R25-20S2-DFSH-610-751-0.018 610 640 751 5


600 2R25-20S2-DFSH-710-851-0.018 710 740 851 5


800 2R25-20S2-DFSH-910-1051-0.018 910 940 1051 5


1000 2R25-20S2-DFSH-1110-1251-0.018 1110 1140 1251 5


1200 2R25-20S2-DFSH-1310-1451-0.018 1310 1340 1451 5


1400 2R25-20S2-DFSH-1510-1651-0.018 1510 1540 1651 5


1600 2R25-20S2-DFSH-1710-1851-0.018 1710 1740 1851 5


Unit : mm


D F S H (SHAFT OD 25, LEAD 20)


Ballscrew Data


Direction Right Hand


Lead (mm) 20


Lead Angle 13.86º


P.C.D (mm) 25.8


Screw P.C.D (mm) 25.8


RD (mm) 21.744


Steel Ball (mm) Ø3.969


Circuits 1.8x2


Dynamic Load C (Kgf) 1140 1810


Static Load Co (Kgf) 2270 4540


Axial Play (mm) 0 0.005 or less


Drag Torque (Kgf-cm) 0.2~1 -


Spacer Ball 1 : 1 -
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TyPE  Ultra High Lead


D-D VIEW


Q-Q SECTION


(22)


30° 30°


36


M6X1PX8DP


50


R0.2
MAX


R0.4


M5X0.8PX12DP


5


Q


Q


12 0
-0.25


C0.2


R0.2
MAX


34
13.510


 5


Ø55


BCD 45


G
G


B'B


Ø34-0.1
-0.3 Ø34-0.009


-0.025


4-Ø5.5THRU


10101210


G


A'A


L1
L2 22


15


10


30


L3
(45)


G


G


G G


G


9.15+0.1
0


1.15+0.14
0


0.014 AA'


0.004 C'


0.009 C


0.014 AA'


0.004 C


C'C


D


D
Ø16 Ø9.6 0


-0.09Ø13M12X1P


PD11.35-0.026
-0.144


MD12-0.026
-0.206


Ø10 0
-0.009


Ø10 0
-0.006Ø15


Ø12 0
-0.008


OIL 
HOLE


Stroke HIWIN Code L1 L2 L3 Accuracy grade


300 2R16-32V2-DFSH-382-471-0.018 382 404 471 5


500 2R16-32V2-DFSH-582-671-0.018 582 604 671 5


800 2R16-32V2-DFSH-882-971-0.018 882 904 971 5


1200 2R16-32V2-DFSH-1282-1371-0.018 1282 1304 1371 5


Unit : mm


D F S H (SHAFT OD 16, LEAD 32)


Ballscrew Data


Direction Right Hand


Lead (mm) 32


Lead Angle 31.53º


P.C.D (mm) 16.6


Screw P.C.D (mm) 16.6


RD (mm) 13.324


Steel Ball (mm) Ø3.175


Circuits 0.8x2


Dynamic Load C (Kgf) 490


Static Load Co (Kgf) 1010


Axial Play (mm) 0 0.005 MAX


Drag Torque (Kgf-cm) 0.15~1.0 0.24 MAX


Spacer Ball 1 : 1 -


6.6 Ultra High Lead Ground Ballscrew
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 Ultra High LeadTyPE


D-D VIEW
Q-Q SECTION


5


15


Q


Q


40


14


C0.3
Ø19.5


Ø17


17 0
-0.25


30° 30°


M6X1PX8DP


10.15+0.1
0


1.15+0.14
0


Ø14.3 0
-0.11


R0.2
MAX


M6X1PX15DP


R0.2
MAX


40
2010


OIL HOLE 5


Ø58


4-Ø5.5THRU
BCD 48


G
G


0.015 BB'
0.011 BB'


B'B


Ø38-0.009
-0.025


0.004 C


0.014 AA'


0.009 C


0.004 C'
0.014 AA'


Ø38-0.1
-0.3


10
(29)


10


G


A A'


L1
L2


20


15


46
25


L3
(60)


G G


G


G


G


C' C'


D


D
Ø20


M15X1P
MD15-0.026


-0.206


PD14.35-0.026
-0.144


Ø12 0
-0.011 Ø15 0


-0.008


Ø15 0
-0.008


R0.4


52


Stroke HIWIN Code L1 L2 L3 Accuracy grade


400 2R20-40V2-DFSH-506- 620-0.018 506 535 620 5


600 2R20-40V2-DFSH-706- 820-0.018 706 735 820 5


800 2R20-40V2-DFSH-906- 1020-0.018 906 935 1020 5


1000 2R20-40V2-DFSH-1106- 1220-0.018 1106 1135 1220 5


1200 2R20-40V2-DFSH-1306- 1420-0.018 1306 1335 1420 5


1600 2R20-40V2-DFSH-1706- 1820-0.018 1706 1735 1820 5


Unit : mm


D F S H (SHAFT OD 20, LEAD 40)


Ballscrew Data


Direction Right Hand


Lead (mm) 40


Lead Angle 31.47º


P.C.D (mm) 20.8


Screw P.C.D (mm) 20.8


RD (mm) 17.324


Steel Ball (mm) Ø3.175


Circuits 0.8x2


Dynamic Load C (Kgf) 540


Static Load Co (Kgf) 1240


Axial Play (mm) 0 0.005 MAX


Drag Torque (Kgf-cm) 0.2~1.2 0.3 MAX


Spacer Ball - -
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TyPE  Ultra High Lead


D-D VIEWQ-Q SECTION
X DETAIL


XX


50
12


Ø70


BCD 58


G
G


0.015 BB'


0.011 BB'


B'B


4-Ø6.6THRU


D


D


Ø46-0.009
-0.025Ø46-0.1


-0.3


30° 30°


25
15151620


G


A'A


L1
L2


16


53
27 53


L3
(80)


G


G


G G


G


0.013 AA'
0.004 C'


0.010 C
0.013 AA'


0.004 C


C'C


(36)


16


48


63


OIL HOLE 6


22 0
-0.35


M6x1Px8DP


10 15.35+0.1
0


1.35+0.14
0


Ø25 C0.3
Ø20 0


-0.009


Ø19 0
-0.21 M20X1P


PD19.35-0.026
-0.144


MD20-0.026
-0.206Ø25


C0.3Ø20 0
-0.009M20X1P


PD19.35-0.026
-0.144


MD20-0.026
-0.206


Ø15 0
-0.011 Ø21


Q


Q


R0.4


F0.2X0.1DIN509


0.
1


0.
9


+0
.1 0


0.
2


15°


1


8°


+0.05
00.1


Stroke HIWIN Code L1 L2 L3 Accuracy grade


700 2R25-50V2-DFSH-844-1013-0.018 844 880 1013 5


1000 2R25-50V2-DFSH-1144-1313-0.018 1144 1180 1313 5


1500 2R25-50V2-DFSH-1644-1813-0.018 1644 1680 1813 5


2000 2R25-50V2-DFSH-2144-2313-0.018 2144 2180 2313 5


Unit : mm


D F S H (SHAFT OD 25, LEAD 50)


Ballscrew Data


Direction Right Hand


Lead (mm) 50


Lead Angle 31.67º


P.C.D (mm) 25.8


Screw P.C.D (mm) 25.8


RD (mm) 21.744


Steel Ball (mm) Ø3.969


Circuits 0.8x2


Dynamic Load C (Kgf) 800


Static Load Co (Kgf) 1930


Axial Play (mm) 0 0.005 or less


Drag Torque (Kgf-cm) 0.3~2.19 0.5MAX


Spacer Ball 1 : 1 -
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6.7 Super S Series 


 • Application:
CNC Machinery, Industrial Machinery, Electronic 


Machinery, Precision Machine and other High Speed 
Machinery.


 • Features:
1. Low noise (5~7dB lower than traditional series):


The patent design of return unit can absorb noises 
caused by the impact of the ballnut’s balls, greatly 
reducing the noise intensity.


2. Space-saving and weight-lightening design:
The ballnut diamenter is 18%~32% smaller than 
traditional series.


3. Dm-N value up to 220,000:
The patent design of the return unit can improve  
the strength of the return structure, achieving a 
Dm-N value of up to 220,000.


4. High acceleration and deceleration velocity:
The pathway of specialized return unit, as well as 
the ballnut’s strengthened design diminish the 
impact experienced by the balls, Hence, it can 
sustain peak performance in more rigorous 
operating environments, such as high acceleration 
and deceleration.


5. Accuracy grade:
Precision ground ballscrews available in JIS  Grade 
C0~C7; Rolled ballscrews available in JIS Grade 
C6~C10.


 • Pattern Nomenclature:
 Ex: R40-10K4 -FSC -1200 -1600 - 0.008


 • Performance:
Specification: 2R40 - 40K4 - DFSC - 1200 -1600 - 0.008
Lead: 40 mm
Acceleration: 1g (9.8m/sec2)
Dm-N Value: 120,000


Cassette type 
Single nut
Nut  with flange


4 turns
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U.S.A. Patent  No. 6561054
Taiwan Patent No. 231845
Taiwan Patent No. 233472
Taiwan Patent No. 245857
Taiwan Patent No. 115652
Japan Patent No. 3117738 
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FSC TyPE


TYPE 1


22.5°


45 ° 45°


TYPE 2


30°


30 °


15° 15° 30°


D
6


D
4


D
5


L1
0


M
OIL HOLE


L7 L1
L11


G


G


L2


d1


WIPER BOTH ENDSØF ØDg6 ØD-0.05
-0.30


Form A


(D6)


Form B


L8


Form C


L9


Note: 1. Rigidity without preload: The axial load is calculated by 30% of dynamic load.
2. Circuits less than K5 also available.


Model
Size


PCD RD Ball
Dia. Circuits Rigidity K


(kgf/μm)


Dynamic
Load
C(kgf)


Static
Load


Co(kgf)


Nut Flange Oil Hole
Double
startsNominal


Dia. Lead D L1 L2 TYPE Form 
A (D6)


Form 
B (L8)


Form 
C (L9) L7 D4 D5 M L10 L11


14-10K3 14 10 14.6 10.724
3.175


3 24 920 1790 28 10 46


1


48 40 44


10


38


5.5 M5×0.8P 6


5


15-10K3
15


10
15.6 12.324


3 25 960 1930
34


10 44 57 43 50
4515-20K2 20 2 15 630 1256 10 50 57 43 50


16-16K2 16 16 16.4 13.124 3.175 2 17 680 1385 34 10 47 57 43 50
20-5K4


20


5
20.6 17.324 3.175


4 42 1490 3640
36


10 40
58 44 51 47


6.6


M6×1P 8


20-10K3 10 3 32 1130 2660 10 47
20-20K2 20 2 21 760 1730 10 57 
20-6K5 6 20.8 16.744 3.969 5 58 2420 5660 42 10 49 64 50 57 53
20-8K5 8 21 16.132 4.763 5 58 2960 6505 45 10 64 65 51 58 54
25-5K4


25


5


25.6 22.324 3.175


4 49 1650 4612


40


10 43


62 48 55 51
25-10K3 10 3 38 1260 3370 10 50
25-15K5 15 5 63 1980 5730 10 90
25-20K3 20 3 39 1260 3436 10 80 
25-25K2 25 2 25 840 2170 10 69 
25-6K5 6


25.8 21.744 3.969


5 68 2720 7192 45 10 50 65 51 58 54
25-8K5 8 5 70 2710 7170 48 10 62 68 54 61 57
25-10K4 10 4 56 2210 5660


45


10 60


65 51 58 54
25-12K4 12 4 56 2200 5640 10 67
25-16K3 16 3 42 1670 4127 10 71
25-20K3 20 3 43 1710 4290 10 80
25-8K5 8 26 21.132 4.763 5 72 3480 8683 50 10 64 70 56 64 60
28-6K5


28


6 28.8 24.744 3.969 5 74 2840 7966
50


10 49


80 62 71


12


65


6


28-8K5 8
29 24.132 4.763


5 79 3690 9780 10 62
28-10K5 10 5 80 3680 9760 52 10 72
28-16K4 16 4 64 2970 7661 50 10 92 
32-5K4


32


5
32.6 29.324 3.175


4 57 1840 5960
48


10 38
70 54 62 59


32-5.08K4 5.08 4 57 1840 5940 10 39
32-6K5 6


32.8 28.744 3.969


5 83 3090 9480 56 10 48 86 65 75.5 71
32-8K5 8 5 84 3080 9460


50


10 59


80 62 71 65


9


32-10K5 10 5 85 3080 9450 10 73
32-15K4 15 4 69 2500 7440 10 90 
32-20K3 20 3 52 1900 5430 20 87
32-32K2 32 2 34 1280 3530 20 87 
32-40K2 40 2 32 1240 3440 20 94 
32-8K5 8


33 28.132 4.763


5 84 3860 10914 55 10 64


86 65 75.5


14


71


7


32-10K5 10 5 86 3850 10890
56


10 79
32-12K5 12 5 87 3840 10870 20 88
32-20K4 20 4 72 3190 8914 54 20 106 
32-10K5 10


33.4 26.91 6.35


5 90 5640 14480


62


10 77


92 74 83 77
32-12K5 12 5 90 5620 14450 20 87
32-16K4 16 4 73 4570 11390 20 92
32-20K4 20 4 70 4240 10854 20 107
36-6K5


36


6 36.8 32.744 3.969 5 88 3240 10632 56 10 51


2


86 65 77 71


M8×1P 10


36-10K5 10


37.4 30.91 6.35


5 98 6010 16440


66


20 80


96 73 84.5 81
36-12K5 12 5 99 5990 16420 20 87
36-16K5 16 5 100 5960 16350 20 109
36-20K4 20 4 79 4840 12880 20 108
36-36K2 36 2 39 2540 6240 20 95 
38-8K5


38


8 39 34.132 4.763 5 96 4190 13110 61 20 64 91 68 79.5 76
38-10K4 10


39.4 32.91 6.35


4 81 5050 13790


63


20 70


93 70 81.5 78


38-15K4 15 4 83 5020 13740 20 88
38-16K5 16 5 104 6140 17340 20 108
38-20K4 20 4 83 4990 13660 25 108 
38-25K4 25 4 83 4940 13560 25 127 
38-40K2 40 2 40 2590 6560 25 103 
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FSC TyPE


TYPE 1


22.5°


45 ° 45°


TYPE 2


30°


30 °


15° 15° 30°


D
6


D
4


D
5


L1
0


M
OIL HOLE


L7 L1
L11


G


G


L2


d1


WIPER BOTH ENDSØF ØDg6 ØD-0.05
-0.30


Form A


(D6)


Form B


L8


Form C


L9


Note: 1. Rigidity without preload: The axial load is calculated by 30% of dynamic load.
2. Circuits less than K5 also available.


Model
Size


PCD RD Ball
Dia. Circuits Rigidity K


(kgf/μm)


Dynamic
Load
C(kgf)


Static
Load


Co(kgf)


Nut Flange Oil Hole
Double
startsNominal


Dia. Lead D L1 L2 TYPE Form 
A (D6)


Form 
B (L8)


Form 
C (L9) L7 D4 D5 M L10 L11


40-5K5


40


5 40.6 37.324 3.175 5 85 2470 9490
63


20 45


2


93 70 81.5


14


78


9


M8×1P 10


7


40-6K5 6 40.8 36.744 3.969 5 95 3370 11780 20 52
40-8K5 8


41 36.132 4.763
5 101 4360 14200 20 64


40-10K5 10 5 102 4350 14180
61


20 80
91 68 79.5 76


40-20K4 20 4 90 4300 14060 20 70
40-16K5 16 41.2 35.522 5.556 5 107 5170 15510 68 20 108 98 75 86.5 83
40-10K5 10


41.4 34.91 6.35


5 106 6340 18400


70


20 83


100 75 87.5 85


40-12K5 12 5 108 6330 18380 20 86
40-16K5 16 5 109 6300 18320 20 108
40-20K4 20 4 87 5130 14440 20 110 
40-25K4 25 4 86 5080 14350 25 127 
40-40K2 40 2 42 2660 6940 25 101 
40-12K5 12 41.6 34.299 7.144 5 110 7430 20790 75 20 90 110 85 97.5 93
45-8K5


45


8 46 41.132 4.763 5 109 4550 15860 70 20 66 105 80 92.5


16


90


11 8


45-10K5 10


46.4 39.91 6.35


5 118 6810 21320


75


20 78


110 85 97.5 93


45-12K5 12 5 119 6800 21290 20 89
45-16K5 16 5 121 6780 21240 20 108
45-20K4 20 4 98 5520 16760 25 108 
45-25K4 25 4 98 5480 16670 25 129 
45-40K3 40 3 71 4100 12020 25 145 
45-16K5 16


46.6 39.299 7.144
5 120 7810 23230 20 119


45-20K4 20 4 97 6360 18330 80 25 113 117 92 104.5 100
50-5K5


50


5 50.6 47.324 3.175 5 95 2700 11940 70 20 45 100 75 87.5 85
50-8K5 8 51 46.132 4.763 5 116 4730 17530 75 20 74 110 85 97.5 93
50-10K5 10


51.4 44.91 6.35


5 125 7050 23300


82


25 80


118 92 105 100


50-12K5 12 5 127 7040 23280 25 90
50-15K5 15 5 129 7030 23250 25 104
50-16K5 16 5 129 7020 23230 25 109
50-20K4 20 4 104 5720 18340 25 106 
50-25K4 25 4 104 5690 18260 25 129 
50-30K4 30 4 104 5650 18170 25 147 
50-35K3 35 3 80 4430 13840 25 133 
50-40K3 40 3 79 4390 13750 25 145 
50-30K2 30 51.6 44.299 7.144 2 53 3560 9960 82 25 92 
50-12K5 12


51.8 43.688 7.938
5 130 9480 28776


85
25 97


121 95 108 10350-16K5 16 5 132 9450 28710 25 112
50-20K4 20 52.2 42.466 9.525 4 113 9870 27420 86 25 120
55-16K5 55 16 56.4 49.91 6.35 5 139 7420 26157 82 25 104 118 92 105


20


100


13.5


10


63-10K5


63


10


64.4 57.91 6.35


5 144 7720 29190


95


25 84


135 100 117.5 115
63-12K5 12 5 147 7720 29180 25 94
63-20K5 20 5 157 7850 30020 25 132
63-40K2 40 2 62 3310 11100 25 110 
63-12K5 12 64.8 56.688 7.938 5 152 10520 36440 98 25 94 138 103 120.5 118
63-16K4 16


65.2 55.466 9.525
4 132 11010 34520


107
25 100


147 112 129.5 127
63-20K5 20 5 168 13430 43530 25 140
70-16K4


70
16


72.2 62.466 9.525
4 141 11470 38040


115
25 105


155 120 137.5


25


135


12.5
70-20K4 20 4 143 11450 37990 25 122
80-10K5


80
10 81.4 74.91 6.35 5 166 8620 37980 110 25 80 150 115 132.5 130


80-12K5 12 81.8 73.688 7.938 5 177 11740 47130 115 25 102 155 120 137.5 135
80-20K4 20 82.2 72.466 9.525 4 160 12400 44910 120 25 122 165 130 147.5 145
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FDC TyPE


TYPE 1


22.5°


45 ° 45°


TYPE 2


30°


30 °
15° 15° 30°


D
6


D
4


D
5


L1
0


M
OIL HOLE


L7 L1
L11


G


G


L2


d1


WIPER BOTH ENDSØF ØDg6 ØD-0.05
-0.30


Form A


(D6)


Form B


L8


Form C


L9


ØD-0.05
-0.30


Note: 1. Rigidity with proload: The axial load is calculated by 10% of dynamic load.
2. Circuits less than K5 also available.


Model
Size


PCD RD Ball
Dia. Circuits Rigidity K


(kgf/μm)


Dynamic
Load
C(kgf)


Static
Load


Cokgf)


Nut Flange Oil Hole
Double
startsNominal


Dia. Lead D L1 L2 TYPE Form 
A (D6)


Form 
B (L8)


Form 
C (L9) L7 D4 D5 M L10 L11


14-10K3 14 10 14.6 10.724
3.175


3 31 920 1790 28 10 96


1


48 40 44


10


38


5.5 M5×0.8P 6


5


15-10K3
15


10
15.6 12.324


3 33 960 1930
34


10 92
57 43 50 4515-20K2 20 2 20 630 1256 10 104


16-16K2 16 16 16.4 13.124 3.175 2 23 680 1385 34 10 98
20-5K4


20


5
20.6 17.324 3.175


4 55 1490 1642
36


10 84
58 44 51 47


6.6


M6×1P 8


20-10K3 10 3 42 1130 2660 10 98
20-20K2 20 2 27 760 1730 10 116 
20-6K5 6 20.8 16.744 3.969 5 77 2420 5660 42 10 102 64 50 57 53
20-8K5 8 21 16.132 4.763 5 77 2960 6505 45 10 132 65 51 58 54
25-5K4


25
28


5


25.6 22.324 3.175


4 65 1650 4612


40


10 90


62 48 55 51
25-10K3 10 3 50 1260 3370 10 104
25-15K5 15 5 83 1980 5730 10 184
25-20K3 20 3 51 1260 3436 10 164 
25-25K2 25 2 32 840 2170 10 142 
25-6K5 6


25.8 21.744 3.969


5 91 2720 7192 45 10 104 65 51 58 54
25-8K5 8 5 92 2710 7170 48 10 128 68 54 61 57
25-10K4 10 4 74 2210 5660


45


10 124


65 51 58 54
25-12K4 12 4 74 2200 5640 10 138
25-16K3 16 3 55 1670 4127 10 146
25-20K3 20 3 55 1710 4290 10 164
25-8K5 8 26 21.132 4.763 5 96 3480 8683 50 10 132 70 56 64 60
28-6K5 6 28.8 24.744 3.969 5 93 2840 7966


50


10 102


80 62 71


12


65


6


28-8K5 8
29 24.132 4.763


5 104 3690 9780 10 128
28-10K5 10 5 105 3680 9760 10 148
28-16K4 16 4 84 2970 7661 10 188 
32-5K4


32


5
32.6 29.324 3.175


4 77 1840 5960
48


10 80
70 54 62 59


32-5.08K4 5.08 4 77 1840 5940 10 82
32-6K5 6


32.8 28.744 3.969


5 111 3090 9480 56 10 100 86 65 75.5 71
32-8K5 8 5 112 3080 9460


50


10 122


80 62 71 65


9


32-10K5 10 5 113 3080 9450 10 150
32-15K4 15 4 91 2500 7440 10 184 
32-20K3 20 3 68 1900 5430 20 178
32-32K2 32 2 44 1280 3530 20 178 
32-40K2 40 2 42 1240 3440 20 192 
32-8K5 8


33 28.132 4.763


5 112 3860 10914 55 10 132


86 65 75.5


14


71


7


32-10K5 10 5 113 3850 10890
56


10 162
32-12K5 12 5 114 3840 10870 20 180
32-20K4 20 4 94 3190 8914 54 20 216 
32-10K5 10


33.4 26.91 6.35


5 119 5640 14480


62


10 158


92 74 83 77
32-12K5 12 5 119 5620 14450 20 178
32-16K4 16 4 96 4570 11390 20 188
32-20K4 20 4 71 4240 10854 20 218
36-6K5


36


6 36.8 32.744 3.969 5 118 3240 10632 56 10 106


2


86 65 77 71


M8×1P 10


36-10K5 10


37.4 30.91 6.35


5 130 6010 16440


66


20 164


96 73 84.5 81
36-12K5 12 5 131 5990 16420 20 178
36-16K5 16 5 132 5960 16350 20 222
36-20K4 20 4 105 4840 12880 20 220
36-36K2 36 2 51 2540 6240 20 194 
38-8K5


38


8 39 34.132 4.763 5 127 4190 13110 61 20 132 91 68 79.5 76
38-10K4 10


39.4 32.91 6.35


4 107 5050 13790


63


20 144


93 70 81.5 78


38-15K4 15 4 109 5020 13740 20 180
38-16K5 16 5 137 6140 17340 20 220
38-20K4 20 4 110 4990 13660 25 220 
38-25K4 25 4 109 4940 13560 25 258 
38-40K2 40 2 53 2590 6560 25 210 
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FDC TyPE


TYPE 1


22.5°


45 ° 45°


TYPE 2


30°


30 °
15° 15° 30°


D
6


D
4


D
5


L1
0


M
OIL HOLE


L7 L1
L11


G


G


L2


d1


WIPER BOTH ENDSØF ØDg6 ØD-0.05
-0.30


Form A


(D6)


Form B


L8


Form C


L9


ØD-0.05
-0.30


Note: 1. Rigidity with proload: The axial load is calculated by 10% of dynamic load.
2. Circuits less than K5 also available.


Model
Size


PCD RD Ball
Dia. Circuits Rigidity K


(kgf/μm)


Dynamic
Load
C(kgf)


Static
Load


Co(kgf)


Nut Flange Oil Hole
Double
startsNominal


Dia. Lead D L1 L2 TYPE Form 
A (D6)


Form 
B (L8)


Form 
C (L9) L7 D4 D5 M L10 L11


40-5K5


40


5 40.6 37.324 3.175 5 114 2470 9490
63


20 95


2


93 70 81.5


14


78


9


M8×1P 10


7


40-6K5 6 40.8 36.744 3.969 5 127 3370 11780 20 109
40-8K5 8


41 36.132 4.763
5 135 4360 14200 20 133


40-10K5 10 5 136 4350 14180
61


20 164
91


68 79.5
76


40-20K4 20 4 119 4300 14060 20 144
40-16K5 16 41.2 35.522 5.556 5 141 5170 15510 68 20 220 98 75 86.5 83
40-10K5 10


41.4 34.91 6.35


5 141 6340 18400


70


20 171


100 75 87.5 85


40-12K5 12 5 142 6330 18380 20 177
40-16K5 16 5 143 6300 18320 20 221
40-20K4 20 4 115 5130 14440 20 225 
40-25K4 25 4 114 5080 14350 25 259 
40-40K2 40 2 56 2660 6940 25 207 
40-12K5 12 41.6 34.299 7.144 5 146 7430 20790 75 20 185 110 85 97.5 93
45-8K5


45


8 46 41.132 4.763 5 145 4550 15860 70 20 137 105 80 92.5


16


90


11 8


45-10K5 10


46.4 39.91 6.35


5 156 6810 21320


75


20 161


110 85 97.5 93


45-12K5 12 5 158 6800 21290 20 183
45-16K5 16 5 160 6780 21240 20 221
45-20K4 20 4 129 5520 16760 25 221 
45-25K4 25 4 129 5480 16670 25 263 
45-40K3 40 3 93 4100 12020 25 295 
45-16K5 16


46.6 39.299 7.144
5 159 7810 23230 20 243


45-20K4 20 4 128 6360 18330 80 25 230 117 92 104.5 100
50-5K5


50


5 50.6 47.324 3.175 5 129 2700 11940 70 20 95 100 75 87.5 85
50-8K5 8 51 46.132 4.763 5 154 4730 17530 75 20 153 110 85 97.5 93
50-10K5 10


51.4 44.91 6.35


5 166 7050 23300


82


25 166


118 92 105 100


50-12K5 12 5 169 7040 23280 25 186
50-15K5 15 5 171 7030 23250 25 214
50-16K5 16 5 171 7020 23230 25 224
50-20K4 20 4 138 5720 18340 25 218 
50-25K4 25 4 134 5690 18260 25 263 
50-30K4 30 4 136 5650 18170 25 299 
50-35K3 35 3 105 4430 13840 25 271 
50-40K3 40 3 104 4390 13750 25 295 
50-30K2 30 51.6 44.299 7.144 2 70 3560 9960 25 190 
50-12K5 12


51.8 43.688 7.938
5 173 9480 28776


85
25 200


121 95 108 10350-16K5 16 5 175 9450 28710 25 229
50-20K4 20 52.2 42.466 9.525 4 149 9870 27420 86 25 245
55-16K5 55 16 56.4 49.91 6.35 5 185 7420 26157 82 25 213 118 92 105


20


100


13.5


10


63-10K5


63


10


64.4 57.91 6.35


5 192 7720 29190


95


25 174


135 100 117.5 115
63-12K5 12 5 196 7720 29180 25 194
63-20K5 20 5 208 7850 30020 25 270
63-40K2 40 2 82 3310 11100 25 226 
63-12K5 12 64.8 56.688 7.938 5 202 10520 36440 98 25 194 138 103 120.5 118
63-16K4 16


65.2 55.466 9.525
4 175 11010 34520


107
25 206


147 112 129.5 127
63-20K5 20 5 222 13430 43530 25 286
70-16K4


70
16


72.2 62.466 9.525
4 187 11470 38040


115
25 216


155 120 137.5


25


135


12.5
70-20K4 20 4 190 11450 37990 25 250
80-10K5


80
10 81.4 74.91 6.35 5 223 8620 37980 110 25 170 150 115 132.5 130


80-12K5 12 81.8 73.688 7.938 5 238 11740 47130 115 25 210 155 120 137.5 135
80-20K4 20 82.2 72.466 9.525 4 212 12400 44910 120 25 250 165 130 147.5 145
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7  Rolled Ballscrews


7.1 Introduction


HIWIN Rolled Ballscrews are made by the rolling process of the screw spindle instead of the grinding process. 
Rolled ballscrews not only have the benefit of low friction and smooth running for the linear feed system compared with 
traditional screws, but also can be supplied by quick stock delivery and lower production price.


HIWIN uses the most advanced technology in the ballscrew rolling process. By maintaining the homogeneous 
manufacturing procedure of selecting materials, rolling, heat treating, machining and assembling. 


In general, rolled ballscrews use the same preload method as the precision ground ballscrews, except that there 
are some differences in the lead error definition and the geometric tolerance. The grade of the rolled ballscrews can 
be ordered according to the same nut dimension of the precision ground ballscrew. If the ends of the spindle are 
unmachined, the geometric tolerance does not apply. The production scale of each type of the ballscrews and the 
accuracy classification are described in the following sections (the unit of length used is in mm).


7.2 Precision Rolled Ballscrews


Table 7.1 gives the lead accuracy of the precision rolled ballscrews. The lead accuracy is measured by the 
accumulated lead error of any portion of 300 mm in length. The maximum axial plays of the precision rolled ballscrews 
are shown in Table 7.2. These ballscrews can be preloaded as the precision ground ones. The categories of the precision 
rolled ballscrews are listed in Table 7.3. 


Fig. 7.1 show the geometric tolerance of the general rolled ballscrews. has a variety of the precision rolled 
ballscrews for our customers’ urgent requirement.


Table 7.1 Accuracy grade of precision rolled ballscrew  Unit : 0.00mm


Cumulative C6 C7 C8 C10


300 23 50 100 210


ep ep =                                     x  300


length measured
300


Cumulative


300


length measured


C6 C7 C8 C10


0~100 18 44 84 178


101~200 20 48 92 194


201~315 23 50 100 210


Measuring length unit: mm


Table 7.2 Maximum axial play of  precision rolled ballscrew  Unit : mm


Ball diameter ≤ 2
2.381
3.175


3.969 4.763 6.35 7.144 7.938 9.525


Axial play 0.06 0.07 0.10 0.12 0.15 0.16 0.17 0.18
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Table 7.3 Category of HIWIN precision rolled ballscrew Unit : mm


Nominal  
diameter  do 


( mm )


Lead
Max.screw 


length1 1.25 2 2.5 3 4 5 5.08 6 8 10 12 16 20 25 30 32 36 40 50 63


6 ● ● 800


8 ● ● ■ ● ● 800


10 ● ■ ● ● ● ● ● 1000


12 ● ■ ● ■ ● ● ● ● ● 1200


14 ● ● ● ● 2000


15 ● ● 2000


16 ● ■ ■ ● ■ ● ● ● ■ ● ● ● 3000


18 ● 3000


20 ■ ● ■ ■ ● ● ● ■ ● 3000


22 ● ● 3000


25 ● ● ■ ■ ● ● ■ ● 4000


28 ● ● 4000


32 ■ ■ ■ ● ● ■ ● ● ● 4500


36 ● ● ● ● ● ● ● 4500


38 ■ ● ● ● 5600


40 ■ ● ● ■ ● ● ● ● ● 5600


45 ● ● ● 5600


48 ● ●


50 ● ● ■ ● ● ● ● ● ● 5600


55 ● ● 5600


63 ■ ● ● ■ ● ● 5600


80 ● ● ● ● 6500


■ : Right turn and left turn        ● : Right turn only. Please contact Hiwin for special request
Note: The maximum length for ballscrew is based on grade C7. For rolled ballscrew, the maximun length varies according to lead   
 accuracy grade.
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page General Type page


146


Flange end, single nut, 
tube within the nut diameter


Round, single nut,
tube above the nut diameter


147


148


Round, single nut, bonded return tube Flange end, single nut, bonded return tube


149


150


Flange end, single nut,
tube above the nut diameter


Square, single nut,
tube above the nut diameter


151


page High Lead Type page


152


Large lead, flange mounted, single nut, end cap


152


7.3 General Type of Rolled Ballscrews


FSW


RSB FSB


FSV


FSH


SSV


RSV


*Different design required by the drawing approval, please contact with HIWIN engineers for the other type listed above.
*Double asterisks( ): Self-Lubricating Ballscrew E2 design is available, except the shaft diameter under 16mm or ball diameter under 2.381mm.
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TypeF S W


7.4 Dimensions for Rolled Ballscrews


Model


Size
Ball
Dia.


Circuits


Dynamic
Load


1x106 revs
C ( kgf )


Static
 Load


Co ( kgf )


Nut Flange
Fit


Nominal
Dia.


Lead L D F BCD-E  T
Bolt


X Y Z S


8-2.5B1 8
2.5 2.000


2.5x1 218 317 34 26 47 35 8 5.5 9.5 5.5 8


10-2.5B1
10


2.5x1 252 405 34 28 52 38 8 5.5 9.5 5.5 8


10-4B1
4 2.381


2.5x1 304 466 41 30 53 41 10 5.5 9.5 5.5 10


12-4B1 12 2.5x1 344 574 41 30 50 40 10 5.5 9.5 5.5 12


16-5B1 16


5 3.175


2.5x1 679 1226 43 40 64 51 10 5.5 9.5 5.5 12


20-5C1 20 3.5x1 1001 2149 50 44 68 55 12 5.5 9.5 5.5 12


25-5B2
25


2.5x2 1534 3975 60 50 74 62 12 5.5 9.5 5.5 12


25-10B1 10 4.763 2.5x1 1459 2983 65 60 86 73 16 6.6 11 6.5 12


32-5B2
32


5 3.175 2.5x2 1702 5098 60 58 84 71 12 6.6 11 6.5 12


32-10B2


10 6.350


2.5x2 4379 10345 98 74 108 90 16 9 14 8.5 15


40-10B2 40 2.5x2 4812 12732 102 84 125 104 18 11 17.5 11 15


50-10C2 50 3.5x2 7146 22477 126 94 135 114 18 11 17.5 11 20


63-10C2 63 3.5x2 7869 28290 128 110 152 130 20 11 17.5 11 20


ØDg6 ØD-0.1
-0.3ØF


Ø
X


T<12 M6x1P


OIL HOLE
T≥12 1/8PT


BCD E


30°


30°


S


Ø
Y


Z


T


L
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TypeR S V


Model


Size
Ball
Dia.


Circuits


Dynamic
Load


1x106 revs
C ( kgf )


Static
 Load


Co ( kgf )


Nut
Mounting


Thread


Mounting
Thread
Length


Return
Tube Width


Return
Tube Height


Nominal
Dia.


Lead L D M J W H


8-2.5B1 8
2.5 2.000


2.5x1 218 317 28 18 M18x1P 10 15 15


10-2.5B1
10


2.5x1 252 405 30 20 M18x1P 10 17 17


10-4B1
4 2.381


2.5x1 305 466 32 23 M22x1P 10 20 20


12-4B1 12 2.5x1 344 574 32 25 M24x1P 10 22 21


16-5B1
16


5


3.175


2.5x1 679 1226 40 31 M28x1.5P 10 23 25


16-5.08B1
5.08


2.5x1 763 1399 45 30 M25x1.5P 13 24 21


16-5.08C1 16 3.5x1 1013 1945 45 30 M25x1.5P 13 24 21


20-5C1 20
5


3.5x1 1001 2149 45 35 M32x1.5P 12 27 22


25-5B2
25


2.5x2 1534 3975 58 40 M38x1.5P 16 31 25


25-10B2 10 4.763 2.5x2 2663 6123 94 45 M38x1.5P 16 38 32


32-5B2
32


5 3.175 2.5x2 1702 5098 60 54 M50x2P 18 38 29


32-10B2


10 6.350


2.5x2 4379 10345 95 58 M52x2P 18 44 36


40-10B2 40 2.5x1 4812 12732 102 65 M60x2P 25 52 41


50-10C2 50 3.5x2 7146 22477 130 80 M75x2P 30 62 46


63-10C2
63


3.5x2 7869 28290 132 95 M90x2P 40 74 52


63-12C3 12 7.938 3.5x3 16828 58535 205 102 M95x3P 35 75 59


M ØD


W
m


ax


Hmax J


L
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TypeR S B


Model


Size
Ball
Dia.


Circuits


Dynamic
Load


1x106 revs
C ( kgf )


Static
 Load


Co ( kgf )


Nut
Mounting


Thread
Mounting


Thread Length


Nominal
Dia.


Lead L D M J


8-2.5B1 8
2.5 2.000


2.5x1 218 317 24 22 M18x1P 7.5


10-2.5B1
10


2.5x1 252 405 24 24 M20x1P 7.5


10-4B1
4 2.381


2.5x1 304 466 34 26 M22x1P 10


12-4B1 12 2.5x1 344 574 34 28 M25x1.5P 10


16-5B1 16


5
3.175


2.5x1 679 1226 42 36 M30x1.5P 12


20-5C1 20 3.5x1 1001 2149 54 40 M36x1.5P 14


25-5B2 25 2.5x2 1534 3975 69 46 M42x1.5P 19


32-5B2
32


5 2.5x2 1702 5098 69 54 M50x2P 19


32-10B2


10 6.350


2.5x2 4379 10345 105 68 M62x2P 19


40-10B2 40 2.5x2 4812 12732 110 76 M70x2P 24


50-10C2 50 3.5x2 7146 22477 135 88 M82x2P 29


63-10C2 63 3.5x2 7869 28290 135 104 M95x2P 29


M ØD


J


L
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TypeF S B


Model


Size
Ball
Dia.


Circuits


Dynamic
Load


1x106 revs
C ( kgf )


Static
 Load


Co ( kgf )


Nut Flange


Nominal
Dia.


Lead L D F BCD-E  T
Bolt


X Y Z


8-2.5B1 8
2.5 2.000


2.5x1 218 317 34 22 43 31 8 5.5 9.5 5.5


10-2.5B1
10


2.5x1 252 405 34 24 46 34 8 5.5 9.5 5.5


10-4B1


4 2.381


2.5x1 304 466 41 26 49 37 10 5.5 9.5 5.5


12-4B1
12


2.5x1 344 574 41 28 51 39 10 5.5 9.5 5.5


12-4C1 3.5x1 459 803 44 30 50 40 10 4.5 8 4.5


14-4C1
14


3.5x1 498 943 40 31 50 40 10 4.5 8 4.5


14-5B1 5 3.175 2.5x1 636 1095 40 32 50 40 10 4.5 8 4.5


16-4B1


16


4 2.381 2.5x1 390 744 41 35 56 43 10 5.5 9.5 5.5


16-5B1 5
3.175


2.5x1 679 1226 43 36 60 47 10 5.5 9.5 5.5


16-10B1 10 2.5x1 667 1194 52 36 60 47 12 6.6 11 6.5


20-4C1


20


4 2.381 3.5x1 582 1329 40 40 60 50 10 4.5 8 4.5


20-5B1


5 3.175


2.5x1 745 1526 40 40 60 50 10 4.5 8 4.5


20-5C1 3.5x1 1001 2149 50 40 64 51 12 5.5 9.5 5.5


25-5B1
25


2.5x1 845 1987 40 43 67 55 10 5.5 9.5 5.5


25-5B2 2.5x2 1534 3975 60 46 70 58 12 5.5 9.5 5.5


32-5B2
32


2.5x2 1702 5098 60 54 80 67 12 6.6 11 6.5


32-10B2


10 6.350


2.5x2 4379 10345 98 68 102 84 16 9 14 8.5


40-10B2 40 2.5x2 4812 12732 102 76 117 96 18 11 17.5 11


50-10C2 50 3.5x2 7146 22477 126 88 129 108 18 11 17.5 11


63-10C2 63 3.5x2 7869 28290 128 104 146 124 20 11 17.5 11


ØDg6ØF


Ø
X


T<12 M6x1P


OIL HOLE
T≥12 1/8PT


BCD E


30°


30°


Ø
Y


Z


T


L
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TypeF S V


Model


Size
Ball
Dia.


Circuits


Dynamic
Load


1x106 revs
C ( kgf )


Static
 Load


Co ( kgf )


Nut Flange
Return
Tube


Bolt Fit


Nominal
Dia.


Lead L D F T BCD-E W H X Y Z S


8-2.5B1 8
2.5 2.000


2.5x1 218 317 34 18 41 8 29 15 15 5.5 9.5 5.5 8


10-2.5B1
10


2.5x1 252 405 34 20 43 8 31 17 17 5.5 9.5 5.5 8


10-4B1
4 2.381


2.5x1 304 466 41 23 46 10 34 20 20 5.5 9.5 5.5 10


12-4B1 12 2.5x1 344 574 41 25 48 10 36 22 21 5.5 9.5 5.5 12


16-5B1 16


5
3.175


2.5x1 679 1226 43 31 55 10 42 23 25 5.5 9.5 5.5 12


20-5C1 20 3.5x1 1001 2149 50 35 59 12 46 27 22 5.5 9.5 5.5 12


25-5B2 25 2.5x2 1534 3975 60 40 64 12 52 31 25 5.5 9.5 5.5 12


32-5B2
32


6.350


2.5x2 1702 5098 60 54 80 12 67 38 29 6.6 11 6.5 12


32-10B2


10


2.5x2 4379 10345 98 58 92 16 74 44 36 9 14 8.5 15


40-10B2 40 2.5x2 4812 12732 102 65 106 18 85 52 41 11 17.5 11 15


50-10C2 50 3.5x2 7146 22477 126 80 121 18 100 62 46 11 17.5 11 20


63-10C2 63 3.5x2 7869 28290 128 95 137 20 115 74 52 11 17.5 11 20


ØF
ØD-0.1


-0.3ØDg6


30°30°


W
m


ax


Hmax


BCD E


Ø
X


Ø
Y


L


Z


ST


T<12 M6x1P


OIL HOLE
T≥12 1/8PT
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TypeS S V


Model 


Size


Ball
Dia.


Circuits


Dynamic
Load


1x106 revs
C ( kgf )


Static
 Load


Co ( kgf )
W F H x t L B C K T A M (max)Nominal


Dia.
Lead


14-4B1


14
4 2.381


2.5x1 376 682 34 13 M4x7 35 26 22 6 6 M6 30


14-4C1 3.5x1 498 943 34 13 M4x7 35 26 22 6 6 M6 30


14-5B1


5 3.175


2.5x1 636 1095 34 13 M4x7 35 26 22 6 6 M6 31


16-5B1 16 2.5x1 679 1226 42 16 M5x8 36 32 22 6 21.5 M6 36


20-5B1
20


2.5x1 745 1526 48 17 M6x10 35 35 22 5 9 M6 39


20-10B1 10 4.763 2.5x1 1280 2314 48 18 M6x10 58 35 35 10 9 M6 46


25-5B1
25


5 3.175 2.5x1 845 1987 60 20 M8x12 35 40 22 7 9.5 M6 45


25-10B2 10 6.350 2.5x2 3816 7968 60 23 M8x12 94 40 60 10 10 M6 54


28-6B1
28 6 3.969


2.5x1 1203 2796 60 22 M8x12 42 40 18 8 10 M6 50


28-6B2 2.5x2 2184 5592 60 22 M8x12 67 40 40 8 10 M6 50


32-10B1
32


10 6.350


2.5x1 2413 5172 70 26 M8x12 64 50 45 10 12 M6 62


32-10B2 2.5x2 4379 10345 70 26 M8x12 94 50 60 10 12 M6 67


36-10B2 36 2.5x2 4592 11403 86 29 M10x16 96 60 60 11 17 M6 67


45-12B2 45 12 7.144 2.5x2 5963 16110 100 36 M12x20 115 75 75 13 20.5 M6 80


W B


4-Hxt


M max


F
A


8°


T


L


CK
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TypeF S H


Model


Size


Ball
Dia.


Circuits


Dynamic
Load


1x106 revs
C ( kgf )


Static
 Load


Co ( kgf )


Nut Flange Bolt Fit


Nominal
Dia.


Lead
D L F T BCD-E H X S M


16-16S2


16 16


3.175


1.8x2 780 1830
32 48 53 10 42 38 4.5 26 0


16-16S4 1.8x4 1420 3670


16-16S2 1.8x2 780 1830
33 48 58 10 45 38 6.6 26 0


16-16S4 1.8x4 1420 3670


20-20S2


20 20


1.8x2 870 2290 39 48 62 10 50 46 5.5 27.5 0


20-20S2 1.8x2 870 2290
38 58 62 10 50 46 5.5 32.5 3


20-20S4 1.8x4 1580 4590


25-25S2
25 25 3.969


1.8x2 1300 3600
47 67 74 12 60 56 6.6 39.5 3


25-25S4 1.8x4 2360 7200


32-32S2
32 32 4.763


1.8x2 1840 5450
58 85 92 15 74 68 9 48 0


32-32S4 1.8x4 3340 10900


40-40S2
40 40 6.350


1.8x2 3030 9220
72 102 114 17 93 84 11 60 0


40-40S4 1.8x4 5500 18450


50-50S2
50 50 7.938


1.8x2 4520 14440
90 125 135 20 112 104 14 83.5 0


50-50S4 1.8x4 8220 28880


OIL HOLE


F


ØDg6ØD


M M


S


L


T4-ØxTHRU
BCD E


M6x1P


30°30°


H
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Type  Stock


Model


Size
Ball
Dia.


Circuits


Dynamic
Load


1x106 revs
C ( kgf )


Static
 Load


Co ( kgf )
D D4


Flange
Hole 
No.


D5 D6 H1 L1 L2 L7 L11
M-Oil
HoleNominal


Dia.
Lead


16-5T3 16


5 3.175


3 1000 2000 28 38 6 5.5 48 40 10 40 10 5 M6x1P


20-5T3
20


3 1160 2660 36 47 6 6.6 58 44 10 44 10 5 M6x1P


20-5T4 4 1490 3550 36 47 6 6.6 58 44 10 52 10 5 M6x1P


25-5T3


25


3 1320 3490 40 51 6 6.6 62 48 10 44 10 5 M6x1P


25-5T4 4 1690 4660 40 51 6 6.6 62 48 12 52 10 5 M6x1P


25-10T3 10 4.763 3 2160 4860 40 51 6 6.6 62 48 16 65 10 5 M6x1P


32-5T3


32


5 3.175


3 1500 4660 50 65 6 9 80 62 10 46 12 6 M6x1P


32-5T4 4 1920 6210 50 65 6 9 80 62 10 53 12 6 M6x1P


32-5T6 6 2730 9320 50 65 6 9 80 62 10 66 12 6 M6x1P


32-10T3
10 6.350


3 3650 8660 50 65 6 9 80 62 16 74 12 6 M6x1P


32-10T4 4 4680 11550 50 65 6 9 80 62 16 85 12 6 M6x1P


40-5T4


40


5 3.175
4 2110 7770 63 78 8 9 93 70 10 53 14 7 M8x1P


40-5T6 6 2990 11650 63 78 8 9 93 70 10 66 14 7 M8x1P


40-10T3
10 6.350


3 4030 10680 63 78 8 9 93 70 16 74 14 7 M8x1P


40-10T4 4 5170 14240 63 78 8 9 93 70 16 87 14 7 M8x1P


50-5T4


50


5 3.175
4 2330 9990 75 93 8 11 110 85 10 57 16 8 M8x1P


50-5T6 6 3310 14980 75 93 8 11 110 85 10 70 16 8 M8x1P


50-10T3


10 6.350


3 4590 14000 75 93 8 11 110 85 16 78 16 8 M8x1P


50-10T4 4 5880 18660 75 93 8 11 110 85 16 89 16 8 M8x1P


50-10T6 6 8330 28000 75 93 8 11 110 85 16 112 16 8 M8x1P


7.5 Dimensions for Stock Rolled Ballscrews


F S I (DIN 69051 part 5 form B)


M6x1P(M8x1P)
L11OIL HOLE


ØD-0.2
-0.3ØDg6


ØD6


TYPE 2TYPE 1


D
5


D
4


45°


22.5°
30° 15°


30 °


H1 H1


L1


L2


L7


* The calculation for dynamic load and static load is based on DIN69051.
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Type  StockR S I


Model


Size


Ball
Dia.


Circuits


Dynamic
Load


1x106 revs
C ( kgf )


Static
 Load


Co ( kgf )
 L D M JNominal


Dia.
Lead


8-2.5T2 8
2.5 2.000


2 133 178 23.5 17.5 M15x1P 7.5


10-2.5T2 10 2 178 263 25 19.5 M17x1P 7.5


10-4T2 10 4 2.381 2 198 282 32 24 M22x1P 10


DM


J


L


(with V-thread)
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Type  StockR S B


DM


J


L


Model


Size


Ball
Dia.


Circuits


Dynamic
Load


1x106 revs
C ( kgf )


Static
 Load


Co ( kgf )
 L D M JNominal


Dia.
Lead


12-4B1 12 4 2.381 2.5x1 344 574 34 25.5 M20x1P 10


(with V-thread)
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8  Ballscrew Retrofit Kits for Manual Milling Machine


8.1  Precision Ground Ballscrew Set


1. Precision ground, lead accuracy within ±0.0005” /ft.
2. Stock size meet various CNC systems’ requirements.
3. High strength and long service life.


X-AXIS
R.H.


2-Ø0.42 DRILL THRU.
BCD 2.3


1.12
max


45 °


1.
48


 m
ax


2.52


30°


2.6
77


Ø0.156 DRILL THRU.


0.5
4.93


3.2 1.1 0.13
4.0


0.4


0.2


0.47


A
B


2.28±0.059


G 0.00087 BB'


0.00063 BB'
B'B G


4.5
0.13 0.67


G


4.5
3.2


0.00016  C'


0.00063  AA'


0.00031 C'


C'0.75 Ø0.75xW 0.122
0.125


0.00016 C


G


0.00063  AA'


0.00031 C


G
C


0.5


0.75Ø0.75xW 0.122
0.125


G


1/2" - 20 UNF
0.7871
0.7868


0.6245
0.6242


0.24
0.25


G


Ø1.03


Ø1.15


A'
1.26
1.25


1.685
1.681


1.687
1.686Ø2.87


A


Ø1.15


Ø1.03
G


0.7871
0.7868


0.6245
0.62421/2" - 20 UNF


0.24
0.25


Y - AXIS
L.H.


2-Ø0.42 DRILL THRU.
BCD 2.3


30
°


1.12
max


Ø0.156 DRILL THRU.


1.
48


m
ax


0.5
4.93


3.2 1.1 0.13
1.6


C


2.38


0.75


G


0.00016  C


0.00063  AA'


0.00031  C


Ø0.75xW 0.122
0.125 C


G


G


A A'


B'


0.2


G


G


0.4


B


D


2.28±0.059
0.47


0.00087  BB'


0.00063  BB'


0.24
0.25


1/2" - 20 UNF
0.6245
0.6242


0.7871
0.7868


Ø1.03


Ø1.15
1.685
1.681


1.687
1.686 Ø2.87


1.26
1.25ØØØØØ


Ø


ØØØØØØ


unit: inch
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Traverse Screw  (X Axis) in


Traverse Screw A B Part Number


32 42 24.07 B3205X-32


36 46 28.07 B3205X-36


42 52 34.07 B3205X-42


48 58 40.07 B3205X-48


Crossfeed Screw   (Y Axis) in.


Table Size C D Part Number


9 20.3 13.77 B3205Y-9


12 23.3 16.77 B3205Y-12


16 27.3 20.77 B3205Y-16


P.C.Dia. 1.28"


Ball Dia. 0.125"


Lead Angle  2.84°


Circuits 2.5x2


Lead 5TPI


Static Load 12491 lbf


Dynamic Load(1x106revs) 4158  lbf


Lead Accuracy 0.0003"/2π; 0.0005"/ft


Drag Torque(Preload) 3.5in-lb (280lbs)


4in


(B3205X)


(B3205H)


(B3205Y)


X AXIS


HOUSING


Y AXIS
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9  Composite Ball Screw


9.1 NC type series


• Application:
CNC machinery, precision machine tools, industrial 
machinery, electrical machinery, high Speed 
machinery.


• Design Principles:
Optimal design of the recirculation path can reduce the 
noise generated by impact of balls to reduce the noise 
level. (Note: the DN value should be defined by ball 


diameters and using conditions)


Tangenting to PCD Coordinating to the lead angle


 • Features:
1. Low noise (lower 3~5dB than general series)


Finest design of recirculation can absorb the noise 


from the impact of balls to reduce the noise level.


2. Qualified tone


NC recirculating components not only can reduce 
the sound pressure level, but also efficiently 
lower the middle and high frequency range than 
conventional ones, producing no shrill fricative and 
better sound quality.


3. Low vibration and smooth operation


The tangent recirculation substantially reduces 
impact force of running balls and the resistance of 
guiding balls, so the vibration of the nut is gentler 
and the rotation is smoother and more stable.


Model
Specification Ball 


dia. Circuits Rigidity K
(kgf/μm)


Dynamic
Load


C(kgf))


Static
Load


Co(kgf)


Nut Flange Return pipe Flange hole Contact 
surface


Nominal
Dia. Lead D L F T BCD-E W H X Y Z S


R12-5B1 12 5 2.381 2.5*1 16.2 382 638 30 40 50 10 40 15.5 14.5 4.5 8 4 12


R12-10A1 12 10 2.381 1.5*1 9.8 246 383 30 42 50 10 40 14 14 4.5 8 4 12


R15-10B1 15 10 3.175 2.5*1 21 729 1290 34 55 57 11 45 21 16.5 5.5 9.5 5.5 12


R15-20A1 15 20 3.175 1.5*1 12.5 474 781 36 64 60 12 47 22 19.5 5.5 9.5 5.5 12


R20-20A1 20 20 3.175 1.5*1 16.4 539 1039 46 64 70 12 58 28 18 5.5 9.5 5.5 12


R25-25A1 25 25 3.969 1.5*1 21.7 805 1624 56 78 82 12 69 34.5 20.5 6.6 11 6.5 12


R40-8B2 40 8 4.763 2.5*2 70 3634 10603 74 86 108 16 90 48 29 9 14 8.5 15


Specifications of the high speed and 
low noise ball screw


ØF


ØD-0.1
-0.3ØDg6


L
ST


Z


Ø
Y


Hmax


W
m


ax


BCD-E


30° 30°


Ø
X1/8PT


OIL HOLD


80


75


70


65


60


55


50
0 500 1000 1500 2000 2500 3000


rpm


dB
(A


)


Noise


Old type:FSW        New type:FSTFST


80


70


60


50


40


30


20


10


0
0


dB
(A


)


5 10 15 20


KHz


New type:NC sreies


Old type:original series
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 • Features:
• Cost savings: 


The E2 series saves cost by eliminating piping 
joint systems, change and waste disposal, and by 
reducing oil purchases.


• Greatly extends the maintenance period: 
The E2 series will supply proper lubrication for long 
periods of time extending the maintenance period.


• Easy maintenance: 
The special construction of the E2 design requires 
no tools to replace the oil cartridge.  There is no 
disassembly required when adding the E2 option.


• Ideal lubrication position:
The lubrication point is located inside the ball nut 
allowing for the lubrication to be firmly applied onto 
the ball tracks.


• Effortless and flexible installation: 
The lubrication performs properly in every direction 
so there are no restrictions when installing the E2.


• Clean and environmentally friendly: 
Prevents oil leakage, making the E2 the ideal 
solution for clean room environments.


• Interchangeable oil selection: 
The replaceable oil cartridge can be refilled with any 
approved lubrication oil.


• Applications for special environments:
The lubrication oil can be combined with grease 
for better results, especially in dusty, dirty, or wet 
environments.


• Characteristic of lubrication oil:
The E2 self-lubrication cartridge is equipped with 
synthetic hydrocarbon based oil.  The lubricate oil 
has a viscosity grade of ISO VG680.


The E2 is compatible with mineral, hydrocarbon, and 
ester based greases.  The E2 can accept synthetic 
oils with stable characteristics.  A high viscosity 
grade will work well in conditions where there are 
high and low temperatures.


9.2 E2 Self - lubricant
The low fluid draft factor prevents excessive power 
consumption and deters against corrosion and rust.  


A compatible lubricate oil with the same viscosity 
grade can also be used in the replaceable cartridge.


 • Performance:
The E2 series will extend the maintenance period 
by supplying proper lubrication for long periods of 
time.


Test condition :


Specification R40-40K2-FSC


Oil Mobil SHC 636 (50C.C.)


Speed 3000 rpm


Stroke 1000mm


 • Lubricant oil characteristics:
The E2 self-lubricant cartridge is equipped with 
synthetic hydrocarbon based oil. The lubricant oil 
has a viscosity grade of ISO VG680.


• The E2 is compatible with mineral, hydrocarbon, and 


ester based greases.


• The E2 can accept synthetic oils with stable 


characteristics.


• A high viscosity grade will work well in conditions


where there are high and low temperatures.


• The low fluid draft factor prevents excessive power


consumption.


• Anti-corrosion and rust.


◊ A compatible lubricate oil with the same viscosity 


grade can also be used in the replaceable 
cartridge.


HIWIN E2 


100 Km 


0 10000 20000 30000 40000 50000 60000 Km


* Note : above test with no grease added
Running Distance


Without
lubrication


60000 km test continued


E2 Perfomance Test
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• Application:


- Machine tools
- Industrial machinery : printing machine, paper-  


processing machine, automatic machine, textile 
machine, cutting and grinding machines, etc.


- Electronic machinery : robots, measuring 
equipment, X-Y tables, etc.


- Miscellaneous: medical equipment, factory 
automation equipment, etc.


• Temperature range:
The ideal E2 temperature range is from -10°C to 60
°C, please notify Hiwin engineers if the temperature 
requirement is out of this range.


 • Cost saving:
The E2 series saves cost by eliminating piping joint systems, change and waste disposal, and by reducing oil 
purchases.


16~57c.c. x cost/c.c.
= $XXX


$XXX $XXX 0.1c.c./min. x 480min./day x 280day/year x 5year x 
cost/c.c. = 67200c.c. cost/c.c.
= $XXX


3~5times/year x 5year x cost/time
= 15~25cost/time
= $XXX


Cost


Forced 
Lubrication


HIWIN E2 
Self-Lubricant


Lubrication 
Piping System


Design and 
Installation of 
Lubricant Device


Cost of Oil Purchase Change Cost Waste Oil 
Disposaal


Cost of Oil 
Purchase


• Specification number:
Example: R40 - 20K3 - FSCE2 - 1200 - 1600 - 0.008


 • Specification:
Nut type : FSV, FDV, FSW, FDW, PFDW, OFSW, Super S   
Please contact HIWIN engineers with other 
specification needs.
In order to get the good lubrication efficiency; please 
notify HIWIN engineers of the ballscrew installation 
direction.


Diameter


Thread Lead


Number of turns


Self-Lubricant Oil Cartridge


Super S


Single Nut


Flange End
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HIWIN E2 Precision Ground Ballscrews


General Type 


Flange end, single nut,
tube above nut diameter


Flange end, single nut,
tube within nut diameter


Flange end, double nut,
tube above nut diameter


Flange end, double nut,
tube within nut diameter


Flange to flange, double nut,
tube within nut diameter


Offset pitch preload, flange end,
single nut, tube within nut diameter


FSV FSW


*Different design required by the drawing approval, please contact with HIWIN engineers for the other type listed above.
(The specifications in this catalogue are subject to change without notification.)


PFDW OFSW


FDV FDW
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Dimension table for E2


ØDØED ØF


X


EL L2
L


L7


Z


Y


B
CD


(Nut diameter is smaller than the oil cartridge)


Please remove oil cartridge when installing the nut


Model
Specification Nut Size E2 Size


Nominal Dia. Lead Ball Dia. D L2 F L7 BCD X Y Z EL ED L


20-10K3 20 10 3.175 36 47 62 12 47 6.6 11 6.5 40 49 87
20-20K2 20 20 3.175 36 56 62 12 47 6.6 11 6.5 40 49 96
25-10K3 25 10 3.175 40 50 66 12 51 6.6 11 6.5 40 49 90
25-25K2 25 25 3.175 40 69 66 12 51 6.6 11 6.5 40 49 109
25-12K4 25 12 3.969 45 67 69 12 54 6.6 11 6.5 40 49 107
32-5K4 32 5 3.175 48 38 77 12 59 9 14 8.5 40 62 78
32-8K5 32 8 3.969 50 59 83 12 65 9 14 8.5 40 62 99
32-10K5 32 10 3.969 50 73 83 12 65 9 14 8.5 40 62 113
32-20K3 32 20 3.969 50 87 83 12 65 9 14 8.5 40 62 127
32-32K2 32 32 3.969 50 87 83 12 65 9 14 8.5 40 62 127
32-10K5 32 10 4.763 56 79 89 14 71 9 14 8.5 40 62 119
32-12K5 32 12 4.763 56 88 89 14 71 9 14 8.5 40 62 128
32-10K5 32 10 6.35 62 77 95 18 77 9 14 8.5 36 81 113
32-12K5 32 12 6.35 62 87 95 18 77 9 14 8.5 36 81 123
32-16K4 32 16 6.35 62 92 95 18 77 9 14 8.5 36 81 128
32-20K3 32 20 6.35 62 87 95 18 77 9 14 8.5 36 81 123
36-8K5 36 8 4.763 59 64 92 14 74 9 14 8.5 36 81 100
36-10K5 36 10 6.35 66 80 99 18 81 9 14 8.5 36 81 116
36-12K5 36 12 6.35 66 87 99 18 81 9 14 8.5 36 81 123
36-16K5 36 16 6.35 66 109 99 18 81 9 14 8.5 36 81 145
36-20K4 36 20 6.35 61 108 94 18 76 9 14 8.5 36 81 144
36-36K2 36 36 6.35 61 95 94 18 76 9 14 8.5 36 81 131
38-8K5 38 8 4.763 61 64 94 14 76 9 14 8.5 36 81 100
38-16K5 38 16 6.35 63 108 96 18 78 9 14 8.5 36 81 144
38-20K4 38 20 6.35 63 108 96 18 78 9 14 8.5 36 81 144
38-25K4 38 25 6.35 63 127 96 18 78 9 14 8.5 36 81 162
38-40K2 38 40 6.35 63 103 96 18 78 9 14 8.5 36 81 137
40-8K5 40 8 4.763 63 64 96 14 78 9 14 8.5 36 81 100
40-10K5 40 10 6.35 70 83 103 18 85 9 14 8.5 36 81 119
40-12K5 40 12 6.35 70 86 103 18 85 9 14 8.5 36 81 122
40-16K5 40 16 6.35 70 108 103 18 85 9 14 8.5 36 81 144
40-20K4 40 20 6.35 70 110 103 18 85 9 14 8.5 36 81 146
40-25K4 40 25 6.35 65 127 98 18 80 9 14 8.5 36 81 163
40-40K2 40 40 6.35 65 101 98 18 80 9 14 8.5 36 81 137
45-10K5 45 10 6.35 75 78 115 18 93 11 17.5 11 36 92 114
45-12K5 45 12 6.35 75 89 115 18 93 11 17.5 11 36 92 125
45-16K5 45 16 6.35 75 108 115 18 93 11 17.5 11 36 92 144
45-20K4 45 20 6.35 75 108 115 18 93 11 17.5 11 36 92 144
45-25K4 45 25 6.35 70 129 110 18 88 11 17.5 11 36 92 165
45-40K3 45 40 6.35 70 145 110 18 88 11 17.5 11 36 92 181
50-10K5 50 10 6.35 82 80 122 18 100 11 17.5 11 36 92 116
50-12K5 50 12 6.35 82 90 122 18 100 11 17.5 11 36 92 126
50-16K5 50 16 6.35 82 109 122 18 100 11 17.5 11 36 92 145
50-20K4 50 20 6.35 82 106 122 18 100 11 17.5 11 36 92 142
50-25K4 50 25 6.35 75 129 115 18 93 11 17.5 11 36 92 165
50-30K4 50 30 6.35 75 147 115 18 93 11 17.5 11 36 92 183
50-40K3 50 40 6.35 75 145 115 18 93 11 17.5 11 36 92 181
50-30K2 50 30 7.144 82 92 122 18 100 11 17.5 11 36 92 128
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ØDØF


B
CD


XY


Z
L7


L
L2EL


ØED


Dimension table for E2 (Nut diameter is larger than the oil cartridge)


Model
Specification Nut Size E2 Size


Nominal Dia. Lead Ball Dia. D L2 F L7 BCD X Y Z EL ED L


20-10K3 20 10 3.175 51 47 76 12 62 6.6 11 6.5 40 49 87
20-20K2 20 20 3.175 51 56 76 12 62 6.6 11 6.5 40 49 96
25-10K3 25 10 3.175 51 50 76 12 62 6.6 11 6.5 40 49 90
25-25K2 25 25 3.175 51 69 76 12 62 6.6 11 6.5 40 49 109
25-12K4 25 12 3.969 51 67 76 12 62 6.6 11 6.5 40 49 107
 32-5K4 32 5 3.175 64 38 95 12 78 9 14 8.5 40 62 78
32-8K5 32 8 3.969 64 59 95 12 78 9 14 8.5 40 62 99
32-10K5 32 10 3.969 64 73 95 12 78 9 14 8.5 40 62 113
32-20K3 32 20 3.969 64 87 95 12 78 9 14 8.5 40 62 127
32-32K2 32 32 3.969 64 87 95 12 78 9 14 8.5 40 62 127
32-10K5 32 10 4.763 64 79 95 14 78 9 14 8.5 40 62 119
32-12K5 32 12 4.763 64 88 95 14 78 9 14 8.5 40 62 128
32-10K5 32 10 6.35 83 77 114 18 97 9 14 8.5 36 81 113
32-12K5 32 12 6.35 83 87 114 18 97 9 14 8.5 36 81 123
32-16K4 32 16 6.35 83 92 114 18 97 9 14 8.5 36 81 128
32-20K3 32 20 6.35 83 87 114 18 97 9 14 8.5 36 81 123
36-8K5 36 8 4.763 83 64 114 14 97 9 14 8.5 36 81 100
36-10K5 36 10 6.35 83 80 114 18 97 9 14 8.5 36 81 116
36-12K5 36 12 6.35 83 87 114 18 97 9 14 8.5 36 81 123
36-16K5 36 16 6.35 83 109 114 18 97 9 14 8.5 36 81 145
36-20K4 36 20 6.35 83 108 114 18 97 9 14 8.5 36 81 144
36-36K2 36 36 6.35 83 95 114 18 97 9 14 8.5 36 81 131
38-8K5 38 8 4.763 83 64 114 14 97 9 14 8.5 36 81 100
38-16K5 38 16 6.35 83 108 114 18 97 9 14 8.5 36 81 144
38-20K4 38 20 6.35 83 108 114 18 97 9 14 8.5 36 81 144
38-25K4 38 25 6.35 83 127 114 18 97 9 14 8.5 36 81 162
38-40K2 38 40 6.35 83 103 114 18 97 9 14 8.5 36 81 137
40-8K5 40 8 4.763 83 64 114 14 97 9 14 8.5 36 81 100
40-10K5 40 10 6.35 83 83 114 18 97 9 14 8.5 36 81 119
40-12K5 40 12 6.35 83 86 114 18 97 9 14 8.5 36 81 122
40-16K5 40 16 6.35 83 108 114 18 97 9 14 8.5 36 81 144
40-20K4 40 20 6.35 83 110 114 18 97 9 14 8.5 36 81 146
40-25K4 40 25 6.35 83 127 114 18 97 9 14 8.5 36 81 163
40-40K2 40 40 6.35 83 101 114 18 97 9 14 8.5 36 81 137
45-10K5 45 10 6.35 94 78 133 18 112 11 17.5 11 36 92 114
45-12K5 45 12 6.35 94 89 133 18 112 11 17.5 11 36 92 125
45-16K5 45 16 6.35 94 108 133 18 112 11 17.5 11 36 92 144
45-20K4 45 20 6.35 94 108 133 18 112 11 17.5 11 36 92 144
45-25K4 45 25 6.35 94 129 133 18 112 11 17.5 11 36 92 165
45-40K3 45 40 6.35 94 145 133 18 112 11 17.5 11 36 92 181
50-10K5 50 10 6.35 94 80 133 18 112 11 17.5 11 36 92 116
50-12K5 50 12 6.35 94 90 133 18 112 11 17.5 11 36 92 126
50-16K5 50 16 6.35 94 109 133 18 112 11 17.5 11 36 92 145
50-20K4 50 20 6.35 94 106 133 18 112 11 17.5 11 36 92 142
50-25K4 50 25 6.35 94 129 133 18 112 11 17.5 11 36 92 165
50-30K4 50 30 6.35 94 147 133 18 112 11 17.5 11 36 92 183
50-40K3 50 40 6.35 94 145 133 18 112 11 17.5 11 36 92 181
50-30K2 50 30 7.144 94 92 133 18 112 11 17.5 11 36 92 128
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Model
Bearing


Nut Flange Bolt Bush
Oil  holeDynamic 


Load(kgf)
Static 


Load(kgf) D G L C F T t BCD-E BCD-e θ M X d B H A
16-16S2 1299 1826 52 25 44 11.4 68 13 6 60 26 20 M4x0.7P 4.5 33 40 11 2 M4x0.7P
20-20S2 1762 2531 62 30 50 12 78 13 6 70 31 20 M5x0.8P 4.5 39 50 11 2 M4x0.7P
25-25S2 1946 3036 72 36 63 16.5 92 13 6 81 38 20 M6x1P 5.5 47 58 15.5 2 M4x0.7P
32-32S2 3150 5035 80 47 80 21 105 20 9 91 48 25 M6x1P 6.6 58 66 20 3 M6x0.75P
40-40S2 4800 8148 110 62 98 22.5 140 20 9 123 61 25 M8x1.25P 9 73 90 21.5 3 M6x0.75P


 • Application:
Semi-conductor industries, Robots, Wood machines, 


Laser cutting machines, Transporting equipment.


 • Features:
1. Compact and high positioning:


It is a compact design using nut and support 
bearing as an integral uint. 45-degree steel ball 
contact angle make a better axial load. Zero 
backlash and higher stiffness construction give a 
high positioning.


2. Simple installation:


It is installed simply by fixing the nut on the housing 
with bolts.


3. Rapid feed:


No inertial effect produced by the integral unit 
rotating and the shaft fixed. Can select smaller 
power to meet the rapid feed requirement.


4. Stiffness:


Have a higher trust and moment stiffness, 
because the integral unit have an angular contact 
construction. There is no backlash while rolling.


5. Quietness:


Special end cap design allows steel balls circulating 
inside the nut. Noise generated by high speed 
operation lower than ordinary ballscrew.


 • Specification:
Example: 2R40-40S2-DFSHR1-800-1000-0.018


↓


HIWIN  R1 code


9.3 R1 Rotating Nut


R1 ROTATING NUT 


30°


30°


4-M
BCD e


m


6-ØxTHRU
BCD E


A


H


C


T


t


L
G±1.5


ØdH7


ØBh7 ØF


ØDg6


θ θ


China Patent No. 422327
Germany Patent No. 10108647.4
Taiwan Patent No.166845
U.S.A. Patent No. 6406188B1
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9.4 Heavy Load Drive


 • Application:
High-load ball screw can be used for application on 
injection  molding machines, die casting machines, 
general presses, power cylinders, robot ...


 • Features:
1. Heavy Load:


A. 2~3 times load capacity than general standard 
series.


B. High axial load and acceleration.


C. Special lubrication design for short stroke.


2. Accuracy:


JIS C7


3. High Speed Operation and High Life:


Enforced ball circulation systems for high speed 
condition and  achieve long service life.


4. Option:


Design in HIWIN Self-lubricant E2 Series.


 • Recommended Installation:


Axial load


Support Unit


Steel Ball Loading Distribution 


Coupling


Motor


In order to make the loading uniform on the steel balls, the Heavy-load ballscrew is recommended to be installed as 
illustrated above. The recommended installation prvents the steel balls from over-wear and such that enhances the 


service life of ballscrew.   


 • Lubrication:
1. Sufficient lubricantion for ballscrews operation is required to retain the ballscews service life. 


2. Periodical grease replenishment should be scheduled to ensure the ballscrew performance.  


3. HIWIN G01 grease is recommended for Heavy-load application.
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Model No.
Shaft 


diameter
Lead


Turns 
Circuits


Dynamic Static
D L F T E X H W


kgF kN kgf kN


40-10B3 40 10 2.5X3 14150 138 44530 436 66 143 100 18 83 9 45 48


45-10B3 45 10 2.5X3 14840 145 49820 488 70 143 104 18 87 9 47 52


45-12B3 45 12 2.5X3 17050 167 55000 539 72 171 106 22 89 9 49.5 54


50-10B3 50 10 2.5X3 15470 151 55090 539 75 143 109 18 92 9 49 57


50-12B3 50 12 2.5X3 17930 175 61480 602 77 171 111 22 94 9 52 59


50-14B3 50 14 2.5X3 23090 226 74440 729 80 200 114 28 97 9 55.5 61


50-16B3 50 16 2.5X3 33680 330 99140 971 95 223 129 28 112 9 68 66


55-10B3 55 10 2.5X3 16050 157 60360 591 80 143 114 18 97 9 51.5 62


55-12B3 55 12 2.5X3 18740 183 67960 666 82 171 116 22 99 9 54.5 63


55-14B3 55 14 2.5X3 23600 231 79300 777 80 200 114 28 97 9 57.5 65


55-16B3 55 16 2.5X3 35040 343 107620 1054 99 223 133 28 116 9 70 70


63-12B3 63 12 2.5X3 19790 193 77710 761 92 171 126 22 109 9 58.5 70


63-14B3 63 14 2.5X3 25470 249 93210 913 94 200 128 28 111 9 61.5 72


63-16B3 63 16 2.5X3 37610 368 124230 1217 105 223 139 28 122 9 72.5 76


63-16C3 63 16 3.5X3 50230 492 173920 1704 105 271 139 28 122 9 72.5 76


63-20B3 63 20 2.5X3 50290 492 155020 1519 117 273 157 32 137 11 83.5 81


80-14B3 80 14 2.5X3 28550 279 121130 1187 116 200 150 28 133 9 72 87


80-16B3 80 16 2.5X3 41820 409 157530 1543 120 227 154 32 137 9 80 92


80-16C3 80 16 3.5X3 55860 547 220540 2161 120 275 154 32 137 9 80 92


80-20B3 80 20 2.5X3 56060 549 194320 1904 130 273 170 32 150 11 89.5 96


80-20C3 80 20 3.5X3 74870 733 272050 2666 130 333 170 32 150 11 89.5 96


80-25B3 80 25 2.5X3 72920 714 241490 2366 145 338 185 40 165 11 102 100


100-16B3 100 16 2.5X3 46230 453 198970 1949 145 227 185 32 165 11 91 109


100-20C3 100 20 3.5X3 83460 817 344600 3377 145 273 185 32 165 11 97.5 114


100-25B3 100 25 2.5X3 80480 788 298050 2920 159 338 199 40 179 11 108.5 118


100-25C3 100 25 3.5X3 107490 1053 417280 4089 159 413 199 40 179 11 108.5 118


120-16B3 120 16 2.5X3 49960 489 240400 2355 173 227 213 32 193 11 104 126


120-20B3 120 20 2.5X3 67860 665 297950 2919 173 281 213 40 193 11 111 131


120-25B3 120 25 2.5X3 86740 850 354400 3473 173 338 213 40 193 11 116 135


120-25C3 120 25 3.5X3 115850 1135 496160 4862 173 413 213 40 193 11 116 135


BALLSCREW FOR HEAVy-LOAD DRIVE


5-ØxTHRU
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Germany Patent No. 10119226


PT 1/8 fitting


9.5.1 Extra High Dm-N Value Ballcsrew - Cool Type I


 • Cool type I: 
• New era for high speed ballscrew - achieving 


extra high Dm-N value (up to 200,000) and high 
positioning accuracy.


• Cool type I and a hollow shaft design. 
• High speed machine tools and machining center.


 • Design Principle:
The cool type series feature using forced cooling 


fluid to pass through the nut, which minimize heat 
generation and thermal expansion during ballscrew 
operation.


• Cool type I as shown in the Figure 9.1:
Flowing fluids are circulated in passages that inside 


the nut, and exchanging heat with the cooler as shown in 
the Figure 9.2  In cooperation with hollow shaft design, 
it makes high quality of thermal control and maintains 
high accuracy. That combination is the most suitable for 
high-speed machine tools.


9.5 Cool Type


Fig. 9.1 Cool type I


Passages


 • Specification:
1. We recommend shaft diameter above Ø32mm to 
 cool type design.
2. Nut type: FSV, FSW, PFDW, OFSW, DFSV, FSH, FSI, 


etc.
3. Please contact HIWIN with other specification you 


need.
4. The cool type I, compared with the standard 


specifications, will make a minor external   
 dimension change of the nut, please contact HIWIN.


 • Specification number:
Example: R50 - 30C1 - OFSWC1 - 1180 - 1539 - 0.008


↓
C1: HIWIN cool type ballscrew for type I


 • Performance Comparison:
For high-speed machine tools, hollow shaft design 


only is not enough against heat generation and thermal 
expansion, because nut itself is a heat source, as shown 
in Figure 9.3.


Test condition :
specification : Ø50, lead 30 mm 
speed : 2500 rpm ( 75 m/min), 


back and forth feed continuously 
acceleration : 9.8 m/sec2


stroke : 1180 mm
preload : 205 kgf
moving weight : 300 kgf 
cooling rate : oil 2.5 liter/min
inlet temperature : 16°C
room temperature : 25°C


No cooling
N Co. suggested hollow shaft
HIWIN Cool Type I
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Fig. 9.3 Nut temperature rise


Passages


Cooler


P IN


OUT


Fig. 9.2 Cool type I with cooler
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No cooling, nut temperature
No cooling, shaft temperature
HIWIN Cool Type I , shaft temperature
HIWIN Cool Type I , nut temperature
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Cool type I Performance (1)
Specification: Ø50, lead 30 mm
Dm-N value: 150,000
Acceleration: 9.8 m/sec2


No cooling, nut temperature
No cooling, shaft temperature
HIWIN Cool Type I , shaft temperature
HIWIN Cool Type I , nut temperature
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FEM analysis for cool type ballscrew


Cool type I Performance (2)
Specification: Ø50, lead 30 mm
Dm-N value: 200,000
Acceleration: 9.8 m/sec2


Cool type I : Temperature rise of ballscrew


Cool type I : Temperature rise of ballscrew


 • Features:
1. Optimized design for high reliability:


Use of computer simulation and FEM analysis, the
cool type ballscrew features well thermal 
protection and high reliability.      


2. Promote higher speed rotation and extra high 
Dm-N value (up to 200,000):
Cool type ballscrew will eliminate high-speed 
rotation aftereffect, i. e., thermal problem, and 
promote higher speed rotation. 


3. Prevent thermal distortion:
Optimized heat transfer design to minimize heat 
generation and prevent thermal distortion.


4. Strengthen durability:
When operating repeatedly, friction between balls 
cause heat generation. That may be made balls 
oxidized or decarburized, and shortened the service 
life. Cool type ballscrew will strengthen durability 
under a cooling environment. 


5. Extended lubricant life cycle:
When using lubrication, minimum heat generation 
further inhibits deterioration in the quality of 
lubrication and extends the lubricant life cycle.


6. Keep temperature uniform and reduce warm-up 
time:
When high-speed operation, nut and shaft cooling 
effect indeed keep feed-system temperature 
constant and reduce warm-up time. 


7. Higher feeding accuracy: 
Cooling effect of cool type ballscrew will stabilize 
against thermal expansion and equalize feeding 
accuracy.
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9.5.2 High Load Ballcsrew - Cool Type II


 • Cool type  II: 
• New era for ballscrew applied in electric - driven 
 injection machine, presses, power units, and   


 other replaceable hydraulic drives.
• Electric-driven injection machine, presses, power 
 units and other replaceable hydrauilc drives.


 • Design Principle:
The cool type series feature using forced cooling 


fluid to pass through the nut, which minimize heat 
generation and thermal expansion during ballscrew 
operation.


• Cool type II as shown in the Figure 9.4:
Flowing fluids are circulated through a space, 


which inside the nut, and exchanging heat with the 
cooler as shown in the Figure 9.5. It is the most 
suitable for electric-driven injection machine, presses, 
and power units. The cool type II, compared with the 
standard specifications, will make a minor external 
dimension change of the nut. Please contact HIWIN .


Germany Patent No. 20119457.0
Taiwan Patent No. 193878


 • Specification:
1. We recommend shaft diameter above Ø32mm to 
 cool type design.
2. Nut type: FSV, FSW, PFDW, OFSW, DFSV, FSH, 
 FSI, etc.
3. Please contact HIWIN with other specification 
 you need.
4. The cool type II, compared with the standard 
 specifications, will make a minor external   


 dimension change of the nut, please contact HIWIN.


 • Specification number:
Example: R63 - 16B3 - RSWC2 - 400 - 600- 0.05


↓
C2 : HIWIN  cool type ballscrew for type II


 • Performance Comparison:


Test condition :
specification : Ø50, lead 30 mm 
speed : 1500 rpm ( 45 m/min), 


back and forth feed continuously 
acceleration : 4.9 m/sec2


stroke : 300 mm
preload : 205 kgf
moving weight : 300 kgf 
cooling rate : oil 2.5 liter/min
inlet temperature : 16°C
room temperature : 25°CPT 1/8 fitting


Fig. 9.5 Cool type II with cooler


Space


Cooler


P IN


OUT


Fig. 9.4 Cool type II No cooling, nut temperature
No cooling, shaft temperature
HIWIN Cool Type II , shaft temperature
HIWIN Cool Type II , nut temperature
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Fig. 9.6 Cool type II : Temperature rise of ballscrew
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Average Life Cycle for Injection Machine Ballscrew


x


Time


Source: HIWIN


Temperature


Special grease needed 
for forced cooling


Ballscrew failed


50°C 5-year duration is 
expected for ballscrew
using in injection machine


Solution:
   Long duration design for Ballscrew.
   High Load ballscrew Cool Type II


2 Years


FEM analysis for cool type ballscrew


Fig 9.7 Life cycle for ballscrew using in general injection machine


 • Features:
1. Optimized design for high reliability:


Use of computer simulation and FEM analysis, 
the cool type ballscrew features well thermal 
protection and high reliability.   


2. Promote higher speed rotation and extra high 
Dm-N value (up to 200,000):
Cool type ballscrew will eliminate high-speed 
rotation aftereffect, i. e., thermal problem, and 
promote higher speed rotation. 


3. Prevent thermal distortion:
Optimized heat transfer design to minimize heat 
generation and prevent thermal distortion.


4. Strengthen durability:
When operating repeatedly, friction between balls 
cause heat generation. That may be made balls 
oxidized or decarburized, and shortened the service 
life. Cool type ballscrew will strengthen durability 
under a cooling environment.      


5. Extended lubricant life cycle:
When using lubrication, minimum heat generation 
further inhibits deterioration in the quality of 
lubrication and extends the lubricant life cycle.


6. Higher feeding accuracy: 
Cooling effect of cool type ballscrew will stabilize 
against thermal expansion and equalize feeding 
accuracy. 
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9.6 Dust-proof Type


 • Features:
The dust-proof ballscrew is designed to prevent 


particles or debris into the ballnut, especially for special 


operation condition such as saw dust, iron filings, etc. 


 • Dust-proof specification:
4R25-25K2-FSCSH-1835-1959-0.023


↓


HIWIN Dust-Proof Code (SS, SH, NW)


 • Dust-proof Type
1. SS (Scrape Wiper)
Protruding from the end surface of a ball nut, flexible 


finger parts are pressed by a spring to eliminate the gap, 
fit the shaft surface perfectly, and such that improve the 
dustproof ability dramatically.


The slit between the fingers can remove the particles 
scraped from the shaft surface. Available size for SS type 
ballscrew is shown in the table.


Scrape Wiper


SCRAPE WIPER BOTH ENDS


(L) (L)


Nominal diameter Lead L Max.


25 - 5


32 - 5


36
< 10 5


≥ 10 6


40
< 10 5


≥ 10 6


45
< 10 5


≥ 10 6


50
< 10 5


≥ 10 6


                                                                                                          Unit:mm


2. SH (Felt + Scrape Wiper)
Finger wiper and high dense felt prevents powdery 


dust and improve dustproof effect.


Screw


Nut


Scrape Wiper


Spring


Housing    Felt   Washer    Lock ring


DUST PROOF WIPER BOTH ENDS


(L)(L)


Nominal diameter Lead L Max.


25 - 20


32
< 10 20


≥ 10 25


36
< 10 20


≥ 10 25


40
< 10 20


≥ 10 30


45
< 10 20


≥ 10 30


50
< 10 20


≥ 10 30


Unit:mm
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3. NW(Rubber Wiper)
The rubber wiper is designed for standard DIN Nut 


of Roller ballscrew , The specifications developed are as 


follows :  


Rubber Wiper


RUBBER WIPER BOTH ENDS


L


ØD


Model
Specification Dynamic


Load
C(kgf)


Static
Load


Co(kgf)
ØD L Model


Specification Dynamic
Load
C(kgf)


Static
Load


Co(kgf)
ØD LNominal


Dia. Lead Nominal
Dia. Lead


2R15-10K3


15


10
810 1670 28 45 R38-10K4


38


10 4550 12410


63


70


2R15-10K3 860 1740 34 44 2R38-20K4 20 4490 12290 108


4R15-16K3 16 810 1730 28 61 4R38-40K2 40 2330 5910 103


4R15-20K2 20 570 1130 34 50 R40-5K5


40


5 2200 8320
63


45


R16-5T3
16


5 664 1195
28


40 R40-10T3 10 2651 6366 74


R16-10T3 10 623 1102 60 4R40-40K2 40 2390 6260 70 101


R20-5K4


20


5 1340 3270


36


40 R48-10K6
48


10 7330 24280
75


90


R20-10K3 10 990 2260 47 2R48-20K5 20 6180 19970 132


4R20-20K2 20 690 1550 56 R50-5K5


50


5 2410 10520 70 45


R25-5K5


25


5 1820 5240


40


48 R50-10T4 10 3899 11112


75


89


R25-10T3
10


851 1986 65 2R50-20T3 20 2684 7198 137


R25-10T3 1430 2913 65 2R50-40K3 40 3950 12370 149


4R25-25K2 25 760 1950 69 R63-10T6 63 10 6192 21409 90 114


R32-5K4


32


5 1660 5370 48 38


R32-10K5
10


2700 8170


50


73


R32-10T4 2899 6404 85


2R32-20K3 20 1710 4890 87


4R32-32K2 32 1150 3170 87
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10  HIWIN GREASE


10.1 HIWIN G01 Grease of Heavy-loading


 •  Features
1. Excellent wear resistance and extreme pressure 


resistance under heavy load conditions
2.Low friction in low temperatures
3.Water resistant
4.Can be applied by a central lubrication system
5. Suitable for all-electric injection molding 


machine, die-stamping machines, semi-conductor     
manufacturing equipment, heavy load actuator, 


industry machine and forging machine


 •  Basic Properties
HIWIN G01


Color Light yellow


Base Oil Mineral oil


Consistency Enhancer Polyurea


Additive Solid lubricant


Service Temp. (℃) -15~115


NLGI-grade (0.1mm) 310-340


Viscosity (cst)
40℃ 500


100℃ 30


Drop Point (℃) ＞170


4-ball
 test


Load on boundary lubrication 
when 900rpm (N) ＞1700


Load on boundary lubrication 
when 1770rpm (N) ＞1300


HIWIN G01 other Note


Property of 
 anti extreme 


 pressure
● ▲ 4-ball 


 test
900rpm 42%more


1770rpm 30%more


Anti wear ● ▲ 4-ball  
test


80kgf
30rpm 23%more


Low friction ● ▲ Injection motor 
 votage 10%lower


Water 
 resistance ● ●


Rust proof ● ● Corrosion on copper test


Service 
 temperature 


 range
-15 ~115 -20 ~130


 •  Test of Resistance to Extreme Pressure
Test Condition and Measurement


Ball diameter 1/2 in


Temperature 27℃


Test time 10 sec


Rotational  speed 900、1770 rpm


measurement
Load when ball wear diameter  become 


500μm


•  Test of Anti-wear
Test Condition and Measurement


Ball diameter 1/2 in


Temperature 75℃


Test time 60 min


Rotational  speed 30 rpm


load 80 kgf


measurement Wear diameter of ball  contact point
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Wear Scar


other


HIWIN G01


      Comparison of wear scar


•   All-electric injection molding 
machine(80ton) – motor driving 
voltage of injection unit BS
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10.2 HIWIN G02 Grease of Low Particle-emitting


 •  Features
1. Low dust generation, suitable for clean room 


environment
2.Wear resistant
3. Long term grease, suitable for wide temperature 


range
4. Consists of synthetic hydrocarbon oil and special 


calcium soap. resistant to oxidation and ageing 
5. Can be used in plastic/steel and plastic/plastic 


components, compatible with elastomers and 


plastic materials


 •  Basic Properties


HIWIN G02


Color Beige


Base Oil
Synthetic hydrocarbon 


oil


Consistency Enhancer Special calcium soap


Service Temp. (℃) -30~140


NLGI-grade (0.1mm) 265-295


Viscosity (cst)
40℃ 100


100℃ 15


Drop Point (℃) ＞180


4-ball test (ASTM D2266) 474μ


HIWIN 
G02


other Note


Anti wear ● ▲
4-ball test


(ASTM D2266)
46%more


Dust 
generation


● ▲
Dust generation of KK  in 


clean room
Anti-


Corrosion
● ●


Service 
 Temperature 


 Range
-30~140 -30~120


 •  Dust generation
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HIWIN G02


Competitor's low dust generative grease


Competitor's low dust generative grease


Time (hr)


Time (hr)


 •  4-ball test(ASTM D2266)
Wear Scar Diameter (μm)


other-1 879


other-2 669


HIWIN G02 474
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HIWIN G03
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10.3 HIWIN G03 Grease of Low Particle-emitting (High Speed)


 •  Features
1. Low dust generation characteristics and suitable 


for clean room environment
2.Wear resistant under high speed conditions
3. Long term grease, well wear resistance under high 


speed conditions
4. Low starting and running torques particularly at 


low temperatures, to ensure high efficiency and 
conserve energy


5.Compatible with plastic components


 •  Basic Properties
HIWIN G03


Color Beige


Base Oil
Synthetic hydrocarbon 


oil


Consistency Enhancer Special calcium soap


Service Temp. (℃) -45~125


NLGI-grade (0.1mm) 265-295


Viscosity (cst)
40℃ 30


100℃ 5.9


Drop Point (℃) ＞210


4-ball test (ASTM D2266) 366μm


HIWIN 
G03


other Note


Anti wear ● ●
4-ball test


(ASTM D2266)
15%more


Dust 
generation


● ●
Dust generation of KK in clean 


room
Friction 


torque at low 
speed


● ▲ 7~15 % lower  less than 500rp


Friction 
 resistance at  


high speed
● ▲ Motor voltage  1.2~2.6% lower


Service 
 Temperature 


 Range
-45~125 -10~80


 •  Dust generation


Test model of dust generation


Dust Generation Test of Grease


Test Condition：Air speed 2.5m/s


Rotational Speed of Screw：1000rpm


Stroke：210mm


Particle counter


fan KK8610 Module


Particle counter
fan


Acrylic box
KK8610 Module


Air filter system


Air out


Clean air


 •  4-ball test (ASTM D2266)
Wear Scar Diameter (μm)


other 432


HIWIN G03 366


 •  Wear resistance
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10.4 HIWIN G04 Grease of High Speed


 •  Features
1.Wear resistant under high speed conditions
2.Low friction force under high speed conditions


3.Water resistant


 •  Basic Properties
HIWIN G04


Color Beige


Base Oil ESTER/PAO


Consistency enhancer LITHIUM SOAP


Service Temp. (℃) -35~120


NLGI-grade (0.1mm) 260-280


Viscosity (cst)
40℃ 25


100℃ 6


Drop Point (℃) ＞225


4-ball test (ASTM D2266) 418μm


HIWIN 
G04


other Note


Anti-wear ● ▲
4-ball test


(ASTM D2266)
46%more


Low Friction ● ▲
motor voltage 4.6% lower at 


3000rpm


Service 
 Temperature 


 Range
-45~125 -10~80


 •  4-ball test (ASTM D2266)
Wear Scar Diameter (μm)
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 •  Wear resistance
Screw Type：40-10


Test Condition： motor driven voltage by different 
grease and rotational speed
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10.5 HIWIN G05 Grease of General Type


 •  Features
1.Wear resistant under high speed conditions
2.Low friction force under high speed conditions


3.Water resistant


 •  Basic Properties
HIWIN G05


Color Brown


Base Oil MINERAL


Consistency enhancer LITHIUM SOAP


Service Temp. (℃) -15~120


NLGI-grade (0.1mm) 2


Viscosity (cst) 40℃ 200


Drop Point (℃) 190


4-ball test


Wear scar 
diameter(μm)
(ASTM D-2266)


291μm


Welding load (N)
(DIN 51350-4)


2600/2800


HIWIN 
G05


other Note


Anti-wear ● ▲
4-ball test


(ASTM D2266)
increases
38 %~49%


Low Friction ● ▲ increases 16%~19%


Service 
 Temperature 


 Range
● ●


● 4-ball test (ASTM D2266)
Wear Scar Diameter (μm)


other-1
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other-2
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 •  Wear resistance
Screw diameter：40mm


          lead：10mm


other-2
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base oil viscosity
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A1 Preface


In recent years, more and more ballscrews are installed in various machines to meet the requirements of higher 
accuracy and better performance.  Ballscrews become one of the most widely used power transmission components.  In 
CNC machines, ballscrews help improve their positioning accuracy and elongate their service life. Ballscrews are also 
increasingly used to replace ACME screws in manually operated machines.


A ballscrew is normally preloaded to minimize the backlash of machine movement. Even a high precision ballscrew 
will not provide good accuracy and long service life if it is not installed properly.


This article discusses primary ballscrew problems and their precautions. Some measuring procedures are also 
discussed to help users locate the cause of an abnormal backlash.


A2 The Cause and Precautions of Ballscrew Problems


Three major categories of ballscrew problems and their precautions are discussed as follows.


A2-1 Too much play


1. No preload or insufficient preload :


The ball nut will rotate and move downward by its own weight when a non-preloaded ballscrew is held vertically 
with the screw spindle constrained. A significant backlash may exist in a non-preloaded ballscrew unit.  Therefore non-
preload ballscrews are only used in the machinery, where low operation resistance but not positioning accuracy is the 
major concerned.


 HIWIN can determine the correct amount of preload based on different applications. We can also preset the amount 
of preload before shipment. Be sure to clearly specify the operation condition of your application when you order a 
ballscrew unit.


2. Too much torsional displacement :


(1) Incorrect heat treatment, hardened layer too thin, non-homogeneous hardness distribution, or material too soft:


Standard hardness of steel balls, ball nuts, and screw spindles are 


HRC 62-66, 58-62, and 58-62, respectively.


(2) Incorrect design-L/D ratio too high, etc:


The lower the L/D (length/diameter) ratio, the more rigid the 


spindle is. L/D ratio should be limited to under 60.  


(The accuracy grade related to this L/D range is shown in Table 


4.10) There will be a significant deflection (torsional displacement ) 


if the L/D ratio is too high.The ballscrew installation shown in Fig A-1 


is supported at one end only. This kind of “non-rigid” design should be avoided if possible.


3. Inappropriate bearing selection :


Angular ball bearings should be used in ballscrew installation. A ball bearing with high pressure angle specially 
designed for ballscrew installation is even a better choice. A regular deep groove ball bearing will generate a significant 
amount of axial play when axially loaded. It should not be used in this application.


4. Inappropriate bearing installation :


(1) If the bearing is not attached to the screw spindle properly, it would cause axial play under load. This problem 


may be caused by the bearing journal of the screw spindle being too long or the non-threaded part of the screw 


spindle being too short.


Fig. A-1 The installation of ballscrews.  


A  Ballscrew Failure Analysis
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(2) The perpendicularity between the bearing seating face and the thread axis of the bearing locknut on the 


ballscrew, or the parallelism between the opposite faces of the locknut is out of tolerance causing the bearing to 


tilt. The thread for bearing lock nut and the seating face of a bearing in the ballscrew journal should be machined 


in one setting to ensure the perpendicularity. It is even better if they can be ground.


(3) Two lock nuts and a spring washer should be used in the bearing installation to prevent them from getting loose 


in operation.


5. The ball nut housing or the bearing housing is not rigid enough :


The ball-nut-mounted housing or the bearing-mounted housing may deflect under components’ weight or 
machining load if it is not rigid enough. The test illustrated in Fig A-4 (d) can be used to check the rigidity of the ball-nut-
mounted housing.  Similar test can be used to check the rigidity of the bearing-mounted housing.


6. The ball nut housing or the bearing housing is not mounted properly :


(1) Components may become loose due to vibration or lack of locating pin(s). Solid pins instead of spring pins 


should be used for locating purpose.


(2) Ball-nut-seated screws are not seated firmly because the screws are too long or the thread holes on housing are 


too short.


(3) Ball-nut-seated screws become loose due to vibration and lack of a spring washer.


7. Parallelism or flatness of the housing surface is out of tolerance :


In a machine assembly, a shim bar is frequently located between the housing location surface and the machine body 
for adjustment purpose. The clearance of table movement may vary at different locations if the parallelism or flatness of 
any matching component is out of tolerance no matter they are ground or scraped.


8. The motor and the ballscrew spindle are not assembled properly :


(1) There will be a relative rotation between the motor shaft and the ballscrew spindle if the connecting coupling is 


not installed firmly or the coupling itself is not rigid enough.


(2) Driving gears are not engaged properly or driving mechanism is not rigid. A timing belt should be used to prevent 


slipping if the ballscrew is to be driven by a belt.


(3) Key is loose in the groove. Any inappropriate match among the hub, key, and key seat may cause these 


components to generate backlash.


A2-2  Unsmooth operation


1. Defects from ballscrew manufacturing :


(1) The track surface of the ballscrew spindle or the ball nut is too rough.


(2) The roundness of the bearing balls, the ball nut or the ballscrew spindle is out of tolerance.


(3) The lead or the pitch circle diameter of the ball nut / the spindle is out of tolerance.


(4) The return tube is not attached to the ball nut appropriately.


(5) Uneven bearing ball size or hardness. The above problems should not be found in the manufacturers of top 


quality.


2. Foreign objects enter the ball path :


(1) Packing material is trapped in the ball path. Various materials and anti-rust paper are normally used to pack 


ballscrew units for shipment. It is possible to have these foreign materials or other objects trapped in the ball 


path if proper procedures are not done while installing or aligning the ballscrew unit. This may cause the bearing 


balls to slide instead of rolling or even cause the ball nut to jam up completely.


(2) Machined chips get in the ball track. The chips or dust generated during machining processes may be trapped in 


the bearing ball track if wiper kits are not used to keep them away from the surface of the ballscrew unit. This 


may cause unsmooth operation, deteriorate accuracy and reduce service life.







S99TE17-1212180
3. Over-travel :


Over-travel can damage the return tube and cause it to collapse or even break. When this happens, the bearing balls 
will not circulate smoothly. They may break and damage the groove on the ball nut or the ballscrew spindle under severe 
circumstances. Over-travel may happen during set-up or as the result of a limit switch failure or a machine collision. To 
prevent further damage, an over-traveled ballscrew should be checked or repaired by the manufacturer before it goes 
back to service.


4. Damaged return tube:


The return tube may collapse and cause the same problems as mentioned above if it is hit heavily during installation.


5. Misalignment:


Radial load exists if the center line of the ball nut’s housing and the screw spindle’s bearing support housing are 
not aligned properly. The ballscrew unit may bend if this misalignment is too big. An abnormal wear may still happen 
even if the misalignment is not significant enough to cause a noticeable bending. The accuracy of a ballscrew unit 
will deteriorate rapidly if it is misaligned. The higher the preload is set in the nut, the more demanding the alignment 
accuracy is required in the ballscrew.


6. The ball nut is not mounted properly on the nut housing:


Eccentric load exists when the mounted ball nut is tilted or misaligned. If this is the case, the motor current may 
fluctuate during rotation.


7. Ballscrew unit is damaged during transportation


A2-3  Fracture


1. Broken bearing ball :


Cr-Mo steel is the most commonly used material for bearing balls. It takes about 1,400kg (3,080LB) to 1,600kg 
(3,520LB) to break a steel ball of 3.175 mm (1/8 in) diameter. The temperature of an under-lubricated or non-lubricated 
ballscrew raises substantially during operation. This temperature raise could make the bearing balls brittle or break 
which cause damage to the grooves of the ball nut or the ballscrew spindle consequently.


Therefore, lubricant replenishment should be considered during the design process. If an automatic lubricating 
system is not available, a periodical grease replenishment should be scheduled as part of maintenance program.


2. Collapsed or broken return tube :


Over-travel of the ball nut or an impact on the return tube could cause the return tube to collapse or break. This 
may block the path of bearing balls and cause them to slide instead of rolling and break eventually.


3. Ballscrew spindle end breaks :


(1) Inappropriate design: Sharp corners on the ballscrew spindle should be avoided to reduce local stress 


concentration. (Fig. A2) shows some of the appropriate screw end designs.


(2) Bend of screw spindle journal: The seating surface of the bearing of the ballscrew and the thread axis of the 


bearing’s lock nut are not perpendicular to each other or the opposite sides of the lock nut are not parallel to 


each other. This will cause the end of screw spindle to bend and eventually break. The amount of deflection at 


the end of the ballscrew spindle (Fig A-3) before and after the bearing’s lock nut being tightened should not 


exceed 0.01 mm (0.0004 in).


(3) Radial force or fluctuating stress: Misalignment in the ballscrew installation creates abnormal fluctuating shear 


stress and causes the ballscrew to fail prematurely.
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Fig A-2 The design of ballscrew spindle end


45 o
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Fig A-3 The Deflection of Ballscrew Spindle


Fig. A-4 Locating the Cause of an Abnormal Backlash


(a)
(b)


BEARING SEAT


BEARING
HOUSING


(c)(d)


MACHINE TABLE


NUT HOUSING


A3 Locating the Cause of an Abnormal Backlash


The following measurement procedures can be performed to locate the cause of an abnormal backlash in the 
ballscrew installation.


1. Glue a gauge ball in the center hole at one end of the screw spindle.  Use the flat plate of a dial indicator to check 
the axial movement of this gauge ball in axial direction while rotating the screw spindle (Fig A-4(a)). The 
movement should not exceed 0.003mm (0.00012 in), if the bearing hub, the ball nut, and the ball nut housing are 
all installed properly.


2. Use a dial indicator to check the relative movement between the bearing housing and the bearing seat while 
rotating the ballscrew (Fig A-4(b)). Any dial indicator reading other than zero indicates that either the bearing hub 
is not rigid enough or it is not installed properly.


3. Check the relative movement between the machine table and the ball nut housing (Fig A-4(c)).
4. Check the relative movement between the ball nut housing and the ball nut flange (Fig A-4(d)).


Contact the ballscrew manufacturer if an unsatisfactory backlash still exits while all the above checks are ok. The 
preload or the rigidity of the ballscrew may have to be increased.
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Company ___________________________________ Date ___________________________
Address ____________________________________________________________________
Telephone ______________________ Fax. ________________________________________
Machine Type ___________________  Application __________________________________
Attached Drawing  Yes _____ (Drawing No. ________________ )  No. ___________________
Please fill or check following items.


1. Load Condition
(a) Working Axial Load
Max.____________ kgf , at _________rpm for _________% of operation time
Normal._________ kgf , at _________rpm for _________% of operation time
Min.____________ kgf , at _________rpm for _________% of operation time
     (Total of operation time ratio should be 100%)
(b) Max. Axial Static Load______________kgf 
(c) Deviated Load, if any (Please avoid this load condition, if possible)
Radial Load___________ kgf   Moment Load_____________kgf-cm


2. Operation Conditions
(a) Stroke________________ mm , Motor power used________________ kw
(b) Life Expectancy____________ x106 revs, __________ km, ________ hr
(c) Rotation Shaft___________ Nut __________
(d) Mounting Method___________________ Mounting Span_______________mm
(e) Shock/Vibration:  Smooth__________ Normal_________ Vibration__________


3. Main Dimensions
(a) Screw Shaft O.D._____________ mm  Turning Direction:  R______  L______
(b) Lead_______ mm(Pitch________ mm)  No. of Starts___________
(c) Total Length____________ mm  Effective Threaded Length______________ mm
(d) Nut Type_____________  Seal____________
(e) Support Bearing:  Ball___________  Roller___________


4. Lead Accuracy, Axial Clearance, Preload and Stiffness
(a) Target Point of Accumulated Lead Tp: _________________ mm
(b) Accuracy Grade ______________(Lead Deviation: ____________mm/300mm)
(c) Axial play ______________ mm max.
(d) Preload _____________ kgf (or Drag Torque _______________ kgf-cm)
(e) Nut Stiffness Kn ______________ kgf/μm


5. Other Conditions
(a) Lubrication:  Grease ______________  Oil ________________
(b) Ambient Temperature  _____________  °C   °F
(c) Special Conditions _______________________________________


D  HIWIN Ballscrew Data Inquiry (A)
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Request for quotation


Customer Name: __________________________________________ Date: _________________


Address: ________________________________________________ Phone: ________________


______________________________________________________________ Country: _______________


Desired Delivery Date: _____________________________________ Delivery Point: __________


Type of Ball Screw: (1) _____________________________________ Quantity: ______________


(2) _____________________________________ Quantity: ______________


Required Specifications:
 (1)   Single Start   Double Start   Triple Start   Four Start


 (2)  Direction of Turn:   Right      Left


 (3)  Shaft Diameter: __________________________________


 (4)  Lead: __________________________________________


 (5)  Circuit: _________________________________________  


 (6)  Nut Type: _______________________________________ 


 (7)   Internal     External     Endcap


 (8)  Thread Length: __________________________________


 (9)  Overall Length: __________________________________


(10) Accuracy Grade: _________________________________


       (Lead Deviation: _____________________mm/300mm)


(11) Speed: _____________________________________ rpm 


(12)   Rolled      Ground 


* Please refer to HIWIN catalog P.36 for nut information.


Customer Special Requirement


● Please answer the following questions.  


Your kind answers would be very helpful in preparing quotation promptly. 


(a) In what kind of application is this ballscrew used ?


(b) Is this ballscrew used for the X, Y, or Z axis? Vertically or horizontally ?


(c) How many ballscrews are needed for each machine and what is the annual requirement ?


(d) If this is not a new project, whose ballscrews are you using currently ?


E  HIWIN Ballscrew Request Form (B)
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Introduction


The Hall effect has been known for over one hundred years, but has only been put to noticeable use in the last three dec-
ades. The first practical application (outside of laboratory experiments) was in the 1950s as a microwave power sensor.
With the mass production of semiconductors, it became feasible to use the Hall effect in high volume products. MICRO
SWITCH Sensing and Control revolutionized the keyboard industry in 1968 by introducing the first solid state keyboard
using the Hall effect. For the first time, a Hall effect sensing element and its associated electronics were combined in a sin-
gle integrated circuit. Today, Hall effect devices are included in many products, ranging from computers to sewing
machines, automobiles to aircraft, and machine tools to medical equipment.


Hall effect sensors


The Hall effect is an ideal sensing technology. The Hall element is constructed
from a thin sheet of conductive material with output connections perpendicular to
the direction of current flow. When subjected to a magnetic field, it responds with
an output voltage proportional to the magnetic field strength. The voltage output
is very small (µV) and requires additional electronics to achieve useful voltage
levels. When the Hall element is combined with the associated electronics, it
forms a Hall effect sensor. The heart of every MICRO SWITCH Hall effect de-
vice is the integrated circuit chip that contains the Hall element and the signal
conditioning electronics.


Although the Hall effect sensor is a magnetic field sensor, it can be used as the
principle component in many other types of sensing devices (current, temperature,
pressure, position, etc.).


Hall effect sensors can be applied in many types of sensing devices. If the quantity
(parameter) to be sensed incorporates or can incorporate a magnetic field, a Hall
sensor will perform the task. Figure 1-1 shows a block diagram of a sensing de-
vice that uses the Hall effect.


In this generalized sensing device, the Hall sensor senses the field produced by
the magnetic system. The magnetic system responds to the physical quantity to be sensed (temperature, pressure, position,
etc.) through the input interface. The output interface converts the electrical signal from the Hall sensor to a signal that
meets the requirements of the application. The four blocks contained within the sensing device (Figure 1-1) will be exam-
ined in detail in the following chapters.


    


Quantity
to be sensed


Input
Interface


System
Mathematic


Hall
Element


Hall
Effect


Sensor


Output
Interface


Electrical
Signal


Sensing
Device


Figure 1-1 General sensor
based on the Hall effect
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Why use the Hall effect?


The reasons for using a particular technology or sensor vary according to the application. Cost, performance and availabil-
ity are always considerations. The features and benefits of a given technology are factors that should be weighed along with
the specific requirements of the application in making this decision.


General features of Hall effect based sensing devices are:


• True solid state


• Long life (30 billion operations in a continuing keyboard module test program)


• High speed operation - over 100 kHz possible


• Operates with stationary input (zero speed)


• No moving parts


• Logic compatible input and output


• Broad temperature range (-40 to +150°C)


• Highly repeatable operation


Using this manual


This manual may be considered as two parts: Chapters 2 through 5 present the basic information needed to apply Hall effect
devices. Chapter 6 brings this information together and relates it to the design and application of the Hall effect sensing
systems.


Chapter 2, Hall effect sensors. Introduces the theory of operation and relates it to the Hall effect sensors. Both digital and
analog sensors are discussed and their characteristics are examined. This chapter describes what a Hall effect sensor is and
how it is specified.


Chapter 3, Magnetic considerations. Covers magnetism and magnets as they relate to the input of a Hall effect device.
Various magnetic systems for actuating a sensor are examined in detail.


Chapter 4, Electrical considerations. Discusses the output of a Hall effect device. Electrical specifications as well as
various interface circuits are examined. These three chapters (2, 3, and 4) provide the nucleus for applying Hall effect tech-
nology.


Chapter 5, Sensing devices based on the Hall effect. These devices combine both a magnetic system and a Hall effect
sensor into a single package. The chapter includes vane operated position sensors, current sensors, gear tooth sensors and
magnetically-operated solid state switches. The principles of operation and how these sensors are specified are examined.


Chapter 6, Applying Hall effect sensors. This chapter presents procedures that take the designer from an objective (to
sense some physical parameter) through detailed sensor design. This chapter brings together the Hall sensor (Chapter 2), its
input (Chapter 3), and its output (Chapter 4).


Chapter 7, Application concepts. This is an idea chapter. It presents a number of ways to use Hall effect sensors to per-
form a sensing function. This chapter cannot by its nature be all inclusive, but should stimulate ideas on the many additional
ways Hall effect technology can be applied.


This manual may be used in a number of ways. For a complete background regarding the application of Hall effect sensors,
start with Chapter 1 and read straight through. If a sensing application exists and to determine the applicability of the Hall
effect, Chapter 7 might be a good place to start. If a concept exists and the designer is familiar with Hall effect sensors, start
with Chapter 6 and refer back to various chapters as the need arises.
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Introduction


The Hall effect was discovered by Dr. Edwin Hall in 1879 while he was a doctoral candidate at Johns Hopkins University
in Baltimore. Hall was attempting to verify the theory of electron flow proposed by Kelvin some 30 years earlier. Dr. Hall
found when a magnet was placed so that its field was perpendicular to one face of a thin rectangle of gold through which
current was flowing, a difference in potential appeared at the opposite edges. He found that this voltage was proportional to
the current flowing through the conductor, and the flux density or magnetic induction perpendicular to the conductor. Al-
though Hall’s experiments were successful and well received at the time, no applications outside of the realm of theoretical
physics were found for over 70 years.


With the advent of semiconducting materials in the 1950s, the Hall effect found its first applications. However, these were
severely limited by cost. In 1965, Everett Vorthmann and Joe Maupin, MICRO SWITCH Sensing and Control senior de-
velopment engineers, teamed up to find a practical, low-cost solid state sensor. Many different concepts were examined, but
they chose the Hall effect for one basic reason: it could be entirely integrated on a single silicon chip. This breakthrough
resulted in the first low-cost, high-volume application of the Hall effect, truly solid state keyboards. MICRO SWITCH
Sensing and Control has produced and delivered nearly a billion Hall effect devices in keyboards and sensor products.


Theory of the Hall Effect


When a current-carrying conductor is placed into a magnetic field, a voltage will be generated perpendicular to both the
current and the field. This principle is known as the Hall effect.


Figure 2-1 illustrates the basic principle of the
Hall effect. It shows a thin sheet of semicon-
ducting material (Hall element) through which a
current is passed. The output connections are
perpendicular to the direction of current. When
no magnetic field is present (Figure 2-1), current
distribution is uniform and no potential difference
is seen across the output.


When a perpendicular magnetic field is present,
as shown in Figure 2-2, a Lorentz force is exerted
on the current. This force disturbs the current
distribution, resulting in a potential difference (voltage) across the
output. This voltage is the Hall voltage (VH). The interaction of the
magnetic field and the current is shown in equation form as equa-
tion 2-1.


Hall effect sensors can be applied in many types of sensing devices. If the quantity (parameter) to be sensed incorporates or
can incorporate a magnetic field, a Hall sensor will perform the task.


I V = 0


Figure 2-1 Hall effect principle, no magnetic field


VH ∝ I × B               Formula (2-1)
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The Hall voltage is proportional to the vector cross product of
the current (I) and the magnetic field (B). It is on the order of
7 µv/Vs/gauss in silicon and thus requires amplification for
practical applications.


Silicon exhibits the piezoresistance effect, a change in elec-
trical resistance proportional to strain. It is desirable to
minimize this effect in a Hall sensor. This is accomplished by
orienting the Hall element on the IC to minimize the effect of
stress and by using multiple Hall elements. Figure 2-3 shows
two Hall elements located in close proximity on an IC. They
are positioned in this manner so that they may both experi-
ence the same packaging stress, represented by ∆R. The first
Hall element has its excitation applied along the vertical axis
and the second along the horizontal axis. Summing the two
outputs eliminates the signal due to stress. MICRO SWITCH Hall ICs use two or four elements.


Basic Hall effect sensors


The Hall element is the basic magnetic field sensor.
It requires signal conditioning to make the output
usable for most applications. The signal conditioning
electronics needed are an amplifier stage and tem-
perature compensation. Voltage regulation is needed
when operating from an unregulated supply. Figure
2-4 illustrates a basic Hall effect sensor.


If the Hall voltage is measured when no magnetic
field is present, the output is zero (see Figure 2-1).
However, if voltage at each output terminal is meas-
ured with respect to ground, a non-zero voltage will
appear. This is the common mode voltage (CMV),
and is the same at each output terminal. It is the po-
tential difference that is zero. The amplifier shown in
Figure 2-4 must be a differential amplifier so as to
amplify only the potential difference – the Hall volt-
age.


The Hall voltage is a low-level signal on the order of
30 microvolts in the presence of a one gauss magnetic
field. This low-level output requires an amplifier with
low noise, high input impedance and moderate gain.
A differential amplifier with these characteristics can be readily integrated with the Hall element using standard bipolar
transistor technology. Temperature compensation is also easily integrated.


As was shown by equation 2-1, the Hall voltage is a function of the input current. The purpose of the regulator in Figure 2-
4 is to hold this current constant so that the output of the sensor only reflects the intensity of the magnetic field. As many
systems have a regulated supply available, some Hall effect sensors may not include an internal regulator.


I


B


VH = V


Figure 2-2 Hall effect principle, magnetic field present


Figure 2-3 Hall element orientation


Figure 2-4 Basic Hall effect sensor
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Analog output sensors


The sensor described in Figure 2-4 is a basic ana-
log output device. Analog sensors provide an
output voltage that is proportional to the magnetic
field to which it is exposed. Although this is a
complete device, additional circuit functions were
added to simplify the application.


The sensed magnetic field can be either positive or
negative. As a result, the output of the amplifier
will be driven either positive or negative, thus re-
quiring both plus and minus power supplies. To
avoid the requirement for two power supplies, a
fixed offset or bias is introduced into the differen-
tial amplifier. The bias value appears on the output
when no magnetic field is present and is referred to
as a null voltage. When a positive magnetic field is
sensed, the output increases above the null volt-
age. Conversely, when a negative magnetic field
is sensed, the output decreases below the null
voltage, but remains positive. This concept is il-
lustrated in Figure 2-5.


The output of the amplifier cannot exceed the
limits imposed by the power supply. In fact, the
amplifier will begin to saturate before the limits of
the power supply are reached. This saturation is
illustrated in Figure 2-5. It is important to note
that this saturation takes place in the amplifier and
not in the Hall element. Thus, large magnetic
fields will not damage the Hall effect sensors, but
rather drive them into saturation.


To further increase the interface flexibility of the device, an open emitter, open collector, or push-pull transistor is added to
the output of the differential amplifier. Figure 2-6 shows a complete analog output Hall effect sensor incorporating all of the
previously discussed circuit functions.


The basic concepts pertaining to analog output sensors have been established. Both the manner in which these devices are
specified and the implication of the specifications follow.


Output vs. power supply
characteristics


Analog output sensors are available in voltage
ranges of 4.5 to 10.5, 4.5 to 12, or 6.6 to 12.6
VDC. They typically require a regulated supply
voltage to operate accurately. Their output is
usually of the push-pull type and is ratiometric
to the supply voltage with respect to offset and
gain.


Figure 2-5 Null voltage concept


Figure 2-6 Simple analog output sensor (SS49/SS19 types)


Figure 2-7 Ratiometric linear output sensor
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Figure 2-7 illustrates a ratiometric analog sensor that accepts a
4.5 to 10.5 V supply. This sensor has a sensitivity (mV/Gauss)
and offset (V) proportional (ratiometric) to the supply voltage.
This device has “rail-to-rail” operation. That is, its output
varies from almost zero (0.2 V typical) to almost the supply
voltage (Vs - 0.2 V typical).


Transfer Function


The transfer function of a device describes its output in terms
of its input. The transfer function can be expressed in terms of
either an equation or a graph. For analog output Hall effect
sensors, the transfer function expresses the relationship be-
tween a magnetic field input (gauss) and a voltage output. The
transfer function for a typical analog output sensor is illus-
trated in Figure 2-8.


Equation 2-2 is an analog approximation of the transfer function for the sensor.


Vout (Volts) = (6.25 x 10-4 x Vs)B + (0.5 x Vs)  (2-2)


-640 < B(Gauss) < +640


An analog output sensor’s transfer function is characterized by sensitivity, null offset and span.


Sensitivity is defined as the change in output resulting from a given change in input. The slope of the transfer function il-
lustrated in Figure 2-8 corresponds to the sensitivity of the sensor. The factor of {B (6.25 x 10-4 x VS)} in equation 2-2
expresses the sensitivity for this sensor.


Null offset is the output from a sensor with no magnetic field excitation. In the case of the transfer function in Figure 2-8,
null offset is the output voltage at 0 gauss and a given supply voltage. The second term in Equation 2-2, (0.5 x VS), ex-
presses the null offset.


Span defines the output range of an analog output sensor. Span is the difference in output voltages when the input is varied
from negative gauss (north) to positive gauss (south). In equation form:


Span = VOUT @ (+) gauss - VOUT @ (-) gauss (2-3)


Although an analog output sensor is considered to be linear
over its span, in practice, no sensor is perfectly linear. The
specification linearity defines the maximum error that re-
sults from assuming the transfer function is a straight line.
Honeywell’s analog output Hall effect sensors are preci-
sion sensors typically exhibiting linearity specified as -
0.5% to -1.5% (depending on the listing). For these de-
vices, linearity is measured as the difference between
actual output and the perfect straight line between end
points. It is given as a percentage of the span.


The basic Hall device is sensitive to variations in tem-
perature. Signal conditioning electronics may be
incorporated into Hall effect sensors to compensate for
these effects. Figure 2-9 illustrates the sensitivity shift over
temperature for the miniature ratiometric linear Hall effect sensor.
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Figure 2-8 Transfer function . . . Analog output sensor
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Digital output sensors


The preceding discussion described an analog output sensor
as a device having an analog output proportional to its in-
put. In this section, the digital Hall effect sensor will be
examined. This sensor has an output that is just one of two
states: ON or OFF. The basic analog output device illus-
trated in Figure 2-4 can be converted into a digital output
sensor with the addition of a Schmitt trigger circuit. Figure
2-10 illustrates a typical internally regulated digital output
Hall effect sensor.


The Schmitt trigger compares the output of the differential
amplifier (Figure 2-10) with a preset reference. When the
amplifier output exceeds the reference, the Schmitt trigger
turns on. Conversely, when the output of the amplifier falls
below the reference point, the output of the Schmitt trigger
turns off.


Hysteresis is included in the Schmitt trigger circuit for jitter-free
switching. Hysteresis results from two distinct reference values
which depend on whether the sensor is being turned ON or OFF.


Transfer function


The transfer function for a digital output Hall effect sensor in-
corporating hysteresis is shown in Figure 2-11.


The principal input/output characteristics are the operate point,
release point and the difference between the two or differential.
As the magnetic field is increased, no change in the sensor out-
put will occur until the operate point is reached. Once the
operate point is reached, the sensor will change state. Further
increases in magnetic input beyond the operate point will have
no effect. If magnetic field is decreased to below the operate
point, the output will remain the same until the release point
is reached. At this point, the sensor’s output will return to
its original state (OFF). The purpose of the differential be-
tween the operate and release point (hysteresis) is to
eliminate false triggering which can be caused by minor
variations in input.


As with analog output Hall effect sensors, an output tran-
sistor is added to increase application flexibility. This
output transistor is typically NPN (current sinking). See
Figure 2-12. The features and benefits are examined in de-
tail in Chapter 4.


The fundamental characteristics relating to digital output
sensors have been presented. The specifications and the
effect these specifications have on product selection follows.


Figure 2-10 Digital output Hall effect sensor
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Figure 2-11 Transfer function hysteresis . . .
Digital output sensor


Figure 2-12 NPN (Current sinking) . . . Digital output sensor







Chapter 2 • Hall Effect Sensors


8   Honeywell • MICRO SWITCH Sensing and Control      For application help: call 1-800-537-6945


Power supply characteristics


Digital output sensors are available in two different power sup-
ply configurations - regulated and unregulated. Most digital Hall
effect sensors are regulated and can be used with power supplies
in the range of 3.8 to 24 VDC. Unregulated sensors are used in
special applications. They require a regulated DC supply of 4.5
to 5.5 volts (5 ± 0.5 v). Sensors that incorporate internal regu-
lators are intended for general purpose applications.
Unregulated sensors should be used in conjunction with logic
circuits where a regulated 5 volt power supply is available.


Input characteristics


The input characteristics of a digital output sensor are defined in
terms of an operate point, release point, and differential. Since
these characteristics change over temperature and from sensor to
sensor, they are specified in terms of maximum and minimum
values.


Maximum Operate Point refers to the level of magnetic field that
will insure the digital output sensor turns ON under any rated
condition. Minimum Release Point refers to the level of magnetic
field that insures the sensor is turned OFF.


Figure 2-13 shows the input characteristics for a typical unipolar
digital output sensor. The sensor shown is referred to as unipolar
since both the maximum operate and minimum release points are
positive (i.e. south pole of magnetic field).


A bipolar sensor has a positive maximum operate point (south
pole) and a negative minimum release point (north pole). The
transfer functions are illustrated in Figure 2-14. Note that there
are three combinations of actual operate and release points possi-
ble with a bipolar sensor. A true latching device, represented as
bipolar device 2, will always have a positive operate point and a
negative release point.


Output characteristics


The output characteristics of a digital output sensor are defined as the electrical characteristics of the output transistor.
These include type (i.e. NPN), maximum current, breakdown voltage, and switching time. The implication of this and other
parameters will be examined in depth in Chapter 4.


Summary


In this chapter, basic concepts pertaining to Hall effect sensors were presented. Both the theory of the Hall effect and the
operation and specifications of analog and digital output sensors were examined. In the next chapter, the principles of mag-
netism will be presented. This information will form the foundation necessary to design magnetic systems that actuate Hall
effect sensors.
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Figure 2-13 Unipolar input characteristics . . .
Digital output sensor
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Magnetic fields


The space surrounding a magnet is said to contain a magnetic
field. It is difficult to grasp the significance of this strange condi-
tion external to the body of a permanent magnet. It is a condition
undetected by any of the five senses. It cannot be seen, felt or
heard, nor can one taste or smell it. Yet, it exists and has many
powers. It can attract ferromagnetic objects, convert electrical en-
ergy to mechanical energy and provide the input for Hall effect
sensing devices. This physical force exerted by a magnet can be
described as lines of flux originating at the north pole of a magnet
and terminating at its south pole (Figure 3-1). As a result, lines of
flux are said to have a specific direction.


The concept of flux density is used to describe the intensity of the
magnetic field at a particular point in space. Flux density is used as
the measure of magnetic field. Units of flux density include teslas
and webers/meter2. The CGS unit of magnetic field, gauss, is the
unit used throughout this book. For conversion factors, see Ap-
pendix A.


Magnetic materials and their specifications


As opposed to sophisticated magnet theory (of principal im-
portance to magnet manufacturers), practical magnet
specification involves only a basic understanding of magnetic
materials (refer to Appendix B) and those characteristics that
affect the field produced by a magnet.


The starting point in understanding magnetic characteristics is
the magnetization curve as illustrated in Figure 3-2.


This curve describes the characteristics of a magnetic material.
The horizontal axis corresponds to the magnetizing force (H)
expressed in oersteds. The vertical axis corresponds to flux
density (B) expressed in gauss. The first quadrant of this curve
shows the characteristics of a material while being magnetized.
When an unmagnetized material (B = 0, H = 0) is subjected to
a gradually increasing magnetizing force, the flux density in the
material increases from 0 to BMAX. At this point, the material is
magnetically saturated and can be magnetized no further.


Figure 3-1 Magnetic lines of flux


Figure 3-2 Magnetization curve
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If the magnetizing force is then gradually reduced to
0, the flux density does not retrace the original
magnetizing curve. Rather, the flux density of the
material decreases to a point know as the Residual
Induction (BR).


If the magnetizing force is reversed in direction and
increased in value, the flux density in the material is
further reduced, and it becomes zero when the de-
magnetizing force reaches a value of HC, known as
the Coercive Force.


The second quadrant of the magnetization curve,
shown shaded, is of primary interest to the designers
of permanent magnets. This quadrant is known as
the Demagnetization Curve, and is shown in Figure
3-3 along with the Energy Product Curve.


The energy product curve is derived from the de-
magnetization curve by taking a product of B and H for every point, and plotting it against B. Points on the energy product
curve represent external energy produced per unit of volume. This external energy has a peak value known as the Peak En-
ergy Product (BDHD(MAX)). The peak energy product value is used as the criterion for comparing one magnetic material with
another. Appendix B contains comparative information on various magnet materials.


Basic magnetic design considerations


The flux density produced by a magnet at a particular point in
space is affected by numerous factors. Among these are magnet
length, cross sectional area, shape and material as well as other
substances in the path of the flux. Consequently, a complete dis-
cussion of magnet design procedures is beyond the scope of this
book. It is, however, important to understand the influence of
these factors when applying Hall effect sensors.


When choosing a magnet to provide a particular flux density at a
given point in space, it is necessary that the entire magnetic cir-
cuit be considered. The magnetic circuit may be divided into two
parts; the magnet itself, and the path flux takes in getting from
one pole of the magnet to the other.


First consider the magnet by itself. For a given material, there is
a corresponding demagnetization curve such as the one in Figure
3-4. BR represents the peak flux density available from this ma-
terial. For a magnet with a given geometry, the flux density will be less than BR and will depend on the ratio B/H, known as
the permeance. Load line 1 in Figure 3-4 represents a fixed value of permeance. The point at which it crosses the demag-
netization curve determines the peak flux density available from this magnet.


Figure 3-3 Demagnetization and energy product curve


Figure 3-4 Typical magnet material load lines
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The field at a point P some distance d from the North pole face of a magnet is proportional to the inverse square of the dis-
tance. This is shown in equation form by equation 3-1 and graphically by Figure 3-5.


    BN ∝ 1/dì                                       (3-1)


The field indicated by equation 3-1 is reduced by the action of the South pole at the rear of the magnet which is stated in
equation 3-2.


    BS ∝ 1/(d+L)ì                                    (3-2)


This means that magnetic sensing is only effective at short distances. It also means that a magnet of a given pole face area
will exhibit increasing field strength with length per the above relation. The field strength at point P is also roughly propor-
tional to the area of the pole face.


 N     SP•


d


L
 Figure 3-5 Field strength factors


The magnet considered by itself corresponds to an open circuit condition, where permeance is strictly a function of magnet
geometry. If the magnet is assembled into a circuit where magnetically soft materials (pole pieces) direct the flux path, ge-
ometry of the magnet is only one consideration. Since permeance is a measure of the ease with which flux can get from one
pole to the other, it follows that permeance may be increased by providing a “lower resistance path.” This concept is illus-
trated by load line 2 in Figure 3-4 which represents the permeance of the circuit with the addition of pole pieces. The point
at which the load line now crosses the demagnetization curve shows a peak flux density greater than that of the magnet
alone. Since some applications of Hall effect sensors call for magnetic systems that include soft magnetic materials (pole
pieces or flux concentrators) it is important to consider the permeance of the entire magnetic system.


Magnet materials summary


The materials com-
monly used for
permanent magnets and
their properties are
contained in Appendix
B. The table in Figure
3-6 provides a relative
comparison between
various magnet materi-
als. The list of materials
presented is not in-
tended to be exhaustive,
but rather to be representative of those commonly available. The remainder of this chapter is devoted to an examination of
the relation between the position of a magnet and the flux density at a point where a Hall effect sensor will be located.


Magnetic systems


Hall effect sensors convert a magnetic field
to a useful electrical signal. In general, how-
ever, physical quantities (position, speed,
temperature, etc.) other than a magnetic field
are sensed. The magnetic system performs the function of changing this physical quantity to a magnetic field which can in
turn be sensed by Hall effect sensors. The block diagram in Figure 3-7 illustrates this concept.


Class of Relative Properties Relative BR TC
Material BR HC (BDHD)MAX Cost Stability (%/°C)


Alnico High Low Med. High medium -0.02
INDOX ® Low High Low to Med. Low high -0.2


Ferrite Medium Medium Medium Low high -0.04


Rare Earth High Highest Highest Highest high -0.12


NdFeB High High High Medium High -0.12


Figure 3-6 Magnet material comparison chart
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Figure 3-7 General Hall effect system







Chapter 3 • Magnetic Considerations


12   Honeywell • MICRO SWITCH Sensing and Control      For application help: call 1-800-537-6945


Many physical parameters can be measured by inducing motion of a
magnet. For example, both temperature and pressure can be sensed
through the expansion and contraction of a bellows to which a mag-
net is attached. Refer to Chapter 6 for an example of a Hall effect-
based temperature sensor that makes use of a bellows.


The gauss versus distance curves which follow give the general
shape of this relation. Actual curves will require making the meas-
urements for a particular magnet. Refer to Appendix C for curves of
various magnets.


Unipolar head-on mode


Figure 3-8 shows the Unipolar Head-on Mode of actuating a Hall
effect sensor. The term “head-on” refers to the manner in which the
magnet moves relative to the sensor’s reference point. In this case,
the magnet’s direction of movement is directly toward and away
from the sensor, with the magnetic lines of flux passing through the
sensor’s reference point. The magnet and sensor are positioned so the
south pole of the magnet will approach the sensing face of the Hall
effect sensor.


Flux lines are a vector quantity with a specific direction (from the
magnet’s north pole to its south pole). Flux density is said to have a
positive polarity if its direction is the same as the sensor’s reference
direction. The arrow in Figure 3-8 defines this reference direction. In
the mode shown, only lines of flux in the reference direction
(positive) are detected. As a result, this mode is known as unipolar.


In the unipolar head-on mode, the relation between gauss and dis-
tance is given by the inverse square law. Distance is measured from
the face of the sensor to the south pole of the magnet, along the di-
rection of motion.


To demonstrate application of this magnetic curve, assume a digital
(ON/OFF) Hall effect sensor is used. For this example, the sensor
will have an operate (ON) level of G1 and a release (OFF) level of
G2. As the magnet moves toward the sensor it will reach a point D1,
where the flux density will be great enough to turn the sensor ON.
The motion of the magnet may then be reversed and moved to a point
D2 where the magnetic field is reduced sufficiently to return the sen-
sor to the OFF state. Note that the unipolar head-on mode requires a
reciprocating magnet movement.


Actual graphs of various magnets (gauss versus distance) are shown
in Appendix C.


Unipolar slide-by mode


In the Unipolar Slide-by Mode shown in Figure 3-9, a magnet is
moved in a horizontal plane beneath the sensor’s sensing face. If a
second horizontal plane is drawn through the sensor, the distance
between these two places is referred to as the gap. Distance in this
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Figure 3-8 Unipolar head-on mode


Figure 3-9 Unipolar slide-by mode







Chapter 3 • Magnetic Considerations


For application help: call 1-800-537-6945  Honeywell • MICRO SWITCH Sensing and Control   13


mode is measured relative to the center of the magnet’s pole face and the
sensor’s reference point in the horizontal plane of the magnet.


The gauss versus distance relation in this mode is a bell shaped curve. The
peak (maximum gauss) of the curve is a function of the gap; the smaller the
gap, the higher the peak.


To illustrate the application of this curve, a digital Hall effect sensor with an
operate (G1) and release value (G2), may be used. As the magnet moves
from the right toward the sensor’s reference point, it will reach point +D1
where the sensor will operate. Continue the motion in the same direction and
the sensor will remain ON until point -D2 is reached. If, however, the mag-
net’s motion is reversed prior to reaching point -D2, then the sensor will
remain ON until the magnet is back at point +D2. Thus, this mode may be
used with either continuous or reciprocating motion. The point at which the
sensor will operate is directly dependent on the direction in which the mag-
net approaches the sensor. Care must be taken in using this mode in bi-
directional systems. Actual graphs of various magnets (gauss versus dis-
tance) are shown in Appendix C.


Bipolar slide-by mode


Bipolar slide-by mode (1), illustrated in Figure 3-10, consists of two mag-
nets, moving in the same fashion as the unipolar slide-by mode. In this mode,
distance is measured relative to the center of the magnet pair and the sen-
sor’s reference point. The gauss versus distance relationship for this mode is
an “S” shaped curve which has both positive and negative excursions, thus
the term bipolar. The positive and negative halves of the curve are a result of
the proximity of the magnet’s north or south pole, and whether it is to the
right or left of the sensor’s reference point. MICRO SWITCH Sensing and
Control recommends using magnets with a high permeance in this type of
application.


To illustrate the effect of this curve, a digital (ON-OFF) Hall effect sensor
may be used with an operate and release value of G1 and G2. As the magnet
assembly is moved from right to left, it will reach point D2 where the sensor
will be operated. If the motion continues in the same direction, the sensor
will remain ON until point D4 is reached. Thus, in a continuous right to left
movement, the sensor will be operated on the steep portion of the curve, and
OFF for the shallow tail of the curve. For left to right movement, the con-
verse is true. (Actual graphs - gauss versus distance - are shown in Appendix
C.)


A variation of the slide-by mode (1) is illustrated in Figure 3-11, bipolar
slide-by mode (2). In this mode, the two magnets are separated by a fixed
distance. The result of this separation is to reduce the steepness of the center
portion of the curve. (Actual graphs - gauss versus distance - are shown in
Appendix C.)


Yet another variation of the bipolar slide-by mode is shown in Figure 3-12,
bipolar slide-by mode (3). In this mode, a magnet with its south pole facing
the sensor’s reference point is sandwiched between two magnets with the
opposite orientation. The “pulse-shaped” curve resulting from this magnet
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Figure 3-10 Bipolar slide-by mode (1)
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configuration is symmetrical along the distance axis and has a
positive peak somewhat reduced from its negative peaks.


When a digital output Hall effect sensor is used, actuation will
occur on either the left or right slope of the curve, depending
upon the direction of travel. The distance between the two operate
points depends on the width of the “pulse” that, in turn, is a func-
tion of the width of the center magnet. MICRO SWITCH Sensing
and Control recommends using magnets with a high permeance
for this type of application.


Bipolar slide-by mode (ring magnet)


Another variation on the bipolar slide-by mode results from using
a ring magnet, as shown in Figure 3-13. A ring magnet is a disk-
shaped piece of magnetic material with pole pairs magnetized
around its circumference.


In this mode, rotational motion results in a sine wave shaped
curve. The ring magnet illustrated in Figure 3-13 has two pole
pairs (north/south combination). Ring magnets are available with
various numbers of pole pairs depending on the application. It
should be noted that the greater the number of pole pairs, the
smaller the peak gauss level available from the magnet. Because
of the difficulty in producing a magnet with totally uniform mate-
rial around the circumference, a true sine wave output is seldom
realized.


When a ring magnet is used in conjunction with a digital output
Hall effect sensor, an output pulse will be produced for each pole
pair. Thus, for a 30 pole pair ring magnet, 30 pulses per revolu-
tion can be obtained. (Actual graphs of various ring magnets -
gauss versus distance - are shown in Appendix C.)
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Systems with pole pieces


Sometimes it is more cost-effective to use magnetically soft materials, known as
pole pieces or flux concentrators with a smaller magnet. When added to a mag-
netic system, they provide a “lower resistance path” to the lines of flux. As a
result, pole pieces tend to channel the magnetic field, changing the flux densities
in a magnetic circuit. When a pole piece is placed opposite the pole face of a
magnet, as in Figure 3-14, the flux density in the air gap between the two is in-
creased. The flux density on the opposite side of the pole piece is similarly
decreased.


When a pole piece is added to a magnetic system operating in the unipolar head-
on mode, the change in magnetic field density illustrated in Figure 3-15 results.
The flux density increase, caused by the pole piece, becomes greater as the mag-
net approaches the sensor’s reference point. When a digital Hall effect sensor is
used, three distinct benefits from a pole piece can be realized. For actuation at a
fixed distance, D1, a pole piece increases the gauss level and allows use of a less
sensitive sensor.


Figure 3-16 demonstrates the second benefit that can be realized through the use of a pole piece. For a sensor with a given
operate level (G1), the addition of a pole piece allows actuation at a greater distance (D2 as opposed to D1).


The final benefit is that the addition of a pole piece would allow the use of a magnet with a lower field intensity. The addi-
tion of a pole piece (flux concentrator) to the magnetic circuit does not change the characteristics of the sensor. It merely
concentrates more of the magnetic flux to the sensor. Thus a pole piece makes it possible to use a smaller magnet or a mag-
net of different material to achieve the same operating characteristics. It should be noted that pole pieces provide the same
benefits in all previously mentioned modes of operation. Because of the resulting benefits from the use of pole pieces, MI-
CRO SWITCH Sensing and Control has integrated them into many sensor packages to provide high device sensitivity.
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Figure 3-15 Unipolar head-on mode with pole piece
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 Figure 3-16 Unipolar head-on mode with pole piece


Figure 3-14 Magnet with pole pieces
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Systems with bias magnets


Magnetic systems (circuit) can be altered by the addi-
tion of a stationary or bias magnet. The effect of a bias
magnet is to provide an increase or decrease (bias) in
flux density at the sensor’s reference point. In Figure 3-
17, a bias magnet is introduced into a magnetic system
moving in a unipolar head-on mode. The bias magnet is
oriented with its poles in the same direction as the
moving magnet, resulting in a additive field at the sen-
sor’s reference point.


The reverse orientation of the bias magnet is shown in
Figure 3-18. In this configuration, a bias field will be
introduced which subtracts from the field of the moving
magnet, resulting in a bipolar mode. Bias magnets can
also be used with other modes previously discussed.


The position of the bias magnet can be adjusted so as to
“fine tune” the characteristics of the magnetic curve.
The bias magnet can be used to adjust the operate or
release distance of a digital output Hall effect sensor.


Caution should be taken when using bias magnets, as
opposing magnetic fields will cause partial demagneti-
zation. As a consequence, only magnets with high
coercivity (i.e. rare earth magnets) should be used in
such configurations.
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Figure 3-17 Unipolar biased head-on mode


MAGNETIC
FIELD


DISTANCE


WITH BIAS
MAGNET


WITHOUT
BIAS MAGNET


BIAS FIELD


N


Distance
Motion of
Magnet


Arrow indicates
direction of
magnetic flux


Bias Magnet


S


Figure 3-18 Bipolar biased head-on mode







Chapter 3 • Magnetic Considerations


For application help: call 1-800-537-6945  Honeywell • MICRO SWITCH Sensing and Control   17


Magnetic systems comparison


The table in Figure 3-19 provides a comparison of the various modes that have been examined. The list of modes presented
is by no means complete, but is rather representative of the most common magnetic systems.


Figure 3-19 Magnetic systems comparison chart


Motion Mechanical
Recommended


Applications
Mode Type Complexity Symmetry Digital Linear Precision
Unipolar
Head-on


Recipro-
cating Low


Not
Applicable Unipolar No Medium


Unipolar
Slide-by All*


Low-
Medium Yes Unipolar No Low


Bipolar
Slide-by (1) All*


Low-
Medium No Any Yes Medium


Bipolar
Slide-by (2) All* Medium No Any Yes High
Bipolar
Slide-by (3) All*


Low-
Medium Yes Any Yes


High
Medium


Bipolar
Slide-by
(Ring)


Rotational Low Yes Any Yes Low


*Reciprocating, Continuous and Rotational


Motion type refers to the manner in which the system magnet may move. These types include:


• Continuous motion . . . motion with no changes in direction


• Reciprocating motion . . . motion with direction reversal


• Rotational motion . . . circular motion which is either continuous or reciprocating.


Mechanical complexity refers to the level of difficulty in mounting the magnet(s) and generating the required motion.


Symmetry refers to whether or not the magnetic curve can be approached from either direction without affecting operate
distance.


Digital refers to the type of sensor, either unipolar or bipolar, recommended for use with the particular mode.


Linear refers to whether or not a portion of the gauss
versus distance curve (angle relationship) can be accu-
rately approximated by a straight line.


Precision refers to the sensitivity of a particular mag-
netic system to changes in the position of the magnet.


A definite relationship exists between the shape of a
magnetic curve and the precision that can be achieved.
Assume the sloping lines in Figure 3-20 are portions of
two different magnet curves. G1 and G2 represent the
range of actuation levels (unit to unit) for digital out-
put Hall effect sensors. It is evident from this
illustration that the curve with the steep slope (b) will
give the smaller change in operate distance for a given
range of actuation levels. Thus, the steeper the slope of
a magnetic curve, the greater the accuracy that can be achieved.


Figure 3-20 Effect of slope
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All of the magnetic curves previously presented have portions steeper than others. It is on the steepest portions of these
curves that Hall sensors must be actuated to achieve the highest precision. A magnetic curve or circuit is referred to as high
precision if a small change in distance corresponds to a sufficiently large change in gauss to encompass the range in device
actuation levels and other system variables. Thus, only magnetic curves with long steep regions are classified as high preci-
sion.


Ratiometric Linear Hall effect sensors


Ratiometric linear sensors are small, versatile Hall effect sensors. The ratiometric output voltage is set by the supply voltage
and varies in proportion to the strength of the magnetic field. It utilizes a Hall effect-integrated circuit chip that provides
increased temperature stability and sensitivity. Laser trimmed thin film resistors on the chip provide high accuracy and tem-
perature compensation to reduce null and gain shift over temperature. The ratiometric linear sensors respond to either
positive or negative gauss, and can be used to monitor either or both magnetic poles. The quad Hall sensing element makes
the device stable and predictable by minimizing the effects of mechanical or thermal stress on the output. The positive tem-
perature coefficient of the sensitivity (+0.02%/°C typical) helps compensate for the negative temperature coefficients of low
cost magnets, providing a robust design over a wide temperature range. Rail-to-rail operation (over full voltage range) pro-
vides a more usable signal for higher accuracy.


The ratiometric linear output Hall effect sensor is an important and useful tool. It can be used to plot gauss versus distance
curves for a particular magnet in any of the magnetic systems previously described. When used in this way, various mag-
netic system parameters such as gap, spacing (for multiple magnet systems), or pole pieces can be evaluated. The
ratiometric linear sensor can be used to compare the effects of using different magnets in a given magnetic system. It can
also be used to determine the gauss versus distance relation for magnetic systems not covered, but that may hold promise in
a given application. Designing the magnetic system may involve any or all of the above applications of the ratiometric lin-
ear Hall effect sensor.


Summary


In this chapter, the basic concepts pertaining to magnets, magnetic systems, and their relation to Hall effect sensors were
explored. Magnetic systems were investigated in order to give the designer a foundation on which to design sensing sys-
tems using Hall effect sensors. The ratiometric linear output Hall effect sensor was introduced. The criteria used in
selecting a particular magnet and magnetic systems to perform a specific sensing function will be examined in Chapter 6.
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Introduction


To effectively apply Hall effect technology, it is necessary to understand the sensor, its input and its output. The previous
two chapters covered the sensor and its input. This chapter covers electrical considerations as they relate to the output of a
Hall effect sensor.


There are two types of Hall effect sensor outputs: analog and digital. They have different output characteristics and will be
treated separately in this chapter. Analog sensors provide an analog output voltage which is proportional to the intensity of
the magnetic field input. The output of a digital sensor is two discrete levels, 1 or 0 (ON or OFF), never in between. Output
specifications, basic interfaces and interfaces to common devices will be examined for both sensor types.


Digital output sensors


The output of a digital Hall effect sensor is NPN (current sinking, open
collector), as shown in Figure 4-1. The illustration shows the outputs in the
actuated (ON) state.


Current sinking derives its name from the fact that it “sinks current from a
load.” The current flows from the load into the sensor. Current sinking
devices contain NPN integrated circuit chips. The physics of chip archi-
tecture and doping are beyond the scope of this book.


Like a mechanical switch, the digital sensor allows current to flow when
turned ON, and blocks current flow when turned OFF. Unlike an ideal
switch, a solid state sensor has a voltage drop when turned ON, and a small
current (leakage) when turned OFF. The sensor will only
switch low level DC voltage (30 VDC max.) at currents of
20 mA or less. In some applications, an output interface may
be current sinking output, NPN.


Figure 4-2 represents an NPN (current sinking) sensor. In
this circuit configuration, the load is generally connected
between the supply voltage and the output terminal
(collector) of the sensor. When the sensor is actuated, turned
ON by a magnetic field, current flows through the load into
the output transistor to ground. The sensor’s supply voltage
(VS) need not be the same value as the load supply (VLS);
however, it is usually convenient to use a single supply. The
sensor’s output voltage is measured between the output ter-
minal (collector) and ground (-). When the sensor is not
actuated, current will not flow through the output transistor
(except for the small leakage current). The output voltage, in this condition, will be equal to VLS (neglecting the leakage
current). When the sensor is actuated, the output voltage will drop to ground potential if the saturation voltage of the output


Figure 4-1  NPN output


Figure 4-2 NPN output Hall effect sensor
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transistor is neglected. In terms of the output voltage, an NPN sensor in the OFF condition is considered to be normally
high.


Electrical specifications


An example of typical characteristics of an NPN (current sinking) sensor are shown in the tables in Figure 4-3. The char-
acteristics are divided into Absolute Maximum Ratings and Electrical Characteristics.


Absolute maximum ratings are the extreme limits that the device will withstand without damage to the device. However, the
electrical and mechanical characteristics are not guaranteed as the maximum limits (above recommended operating condi-
tions) as approached, nor will the device necessarily operate at absolute maximum ratings.


Figure 4-3A Typical NPN sensor characteristics


Absolute Maximum Ratings
Supply Voltage (VS) -1.0 to +30 VDC
Voltage externally +25 VDC max. OFF only
applied to output -0.5 VDC min. OFF or ON
Output Current 50 mA max.
Temperature -40 to +150°C operating
Magnetic flux No limit. Circuit cannot be damaged by magnetic overdrive


Absolute Maximum Ratings are the conditions if exceeded may cause permanent damage. Absolute Maximum Ratings are
not continuous ratings, but an indication of the ability to withstand a transient condition without permanent damage. Fun c-
tion is not guaranteed. Rated operating parameters are listed under Electrical Characteristics.


Figure 4-3B Typical NPN sensor characteristics


Electrical Characteristics
Parameters Min. Typ. Max.
Supply Voltage (VDC) 3.8 30
Supply current (mA) 10.0
Output voltage (operated) volts 0.15 0.40
Output current (operated) mA 20
Output leakage current (released) µA 10
Output switching time (sinking 10 mA)
Rise time 10 to 90% 1.5 µs
Fall time 90 to 10% 1.5 µs


Specification definitions


Absolute Maximum Ratings


Supply voltage refers to the range of voltage which may be applied to the positive (+) terminal of a sensor without damage.
The sensor may not, however, function properly over this entire range.


Voltage externally applied to output refers to the breakdown voltage of the output transistor between its collector and emit-
ter when the transistor is turned OFF (BVCER). Voltage measured at the output terminals of an inactivated sensor must never
exceed 30 VDC or the device may be damaged. If the sensor is used in a single supply (VS = VLS) configuration, the 30
VDC maximum rating of the supply insures that this limit will never be exceeded.


Output Current specifies the maximum output current that may flow without damage when the sensor is actuated.


Temperature refers to the temperature range that the sensor may be operated within without damage. This temperature
range is distinguished from the rated temperature range over which the sensor will meet specific operational characteristics.
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Magnetic flux – a Hall effect sensor cannot be damaged by excessively large magnetic field densities.


Rated Electrical Characteristics


Supply voltage refers to the voltage range over which the sensor is guaranteed to operate within performance specifica-
tions.


Supply current corresponds to the current drain on the VS terminal. The supply current is dependent on the supply voltage.


Output voltage (operated) refers to the saturation voltage (VSAT) of the output transistor. This is the voltage that appears at
the output due to the inherent voltage drop of the output transistor in the ON condition.


Output current (operated) refers to the maximum output current at which the sensor is guaranteed to operate within per-
formance specifications.


Output leakage current is the maximum allowable current that remains flowing in the output transistor after it is turned
OFF.


Output switching time refers to the time necessary for the output transistor to change from one logic state to another after
a change in actuating field. This specification only applies to conditions specified on product drawings.


Basic interfaces


When the electrical characteristics are known, it is possible to design interfaces that are compatible with NPN (current
sinking) output Hall effect sensors. The current sink configuration produces a logic “0” condition when a magnetic field of
sufficient magnitude is applied to the sensor.


Current sinking sensors may be operated with a dual supply; one for the sensor and a separate supply for the load.


Certain conditions must be met for interfacing with sinking output sensors:


• the interface must appear as a load that is compatible with the output


• the interface must provide
the combination of current and
voltage required in the appli-
cation


Pull-up resistors


It is common practice to use a pull-up
resistor for current sinking. This resis-
tor minimizes the effect of small
leakage currents from the sensor output
or from the interfaced electronics. In
addition, they provide better noise im-
munity along with faster rise and fall times.


The current sinking output is an open collector. The output is floating, so the pull-up resistor helps establish a solid quies-
cent voltage level. When selecting the pull-up resistor, it must be determined if the interface will tolerate a resistance in
parallel with it. If there is a parallel resistance, the total resistance and load current should be calculated to make sure that
the Hall effect sensor’s output current will not be exceeded.


The basic interface for a digital Hall effect sensor is a single resistor. When a resistor is used in conjunction with a current
sinking sensor, it is normally tied between the output and the plus power supply and is referred to as a pull-up resistor. Fig-
ure 4-4 illustrates pull-up resistor (R) connected between the sensor and its load. When the sensor is actuated, the input to
the load falls to near ground potential, independent of the pull-up resistor.


Figure 4-4 Pull-up resistor interface
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When the device is de-actuated, the input to the
load is pulled-up to near VS. If the pull-up resistor
were not present, the input to the load could be left
floating, neither at ground nor VS potential.


Logic gate interfaces


Digital sensors are commonly interfaced to logic
gates. In most cases, the interface consists of a sin-
gle pull-up or pull-down resistor on the input of
the logic gate. Figure 4-5 illustrates an example of
the interface to a TTL gate.


Transistor interfaces


To further illustrate how input and output specifi-
cations are related, consider an interface with the
requirement for a higher load current that the sen-
sor’s rated output current. Figure 4-6 illustrates one
of the four possible high current interfaces. The
interface consists of a Hall effect sensor driving an
auxiliary transistor. The transistor must have suffi-
cient current gain, adequate collector breakdown
voltage, and power dissipation characteristics ca-
pable of meeting the load requirements.


The rated output current of the sensor will deter-
mine the minimum value of (R). The resistor must
also bias the transistor ON when the sensor is not
actuated. The current required to adequately drive
the transistor will determine the maximum value of
(R). Since the bias voltage appears across the sen-
sor output, it is important that the bias be less than
the sensor’s breakdown voltage.


Four additional combinations of transistor inter-
faces can be realized with current sourcing and
current sinking sensors. These are:


• Current sinking sensor with a current
sourcing drive


• Current sinking sensor with a current sinking drive


• Current sourcing sensor with a current sinking drive


• Current sourcing sensor with a current sourcing drive


Figure 4-5 NPN sensor interfaced with TTL gate


Figure 4-6 High load current interface


Figure 4-7 Sinking sensor - sourcing output
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The design equations necessary to choose the
correct bias resistors and drive transistors for
the first two are shown in Figures 4-7 and 4-8.
The current sourcing sensor interfaces will not
be discussed any further due to lack of wide-
spread use. The symbols used in the sensor
interface design equations are defined in Figure
4-9.
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If Rmax < Rmin then use either a transistor with a high β or a second amplifier stage.
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Output voltage: VOL = VCE(SAT)Q2 for IL


Figure 4-8 Sinking sensor - sinking output
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A minimum β of 10 is recommended for good saturation voltage.


Transistor output require-
ments:


IL(max) < IC(max)


VLS < BVCER


Transistor power dissi-
pation:


PD = VOL • IL


Symbols for design calculations


BVCEO = Collector-to-emitter breakdown voltage with base open


BVCER = Collector-to-emitter breakdown voltage with resistor from base-to-emitter


BVEBO = Emitter-to-base breakdown voltage, junction reverse biased, collector open circuited


IC(max) = Maximum collector current rating


IL(max) = Maximum load current


I(ON) = Sensor rated output current


VCE(Q2) = Driver transistor voltage drop


RL = Load resistance


VBE(ON) = Base-emitter forward voltage drop when transistor is ON
(typically 0.7 V)


VLS = Load power supply voltage


VS = Sensor supply voltage


β = DC current gain of drive transistor


ICBO = Collector-to-base leakage current


IL = Load current


I(OFF) = Sensor output transistor leakage current


VCE(Q1) = Sensor output transistor voltage drop


PD = Drive transistor power dissipation


VBE(OFF) = Forward base-emitter voltage drop when transistor is OFF
(typically 0.4 V)


VOL = Output voltage


IS = Sensor supply current in ON condition


Figure 4-9 Design calculation symbols
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Figure 4-10 Sinking sensor interfaced to normally OFF LED


Figure 4-11 Sinking sensor interfaced to normally OFF SCR


For C106C: Breakdown voltage = 300 VDC


Current rating = 4 amperes


Sensor: I(ON) = 20 mA


Figure 4-12 Sinking sensor interfaced to normally ON relay
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For 2N2222: VBE(ON) = 0.7 V


  βmin = 75


Sensor: VCE(SAT)Q1 = 0.15 V ION = 20 mA


For load: IL(max) = 81 mA


For design equations, see Figure 4-7.


Figure 4-13 Sinking sensor interfaced to normally ON solenoid


For 2N3715: βmin = 50


Sensor: VCE(SAT)Q1 = 0.15 V


For load IL(max) = 911 mA


VBE(ON) = 0.7 V


ION = 20 mA


For design equations, see Figure 4-8.


Figure 4-14 Sinking sensor interfaced to normally OFF triac
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For SC146D: Breakdown voltage = 400 V


Current rating = 10 A


For 2N2222: VBE(ON) = 0.5 V


βmin = 75 V


Sensor: VCE(Q1) = 0.15 V


Input voltage = 2.5 V


Input current = 50 mA


ICBO = 10 µA


I(ON) = 10 mA


Other digital output sensor interface circuits can provide the functions of counting, latching, and the control of low level
AC signals. Figures 4-15 through 4-17 demonstrate how these functions can be achieved.


Figure 4-15 Sinking sensor interfaced to digital counter


Counter output is a binary representation of the number of times the sensor has been actuated.


Figure 4-16  Sinking sensor interfaced to a divide by 2 counter
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Latch output remains in the same state until sensor is actu-
ated a second time.


Three additional interface circuits which extend the capa-
bilities of digital output Hall effect sensors are shown in
Figures 4-18 through 4-20. Figure 4-18 demonstrates how
more than one Hall effect sensor may be connected in par-
allel. This configuration is known as wired OR since a
logic 0 will be provided to the input of the TTL gate if any
combination of sensors is actuated. It is important to note
that only current sinking sensors may tied in parallel.


R
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( ) ( )
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Where:


N = number of sensors in parallel
VIN(1) = Minimum input voltage to insure logic 0
VO(0) = Maximum output voltage of sensor for logic 0
IIN(0) = Maximum input current per unit load at VO(0)


IIN(1) = Maximum input current per unit load at VIN(1)


When a Hall effect sensor is placed in a remote location, it may be
desirable to convert its three terminals to a two-wire current loop as
shown in Figure 4-19. When the sensor is not actuated, the current in
the loop will be equal to the sensor supply current plus leakage cur-
rent. Conversely, when the sensor is actuated, the loop current will
increase to equal the supply current plus the current flow in the out-
put transistor. The difference in loop current will cause a voltage
change across the sense resistor R2 that in turn, reflects the state (ON
or OFF) of the sensor. The comparator will then detect this change by
comparing it against a fixed reference. Since this changing voltage
(V1) is also the sensor supply voltage, the sensor must also have in-
ternal regulator. The value of R2 must also be chosen so that when
the sensor is actuated, V1 does not fall below the minimum supply
rating of the Hall effect sensor.


Figure 4-17 Sinking sensor interfaced to analog switch


Figure 4-18 Wired OR interface


Figure 4-19 Two-wire current loop interface
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Two digital output Hall effect devices may be used in combination to determine the direction of rotation of a ring magnet,
as shown in Figure 4-20. The sensors are located close together along the circumference of the ring magnet. If the magnet is
rotating in the direction shown (counter-clockwise) the time for the south pole of the magnet to pass from sensor T2 to T1


will be shorter than the time to complete one revolution. If the ring magnet’s direction is reversed, the time it takes the
south pole to pass from T2 to T1 will be almost as long as the time for an entire revolution. By comparing the time between
actuations of sensors T2 and T1 with the time for an entire revolution (successive actuations of T2), the direction can be de-
termined.


A method by which
these two times can
be compared is also
shown in Figure 4-
20. An oscillator is
used to generate
timing pulses. The
counter adds these
pulses (counts up)
starting when sensor
T2 is actuated and
stopping when sen-
sor T1 is actuated.
The counter then
subtracts pulses
(counts down) for the remainder of the revolution. The shorter time interval between T2 and T1 actuation will result in fewer
pulses being added than subtracted, thus actuating the counter’s BR (borrow) output. When the time between T2 and T1 is
longer, more pulses are added than subtracted and the BR output is not actuated. For the configuration shown, there will be
no output for clockwise motion and a pulse output for each revolution for counterclockwise motion.


In addition to the interface design concepts covered in this section, there are many other possible ways to utilize the output
of digital Hall effect sensors. For example, the output could be coupled to a tone encoder in speed detection applications or
a one-shot in current sensing applications. To a large extent, the interface used is dependent on the application and the
number of possible interface circuits is as large as the number of applications.


Analog output sensors
The output of an analog Hall effect sensor is an open emit-
ter (current sourcing) configuration intended for use as an
emitter follower. Figure 4-21 illustrates the output stage of
a typical analog output Hall effect sensor. The output tran-
sistor provides current to the load resistor RLOAD producing
an analog voltage proportional to the magnetic field at the
sensing surface of the sensor. The load in Figure 4-21 is
indicated as a resistor, but in practice may consist of other
components or networks.


Figure 4-20 Digital output sensor direction sensor


Figure 4-21 Analog output Hall effect sensor
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Electrical specifications


Typical characteristics of an analog output Hall effect sensor are shown in Figure 4-22. These characteristics, like those of
digital devices, are divided into Absolute Maximum Ratings and Electrical Characteristics. The parameters listed under
Absolute Maximum Ratings are defined in the same manner as digital sensors. With the exception of output voltage at 0
gauss (null offset), span and sensitivity, the electrical characteristics are also defined the same as those for digital devices.
Span, output voltage at 0 gauss or null offset, and sensitivity are transfer function characteristics that were defined in
Chapter 2.


Figure 4-22 Analog output characteristics


Absolute Maximum Ratings


Supply voltage (VS) -1.2 and +18 VDC
Output current 10 mA
Temperature -40 to +150°C operating
Magnetic flux No limit. Circuit cannot be damaged by magnetic


over-drive


Electrical Characteristics


Min. Typ. Max. Conditions
Supply voltage, V 5.0 16.0
Supply current, mA 20 Vs = 12 V


@ 24 ± 2°C
Output current, mA 10 Vs = 12 V
Output voltage @ 0 gauss, V 5.4 6.0 6.6 @ 24 ± 2°C
Span (-400 to +400 gauss), V 5.84 6.0 6.16 @ 24 ± 2°C
Sensitivity, mV/G 7.3 7.5 7.7 @ 24 ± 2°C


Basic interfaces


When interfacing with analog output sensors, it is important to
consider the effect of the load. The load must:


• provide a path to ground


• limit the current through the output transistor to 
the rated output current for all operating
conditions.


Figure 4-23 illustrates a typical load configuration. The paral-
lel combination of the pull-down resistor (R) and the load
resistance RL must be greater that the minimum load resistance
which the sensor can drive. In general, this parallel combina-
tion should be at least 2200 ohms.


In many cases, the output of an analog
sensor is connected to a component
such as a comparator or operational
amplifier, with an external pull-down
resistor, as illustrated in Figure 4-24.
This resistor should be selected so that
the current rating of the analog output
sensor is not exceeded. Depending on
the comparator used and the electrical
noise, this resistor may not be required.


Figure 4-23 Typical load . . . Analog output sensor


Figure 4-24 Analog sensor interfaced with comparator
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Interfaces to common components


The basic concepts needed to design simple inter-
faces to analog sensors have been presented. Using
these basic techniques, more sophisticated interface
circuits can be implemented. The interface circuits
shown in Figures 4-25 through 4-27 demonstrate
how analog Hall effect sensors can be used with
standard components.


An analog sensor can be used with an operation
amplifier to adjust the sensor’s null offset (to zero
if desired). Figure 4-25 illustrates one method of
accomplishing this using an inverting operational
amplifier stage.


When an analog sensor is interfaced to a compara-
tor (level detector), a digital output system results.
Figure 4-26 illustrates a system consisting of an
analog output sensor and comparator circuit with no
hysteresis. The comparator output will remain in the
OFF state until the magnetic field reaches the trig-
ger level. The trigger level corresponds to a voltage
output from the sensor equal to the reference on the
minus input of the comparator. When the magnetic
field is above the trigger level, the comparator’s
output will be ON. This circuit provides a trigger
level that can be electronically controlled by ad-
justing R2. Hysteresis can also be added to the
circuit with the addition of a feedback resistor
(dotted) between the comparator’s output and posi-
tive input.


When an analog output sensor is interfaced with
two comparators, as shown in Figure 4-27, a win-
dow detector results. The output of the comparators
will be ON only when the magnetic field is between trigger level 1 and trigger level 2. As in Figure 4-26, the trigger levels
correspond to a sensor output voltage which is equal to reference voltages 1 and 2. This circuit is useful in applications
where a band of magnetic fields needs to be developed.


Figure 4-25 Null offset cancellation circuit


Figure 4-26 Digital system with analog sensor
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Summary
In this chapter, the concepts and techniques neces-
sary to interface Hall effect sensors have been
explored. In conjunction with the preceding two
chapters, the foundation necessary to design with
Hall effect sensors has been established. The re-
mainder of this book is devoted to putting these
concepts to work in the design of Hall effect based
sensing systems.


Figure 4-27 Window detector
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Introduction


Applying Hall effect sensors involves selecting the magnetic system and choosing the Hall sensor with the appropriate op-
erate and release characteristics. These components must then be integrated into a system that will meet the specific
application requirements. MICRO SWITCH Sensing and Control has developed a number of products that integrate the
sensor and a magnetic system into a single package. Since the magnetic characteristics are pre-defined, applying these
products does not involve  magnetic to sensor design. Instead, applying these sensors consists of mechanical or electrical
interfacing of the input.


In this chapter, vane operated position sensors, current sensors, magnetically operated solid state switches, and gear tooth
sensors will be examined. For each of these products incorporating a Hall effect sensor, the principles of operation and in-
terface requirements will be discussed. Electrical considerations as they relate to the output are the same as those presented
in Chapters 2 and 4.


Vane operated position sensors


A vane operated position sensor, sometimes referred to
as a vane sensor, consists of a magnet and a digital out-
put Hall effect sensor assembled as shown in Figure 5-1.
Both the magnet and the Hall effect sensor are rigidly
positioned in a package made of a non-magnetic mate-
rial.


The sensor has a space or gap through which a ferrous
vane may pass, as illustrated in Figure 5-2. The Hall
effect sensor will detect the presence (or absence) of the
vane.


Principles of operation


Figure 5-3 shows the construction of another version of the basic
vane sensor. Pole pieces have been added to direct the lines of
flux by providing a low resistance path. The lines of flux, illus-
trated by arrows, leave the north pole of the magnet, travel
through the pole piece, across the gap, and return through the
sensor to the south pole. As a result, the sensor is normally ON.


The magnetic circuit (flux lines) illustrated in Figure 5-3 is al-
tered when a vane, made of material similar to the pole pieces, is
present in the gap. The vane has the effect of shunting the lines


Figure 5-1 Basic vane operated position sensor


Figure 5-2 Ferrous vane in gap
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of flux away from the sensor in the manner shown by the arrows in Figure
5-4. Thus, the sensor will be turned OFF when a vane is present in the gap.


The curve in Figure 5-5 illustrates how the magnetic field sensed by the Hall
effect sensing device varies as a vane is passed through the gap. Assume the
sensor has the operate and release points shown. When a vane is moved
from left to right, the sensor will be ON until the leading edge of the vane
reaches point b. At this point (known as the left release), the sensor will be
turned OFF. If this motion is continued, the sensor will remain turned OFF
until the trailing edge of the vane reaches point d. At this point (known as
the right operate), the sensor is turned ON again. The total left to right dis-
tance traveled by the vane with the sensor OFF, is equal to the distance
between points b and d plus the vane width.


If the vane is moved from right to left, the sensor will be ON until the lead-
ing edge of the vane reaches point c (known as the right release). The sensor
is then turned OFF until the trailing edge of the vane reaches point a (left
operate). The total right to left distance traveled by the vane with the sensor
OFF is equal to the distance between points c and a (L release to R operate),
plus the vane width.


In many cases, the vane consists of several teeth. The gaps between the in-
dividual teeth are referred to as windows. Figure 5-6 shows a vane with two
teeth and a single window. If this vane is passed through the gap, the dis-
tance traveled with the sensor OFF (tooth plus b to d) will be the same as for
the single tooth vane shown in Figure 5-5. The total distance traveled by the
vane with the sensor ON is equal to the window width minus the distance
between point d and b, or between a and c, depending on direction of travel.


Figure 5-5 Ferrous vane passing through the gap Figure 5-6 Multiple tooth vane operation


The relationships between ON and OFF travel for a multiple tooth vane are summarized in Figure 5-7.


Figure 5-3 Vane operated sensor with pole
pieces


Figure 5-4 Ferrous vane in gap
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Travel OFF Distance ON Distance
Left to Right Tooth width plus (b to d) Window width minus (d to b)
Right to Left Tooth width plus (c to a) Window width minus (a to c)


Figure 5-7 Relationship between ON and OFF travel


Sensor specifications


Vane operated position sensors are specified in terms of vane characteristics and mechanical characteristics. Mechanical
characteristics are the left and right operate and release points previously discussed. Vane characteristics define the mini-
mum and maximum dimensions the vane required to operate a given
sensor.


Figure 5-8 illustrates how the mechanical characteristics of a vane
operated position sensor are defined. The left and right operate and
release characteristics are specified as the center of the round
mounting hole of the sensor. As a result, dimensions a, b, c and d
are specified individually as distances from this reference point.


The mechanical characteristics for a typical vane operated position
sensor are shown in the table, Figure 5-9. Refer to Figure 5-8 for the
definition of a, b, c and d. The first (dimensions) row in the chart
lists the characteristics at room temperature (25°C) and their toler-
ances. The left-difference (b-a), right difference (d-c) and left-right
difference (d-b or c-a) have been included because their tolerances
are smaller than the differences calculated from a, b, c and d indi-
vidually. The second row lists the additional tolerance increase over
the temperature range of the sensor (-40° to +125°C, for instance).


Left Right
Temperature Operate a Release b Difference Operate d Release c Difference L-R Diff.
25°C (77°F) .390 ± .03 .410 ± .03 .020 ± .014 .510 ± .03 .490 ± .03 .020 ± .014 .100 ± .040
-40° to 125°C
(-40° to 257°F)


± .040 ± .040 ± .010 ± .040 ± .040 ± .010 ± .070


Figure 5-9 Typical mechanical characteristics . . . Vane operated position sensor


Some typical dimensions for a multiple tooth vane are illustrated in Figure 5-10. The maximum thickness of a tooth is lim-
ited by gap width and required clearances. The amount of material necessary to shunt the magnetic field governs the
minimum tooth thickness and tooth width. The minimum window width and tooth depth are specified to prevent adjacent
vane material (teeth and frame) from partially shunting the magnetic field. The recommended range of tooth thickness and
the corresponding minimum tooth width, window width, and tooth depth are shown in Figure 5-10.


Thickness Minimum
Tooth


Minimum
Window


Minimum Tooth
Depth


0.04” 0.40” 0.40” 0.40”
0.06” 0.25” 0.40” 0.37”


Figure 5-10 Typical multiple tooth vane dimensions


Figure 5-8 Reference points for mechanical
characteristics
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The vane operated position sensor may be used
with a linear vane, as shown in Figure 5-11 to
sense linear position.


Vane operated position sensors may be used
with a circular vane to sense rotary position.
Figure 5-12 shows a circular pie cut vane with
windows cut from a sector. The window and
tooth widths vary from a maximum at the
vanes outer circumference to a minimum at its
inner circumference. Since window and tooth
widths vary, care must be taken to insure that
the minimum specifications (Figure 5-10) are
not violated.


Another circular vane configuration is shown in Figure 5-13. This vane has uniform tooth and window widths, eliminating
the drawbacks of a pie cut vane.


Figure 5-12 Circular vane with windows Figure 5-13 Uniform tooth and window vane


Digital current sensors


A fast-acting, automatically-resetting current sensor can be made using a digital
output Hall effect sensor. The current sensor is constructed using an electro-
magnet and sensor assembled as illustrated in Figure 5-14. Both the
electromagnet and the Hall effect sensor are rigidly mounted in a package. The
current passing through the electromagnet coils generates a magnetic field
which is sensed by the Hall sensor.


An overload signal could change state, from low to high or vice versa, when the
current exceeded the design trip point. This signal could be used to trigger a
warning alarm or to control the current directly by electronic means.


Figure 5-11 Vane operated linear position sensor


HALL EFFECT


SENSOR


ELECTROMAGNET


Figure 5-14 Typical digital current sensor
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Principles of operation


The operation of a current sensor depends
on the use of an electromagnet to gener-
ate a magnetic field. Electromagnets are
based on the principle that when a current
is passed through a conductor, a magnet
field is generated around it. See Figure 5-
15. The flux density at a point is propor-
tional to the current flowing through the
conductor. If the conductor is formed into
a coil, the magnetic field from successive turns of the coil add. As a result,
the magnetic field from a coil is directly proportional to the product of the
number of turns in the coil and the current flowing through the coil.


Conductors, coiled conductors or either of these in combination with pole
pieces (magnetically soft materials) can be used as an electromagnet. Pole
pieces are used in a current sensor, such as the one shown in Figure 5-16, to
concentrate the magnetic field in a gap where a Hall effect sensor is posi-
tioned. The magnetic field in the gap is proportional to the current flowing
through the coil.


For a digital output Hall effect sensor with operate and release points as
indicated in Figure 5-17, the current sensor will turn ON when current I2 is
reached and OFF when the current drops to I1. Ideally the current sensor
will turn ON at the moment I2 is reached. However, if the current level is
changing rapidly, eddy currents (current induced by the time rate of
change of flux density) will be induced in the pole pieces. In turn, these
currents produce a magnetic field that opposes the input current, thus
reducing the net flux density seen by the Hall effect sensor. The result is
an apparent delay between the time I2 is reached and the output turns ON.


The same principles of operation apply when using a linear Hall effect
sensor. Refer to Chapter 6 where design concepts for linear sensors are
discussed.


Sensor specifications


Typical operational characteristics of a digital output current sensors are
shown in Figure 5-18. The direct current (DC) operate and release char-
acteristics of a digital output current sensor are specified in terms of an
operate current (within a tolerance), and a minimum release current.
Where a digital output current sensor is used to indicate a low current condition, the normal current will be greater than the
operate level. Maximum continuous DC current specifies the largest continuous current that may be used in this type of
application. Maximum coil resistance is used to calculate the voltage drop (insertion loss) across the coil and the power
dissipated by the coil. Temperature stability is used to calculate the shift in operate and release characteristics of the sensor
as a function of temperature.


Figure 5-15 Electromagnetic field


HALL EFFECT


SENSOR


ELECTROMAGNET


POLE PIECE


Figure 5-16 Current sensor with pole pieces


Figure 5-17 Current sensor transfer function
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Figure 5-18 Typical digital output current sensor specifications


DC Current
Operate Min. Rel. Max. Cont. Max. Coil Resistance Temperature Stability
5 ± .25 3.8 A 25°C/20 A 5 mΩ ± .008 A/°C


Linear current sensors


A current sensor with an analog output can be made using a linear Hall effect sensor.
The current sensor is constructed using a ferrite or silicon steel core and a Hall effect
IC as shown in Figure 5-19. Both the core and the IC are accurately mounted in a
plastic housing. The current passing through the conductor being measured generates
a magnetic field. The core captures and concentrates the flux on the Hall effect IC.
The linear response and isolation from the sensed current makes linear current sensors
ideal for motor control feedback circuits.


The voltage output of the Hall effect IC is proportional to the current in the conductor.
The linear signal accurately duplicates the waveform of the current being sensed.


Principles of operation


Linear current sensors monitor the gauss level of the magnetic
field created by a current flow, not the actual current flow. The
current being measured is passed through a flux-collecting
core that concentrates the magnetic field on the Hall effect
sensor. The waveform of the sensor voltage output will trace
AC or DC waveforms of the measured current. The through-
hole design electrically isolates the sensor and ensures that it
will not be damaged by over-current or high voltage transients.
It also eliminates any DC insertion loss.


The Hall effect sensor is a ratiometric device. The output volt-
age of the sensor will be half of the supply voltage (VCC) when
the current in the conductor being measured is zero. The out-
put voltage range is 25% of the supply voltage up to 75% of
the supply voltage (0.25 VCC < Vout < 0.75 VCC). When the
current is flowing in the positive direction, the output voltage
will increase from the null (VCC/2) towards 0.75 VCC. See Fig-
ure 5-20 for an example of a linear current sensor output.
When current is flowing in the opposite direction, the voltage output decreases from the null towards 0.25 VCC. Since the
sensor is ratiometric, sensitivity is also a functions of VCC.


Current sensors are best used towards the maximum end of the sensed range. This will help with noise. To increase the cur-
rent measured to a level near the maximum, the number of times the wire is passed through the core can be increased. For
example, a 50 amp peak sensor could be used to measure a 10 amp peak conductor by looping the wire through the sensor
aperture five times. Count the number of turns as the number of wire cross-sections in the core hole. The position of the
wire in the core is not a major contributor to measurement error. The sensitivity of the sensor also increases as the number
of times the conductor is passed through the hole.


Figure 5-19  Typical linear current
sensor


Current Being
Measured


Output Voltage


+.75Vcc


+.25Vcc


+Ipeak-Ipeak


Null


Saturation


Figure 5-20 Linear current sensor ideal output
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As with Hall effect sensors, current sensors are subject to drift because of temperature changes. Linear current sensors can
have their null offset voltage and the sensitivity change with temperature. Sensors with ±0.02 to ±0.05 percent per degree C
offset shift are common. The change in voltage offset from temperature shift can be calculated as:


∆Voffset = ±0.0002 * ∆Temp * Voffset @ 25C                 (5-1)


Values of the sensitivity shift are ±0.03 %/C typically. The change in sensitivity can be calculated in the same way as the
null shift.


The flux collector is typically a ferrite or silicon-steel core. Core material is selected on the basis of saturation and re-
manance. At some point, a core material will not collect additional flux and is defined to be saturated. When this happens,
the sensor will no longer supply an increasing voltage output to increasing conductor field strength. Remanance is the re-
sidual flux that is present in the core after the excitation of the current sensor. The remanance will create a shift in the null
offset voltage. The air gap in the core also has an effect on the saturation point. By varying the width of the gap, the level of
current that produces the amount of gauss necessary to saturate the sensor is varied.


Typical sensor characteristics are provided in Figure 5-21


Supply Voltage
(Vdc)


Supply Current
(mA max)


Offset Voltage
(Volts 2%)


Offset Shift
(%/ c)


Response Time
( µsec)


   6 to 12 20 Vcc/2 ± 0.02         3


Figure 5-21 Typical linear output current sensor characteristics


Closed Loop Current Sensors


Another application of Hall effect technology in current sensing is the closed loop current sensor. Closed loop sensors am-
plify the output of the Hall effect sensor to drive a current through a wire coil wrapped around the core. The magnetic flux
created by the coil is exactly opposite of the magnetic field in the core generated by the conductor being measured (primary
current). The net effect is that the total magnetic flux in the core is driven to zero, so these types of sensors are also called
null balance current sensors. The secondary current in the coil is an exact image of the current being measured reduced by
the number of turns in the coil. Passing the secondary current through a load resistor gives a voltage output.


The closed loop current sensor has some very desirable characteristics. The feedback system responds very fast, typically
less than one microsecond. Frequency response bandwidth is typically 100 kHz. Closed sensors are very accurate with line-
arity better than 0.1%. All of these specifications exceed what is possible with open loop linear sensing. However, the
higher cost, larger size, and increased supply current consumption of the closed loop sensors must be balanced with the
application’s requirements for accuracy and response.


Principles of Operation


The closed loop sensor has several more components in addition to the core and Hall effect sensor used in the open loop
linear sensor. The feedback electronics including an operational amplifier and the coil are the significant additions. Figure
5-22 shows the construction of a typical closed loop sensor.
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The primary current being
measured (Ip) creates a
magnetic flux in the core
just as in the open loop lin-
ear sensor. The core is made
up of thin pieces of steel
stacked together to give
high frequency response.
The Hall effect sensor in the
core gap measures the
amount of flux in the core.
As with the open loop sen-
sor, the voltage output of
the Hall effect sensor is
proportional to the current
Ip. The output of the Hall
sensor is amplified in the
compensation electronics.
The current output of the
compensation electronics
(Is) creates a second mag-
netic field in the coil. The
magnitude of this secondary
field is the product of cur-
rent Is times the number of
turns in the coil (Ns). The
magnetic flux from the sec-
ondary coil cancels out the
flux from the primary to
zero. The feedback system
of the current sensor is
shown in Figure 5-23.


The output of the closed
loop current sensor is the
secondary current Is. When the current is passed through a measuring or load resistor, the output becomes a voltage that is
proportional to the primary current being measured. DC, AC, and impulse currents can be accurately measured and wave-
forms duplicated. The selection of the load or measuring resistor has a major impact on the maximum current that can be
sensed. The maximum measuring range of Is is determined by the supply voltage available and the selection of the measur-
ing resistor according to the following equation:


Is =   Vsupply - Vce


                          
Rm + Rs


where:


 Vsupply = the supply voltage available (in Volts)
Vce   = the saturation voltage of sensor output transistors (typ. 3.5V max.)
Rm   = the measuring or load resistor value (Ω)
Rs    =  the resistance of the internal secondary coil Ns (Ω)


+15V


-15V


Is
Vm


Rm


Ov


AVhall


Ip


Ic Fundamental Equation


Ip • Np = Is • Ns


Components


• Laminated Steel Core


• Coil with Ns turns


• InSb Hall Effect IC


• Compensation Electronics


Ns


Ip = Primary Current being Measured


Np = Number of Turns in Primary (usually equal to 1)


Is = Secondary Current (Output)


Ns = Number of Turns in Secondary Coil (1k-5k)


Rm = Load or Measuring Resistor


Vm = Output Voltage


Vhall = Error Signal Produced by Hall sensor


Figure 5-22 Closed loop current sensor construction


Np +
-


A


Ns


Ip Ip • Is Vhall Is


Input
Signal


Output
Signal


Is • Ns


Fundamental Equation


Ip • Np = Is • Ns


Usually Np = 1,  then Is = Ip
Ns


Figure 5-23 Block diagram showing feedback system
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The maximum current that can be sensed will increase
with the selection of a lower load resistance. See Figure
5-24 for an example output range of a 300 amp nominal
closed loop current sensor.


The output current is not exactly zero when the primary
current Ip is zero. There is a small offset current from
the operational amplifier and Hall effect sensor. This
current is typically less than ±0.2 mA. Accidental dis-
tortion of the offset can occur if the magnetic circuit is
magnetized by a high DC current when the sensor is not
powered up. This value is usually limited to 0.5 mA.
Finally, there will be a drift in offset current with tem-
perature changes. The drift is caused by the operational
amplifier and the Hall sensor changing values of tem-
perature. The offset error is typically limited to ±0.35
mA.


Mechanically operated solid state switches


The mechanically (plunger) operated solid state switch is a
marriage of mechanical switch mounting convenience and solid
state reliability. These switches consist of a magnet attached to
a plunger assembly and a Hall effect sensor mounted rigidly in
a package as shown in Figure 5-25. From an external view-
point, the solid state switch has characteristics similar to a
traditional mechanical snap-action switch. High reliability,
contactless operation, and microprocessor compatible outputs
are the primary distinguishing features.


Principles of operation


The solid state switch shown in Figure 5-25 employs a magnet
pair to actuate a digital output Hall effect sensor. These mag-
nets are mounted in the bipolar slide-by mode, to provide precision operate and release characteristics.


For the magnet pair shown in Figure 5-25, the north pole is normally opposite the sensor maintaining the switch in a nor-
mally OFF state. When a plunger is depressed, the south pole is brought into proximity to the sensor, turning it ON. This
type of switch is referred to as normally OFF.


A normally ON switch will result from reversing the magnet pair. The south pole is normally opposite the digital output
Hall effect sensor, maintaining the switch is a normally ON state. When the plunger is depressed, the north pole is brought
near the sensor, turning it OFF.


300 Amp Sensor 15 Volt Operation
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Figure 5-24 300 Amp sensor output range


PLUNGER


MAGNET


HALL EFFECT SENSOR


Figure 5-25 Typical solid state switch (normally OFF)
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Switch specifications


The operating characteristics of a typical mechanically operated solid state switch are shown in Figure 5-26. These charac-
teristics are defined below.


Pre-travel The distance the switch plunger moves from the free position to the
operating point


Operating point The position of the plunger, relative to a fixed point on the switch,
where the sensor will change state


Over-travel The distance the plunger may be driven past the operating point
Differential travel The distance between the switch’s operating point and release point
Operating force The mechanical force necessary to depress the plunger


Pre-travel
(max.)


Operating
Point


Over-travel
(min.)


Differential Travel
(max.)


Operating Force
(ounces)


2,16 mm
.085 in.


14,73 mm
.580 in.


1,02 mm
.040 in.


0,30 mm
012 in.


   .35 +.18 (-.14)


Figure 5-26 Typical solid state switch operating characteristics


Detailed information on the use of precision switches can be found in MICRO SWITCH General Technical Bulletin No.
14, Applying Precision Switches, by J. P. Lockwood.


Gear Tooth Sensors


A gear tooth sensor is a magnetically biased Hall effect integrated circuit to
accurately sense movement of ferrous metal targets. An example of an assem-
bled gear tooth sensor is shown in Figure 5-27.


The IC, with discrete capacitors and bias magnet, is sealed in a probe type,
non-magnetic package for physical protection and cost effective installation.
See Figure 5-28 for typical construction of a gear tooth sensor and wiring dia-
gram.


Voltage Regulator


Hall
Sensor


Ground (-)


Trigger Circuit and
Feedback Amplifier


Output (O)
Open Collector


Vcc   (+)


Figure 5-28 Gear tooth sensor construction and wiring diagram


Figure 5-27 Gear tooth Hall effect sensor
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Principles of Operation


As a gear tooth passes by the sensor face, it concentrates the mag-
netic flux from the bias magnet. The sensor detects the change in
flux level and translates it into a change in the sensor output. The
current sinking (normally high) digital output switches between the
supply voltage and saturation voltage of the output transistor. See
Figure 5-29 for sensor output.


A thin film laser-trimmed resistor network in the preamplifier/trigger
circuit is used to set and control the Hall element offset voltage and
operate point. The sensor output is an open collector switching tran-
sistor, which requires a pull-up resistor.


A feedback circuit is integrated into the silicon IC and is used to
reduce the effects of temperature and other variables. It uses a dis-
crete capacitor to store a reference voltage that is directly
proportional to the no-tooth magnetic field strength. This design
requires that one target space must be moved past the sensor on
power up to establish the reference voltage. The trigger circuit uses this voltage to establish the reference level for the oper-
ate point.


When the magnetic field sensed by the Hall element changes by a pre-defined amount, the signal from the Hall element to
the trigger circuit exceeds the trigger point and the output transistor switches ON (low). The trigger circuit switches the
transistor output OFF (high) when the Hall signal is reduced to less than 75% of the operate gauss.


Target Design


The optimum sensor performance is dependent on the following variables to be considered in combination:


• Target material, geometry, and speed


• Sensor/target air gap


• Ambient temperature


• Magnetic material in close proximity to the sensor and target


Figures 5-30, 5-31, and 5-32 show some of the typical tradeoffs involved with these variables. The operate point is defined
as the distance from the leading edge of a tooth to the mechanical center of the sensor where the output changes from a high
to a low voltage state. It is expressed in angular degrees.


Figure 5-30 Operate Point vs. Tem-
perature Figure 5-31 Operate Point vs. Air Gap Figure 5-32 Operate Point vs. Target


Speed


Figure 5-29 Sensor output (with pull-up resistor
added to output circuit)
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The following information will help in the design of a new target toothed
wheel or to evaluate an existing target. The target should be made from a
good magnetic material with less than 25 gauss residual magnetization.
Cold rolled steels (1010-1018) are ideal. Other soft magnetic materials
such as 430 stainless steel or sintered powdered metals may be used with
a change in operating characteristics of less than 5%.


It is important to maximize the amount of magnetic flux available to the
sensor; this will optimize the sensor’s performance. See Figure 5-33 for
target geometry. Increasing the tooth spacing width and the tooth height
up to a certain point will maximize sensor performance. Increasing these
dimensions beyond that will have little effect on the sensor.


A signature pulse can be used to indicate specific angular positions.
There are two ways to provide a signature pulse: wide tooth and wide
slot. Wide tooth is the simplest method. It is achieved by filling in the
space between two or more teeth to make one large tooth. The advantage
of this method is the spacing between the remaining teeth is uniform,
insuring optimum performance.


The second method, wide slot, also achieves excellent results. A re-
quirement for good target performance is that the magnetic level of the
spaces between the teeth of the target be approximately the same. This can easily be done by decreasing the depth of the
signature space to give it magnetic characteristics that are similar to those of the normal spaces. When this is done, the tar-
get performance will be the same as if the target had uniform spacing widths.


Target speed is the most critical detecting both the leading and trailing edge of a tooth. Gear tooth sensors can provide con-
sistent indication of one or both edges. To achieve the highest accuracy and stability in such applications as speed sensing
and counting, detection of the leading edge (operate point) is the most accurate.


At very low speeds, the output can change state due to time out (output goes high) prior to the trailing edge of the target
passing the sensor. The time out is because of capacitive coupling of the feedback circuit on the IC and can vary with target
geometry, air gap, and target speed. The output affects only the trailing edge (release point).


Summary


In this chapter, the principles and specifications of Hall effect based sensors have been examined. In conjunction with the
information presented in Chapter 4, the techniques necessary to apply sensors have been established. The next chapter
brings together the information in this and previous chapters and demonstrates how it is applied.


Figure 5-33 Target Geometry
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Hall effect sensing devices can be used to sense many physical parameters, ranging from the direct measurement of a mag-
netic field to the detection of ocean currents. Although these applications vary in nature, the same design approach can be
used. The beginning of this chapter addresses general design strategies. It begins with a requirement to sense some quantity
through a fundamental concept.


The remainder of the chapter covers Hall effect as the particular technology used. It describes the various design phase ap-
proaches, procedures, alternatives and the factors to be considered when designing sensing devices using the Hall effect.
The Hall sensor’s input, output and magnetic characteristics are brought together and defined.


Using this chapter, a designer can choose the internal components (Hall effect sensor, magnetic system and the input and
output interfaces) from manufacturer’s data sheets or catalogs to provide the required electrical signal from the sensed
quantity. This chapter, together with the next, Application Concepts, forms the basis for sensing device design.


General sensing device design


Figure 6-1 illustrates the procedure for designing sensing devices using any
sensing technology.


The first step in any sensing device design is to define what is to be sensed. The
identification of the physical parameter (quantity) to be sensed is not always
obvious. Measuring the rotation of an impeller blade is one approach to building
a flow meter. In this case, it would be easy to assume what is to be sensed is the
rotation of the impeller blade. In fact, fluid flow is the desired quantity to be
sensed. The limiting identification of the impeller blade motion as the parameter
to be sensed, reduces the possible design approaches and available technologies
open to the designer.


In most cases, several methods of sensing a physical parameter can be identified.
Each of these methods will consist of a conceptual approach with an associated
technology. The conceptual approach describes how the sensing function might
be implemented without considering the engineering details and component
specifications. At this level of detail, some conceptual approaches can be imme-
diately eliminated on the basis of cost, complexity, etc. Take, for example, a
simple motor tachometer application. Although a laser-gyro could be used to
sense rotary motion, it would be immediately removed from consideration be-
cause it is much too complicated for the design objective.


Define
“what is to
be sensed”


Determine
conceptual
approaches


Define promising
fundamental concepts


Evaluate fundamental
and choose the best


Design
Sensor


Figure 6-1 General sensing device
design approach
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It is important that the designer not limit the method of sensing a physical pa-
rameter to the obvious. Physical parameters can often be sensed using indirect
methods. As an example, the requirement to sense temperature changes. An ob-
vious approach would be to use a thermocouple since it is a temperature sensor.
An alternate method of sensing temperature is shown in Figure 6-2.


In this example, an increase and/or decrease in temperature causes the bellows to
expand or contract, moving the attached magnet. The corresponding change in
magnetic field is sensed by the Hall effect sensing device. The end result is con-
version of the temperature input to a measurable electrical field.


Once the most promising sensing techniques are identified, a decision must be
made as to the concept which will be followed. In order to make this decision,
the conceptual approach must be expanded into a fundamental concept (Figure 6-
1). A fundamental concept includes the identification of input and output re-
quirements, the major sensing device components, and the application
requirements. With all requirements at hand, the resulting fundamental concept
can be analyzed. The result of this analysis will be the choice of a concept for
further development.


Consider a simple motor-tachometer application where each
rotation of the motor shaft is to be detected. Two conceptual
approaches are shown in Figures 6-3 and 6-4. The approach
shown in Figure 6-3 consists of a ring magnet on the motor
shaft and a radially-mounted digital output Hall effect sensor.
As the ring magnet rotates with the motor, its south pole passes
the sensing face of the Hall sensor with each revolution. The
sensor is actuated when the south pole approaches the sensor
and deactuated when the south pole moves away (see Chapter 3
for details). Thus, a single digital pulse will be produced for
each revolution.


The conceptual approach shown in Figure 6-4 consists of a vane
on the motor shaft with a phototransistor and LED pair mounted
parallel to the shaft. As the vane rotates with the motor, the cut-
out in the vane passes between the LED and the phototransis-
tor, allowing light to pass. The phototransistor is turned ON
for each rotation. Again, one pulse will be produced per
revolution.


The details given in the two previous examples are insufficient
to determine which one to develop. Input and output require-
ments must be considered. For example, what are the
electrical characteristics of the output pulse required for the
application (current, voltage, rise time, fall time, etc.)? The
major components in the sensing device must be identified. If
the required electrical characteristics are not met at the output
of the phototransistor, what additional circuitry is required?
The environmental requirements must also be identified. For
example, if the sensing device is to be used in oil laden air, the
optical approach would be discarded.


There are no universal step-by-step procedures that can be followed in the selection of a particular fundamental concept.
Engineering judgment must be used. The strengths and weaknesses of each approach must be weighed. The features and


Figure 6-2 Hall effect based tempera-
ture sensor


Figure 6-3 Hall effect conceptual approach


Figure 6-4 Optoelectronic conceptual approach
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benefits of each technology must be evaluated with respect to the application. During the process of making tradeoffs, it is
important that all key information be considered. Among the key considerations are:


• Overall cost


• Volume producibility


• Component availability


• Complexity


• Tolerance of part-to-part variations


• Compatibility with other system components


• Reliability


• Repeatability


• Maintainability


• Environmental constraints


MICRO SWITCH sensor products include complete position sensors, non-contact solid-state switches and current sensors.
If one of these products fits the desired application, it will be the most cost-effective solution.


Although several of these considerations cannot be quantified until a detailed design is completed. they must, nevertheless,
be weighed at this point.


Once a fundamental concept has been chosen, the detail sensing device design can begin. The remainder of this chapter will
be devoted to the detailed design of sensing devices for which the fundamental concept includes a discrete Hall effect sen-
sor or a sensor combined with a magnetic system in a single package.


Design of Hall effect based sensing devices


Figure 6-5 illustrates the functional blocks that must be considered when design-
ing Hall effect based sensing devices.


The design of any Hall effect based sensing device requires a magnetic system
capable of responding to the physical parameter sensed through the action of the
input interface. The input interface may be mechanical (most sensing devices) or
electrical (current sensing devices). The Hall effect sensor senses the magnetic
field and produces an electrical signal. The output interface converts this electrical
signal to one that meets the requirements of the system (application).


The objective of the design phase is to define each of the four blocks that com-
prise the sensing device in Figure 6-5. Then determine all the components and
specifications, mounting, interfacing and interconnection of these blocks with
each other and with the system.


Not every Hall effect based sensing device requires all four functional blocks. A
magnetic field sensor, for example, does not require a magnetic system or input
interface. Other sensing devices have the magnetic system already designed and
integrated into a package with the sensor chip. The design phase is somewhat
simplified for these cases, but the objective is still the same.


The design phase begins with the fundamental concept chosen. Next, the detail configuration, specification and require-
ments for the application are defined. This is the system definition phase. Initial configurations and specifications for the
sensing device are determined. Discrete sensing devices and sensing device packages will be treated separately, beginning
with the concept definition. The final phase is detailed design. The approach to detailed design is broken into digital and
linear.
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System definition


Once the fundamental concept has been chosen, system definition begins. System definition
is the process in which detailed information is gathered about the application. This infor-
mation includes configuration, specifications, and requirements of the application as they
relate to the sensing device. Figure 6-6 shows the major steps in system definition.


First, the sensor input characteristics must be defined. These include:


• Range of input values


• Minimum and maximum rate of change of input values


• Factors which affect the input values such as time,
temperature, etc.


• Safety factors


• Error sources


• System tolerances as they affect the input


• Environmental conditions


Next, the sensing device output requirements must be defined. These include:


• Electrical characteristics . . . current, voltage, etc.


• Output . . . logic level, pulse train, sum of pulses, etc.


• Definition of logic levels . . what voltage represents a logic 1


• Requirement for NPN (current sinking) or PNP (current sourcing) output


• Output level when sensing device is OFF


• Type of load . . . resistive, inductive, etc.


• Type of interconnection between the sensing device and the system, including 
ength of cable, connector type, etc.


• System characteristics and constraints must also be defined. These include:


• Location of sensing device


• Space available for the sensing device


• Weight limitations


• Available power supplies for the sensing device


• Basic sensing device requirements including accuracy, repeatability, resolution, etc.


The preceding lists of defined characteristics do not include all possible factors to be included in the system definition. Nor
do all sensing device designs require that all these factors be considered. They are included here to indicate the scope of
system definition.


The end result of system definition is to generate complete specifications for the sensing device.


Concept definition . . .Discrete sensing devices


Concept definition is the process where the initial configuration and specifications for the Hall effect based sensing device
are determined. The specifications are analyzed and the internal components (Hall sensing device, magnetic system, input
and output interfaces) are chosen based on manufacturer’s catalog data.
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Figure 6-7 shows the principal steps in concept
definition for sensing systems which are actuated
by a magnet.


The first step in concept definition is to determine
the sensing device component specifications. These
include:


• The minimum and maximum gap
between the magnet and the Hall effect 
sensor


• The limits of magnet travel


• Special requirements for the magnet such 
as high coercive force due to adverse 
magnetic fields in the system


• Mechanical linkages (if required)


• Sensor output type . . . NPN or PNP


• Operating temperature range


• Storage temperature range


• Various input/output specifications from 
the system specification


The next step is to choose the magnetic mode, magnet, Hall effect sensor, and functional interface. These four items are
shown in parallel (Figure 6-7) because the choices cannot be made independently. The required magnet strength is depend-
ent on the gap and the limits of magnet travel (magnetic mode). The sensor is dependent on the strength of the magnetic
field and therefore, on the magnetic mode and the magnet chosen. The functional interface is dependent on the sensor out-
put type and electrical characteristics.


In order to assure that the characteristics of these four items are compatible, the designer must have an idea of the type of
characteristics to be expected and the available components. Chapter 3 should be consulted for basic magnet information,
as well as description of the most common modes. Appendices B and C contain additional magnet application data, in-
cluding plots of gauss versus distance for various magnets. Chapter 2 describes Hall effect sensing devices, their power
supply characteristics and transfer functions. Chapter 4 should be consulted for output characteristics and various inter-
faces. With this background, the designer can analyze catalog data and make an initial choice of a magnet, sensor and a
functional interface. This choice will give a set of parameters upon which design trade-offs can be performed and detailed
sensing device design can be initiated.


Digital output Hall effect based sensing devices


Design approach . . . Non-precision applications


In non-precision applications, the exact point of actuation is not a major consideration. Accuracy of these sensing devices is
a function of reliability and large tolerances are acceptable for the operate and release points. A good design assures reliable
operation under the following conditions:


• Unit-to-unit variations (as sensor components)
• Temperature extremes
• Power supply variations
• Electromagnetic interference (EMI)
• Ferrous material in the system
• Manufacturing and assembly tolerances
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The design procedure for non-precision type sensing devices is
illustrated in Figure 6-8. The concept definition previously deter-
mined is the basis for the design.


 The first step is to develop the input interface (a concept for the
input interface was determined by the fundamental concept, Fig-
ure 6-1). In this step, the detailed design and layout of the input
interface is developed. For a simple position sensor, this may in-
volve only the mounting and adjustment of the magnet and the
basic Hall effect sensor. More complex applications may require
the design of mechanical linkages, gearing, bellows, or cams that
control the motion of the magnet.


Design of the input interface requires attention be given to good
mechanical design practices. Consideration should be given to:


• Mounting magnets, pole pieces, Hall effect sensing devices, 
and flux concentrators


• Positioning and adjustments that may be required at assembly


• End play and run-out in rotary systems


• Thermal expansion characteristics where temperature


extremes are encountered


• Tolerance build-up


The next step is to develop the output interface. In many applica-
tions, the output interface will be quite simple, consisting of a
single pull-down or pull-up resistor. Other applications may re-
quire an electronic circuit be designed, for example, where the
Hall effect sensor output must be buffered.


In Chapter 4, the electrical characteristics of Hall effect sensing
devices are discussed and common output interfaces are examined
in detail. When high electrical noise is present or when long electrical cables are used to connect the sensing device to the
system, special attention should be given to potential noise problems. Standard reference books on electronic design, digital
design or noise reductions techniques may be consulted to supplement the information in Chapter 4.


An initial design for all of the basic components of the sensing device is now available: the input interface, the magnetic
system, the Hall sensor, and the output interface. The next step is to breadboard the sensing device, based on this initial
design. The breadboard sensing device is a mock-up for making fine adjustments, minor modifications, or in some cases,
major design changes.


Once the breadboard sensing device has been built, a decision must be made as to the need for accurate magnetic system
curves. The magnetic system will present a range of flux density values to the sensing device as a function of the sensing
device input. In the operate state, the maximum flux density of the magnetic system must exceed the maximum operate
level for the Hall sensing device. Similiarly, for a release condition, the magnetic system’s minimum flux density must be
less than the minimum release under the worse case conditions.


 The excess flux density available for actuation is referred to as a guardband. A guardband of at least 100 gauss is desirable
for non-precision applications. If the data used to design the magnetic system was not adequate to assure this guardband,
then magnetic system data must be taken and magnetic curves plotted. Refer to Chapter 3, Magnetic Considerations and
Appendix C for plots of gauss versus distance for various magnets.


A Hall element can be used to measure gauss versus distance. This can be used to measure the response of the magnetic
system to the sensor inputs. From the resulting magnetic curves and sensing device specifications, the guardband can be
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determined. If the guardband is inadequate, the design must be modified and new magnetic curves plotted. This is a repeti-
tive process and continues until an adequate guardband is obtained.


If sensing device modifi-
cations are required to
increase the guardband,
refer to Figure 6-9.


Two approaches are
available: the sensing
device’s sensitivity and/or
the magnetic system field
strength can be increased.


The sensing device’s sen-
sitivity can be increased
by either selecting a
sensing device with a
lower operate gauss level,
if available.


The field strength of the
magnetic system can be increased in a number of ways:


• The magnet can be replaced by one with a greater flux density


• Pole pieces can be added to concentrate the flux in the sensing area


• The gap between the magnet and the sensor can be decreased


• Secondary magnets can be added to the system to alter the mode


All of these techniques are discussed in Chapter 3. Note that any of these modifications may require a corresponding modi-
fication to the input interface.


The final step in the design approach for non-precision digital output sensing devices is to integrate the sensor into the sys-
tem and test it to determine that all design objectives have been realized. Sensor integration involves the layout, location
and mounting of all sensor components, interconnections, and electrical wiring. It also includes writing any procedures that
may be required during final assembly. The result of successful testing of the integrated sensor is a finalized sensor design.


Design approach . . . Precision applications


The design approach for precision digital output Hall effect based sensors is similar to the non-precision types (Figure 6-10)
except that the exact point of operation and/or release is a prime consideration. The various design considerations previ-
ously covered apply again.


Reliable operation alone is not sufficient for precision digital type sensors. The operate and release points must be within
specified tolerance limits. Two types of errors that will affect precision operation are:


• Unit-to-unit variations resulting from tolerances on components, manufacturing, and assembly


• Operation variations resulting from temperature changes, voltage transients, etc.


The effect of both of these error sources can be reduced by increasing the sensitivity of the sensing device to its input or
reducing the sensitivity to error sources. Unit-to-unit variations can also be compensated by adjusting the sensor at assem-
bly or by calibration of the completed sensor.


A detailed design procedure for precision digital output sensing devices is illustrated in Figure 6-10.
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The initial steps, concept definition through breadboard device are
the same as those covered by the non-precision types, Figure 6-8. An
additional consideration to the design of the input interface is provi-
sion for adjusting the device to operate at a specified point (if
required).


Once the breadboard sensing device has been built, it is necessary to
measure gauss versus distance between the magnet and the sensor.
Analysis of the resulting magnetic curve will determine the sensitiv-
ity of the device to changes in the sensor’s operate/release
characteristics. A portion of a typical magnetic curve is shown in
Figure 6-11. (Refer to Appendix C for actual curves of gauss versus
distance for various magnets offered by MICRO SWITCH Sensing
and Control.)


To analyze this curve, let G1 be the operate gauss level of the sensor;
the operate position will be d1. If the operate level changes to G2 (due
to unit-to-unit variations in the sensor, temperature change, etc.), then
the operate position will be d2. Thus, a sensor variation of (G1 - G2)
will result in a sensing error (d2 - d1). Note that:


d d
G G


G d
2 1


2 1− = −( )
( / )∆ ∆


      (6-1)


Where:


• ∆G/∆d is the slope of the magnetic curve at G1. A 
steeper slope (larger ∆G/∆d) will result in a smaller 
sensing error.


The sensitivity of the sensing device to changes in the magnetic sys-
tem can be determined by examining the magnetic curve in Figure 6-
12. It shows a portion of a magnetic curve (Curve A) and the same
curve after it has been shifted by a gauss level of ∆G (Curve B).


Figure 6-11 Operate gauss versus distance analysis


|
Figure 6-12 Effect of a shift in operating gauss
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The sensing error, d2 - d1, is given by:


d d
G


G d
2 1− =


( / )∆ ∆


Again, a steeper slope will result in a smaller sensing error. The analysis step involves determining if the slope of the mag-
netic curve is sufficiently steep for the sensor’s operate/release points to meet the tolerance limits of the sensor.


Several modification options are available if the analysis determines the tolerance limits of the sensor have not been met.
One option could be changing the Hall effect sensor to one with different operate/release points so it will operate on a dif-
ferent portion of the magnetic curve. The magnetic curve itself can be changed by modifying the magnetic system. The
methods shown for modifying the magnetic system are discussed in Chapter 3. A third alternative is to individually cali-
brate each sensor after assembly. Any of these changes may require a corresponding change to the input interface.


The final step in the design procedure (Figure 6-10) is to integrate the sensing device into the system and test to determine
that all design objectives are met. Successful testing of the sensing device into the system completes the design.


Linear output Hall effect based sensing de-
vices


Design approach . . . Linear output sensors


The design approach for linear output Hall effect based sen-
sors is similar to the digital output sensors previously
covered. However, linear output sensors require a range of
inputs to be considered, rather than a single operate/release
point. The sensor response over the entire range of inputs
must meet specifications.


A general procedure for designing linear output Hall effect
based sensors is illustrated in Figure 6-13.


The initial steps, concept definition through breadboard
sensor, are the same as previously discussed for digital out-
put sensors. Additional considerations include:


• Transfer function


• Resolution and accuracy


• Frequency response


• Output conversion . . . e.g. analog to digital


• Output compensation


The overall transfer function for a linear output sensor de-
scribes its output for a given input value. A typical example
of the transfer function for a linear output sensor is illus-
trated in Figure 6-14.
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In Figure 6-14, the sensor’s input is represented by the symbol (X) and the
output (Y). Since the transfer function is linear, it is described by its slope (m)
and the point where it crosses the Y-axis by (b). This graphical representation
of a linear transfer function can be stated as a mathematical equation.


Where:


Y = mX + b (6-2)


In chapter 2, the transfer function of a linear output Hall effect sensor was
expressed as the relationship between magnetic field input and voltage output.
In equation 6-2 (X) represents the magnet field input in gauss and (Y) the output in volts. Also in Chapter 2, the Hall effect
sensor’s transfer function was characterized by sensitivity, null offset and span. In this case, m-slope is the sensitivity and b-
bias is the null offset. Span defines the output range of the Hall effect sensor. This parameter is necessary because the sen-
sor will saturate outside this range and not be linear. In order to include this parameter, equation 6-2 should be written as:


Y = mX + B; Xmin < Xmax (6-3)


When designing linear output Hall effect based sensors, the overall transfer function will depend upon each of the four
functional blocks shown in Figure 6-5. If the transfer functions for each of these functional blocks (input interface and
magnetic system, sensor and output interface) are linear, then their respective transfer function can be represented by:


B = mM • Input + bM; Input(min) < Input < Input (max) (6-4)


VT = mT • B = bT; B(min) < B < B(max) (6-5)


Output = mO • VT + bO; VT(min) < VT < VT(max) (6-6)


Where:


B = Flux density at the sensor


VT = Sensor output voltage


m = Sensitivity (mM • mT • mO


mM = input interface and magnetic system


mT = Hall effect sensor (sensor)


mO = output interface


b = Null offset (bM • bT • bO)


bm = input interface and magnetic system


bT = Hall effect sensor (sensor)


bO = output interface


By substituting for B in equation 6-4 and VT in equation 6-5, the overall linear transfer function can be written as:


Output = mS • Input + bS; Input(min) < Input < Input (max) (6-7)


Where:


mS = mO • mT • mM; overall sensitivity


bS = (mO • mT) bM + (mO • mT) + bO; composite bias


Figure 6-14 Linear transfer function
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Note that the input range in equation 6-7 is valid only if the
input ranges in equations 6-5 and 6-6 are not exceeded. The
input range is not the same as the safe operating range (B
may be increased indefinitely without damage to the sensor).
Rather, it is the range of values for which the transfer func-
tion describes the actual operation (within some tolerance).
An important step in the design process is to assure compati-
bility of the input ranges of the four functional blocks, shown
in Figure 6-5.


In equations 6-4 through 6-7, it was assumed that the transfer
functions for each of the four functional blocks are linear.
Linearity is always an approximation. No device or circuit is
absolutely linear. The magnetic systems described in Chapter
3 were shown to be very non-linear. However, by limiting the
input range to a region that the curve can be approximated by
a straight line, linear transfer functions may be used.


Figure 6-15 illustrates how a portion (from Input(min) to Input(max) of a unipolar slide-by curve might be approximated by a
straight line. It is important to include an analysis of the error that results from this approximation to assure the sensor’s
tolerance limits are not exceeded.


For some applications, the input range cannot be limited to a region for which the magnetic curve can be approximated by a
straight line. For these cases, overall sensor linearity can be achieved by including a complementary non-linearity in the
output interface. Since this process involves sophisticated electronic design, it is not within the scope of this book.


Once the breadboard sensor has been built, two options are available for tuning the sensor to the desired characteristics and
specifications (refer to Figure 6-13). The magnetic system transfer function may be adjusted or modified. This option re-
quires that the gauss versus distance (or current in the case of a current sensor) first be measured. Using the ratiometric
linear Hall effect sensor for this measurement will isolate the characteristics of the magnetic system from those of the Hall
effect sensor. (Refer to Appendix C.)


The second option involves adjusting or modifying the output interface to
achieve the same results. For this option, overall sensor input/output charac-
teristics should be measured. The output interface can then be varied
electronically to compensate for differences between the sensor and its specifi-
cation. It may be necessary to investigate both options in order to complete the
sensor design.


The final step is to integrate the sensor into the system and perform a complete
system test. This step, with successful testing, completes the sensor design.


Design approach . . . Linear current sensors


The design approach for a linear current sensor is similar to the general ap-
proach for linear output sensors, as shown in Figure 6-13. However, the
magnetic system will consist of a soft magnetic core with an air gap and a coil
wrapped around the toroid core, forming an electromagnet (Figure 6-16). A
linear output Hall effect sensor is positioned in the air gap to measure the flux
density at that point.


Figure 6-15 Linear approximation for magnetic curve


Figure 6-16 Simplified linear current
sensor
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Where:


Ia is the length of the air gap in centimeters


Ic is the mean length of the core in centimeters


I (current) is flowing through a coil with N turns


If the air gap is narrow (when compared to the cross sectional area of the core), the flux can be considered to be concen-
trated in the air gap, and the flux density in the core will be equal to that in air. Applying Ampere’s Law results in the
transfer function.


Ba = (6-8)


Where:


Ba is the flux density (gauss) in the air gap


µc is the relative permeability of the core


For simplicity, the equation can be rewritten as


Ba = mM • I


Where:


mM = (6-9)


Note this equation is valid only if the flux density in the core has not reached saturation level. That is:


-Bsat < Ba < Bsat (6-10)


Where:


Bsat is the core saturation flux density


Now consider the linear output Hall effect sensor described in Chapter 2 with a transfer function:


VT = mT • B + bT; -400 < B < +400 (6-11)


Where:


mT = 6.25 • 10-4 • VS (6-12)


bT = 0.5 • VS (6-13)


VS = the supply voltage to the Hall effect sensor


The two transfer functions (equations 6-8 and 6-10) can be combined to give the overall sensor transfer function:


VO = (mT • mM) • I + bT (6-14)


Design of the current sensor then involves:


Choosing a core such that Bsat is much greater than 400 gauss


Choosing Ia and N so that mM • Imax < 400 gauss and mM • Imin < -400 gauss


Choosing VS so that mT • mM yields the desired overall sensitivity if no output signal conditioning (output interface) is to be
used


0.4ΠµcNI
Ic + µcIa


0.4Πµc• N
Ic + µcIa
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Other design factors must be considered when designing current sensors. The thermal dissipation of the coil and its inser-
tion loss must be considered when choosing the wire size and the number of turns. Provision for high overcurrents may
require the air gap be supported by a non-magnetic material to prevent collapse of the gap and core breakage. Output signal
conditioning may be required, such as bias voltage removal, amplification, filtering, etc.


Also, eddy currents are an error source in AC current sensor design and in DC current sensor design when high ramp
speeds from one DC level to another must be measured. Eddy currents are induction currents resulting from the time rate of
change of flux density. The eddy currents, in turn, produce magnetic flux with an opposing polarity. Thus, the net flux den-
sity is reduced. Eddy currents create errors that appear as magnitude errors, time delays (phase lags), and thermal heating
effects. Minimizing eddy currents requires careful choice of core material and the core design.


The final step in the design approach for a current sensor is to integrate it into the system and perform a complete system
test. This step, with successful testing, completes the design.


Sensor packages


Design approach


Designing sensor packages using Hall effect sensors that
include an integral magnetic system is straight forward.
Since the magnetic system and transducer are already com-
bined, no additional magnetic design is required. All that
remains is to select the appropriate assembly along with
determining the required input and output interfaces. Refer
to Chapter 5 for operating principles and specifications for
sensor packages.


The first steps, defining a fundamental concept and deter-
mining the system definition, are identical to sensors using
discrete Hall effect devices. The discussion for designing
sensors using Hall effect transducers (that are combined
with a magnetic system) begins with concept definition. The
principle steps are shown in Figure 6-17.


The sensor specifications were determined during system
definition and are analyzed to determine the required sens-
ing device package, as well as the functional characteristics
and specifications for the input and output interfaces. This
step is a simplification of the corresponding step for dis-
crete sensing devices (Figure 6-7). Chapter 5 should be
reviewed for the characteristics and specifications of sens-
ing device packages. Chapter 4 should be consulted for the
electrical characteristics and output interfaces. With this
background, the designer can make an initial choice of
transducer package and functional interface. This choice will give a set of parameters upon which design trade-offs can be
performed and detailed sensor design can be initiated.
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Design approach . . . Vane operated sensors


The design of sensors based on vane operation involves designing the vane, deter-
mining methods for mounting and adjusting the initial position, and designing the
output interface. Chapter 5 should be reviewed for operational characteristics and
parameters of the vane sensor. The electrical characteristics of vane sensors and
common output interfaces are examined in Chapter 4.


Vane operated position sensors have steep magnetic curves and may be used for pre-
cision and/or non-precision applications. However, these devices are not specified in
terms of their magnetic characteristics, but rather of their operate and release position
and associated tolerances. This manner of specification greatly simplifies the analysis
of accuracy and subsequent design.


One important factor that limits the range of applications is the sensors’ magnetic
attraction to the vane. Since this sensor contains a magnet, and the vane must be
made of ferromagnetic material, there is an attractive force between the two. (As the
vane tooth approaches the sensor, this force pulls the vane toward the sensor. As the
vane tooth leaves the sensor, this force tries to restrain the motion of the vane. While
the vane is in the gap, this force will tend to pull the vane tooth off center.) As a re-
sult a vane operated position sensor should not be used in applications where the
force driving the vane is small or where the vane cannot be mounted rigidly enough
to move through the sensor gap without being pulled off center.


A design procedure for sensors which use a vane is illustrated in Figure 6-18.


With the concept definition as the basis for the design, the first step is to design the
vane. Important considerations are:


• Vane material


• Vane thickness


• Shape of tooth and window


• Dimensions and tolerances


The material used for the vane must be magnetically soft and free of any magnetization. A good choice is low carbon steel
which has been fully annealed. The constraints on vane thickness are discussed in Chapter 5 as is the shape of tooth and
window. The dimensions and tolerances of the vane are subject to the constraints of the sensor and are chosen to meet the
overall accuracy requirements.


The next step is to complete the design of the input interface by defining the mounting for the vane and the sensor. Impor-
tant mounting considerations include:


• Centering of the vane in the gap


• Allowances for end play and run-out (rotary vanes)


• Provisions for initial positioning of the vane relative to the sensor


The output interface must now be designed. The output stage of a vane operated position sensor is identical to that for dis-
crete digital output Hall effect sensing devices. Thus any of the techniques or circuits used for discrete sensors may be
applied.


The final steps are:


• Prototype the sensor (breadboard)


• Integrate the vane, sensor and output interface into the system and test the completed sensor
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Design approach . . . Digital output current sensor


The digital output current sensor is perhaps the simplest to
apply since it is already a complete sensor. Not only has
the design of the magnetic system been eliminated, but
also the design of the input interface. All that remains is to
select the proper current sensor and design the output in-
terface. Chapter 5 should be reviewed for operational
characteristics and common output interfaces are discussed
in Chapter 4.


An important consideration when applying digital output
current sensors is whether AC or DC currents will be de-
tected. As was found in Chapter 5, these sensors are
specified in terms of DC current operate and release char-
acteristics. They may, however, be used to detect AC
currents as well. When the instantaneous AC current ex-
ceeds the operate level, the sensor output will turn ON as
for DC current. Since the instantaneous AC current must
fall to zero at the end of the positive half cycle, the sensor output will turn OFF again during that half cycle. Thus the sensor
output will be a train of pulses for AC currents with a peak value exceeding the operate current level. An interface curcuit
which converts these pulses to a constant level signal is shown in Figure 6-19.


The retriggerable one shot (monostable multivibrator) is a digital device which responds with an output pulse when trig-
gered by an input pulse. The output pulse width (time) is independent of the input pulse, depending only on the values of R2


and C. The retriggerable feature refers to the property that when another input pulse comes before the end of the output
pulse, the output pulse will be extended an additional pulse width without changing state. Thus, if R2 and C are chosen to
give a pulse width slightly longer than the period (1/frequency) of the AC current, the output will remain constant until the
pulses stop. The Q output will give a High (Logic 1) during the pulse train (overcurrent condition) and a Low (Logic 0)
otherwise (normal current condition).


Figure 6-19 shows nominal values of R2 and C for 60 Hz AC current and a 74123 type retriggerable one shot. Manufactur-
ers’ data sheets should be consulted for other frequencies or other types of retriggerable one shots. Chapter 4 should be
reviewed for choosing R1. Design of the output interface completes the design of the digital output current sensors.


Figure 6-19 AC current sensor with logic level sensor
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Summary


This chapter outlined the steps involved in designing sensors based on a Hall effect sensing device. Many design consid-
erations have been included, but others will depend on a particular application.
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Introduction


This chapter presents a variety of customer applications as well as a variety of concept illustrations.  These applications
represent some of the most popular and effective ways of utilizing Hall effect sensing devices.  However, the use of these
products is far from being limited to these illustrations.  In many cases, variations of the concept, may be used in other
applications as well.


The following is a partial list of applications/products where MICRO SWITCH Hall effect sensors have been successfully
applied.


Digital output sensor applications


• RPM/speed detectors (motor control)


• Timing measurement (photographic equipment)


• Ignition timing


• Position sensors (as low as .002” detection)


• Pulse counters (printers, motor drives)


• Valve position sensors


• Joy stick applications


• Door interlocks


• Current sensing (motor control systems)


• Fan/damper detection


• Brushless DC motors


• Tachometer pick-up


• Flow meters (replaces reed switches)


• Relays (replaces elect/mech contacts)


• X/Y & indexing tables


• Proximity detectors


• Security (magnetic card or key entry)


• Banking machines (automatic tellers)


• Telecommunications (on/off hook detector)


• Pressure sensors


• Limit switches


• Lens position sensors


• Paper sensors


• Test equipment


• Shaft position sensors


• Vending machines


• Embossing machines
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Linear output sensor applications


• Current sensing


• Disk drives


• Variable frequency drives


• Motor control protection/indicators


• Power supply protection/sensing


• Position sensing


      • Pressure diaphragms


      • Flow meters


• Damper controls


• Brushless DC motors


• Wiperless/contactless potentiometers


• Encoded switches


• Rotary encoders


• Voltage regulators


• Ferrous metal detectors (biased Hall)


• Vibration sensors


• Magnetic toner density detection


• Tachometers
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Flow rate sensor


Figure 7-1 illustrates a concept that uses a digital output
bipolar sensor and magnets mounted to an impeller to
measure flow rate for a water softener.  In this design, the
softener can be made to automatically recharge on demand,
instead of on a timed basis.  Demand is determined by
measuring the amount of water that has passed through the
softener.  When a certain level is reached, the recharge cycle
begins.


There are various methods for designing Hall effect flow
meters, but the general principle is the same:  each actuation
of the sensor, by a magnet or by shunting the magnetic field,
corresponds to a measured quantity of water.  In the example
shown, the magnetic field  is produced by magnets mounted on
the impeller blade.  The impeller blade is turned by the water
flow.  The sensor produces two outputs per revolution.


Besides the immediate savings derived by the proper usage of
the salt, this approach provides more reliability, and longer life
and the assurance of a continuing supply of softened water.


Sequencing Sensors


Sequencing and/or duration of a number of operations can be
achieved by different kinds of mechanical configurations, as
illustrated by Figure 7-2.  In the first example, Figure 7-2A, a
number of ferrous disks or cams are clamped to a common
shaft.  The disks are rotated in the gaps of Hall effect vane
sensor.  A disk rotating in tandem with its mate is used to
create a binary code which can establish a sequence of
operations.  Programs can be altered by replacing the disks
with others having a different cam ratio.


Operation is stated in terms of the position of the disk located
in the gap with respect to the center line of the sensor.  In the
absence of the disk (a cut-out), flux from the magnet reaches
the digital output sensor and the output is ON.  When the disk
material is in the gap, flux is shunted from the transducer and
the output changes state.


Another approach to establishing a series of events is illustrated by Figure 7-2B.  Ring magnets are mounted on a rotating
shaft.  The outputs from the bipolar sensors can be varied by increasing or decreasing the number of pole-pairs on the ring
magnets.


There are numerous configurations that could accomplish the sequencing/duration task.  The possibilities are endless.


Figure 7-1  Flow rate sensor


Figure 7-2A  Cam-operated vane sensors


Figure 7-2B  Ring magnet operated sensors
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Proximity sensors


Figure 7-3 illustrates two concepts for developing a proximity
sensor that can be used for accurate positioning.  In the first
example, Figure 7-3A, four digital output unipolar sensors are
threaded into an aluminum housing and actuated individually by
four magnetic actuators.


In use, event signals are generated by the sensors which
represent distances measured from a reference surface.  These
signals define the acceptable dimensional limits between which
the item under test must generate electrical pulses.  In a known
application, each of the sensors has accumulated at least 8
million operate/release cycles per month and is still operating,
without replacement or maintenance.


In the second example, Figure 7-3B, four digital output bipolar
sensors are actuated by one magnet mounted on a rod.
Applications using this concept can achieve linear positioning
accuracy of .002”.  Sensing various lens locations for photo-
processing equipment is an ideal application for this concept.  It
could also be used to sense the precise location of a moving
table for a 35mm slide mounter.


Office machine sensors


Office machines are being designed that operate more reliably
than ever before.  Copiers, fax machines, computer printers -
anything in the office with moving parts.


Figure 7-4 illustrates a concept using a mechanically operated
Hall effect switch to detect paper flow.  Advantages of this
approach include:  no contacts to become gummy or corroded;
very low force operation; extremely long life and direct
interface with logic circuitry.


Figure 7-3A  Proximity sensors


Figure 7-3B  Proximity sensors


Figure 7-4  Paper detection sensor
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Linear output sensor concepts


Linear output Hall effect sensors can
provide mechanical and electrical
designers with significant position and
current sensing capabilities.  These
sensors combine a Hall effect integrated
circuit chip with the state-of-the-art thick
film technology.  Linear output sensors
can be used in a wide variety of sensor
applications.  Position sensing of cams,
shafts, floats and levers, temperature
sensing, current sensing, and circuit fault
detection are just a few of the many
possible applications.


The output voltage of a linear sensor as a
function of magnetic field (from a permanent
magnet or an electromagnet) is linear, while the
output voltage as a function of distance may be
quite non-linear.  Several methods of
converting the voltage output of a linear sensor
to one which compensates for the non-linearity
of the magnetics as a function of distance are
possible.  One method of obtaining a linear
relationship between distance and gauss is shown in
Figure 7-5.  This involves converting the analog output to
digital form.  The digital data is fed to a microprocessor
which linearizes the output through a ROM look-up table,
or transfer function computation techniques.


Figure 7-6 diagrams a second method which involves
implementing an analog circuit which has the necessary
transfer function, to linearize the sensor’s output.


Adjustable current sensor


Figure 7-7 illustrates a concept approach for an adjustable
trip point current sensor used in welding equipment.  In
this example a toroid core and linear output sensor are
combined with a remotely located voltage comparator to
produce a precision digital output.  The sensor’s operate
point could be made to vary by less than 20 gauss over the entire temperature range.  Thus, a very accurate current sensor
with high repeatability over a wide temperature range can be achieved without designing a complex magnetic system.
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Figure 7-5  Microprocessor linearization
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SENSOR


OP
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CIRCUIT
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Figure 7-6  Analog linearization


Figure 7-7  Adjustable current sensor
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Linear feedback sensor


Linear output sensors have many possible
applications where monitoring and linear feedback is
needed for analog control systems.  A typical
application is in a mechanical system where position
is controlled by an input voltage, or current sensing in
a regulated current power supply.  This concept is
illustrated in Figure 7-8, where the position of the
magnet carrier is automatically adjusted to correspond
to the potentiometer setting.


Automated heating, ventilating, and air conditioning
(HVAC), and process control are areas where sensors
using the principles shown in Figure 7-8 can be used.
By mounting a magnet in a valve actuator or damper,
exact position can be determined.


Multiple position sensor


Figure 7-9 illustrates how several positions or current
levels can be sensed by using several voltage
comparators with a linear output sensor.  This allows
convenient indexing of a mechanical device or current
detection of several levels, such as normal current,
slight overload, and short circuit.  The position sensor
shown in Figure 7-9 has three digital outputs, each
indicating a different position of the magnet.  A sensor
of this type could be used in robot control to initiate a
move fast, slow down, and stop command.


Figure 7-8  Linear feedback sensor for analog control systems


Figure 7-9  Multiple position sensor
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Microprocessor controlled sensor


Figure 7-10 illustrates a concept that combines a
digital-to-analog converter and a voltage
comparator with a linear output sensor to
produce a programmable digital output sensor.
A distinct advantage of this approach is that the
sensor does not require constant monitoring by
the microprocessor.  Using data latches in the
D/A converter, the microprocessor presets the
value where an operation is to take place, then
continues with other processing until the
sensor/voltage comparator combination signals
the microprocessor through the interrupt mode.


Sensors using this principle can be used in
motor current monitoring.  The monitor checks
for overload, undercurrent, and phase failure, all
under microprocessor control.  The microprocessor allows
programming of desired operate current levels and time delays.
This approach allows operation over a wide dynamic range of
currents without changing components such as heater elements,
shunts, or current transformers.


Anti-skid sensor


Figure 7-11 shows a possible solution for controlling the braking
force of a wheel so that it doesn’t lock-up.  A biased Hall effect
sensor is used.  The sensor is positioned to sense an internal tooth
gear.  The gear could be the disk brake hub.


The reaction time of the braking system will determine the
frequency of the signal as a function of wheel revolution.


Door interlock and ignition sensor


Figure 7-12 illustrates a concept approach that uses a
digital output bipolar sensor to provide a signal that
energizes the inside courtesy lights to provide an
extra measure of safety.


A sensor is positioned so that a magnet rotates by it
when the key is turned  in the door lock.  Ice, water
and other problems associated with adverse
environmental conditions are eliminated.  This
approach could also serve as an electrical interlock
for the ignition system.


Figure 7-10  Microprocessor controlled sensor


Figure 7-11  Anti-skid sensor


Figure 7-12  Door interlock sensor







Chapter 7 • Application Examples


68     Honeywell • MICRO SWITCH Sensing and Control          For application help: call 1-800-537-6945


Transmission mounted speed sensor


Figure 7-13 illustrates a simple concept approach for designing a transmission speed sensor.
A digital output bipolar sensor is actuated by sensing the magnetic field created by a
rotating ring magnet driven by the speedometer output shaft.  The frequency of the output
signal is proportional to speed.  Advantages of this approach are:  the output signal is not
affected by changes in speed, fast response, long life and high system reliability.


Crankshaft position or speed sensor


A temperature compensated -40°C to +150°C (-40°F to 302°F) vane operated sensor is
mounted in the damper hub lip, as illustrated in Figure 7-14.  The frequency of the output
signal will be proportional to the speed of the crankshaft, even down to zero speed.  Since
the magnetic field is being interrupted, vibration, eccentricity and end play tolerance have
little effect on the output signal.  Notches in the lip can be used as timing marks to indicate
the position of the crankshaft.  Direct interfacing of the sensor to the on-board
microprocessor adds additional reliability to the system.


Distributor mounted ignition sensor


Figure 7-15 illustrated how the points in the distributor can be replaced by a
vane operated sensor.  A cup-shaped vane, with as many teeth as there are
engine cylinders passes through a digital output vane sensor.  The resultant
logic level pulses trigger ignition system firing without the use of points.
The major advantages of this approach are low speed operation (output
signal not affected by changes in speed), fast response, simplified system
design and high system reliability.  Automotive ignition systems are one of
the toughest applications with a temperature range of -40°C to 150°C and
4.5 to 24 VDC voltage range.


Figure 7-13  Speed sensor


Figure 7-14  Speed sensor


Figure 7-15  Ignition system sensor
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Level/tilt measurement sensor


A digital output unipolar sensor can be installed in the base of a
machine with a magnet mounted in a pendulum fashion as
illustrated in Figure 7-16.  As long as the magnet remains
directly over the sensor, the machine is level.  A change in state
of the output as the magnet swings away from the sensor is
indication that the machine is not level.  A linear output
sensor/magnet combination could also be installed in such a
manner as to indicate degree of tilt.


Brushless DC motor sensors


Brushless DC motors differ from conventional DC motors in
that they employ electronic (rather than mechanical)
commutation of the windings.  Figure 7-17 illustrates how this
electronic commutation can be performed by three digital
output bipolar sensors.  Permanent magnet materials mounted
on the rotor shaft operate the sensors.  The sensors sense the
angular position of the shaft and feed this information to a logic
circuit.  The logic circuit encodes this information and controls
switches in a drive circuit.  Appropriate windings, as
determined by the rotor position, are magnetic field generated
by the windings rotates in relation to the shaft position.  This
reacts with the field of the rotor’s permanent magnets and
develops the required torque.


Since no slip rings or brushes are used for commutation;
friction, power loss through carbon build-up and electrical
noise are eliminated.  Also, electronic commutation offers
greater flexibility, with respect to direct interface with digital
commands.


The long maintenance-free life offered by brushless motors
makes them suitable for applications such as; portable medical
equipment (kidney dialysis pumps, blood processing
equipment, heart pumps), ventilation blowers for aircraft and
marine submersible applications.


Figure 7-16  Level/tilt sensor


Figure 7-17  Brushless DC motor sensors
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RPM sensors


The RPM sensor is one of the most common applications for a Hall effect
sensor.  The magnetic flux required to operate the sensor may be furnished
by individual magnets mounted on the shaft or hub or by a ring magnet.
Figure 7-18 illustrates some basic concepts for designing RPM sensors.


Most of the RPM sensor functions listed below can be accomplished using
either a digital or linear output sensor.  The choice depends on the
application’s output requirements.


• Speed control


• Control of motor timing


• Zero speed detection


• Tape rotation


• Under or overspeed detection


• Disk speed detection


• Automobile or tractor transmission controller


• Fan movement


• Shaft rotation counter


• Bottle counting


• Radical position indication


• Drilling machines


• Linear or rotary positioning


• Camera shutter position


• Rotary position sensing


• Flow-rate meter


• Tachometer pick-ups


Remote conveyor sensing


Figure 7-19 illustrates a simple solution for keeping tabs
on a remote conveyor operation.  A digital output unipolar
sensor is mounted to the frame of the conveyor.  A magnet
mounted on the tail pulley revolves past the sensor to
produce one output per revolution.  This output can be
used to provide an intermittent visual or audible signal at a
remote location to assure that all is well.  Any shutdown of
the conveyor will interfere with the normal signal and alert
operators of trouble.  With no physical contact, levers or
linkages, the sensor can be installed and forgotten.


Figure 7-18 Basic RPM sensors


Figure 7-19  Remote conveyor sensing
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Remote reading sensor


A digital output bipolar sensor actuated by a rotating ring
magnet or interrupting the flux field in a vane sensor can
initiate almost any action.  Figure 7-20 illustrates two concept
approaches for a remote reading sensor.


Self service gas stations have created a demand for pumps with
remote reading capabilities.  Every ON/OFF operation of the
sensor could correspond to .1 gallon.  Another approach could
use a vane switch interrupted by an impeller blade.  Once again
each operation of the sensor could correspond to a measured
amount.


The mechanical mechanism in a utility meter can be replaced
with a ring magnet and bipolar sensor to provide a pulse output.
These pulses are counted electronically to determine power
usage.  The reading is stored in a transponder and data fed to a
master computer by telephone lines.  Working through the
telephone company, this system can extract meter readings,
analyze usage and control high-energy-using appliances (such
as air conditioners) by shutting them off during peak usage
periods.


The small size, exceptional long life, logic compatibility and
non-contacting operation of the sensor are ideal for applications of this type.


Current sensors


Linear output Hall effect sensors can be used to sense currents ranging
from 250 milliamperes to thousands of amperes.  The isolated (no passive
connection required) analog voltage produced by the sensor can be
modified by adding amplifiers or comparators to achieve digital outputs,
level shifting, temperature compensation, gain changes or other desired
parameters.  Linear sensors offer both high frequency response (AC) and
DC measurements.  When a linear sensor is positioned near a current
carrying conductor, the output voltage developed is proportional to the
magnitude of the field surrounding the conductor.  Since the field
magnitude at a particular point is proportional to the current level.


The simplest current sensor configuration consists of a linear output
sensor mounted near a conductor as illustrated in Figure 7-21.  This type
of configuration is usually used to measure relatively large current surges
around high voltage lines or equipment found in electrical power plants.


The sensitivity of the simple current sensing system shown in Figure 7-21 can be increased by adding a flux concentrator
(refer to chapter 3) to the sensor.  With the addition of a flux concentrator, these sensors can be used to check over or under
speed, overload (current surges), undercurrent and phase failure for large motors or generators.


Figure 7-20  Remote reading sensor


Figure 7-21  Simple current sensor
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Figure 7-22 illustrates an even more sensitive current sensor
system.  This approach consists of a torroid core with a linear
sensor positioned in the gap.  The core encloses the sensor and
acts as an additional flux concentrator.  These sensors are able to
measure currents from 250 milliamperes to approximately 1000
amperes.


Selecting the core material for the toroid requires some care.
For example, cold rolled steel has high remanence. The magnetic
induction remains after removal of the applied magnetomotive
force, therefore, this would be a poor choice.  Ferrite materials,
silicon steels, or permally are logical choices because of high
permeability and low remanence.  Your final choice must be
based on actual testing in the application.  Values of residual
induction given by the materials suppliers are usually for a
closed magnetic loop.  Current sensors requires large air gaps,
therefore, application characteristics should be measured.  The residual induction values given by suppliers do, however,
provide relative indications for material comparison.


Coil position on the toroid core is not critical.  The wire used should be capable of carrying the maximum current
continuously.  The maximum wire gage provides minimum voltage drop.  Count the number of turns as the number in the
center of the core.


Current sensors using toroids are useful in systems which require a broad dynamic range, no series resistance and a linear
measure of current.  An additional benefit is that the sensor can provide isolation from two dissimiliar power supplies as
might be found in such applications as motor controls with current feedback.


Flow rate sensor


Figure 7-23 illustrates a concept design for a flow
meter using a biased linear output sensor.  As the
flow rate through the chamber increases, a spring
loaded paddle turns a threaded shaft.  As the shaft
turns, it raises a magnetic assembly that actuates
the sensor.  When flow rate decreases, the coil
spring causes the assembly to lower thus reducing
the output voltage of the sensor.


The magnetics and screw assembly are designed
to provide a linear relationship between the
measured quantity, flow rate, and the output
voltage of the sensor.


If only critical flow is important, the magnetics can be modified to use the bipolar slide-by mode.  Using bipolar slide-by, a
high resolution measure of flow rate can be achieved at a critical level.


Figure 7-22  Low level current sensor


Figure 7-23  Flow rate sensor
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Piston detection sensor


Figure 7-24 illustrates two possible solutions for
detecting position of the piston in a high-pressure
non-ferrous cylinder.  In the first example, Figure 7-
24A, plastic form ring magnets are implanted in the
grooves of the piston.  Three linear output sensors are
mounted on the outside of the cylinder to detect top
and bottom stroke and indicate mid position for the
analog control system.  An advantage of this
approach is; since the magnets need no external
power, they can be sealed inside the cylinder.


In the second approach, Figure 7-24B, the piston is
made of ferrous material (cylinder non-ferrous).
Once again three linear output sensors are mounted
on the outside of the cylinder.  In this case bias
magnets are used to “fine tune” the characteristics of
the magnetic system.   In operation, whenever the
ferrous piston passes by the sensing face of the
sensor, it acts like a flux concentrator to increase the
field detected.


Advantages of both approaches include; small size of
sensors, no external power for the magnets,
temperature range of -40°C to +150°C (-40°F to
+302°F) and the ability to operate in contaminated
environments.


Temperature or pressure sensor


The properties of a linear output sensor allow quantities other than
position and current to be sensed.  When a linear sensor is combined with
appropriate magnetics, it can be used to measure temperature or pressure.
Figure 7-25 illustrates this concept.


In pressure sensing, a magnetic assembly is attached to a bellows
assembly.  As the bellows expands and contracts, the magnetic assembly
is moved.  If the sensor is placed in close proximity to the assembly, an
output voltage proportional to pressure input can be achieved.


Temperature measurement works similarly to pressure, except that a gas
with a known thermal expansion characteristic is sealed inside the
bellows assembly.  As the chamber is heated, the gas expands causing a
voltage from the sensor that is proportional to the temperature.


Figure 7-24  Piston detector sensors


Figure 7-25  Temperature or pressure
sensor
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Magnetic card reader


A door interlock security system can be designed using a
linear output sensor, magnetic card and a microprocessor
linearization circuit as illustrated in Figure 7-26.    In this
example the card slides-by the sensor producing an output.
This analog signal is converted to digital, to provide a crisp
signal to operate the relay.  When the relay’s solenoid pulls-in,
the door can be opened.


For systems that require additional security measures, a series
of magnet can be molded into the card.  A constant speed
motor-driven tray slides this multi-coded card past the sensor
or an array of linear output sensors, generating a series of
pulses.  These pulses are addressed to a decoding unit that
outputs a signal when the correct frequency is present.  Or it
could generate a multi bit encoded function, that allows entry
to selected units.


Computer systems and banking terminals are ideal
applications for this concept.


Figure 7-26  Magnetic card reader
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Throttle angle sensor


Figure 7-27 illustrates a concept that uses a linear output
sensor to provide a signal proportional to the angular
position of the throttle butterfly valve.  The arm of the
throttle is contoured to provide the desired non-linear
characteristics.  The magnet is mounted on the choke
lever.


Figure 7-27  Throttle angle sensor
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Automotive sensors


Figure 7-29 suggests many concepts
where Hall effect sensors can be
applied as monitoring, positioning or
safety feedback devices for the
automotive market.  Both digital and
linear output sensors are used in such
applications as:  flow meters, current
sensors, position sensors, interlocks,
pressure sensors, RPM sensors, etc.


Shift Lever Position
• Probe Sensors


Traction Control


• Magnetic
  Wheel Speed Sensors


Accelerator/Throttle Position
• Rotary Hall Effect Sensors


Ignition/Dwell Angle Control
• Vane Switches (Distributor)
• Probe Sensors (Camshaft)
• Probe Sensors (Crankshaft)


Power Windows


Power Seat
Controls


Transmission Sensors


Power Sun Roof


Power Mirrors


Figure 7-29  Automotive sensor concepts
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Units for Magnetic Quantities


Quantity Symbol  Unit, CGS Unit, SI (SI)/(CGS)Ratio*
Length L centimeter, cm meter, m 102


Mass M gram, g kilogram, kg 103


Time t second, s second, s 1
Magnetic Flux Φ maxwell weber, Wb 108


Flux Density B gauss, G tesla, T 104


Magnetic Field Strength H oersted, Oe ampere/meter, A/m 4π/103


Magnetomotive Force F gilbert, Gb ampere, A 4 π /10
Permeability of a Vacuum µ° (unity) henry/meter, h/m 107/4 π
Reluctance ℜ gilbert/maxwell 1/henry, H-1 4 π /109


Permeance P maxwell/gilbert henry, H 109/4 π
*A quantity in SI units must be multiplied by this ratio to convert to CGS units.
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Units for Electrical Quantities


Unit, SI
Quantity Symbol Name Abbr.
Current I or i * ampere A or a
Charge Q or q * coulomb C
Voltage V or v * volt V or v
(electromotive force,
potential difference)


emf, E or e
PD


Power P watt W or w
Resistance R ** ohm Ω
Reactance X ** ohm Ω
Impedance Z ** ohm Ω
Conductance G ** mho
Admittance Y ** mho
Susceptance B ** mho
Capacitance C farad F or f
Inductance L henry H or h
Frequency F or f Hertz Hz
Period T seconds s


* Capital letter generally used for peak RMS or DC value; small letter used for instantaneous values.
** Small letter generally used for the internal value of a component


Multiples and submultiples of units (prefixes)


Multiples
1012 = tera = T
109 = giga = G


106 = mega = M
103 = kilo = k


102 = hecto = h
10 = deca = da


Submultiples
10-1 = deci = d
10-2 = centi = c
10-3 = milli = m
10-6 = micro = µ
10-9 = nano = n
10-12 = pico = p
10-15 = femto = f
10-18 = atto = a
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Nature of Magnetism


Magnetism is considered by some to be a mysterious phenomenon. This is not
true, except insofar as the ultimate nature of gravity, electrostatic fields, matter,
and radiation are also mysterious. All of these can, in fact, be described by
means of mathematical expressions that predict their behavior and in this sense,
are well understood.


In order to understand the magnetic behavior of materials, it is necessary to take
a microscopic view of matter. A suitable starting point is the composition of the
atom, which Bohr described as consisting of a heavy nucleus and a number of
electrons moving around the nucleus in specific orbits (Figure B-1).


Closer investigation reveals that the atom of any substance experiences a torque
when placed in a magnetic field; this is called a magnetic moment. The resultant
magnetic moment of an atom depends upon three factors - the positive charge of
the nucleus spinning on its axis, the negative charge of the electron spinning on
its axis, and the effect of the electrons moving in their orbits. The magnetic
moment of the spin and orbital motion of the electron far exceed that of the
spinning nucleus. However, this magnetic moment can be affected by the
presence of an adjacent atom. For simplicity, we chose the hydrogen atom.
Accordingly, if two hydrogen atoms are combined to form a hydrogen molecule,
it is found that the electron spins, the nucleus (proton) spins, and the orbital
motions of the electrons of each atom oppose each other so that a resultant
magnetic moment of zero should be expected. Although this is almost the case, experiment reveals that when a hydrogen
molecule is exposed to a magnetizing force, there is a slight decrease in magnetic field as compared with free space.
Materials in which this behavior manifests itself are called diamagnetic. Besides hydrogen, other materials possessing this
characteristic include silver and copper.


Continuing further with the hydrogen molecule, assume it is made to lose an electron, thus yielding the hydrogen ion.
Complete neutralization of the spin and orbital electron motions no longer takes place. In face, when a magnetic field is
applied, the ion is so oriented that its net magnetic moment aligns itself with the field, thereby causing a slight increase in
flux density. This behavior is described as paramagnetism and is the characteristic of such materials as aluminum and
platinum.


So far, we have considered those elements whose magnetic properties differ only vary slightly from those of free space. As
a matter of fact, the vast majority of materials fall within this category. However, there is one class of materials –
principally iron, nickel, cobalt and many other alloys – for which the relative permeability is very many times greater than
that of free space. These materials are called ferromagnetic and are of great importance in magnetic applications. The
reason iron (and its alloys) is much more magnetic than other elements can be answered by the Domain theory of
magnetism proposed by Weiss. Like all metals, iron is crystalline in structure with the atoms arranged in a space lattice.
Domains are subcrystalline particles of varying sizes and shapes containing about 1015 atoms in a volume of approximately
10-9 cubic centimeters. The distinguishing feature of the domain is that the magnetic moments of its constituent atoms are
all aligned in the same direction. Thus in a ferromagnetic material, not only must their exist a magnetic moment due to a


Nucleus


Nucleus


Figure B-1 Bohr’s model of the atom
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non-neutralized spin of an electron in inner orbit, but also the resultant spin of all neighboring atoms in the domain must be
parallel.


Domains act independently of each other, and for a specimen of unmagnetized iron these domains are aligned randomly so
that the net magnetic moment is zero. Application of an external field of sufficient magnitude will cause the magnetic
moments of all the domains to align themselves parallel to the external applied field. When this state is reached the iron is
said to be saturated – there is no further increase in flux density over that of free space for further increases in magnetizing
force.


In the case of pure iron, if the external field is reduced to zero, it will be found that the magnetic moments will return to the
randomly ordered condition (if a slight demagnetizing force is present). Materials with this property are referred to as
magnetically soft and used in electromagnets. In the case of the permanent magnet materials, it is found that the magnetic
moments will strongly resist being realigned in a random fashion. These materials are referred to as being magnetically
hard.


Locked-in Domains


It is a common fallacy that a permanent magnet supports a magnetic field external to itself by means of the expenditure of
some internal energy, that it is similar to a battery having a limited period of diminishing usefulness, or in the extreme case,
similar to an electronic light bulb, whose usefulness comes to a definite and abrupt ending. Such is not the case.


The ability of a permanent magnet to support an external magnetic field results from locked-in positions of small magnetic
domains within the magnet itself. These locked-in positions, once established by initial magnetization, are held until acted
upon by forces exceeding these locked-in forces. The energy involved in the repeated performance of various functions
generally associated with the permanent magnet comes not from within the magnet, but from external sources; the magnet
merely acting as an intermediary or transducer in converting this external energy to some other useful form. For example,
when magnets are used in a generator, the driving motor furnishes the initial mechanical energy. The resulting electrical
energy does not come from the magnet.


Magnetized permanent magnets differ from batteries and radioactive materials since they are potential energy sources and
consequently do not run down. Thus, the magnetic field surrounding the magnet does not require energy to maintain it and
there is no theoretical reason for a permanent magnet to continually lose strength.


Material Characteristics


The original magnets were lodestones, an iron oxide magnetized by lightning. Lodestones were used as early as 2700 BC
by the Chinese for compasses. Until 1600 when Gilbert did the first theoretical study of magnetism, lodestones were
considered to be magic. Gilbert developed methods of making magnets from iron and established that the earth itself was a
magnet.


In the latter part of the 19th Century, the first materials developed specifically for permanent magnets came into use. Early
magnet materials, chrome, cobalt, and tungsten steels were relatively unstable metallurgically and magnetically. In 1932,
the Japanese announced that excellent properties were obtained from an aluminum-nickel-iron alloy. This material became
subject to intensive investigation. The ultimate result of these investigations was the development of an aluminum-nickel-
cobalt alloy (Alnico) which had high metallurgical and magnetic stability.


Alnico


Alnico magnets are made by pressing metal powders into approximately the desired shape and then sintering at elevated
temperatures. Small grain structures result, providing magnet materials with more uniform flux distribution and superior
mechanical properties. Alnico is well-suited to the mass production of small magnets with intricate shapes.
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Indox ®


Indox magnets are chemically inert with the composition MO-Fe203 (M representing barium, strontium, lead or a
combination thereof). They are formed by compaction and sintering, are hard and brittle but can be ground, usually with
diamond wheels, to obtain closer tolerances than those maintained in the as-pressed condition.


Indox magnets are poor conductors of heat and electricity. Shock, stress and vibration will not affect their magnetic
characteristics. An Indox magnet will by physically destroyed before any change in characteristics is noted. Figure B-2
summarizes Indox properties.


Figure B-2  Typical Indox Properties


Indox Br (Kilogauss) HC (Oersted) (BdHd)MAX


(Mega-Gauss-Oersted)
1 2.2 1825 1.0
2 2.9 2450 1.8
3 3.35 2350 2.6
4 2.55 2300 1.5


4-HR 2.85 2600 1.9
5 3.8 2525 3.4
6 3.3 2800 2.45
7 3.45 3250 2.8
8 3.85 3050 3.5


Lodex ®


Lodex is a family of single domain, fine particle magnet materials that can be pressed or extruded to form a finished
magnet. Domain-sized particles and binder are mixed in power form and then pressed to final shape. Lodex lends itself to
small and intrically-shaped permanent magnets. The magnetic properties of Lodex are summarized in Figure B-3.


Figure B-3  Typical Lodex Properties


Lodex Br (Kilogauss) HC (Oersted) (BdHd)MAX


(Mega-Gauss-Oersted)
30 4.0 1250 1.68
31 6.25 1140 3.4
32 7.3 940 3.4
33 8.0 860 3.2
36 3.4 1220 1.45
37 5.5 1000 2.1
38 6.2 840 2.2


Rare Earth


Rare Earth magnets are composed of elements including Erbium, Gadolinium, Terbium, Dysprosium, Holmium and
Samarium in combination with Cobalt.


These magnets are fabricated by pressing small particles of rare earth cobalt powder properly aligned (by the influence of a
magnetic field), then sintering to high densities and heat treating to optimize properties. Rare earth magnets feature very
high peak energy products, but their relatively high costs generally limit them to applications where small size, high
magnetic strength and/or high resistance to demagnetizing fields are important. The magnetic properties of rare earth
magnets are summarized in Figure B-4.
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Figure B-4  Typical Rare Earth Properties


Rare Earth Br (Kilogauss) HC (Oersted) (BdHd)MAX


(Mega-Gauss-Oersted)
Hicorex 90A 8200 7500 16.0
Hicorex 90B 7500 8200 18.0
Hicorex 92 6000 5500 9.0
Hicorex 93 7000 6000 12.0


Hicorex 96A 10250 9500 26.0
Hicorex 99C 10600 6000 27.0


Incor 16 8100 7900 16.0


Factors influencing permanent magnet strength


Permanent magnets are truly permanent – they do not wear out. However, various factors, such as time, temperature and
external fields, can produce changes in the strength of a permanent magnet. These factors should be considered when
selecting a magnetic material.


Time


In the older permanent magnet materials, such as cobalt-steel, some metallurgical changes take place as a function of time.
If such a magnet is magnetized before these changes have stabilized, flux changes will occur. (This effect can be reduced to
a negligible factor by artificial aging.) In the magnet materials such as Alnico or Ceramic, metallurgical changes do not take
place in any measurable degree at room temperature.


A freshly magnetized permanent magnet will lose a minor percentage of its flux, as  function of time. This loss of flux can
be essentially eliminated by a partial demagnetization of the charged magnet in the amount of 7% to 15%. This is most
conveniently accomplished by an AC field. The AC field should be in the same direction as the magnetizing field. It should
be reduced to zero gradually, either by withdrawing the magnet with power on, or by reducing the AC voltage to zero with
a variable auto-transformer.


Temperature


Temperature effects fall into three categories: Metallurgical, Irreversible and Reversible.


Metallurgical changes may be caused by exposure to too high a temperature. Such flux changes are not recoverable by
remagnetization. The approximate maximum temperatures which can be used without experiencing metallurgical changes
range from 100°C for Lodex to 1080°C for the ceramics. Figure B-5 shows the maximum temperature for typical magnet
materials. The effect of metallurgical changes, if present, can be avoided only by long-term exposure of the magnet to the
temperature involved, prior to magnetizing.


Figure B-5  Maximum temperature without metallurgical changes


Material Temperature (°C) Curie Temperature (± 10°C)
Lodex 100 780


Hicorex 250 700
Incor 250 700


Barium Ferrite 400 450


Irreversible losses are defined as partial demagnetization of the magnet, caused by exposure to high or low temperatures.
Such losses are recoverable by remagnetization, and are reduced or eliminated by magnet stabilization.
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The ideal method for stabilizing magnets against temperature-induced irreversible losses, is installing them in the magnetic
circuit (or assembly) for which they are intended, magnetize, then subject the assemblies to several temperature cycles
which they are expected to experience in service.


The magnetized assembly may be partially demagnetized by means of an AC field, following the procedure described in
Time. A rule of thumb to follow is determining by experiment that temperature cycling will cause X% flux loss, then the
AC field should be such as to cause a 2X% flux loss, to properly stabilize against temperature.


Reversible changes in flux can occur with temperature. For example, if any ceramic grades are heated 1°C above ambient
temperature, they will lose 0.19% flux. However, this will be spontaneously regained upon the magnet’s cooling back to
ambient temperature. The Alnico materials have reversible variations on the order of 1/10 as great as ceramics, depending
upon the material and the operating point on the demagnetization curve. Reversible variations are not eliminated by
stabilization treatments. However, use of proper temperature composition material in parallel with the magnet will reduce
the effect to a negligible factor. Among others, household watt-hour meter magnets and speedometer magnets are
temperature compensated in this manner.


Reluctance changes


If a magnet is magnetized in a magnetic circuit and subsequently subjected to permeance changes (such as changes in air
gap dimensions or open-circuiting of the magnet) it may be found that a partial demagnetization of the magnet has
occurred. Whether or not such a loss is experienced depends upon material properties and upon the extent of the permeance
change.


Stabilization against such change is accomplished either by subjecting the magnet several times to reluctance changes after
magnetizing, or by use of the previously described AC field.


Contacting the magnets with ferro-magnetic material (screw drivers, pliers and the like), at points other than the poles, can
cause an appreciable drop in flux at the poles. It is difficult to stabilize against this type of abuse. The remedy is to avoid
such practices.


Adverse fields


If a magnet or magnet assembly is subjected to an adverse magnetic field, a partial demagnetization may result, depending
upon material properties and the intensity and direction of the adverse field. Proper stabilization consists of subjecting the
magnet or assembly to a DC or AC demagnetizing field of the same magnitude as it is expected to encounter in service. The
direction should be the same as that of the anticipated demagnetizing field.


Shock, stress and vibration


The effects of shock, stress and vibration (below destructive limits) on most permanent magnet materials are so minor than
little consideration need by given to them. Proper stabilization as described in any of the preceding paragraphs will also
stabilize against shock and vibration.


Radiation


The effects of radiation on permanent magnet materials varies widely by material classes. Current experiments indicate that
all permanent magnet materials of a commercial nature can withstand irradiation to 3 x 1017 neutrons per cm2 (neutron
energies greater than 0.5EV), without flux changes. A majority of the commercial materials (including Alnico and Ceramic)
can withstand 2 x 1018 neutron per cm2 exposure without flux changes, and show only minor changes (less than 10%) when
the radiation level is increased to 3 x 1013 neutrons per cm2.


Radiation, like thermal demagnetization, is not applicable to calibration. Some evidence indicates that secondary exposure
to high neutron densities that caused initial flux changes resulted in only negligible additional flux changes. This would
indicate that stabilization of radiation effects by initial exposure is possible.
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Handling of Permanent Magnets


In many instances, the permanent magnet remembers what was done to it or what environment it was exposed to. Adverse
factors affecting permanent magnets must be acknowledged and techniques applied to minimize or eliminate these
conditions. The design, manufacture, handling and processing of permanent magnets is based on adequate control of this
sequence to insure optimum performance in the final application. Improper handling has resulted in poor, or completely
sub-standard, performance.


Unmagnetized magnets


From the standpoint of ease in shipping, handling and storage, the unmagnetized magnet is preferred. Special problems of
knockdown, iron chip pickup, and special instructions on handling to personnel are eliminated.


To insure magnetic quality, the permanent magnet supplier has to test the magnet in a fully magnetized condition. After this
inspection, the magnet is demagnetized prior to shipment.


The benefit of purchasing, shipping and processing of unmagnetized magnets are many. A few of the problem areas that
can be eliminated or minimized are:


• Keepers are not required


• Proximity effects of other permanent magnets may be ignored


• Proximity of strong AC or DC fields pose no problem


• Physical shock or vibration for critical applications may be ignored


• Shape problems of self-magnetization are not applicable


• Physical handling problems are considerably alleviated


• Storage and shipment problems are minimized


A final step must be performed to an unmagnetized permanent magnet: magnetizing and inspecting the functional magnetic
field of the permanent magnet after assembly. Adequate means for saturation and control of the magnetizing process for the
permanent magnet is needed. In some cases, stabilization must be included for temperature, AC or DC electric fields and/or
other effects.


Magnetized permanent magnets


If a permanent magnet is purchased magnetized, what does or can occur magnetically must be realized. The concept of
magnetic behavior, or operating slope for maximum magnet efficiency must be recognized. The accrued factor of self-
demagnetization, or built-in stabilization, must be evaluated. The problem of in plant processing cannot be overlooked.
Also, the problem of shipping a number of magnetized magnets and their attractive forces, along with temperature
extremes, must be considered.


This magnetized condition, and its associated problems, can be alleviated by specifying that keepers be attached. A keeper
is simply one or more pieces of ferrous material usually placed across the gap of a magnetized permanent magnet. The use
of a keeper reduces stray leakage fields for better handling and less magnetic interaction among magnets.


Personnel who handle magnetized magnets and assemblies should receive special instructions. This details what should or
should not be done to the magnetized assemblies. As an example, the dropping of a permanent magnet structure may alter
the gap dimensions. This could occur without any visible damage to the structure, but would necessitate demagnetizing the
permanent magnet, reworking the structure, and remagnetization. In many cases, the removal of a magnetized permanent
magnet from its structure will degrade the performance, resulting in a knockdown of the permanent magnet, a condition
remedied only by remagnetization.
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The previous discussion for the two states of a permanent magnet – magnetized or not magnetized – are, of necessity, quite
general. The user will have specific problems, which in many cases will require a unique procedure. This information
should be obtained from the supplier.


Magnetization


Basically, magnetization requires subjecting the magnet to an uni-directional magnetic field of proper strength and
direction. A power source with some type of control and a magnetizing fixture are the important elements. There are many
ways to produce the magnetizing field required to magnetize magnets, magnet circuits or assemblies. These may range from
a simple solenoid to an elaborate water-cooled one-half cycle pulsed transformer magnetization system. An evaluation of
the best approach considers such factors as magnet material and shape, type of assembly, and production processes. In fact,
many magnet designs and/or assembly processes are influenced by the availability of proper magnetizing equipment.


Permanent magnet method


A permanent magnet may providing the necessary magnetizing field. However, this method is used only for small, simple
shaped magnets. This method, while inexpensive and requiring no power source, is generally unacceptable. This is due to
the possibility of inadequate magnetizing field strength, difficulty of removing the magnetized magnet from the magnetizer,
distortion of the magnetizing field (caused when the magnet is removed) and the fact that magnetic particles attracted to the
magnetizer are difficult to remove.


Electro-coil method


DC coils with or without iron cores and water cooling can be used to produce magnetizing fields. This method is probably
the most common approach to general magnetization. Normally the magnetizers are used in an intermittent basis. Coils with
steel cores are used with a rectified AC power source. These units are adaptable for the simple-shaped permanent magnet
including rods, bars, and U-shaped configuration. Their major disadvantages are the difficulty in obtaining proper
magnetizing field direction in complicated magnet designs and the relatively slow magnetization rate due to coil inductance.


Capacitor discharge method


This approach uses the energy stored in a capacitor bank. Since magnetization is essentially instantaneous, a magnetizer
system is only required to supply the proper value of magnetizing pulse for a very short interval of time. The amplitude is
dependent upon that required to saturate the magnet and the duration that is necessary to overcome the eddy current and
hysteresis effects of the pulse of the magnet, its associated circuitry and the magnetizing system itself. Capacitor discharge
units can also be used with high current pulse transformers.


The advantage of capacitor discharge systems is the energy can be put into the storage system (capacitors) at a relatively
slow rate so that the power demand is low. However, this means that charging or reset time could be an undesirable factor
in fast repetitive operations.


One-half cycle method


The one-half cycle magnetizer is a half-wave rectifier connected between an AC source and the magnetizing coil. Control
circuitry assures a unidirectional high current pulse of one or more cycles. Proper phasing controls the energy of the
magnetizing pulse. The one-half cycle magnetization system is ideal when used with a properly designed pulse transformer
and matched magnetizing fixture. Extremely fast magnetizing cycles are possible because, at least in theory, it is possible to
magnetize once every cycle. However, magnet handling consideration and coil and fixture heating are the limiting factors.
With the practical adaptation of this type of system, the magnetization operation is no longer a bottleneck. Ingenious air and
water cooling of the magnetizing fixtures, pulse transformers, and other parts of circuitry have led to high operational rates.
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Testing systems


There are many ways to test permanent magnets. A flux sensing device combined with a readout method is required. Each
application must be evaluated to determine what approach best fits the situation. Flux meter and ballistic galvanometer
equipment have been used for many years. The magnetometer, permeameter, coercimeter, and gauss meter all plan an
important role in determining and evaluating magnetic characteristics of permanent magnets, especially for engineering
design evaluation.


The introduction of stable, sensitive, commercially-available Hall probes has made possible magnet production testing that
is accurate, fast and reliable. The simplest form of a Hall probe is the Calibrated Hall Element discussed in Chapter 3.
These probes, when energized with a constant control current or voltage, give a voltage output proportional to the strength
of magnetic field. Consequently, the Hall probe with voltage sensor relays or readout devices is the heart of modern
permanent magnet testing. Experience indicates that properly designed test systems can give results approximating
laboratory accuracy.


It is important to obtain absolute values of magnetic parameters for engineering evaluation to prove the design. In this case,
equipment is calibrated to give this information. Generally, however, production testing of permanent magnets is done on a
comparative basis.


A reference magnet that gives known performance is used. The testing method and circuit is designed to be equivalent, as
far as the magnet is concerned, to actual operating conditions. Normally, it is not necessary in production testing to
investigate the entire demagnetization curve. Most production tests are designed to indicate the magnet’s quality at its
operating condition.


Calibration systems


On occasion, consideration must be given to calibrating magnets or magnet assemblies. The decrease in the range of flux
variation from magnet to magnet will result in an end product having greater performance uniformity. A careful analysis of
all the factors will indicate if calibration should be considered.


It is first necessary to determine the strength of the magnet or magnets in the assembly. A comparison with the required
level and the allowable variation will indicate if calibration is necessary. If so, the unit is demagnetized to the prescribed
level of flux output. This is done by controlled demagnetizing pulses that partially demagnetize the magnet, thus decreasing
the flux output.


AC fields and capacitor discharge systems having manual or automatic controls are also being used successfully in
calibrating systems. These and even electro-coil methods have been used in laboratory work. The one-half cycle system will
give the fastest rate for volume calibration of permanent magnets. Circuitry has been developed that will precisely control
the synchronization and phasing of ignitron tubes to give fast, repetitive and controllable calibrating pulses.


Magnetic materials


Most permanent magnet materials commercially available today have been available for many years. These basic materials
have become identified with a standard name and number identifiable throughout the permanent magnet industry.


MMPA Standard 0100-66 that is published by the Magnetic Materials Producers Association, Chicago, lists commercially
available permanent magnet materials. The publication presents nominal chemical composition and typical magnetic
properties. A material specification submitted to any permanent magnet manufacturer need only designate the name -
Alnico 5, Ceramic 1, Cunife, Sintered Alnico 2, etc. - in order to specify a particular permanent magnet material. The same
MMPA Standard has been accepted by the Department of Defense in place of Military Specification QQ-M-60 for
Permanent Magnet Materials.
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Magnetic characteristics


In general, every cross section of an ideal magnet in a
fixed gap circuit should operate at the maximum
energy point shown in Figure B-6. In practice, this is
usually not the case. In a good design, the majority of
the magnet materials operate in the vicinity of the
maximum energy point - Point 2, on the knee of the B-
H curve. Small variations in Br and Hc from magnet to
magnet will have little or no effect upon the output of
the magnet and its circuit.


If the magnet is operating above the knee of the B-H
curve (Point 1), variations in Br would affect the
output, but variations in Hc would not. If the magnet is
operating below the knee of the curve (Point 3), the
opposite is true. If one of these conditions applies, the
magnet manufacturer may modify processing to favor
that condition so that magnet performance in the
customer’s product will be improved. Consequently, to
achieve a satisfactory product, it is sufficient to tie
down only those parameters that apply to a given
magnetic circuit.
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Figure B-6  Demagnetizing curve Alnico 5
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Practical magnet specifications


As opposed to the sophisticated magnet theory and other magnet design principles that are of importance mainly to magnet
manufacturers, practical magnet specifications involves a basic knowledge of magnet materials, magnetic characteristics,
magnet test procedures, and factors that affect flux produced by a magnet. A disciplined application of these considerations
simplifies correct magnet specification.


A user-formulated specification that is too light may require the magnet manufacturer to provide extra manufacturing,
testing and quality control operations. In many cases, magnets perfectly suitable for the end product may be scrapped
because of unrealistic specification. As a result, specifying too tightly increases the magnet’s cost.


On the other hand, a loose specification (or no specification) could allow the shipment of almost any magnet grade. Such a
situation would not be desirable for either user or supplier. In addition to magnetic properties, specifications on surface
finishes or physical dimensions are important.
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Introduction


MICRO SWITCH Sensing and Control is not a manufacturer of
magnets, but does offer a number of magnets (with and without
mounting provisions) for use with Hall effect sensors. Few, if any,
magnet suppliers are willing to specify flux (gauss levels) at some
given distance from the magnet, however, MICRO SWITCH
Sensing and Control does. Available flux is a critical factor in
operating Hall effect sensors.


The most common magnet for operating Hall effect sensors is a
bar magnet. For head-on actuation, there should be sufficient
magnet travel to provide at least 10% overdrive of both Max.
Operate and Min. Release characteristics of the sensor. For slide-
by actuation, the magnet should pass the sensing surface at a
distance that provides at least 10% overdrive above Max. Operate.


Ring magnets are another means of operating sensors. These
magnets are magnetized on the outside diameter with alternating


north and south poles. Each pole pair (N and S)
produces one pulse with standard devices. Ring magnets
are particularly useful with bipolar sensors, which
require both south and north poles be presented to the
device face.


The graphs included in this section are plots of gauss
versus distance for some typical magnets. The magnetic
curves were developed using a 732SS21-1 calibrated
Hall device which is no longer available and a X98834-
SS calibrated Hall device. See Appendix D for details
on how to use a calibrated Hall device.


Head-on mode magnetic characteristics


Figures C-1 through C-11 illustrate graphs of the
magnetic flux (gauss) at the sensor, versus distance
(inches) for various magnetic material in the head-on
mode of actuation. The magnet’s axis is oriented perpendicular to the surface of the sensor and centered over the point of
maximum sensitivity. The direction of movement is directly toward and away from the sensor with the magnetic lines of
flux passing through the center of the device. The magnet is oriented so the S pole of the magnet will approach the sensitive
face of the sensor. The graphs show that the magnetic field strength increases exponentially as the magnet approaches the
sensor. All measurements are at 25°C.


Figure C-1 Alnico V 1.25” x .25” dia. Calibrated magnet
(420 gauss @ .205”). Can be used for either digital or
linear applications
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Figure C-2 Rare earth .078” sq. x .040” thick magnet. Can be used for
either digital or linear applications; a bias magnet is recommended.
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Figure C-3 Rare earth .125” x .078” x .040” thick magnet
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Figure C-4 Sintered Alnico 37 .375” x .125” magnet.
Can be used for either digital or linear applications


Figure C-5 Rare earth .22” sq. x .20” long magnet in
threaded actuator. Can be used for either digital or linear
applications
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Figure C-7 Cast Alnico 1.25” x .25” dia. magnet


Figure C-6 Alnico VIII H.E. .25” x .25” dia. magnet in
threaded actuator. Recommended for linear applications
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Figure C-8 Sintered Alnico .600” x .325” dia.
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Figure C-9 SmCo5 .22” sq. x .2 in. thick
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Figure C-10 Sintered or Cast Alnico .250” x .250” dia.
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Figure C-11 Sintered Rare earth .08” sq. x .120” thick
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 Slide-by mode magnetic characteristics


Figures C-12 through C-26 illustrate graphs of the magnetic flux (gauss) at the sensor, versus distance (inches) for various
magnetic materials in the slide-by mode of actuation. The magnet’s axis is oriented perpendicular to the surface of the
sensor and is moved across at some constant gap distance. In addition to the obvious advantage of never placing the sensor
in any danger of being physically struck, slide-by will typically result in a lower differential (distance from operate to
release) than occurs in head-on mode for the same magnet. All measurements are at 25°C.


Figure C-12 Alnico V 1.25” x .25” dia. calibrated magnet
(420 gauss @ .205”)
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Figure C-13 Sintered Alnico 37 .375” x .125” magnet


Figure C-14 (2-side by side) Rare earth .078” sq. x .040”
thick magnet
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Figure C-15 Rare earth .078” sq. x .040” thick magnet
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Figure C-16 (2) Rare earth .078” sq. x .040” thick magnet Figure C-17 Rare earth .125” x .078” x .040” thick magnet


Figure C-18 Rare earth .22” sq. x .20” long magnet in
threaded actuator


Figure C-21 (2) Rare earth .078” x .040” thick magnet.
Recommended for linear applications.
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Figure C-22 Cast Alnico 1.25” x .25” dia.
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Figure C-23 Sintered Alnico .600” x .325” dia.
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Figure C-24 SmCo5 .22”sq. x .20” thick
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Figure C-25 Sintered or Cast Alnico .250” x .250” dia.
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Figure C-26 Sintered Rare earth .080” sq. x .120” thick
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Rotary mode magnetic characteristics


Figures C-27 through C-30 illustrate graphs of the magnetic flux (gauss) at the sensor, versus degrees of rotation for various
ring magnets. The curves were developed at various gap distances from the surface of the calibrated Hall device. The
magnets were centered over the point of maximum sensitivity. The gauss levels illustrated are worst case. Higher levels
may be achieved with calibrated devices that utilize flux concentrators. Note how the gauss levels for the various magnets
decrease with the number of pole pairs. That is, as the mass of the magnetic material per pole decreases, the peak flux
decreases. All measurements are at 25°C.


Figure C-27 Ceramic .75” dia. (3/8” mounting hole) ring magnet.
Recommended for linear applications


Figure C-28 Indox .625” dia. x .20” thick ring magnet


Figure C-29 Indox .625” dia. x .20” thick ring magnet Figure C-30 Lodex 42 1.75” dia. x .14” thick ring magnet
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Toroid core magnetic characteristics


Figures C-31 through C-34 illustrate graphs of magnetic flux (gauss) at the sensor, versus ampere-turns for various toroid
cores. When choosing toroid cores, choose ferrite (magnetic ceramic) over tape (wound electrical steel) if fast response or
high frequency is required or where minimum offset and hysteresis is needed. Use tape for currents over 200 amperes.


The diameter of the core will effect the location of the knee. If it is larger, the knee will be higher. If it is smaller, the knee
will be lower. The cross-sectional area is not important as long as it is large enough to cover the sensor. Also, the position
of the wire in the toroid is not critical with small gaps. Making the gap larger reduces the gauss per ampere, but tends to
make it less linear, thus the position of wire becomes more critical. One wire through the core with 100 amperes produces
the same effect as 100 turns with 1 ampere.


Figure C-31 Effect of gap on typical tape toroid core Figure C-32 Effect of gap on typical ferrite toroid core


Figure C-33 Effect of temperature on typical tape toroid core with
.080” gap


Figure C-34 Effect of temperature on typical ferrite toroid core
with .080” gap
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Purchasing magnets


When specifying a magnet based on reading a particular level of gauss (as determined by the Hall sensor), it is important
that the magnet vendor specify his magnet the same way. Specify exactly what the magnet should do using the Hall device.
Most magnet suppliers will work with buyers to supply the magnets desired. Incoming inspection should have the capability
to verify that a particular magnet does meet the specified requirements.
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Description


Magnetic characteristics for Hall effect devices are specified within particular ranges. To insure that all devices will
operate and release in the application, gauss levels should be verified. The calibrated Hall device will allow the user
to measure the gauss levels produced in the application. Calibrated devices are intended from laboratory use only.
Any application of a magnetic sensor requires a thorough understanding of the magnetic gauss levels and how they
change. The calibrated Hall device is used to determine the flux density produced at the sensor by the magnet.


The X98834-SS calibrated Hall device provides an output proportional to magnetic flux densities. This device is
supplied with an accurate, individual plot of output voltage versus gauss (calibration data). A millivoltmeter with
ungrounded input terminals and a 1MΩ minimum input impedance was used to measure the output voltage. In order
for the calibration data to be accurate, a stable, precise power supply was used (5 ± .003VDC) and a temperature of
24 ± 2°C was maintained. A 2.2KΩ resistor connected between output and minus terminals was used as the load
during calibration.


An output voltage (null offset) exists when no magnetic field is present. This offset voltage is a result of a mismatch
of the internal connections to the Hall element and is accounted for in the calibration data. Measure the null offset
voltage at 24°C with an 5.000 VDC power supply and a 2.2KΩ resistor after a 15 minute warm-up period. If the null
offset voltage measured with the application’s equipment is different from the one shown in the calibration data, use
your value to get the most accurate gauss measurements in your application.


Mount the calibrated Hall device and magnet(s) with provisions for moving the magnet(s) in known increments. A
micrometer and increments of 0.025 inch (0.6mm) are recommended. If pole pieces or flux concentrators will be used
in the magnetic system, they must be included during measurement. Initial measurements should be made in the head-
on mode. The magnetic curves for this mode are not only useful for head-on sensing, but also for determining the
effect of gap distance and pole piece effect for other modes.


Move the magnet toward the package using the head-on mode of operation. If the set-up is correct, the millivolt
reading will increase. However, if the magnet polarization is incorrect, the reading will be positive, but will begin
moving towards negative as the magnet approaches the package. In this case, reverse the magnet. Continue moving
the magnet until it is touching the device package face evenly. This will provide the maximum reading in millivolts
and the maximum induction available from the magnetic actuator.
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When the magnetic field decreases, the output voltage decreases in a like manner. Referring to the calibration data
supplied, a reading on the voltmeter is easily converted to gauss. Mechanical characteristics can be verified by first
plotting a gauss versus distance graph. By comparing the curve to the magnetic characteristics of the sensor, the
possible mechanical ranges of operate point and release point can be determined.


Once the operating limits of the magnet and sensor combination have been established, feeler gages, etc. may be used
during installation to insure that the correct gap is maintained. The X98824-SS calibrated Hall device remains linear
over a span of -600 gauss to +600 gauss. Using this device allows a thorough analysis of a mechanical/magnetic
system. This information is needed to determine system reliability and tolerances.
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Description


The following table compares the Hall effect in silicon to magnetoresistance in a nickel-iron thin film.


1. Both technologies are compatible with integrated circuit processing and may be used to make totally
integrated single-chip sensors.


2. MR is roughly 200 times more sensitive than the Hall effect in silicon. Furthermore, it is adjustable through
selection of film thickness and line width.


3. The Hall effect is highly linear with no saturation effects out to extremely high fields.


4. The Hall effect occurs for fields applied perpendicular to the plan of the all element. The magnetoresistive
effect occurs in the plane of the thin film perpendicular to the long direction of the resistive elements.


5. Both effects occurs for time-invariant fields and may be used to construct zero speed sensors.


Magnetoresistive vs. Hall Effect


Hall MR
Process Technology Silicon IC NiFe Thin Film
Sensitivity 10uv/v/g 2 mv/v/g
Saturation Field None 10 - 100g
Linearity < 1% COS2 Θ
Sensitive Axis Perpendicular to


plane  of chip
Parallel to


plane of chip
Output for Constant Field Yes Yes
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*ORVVDU\
-A-


Absorption - The taking in of a fluid to fill the cavities in a solid.


AC - See alternating current.


Accelerometer - A sensor used to measure acceleration or gravitational force


Accuracy - The extent the output of a SENSOR approaches the true value of the quantity being measured.


Active Elements - Those components in a circuit that have signal power gain; transistors, SCRs, etc.


Admittance - The reciprocal of the impedance of a circuit.


Alignment - Placing the light source and photoreceiver (or reflector) so as to direct the maximum amount of light on the
photosensor.


Alnico - A family of permanent magnet alloys generally containing aluminum, nickel, cobalt, and iron. Material can be
found both in cast and sintered form, including isotropic and anisotropic alloys.


Alternating Current - An electric current that is continually varying in value and is reversing its direction of flow at
regular intervals, usually in a sinusoidal manner.


Ambient Temperature - The average temperature of the surrounding medium, i.e. air, water, or earth to which the heat of
a device is dissipated.


Amp - See Ampere.


Ampere - The standard unit for measuring the strength of an electric current. Rate of flow or charge in a conductor of one
coulomb per second.


Ampere-Turns (NI) - MKS unit of magnetomotive force.


Ampere’s Law - One of the basic relations between electricity and magnetism that states quantitatively the measure of a
magnetic field in terms of electric current or changing electric calculus: the line integral of the magnetic field around an
arbitrarily chosen path is proportional to the net electric current enclosed by the path.


Amplification  - The production of an output larger than the input.


Amplifier  - A device whose output is an enlarged reproduction of the input signal.


Analog - Having the property of being continuously variable, as opposed to having discrete states.


Analog Switch - A solid state device capable of switching voltages or currents bilaterally in response to a digital control
signal.


Anisotropic Magnetic - A material having preferred orientation. The magnetic characteristics are better along one axis
than along another. This may be as a result of rolling, heat treatment in a magnetic field, or in the case of some of the
sintered magnets, the direction of the press.
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Anode - The terminal by which current enters to diode, or the one that is positive with respect to the other when the diode is
biased in the forward direction.


-B-


B - See Magnetic Flux Density.


Barium Ferrite - The general term given to a class of magnets having the composition BaFe12019. The material may be
held together with a ceramic, plastic or rubber binder.


Bellows - A mechanical pressure sensing element consisting of a metallic bellows with a plate on one end. Pressure applied
to the open end causes the plate to move. The amount of movement becomes a measure of applied pressure.


Best Straight Line (BSL) - The best straight line chosen so that a true sensor response curve contains three points of equal
maximum deviation.


B-H Curve - See Magnetization Curve.


Bias - The electrical, mechanical or magnetic force applied to a device for the purpose of shifting a reference level.


Bimetallic Thermometer - A strip of two metals having different coefficients of expansion bonded together in the form of
a spiral or helix. Movement caused by a temperature change becomes a measure of temperature.


Bipolar (semiconductor) - A semiconductor process for fabricating PNP or NPN transistors.


Bipolar Magnetic System - A magnetic system where the direction of the magnetic field, at the point being considered,
changes its polarity (plus to minus or minus to plus) as a function of time or motion of the system.


Bipolar Sensor (Hall Effect) - A sensor whose maximum operate value is a positive gauss level and whose minimum
release value is a negative gauss value. A gauss level is considered positive if its direction is the same as the reference
direction of the sensor.


Bounce Buffer - The electronic circuitry used to eliminate the effects of bounce of mechanical switch contacts.


Bourdon Tube - A mechanical pressure sensing device consisting of a curved or twisted metal tube that has a flat cross-
section, and is sealed at one end. Pressure applied to the open end causes the tube to attempt to straighten. The resulting
movement or resisting force is a measure of the applied pressure.


Breakdown Voltage - The reverse bias voltage applied to a PN junction where large currents are drawn for relatively small
increases in voltage.


Bubbler System - A level measuring system that introduces a stream of air or gas bubbles into a liquid through a vertical
dip tube. The pressure required to maintain the bubble flow is a measure of level.


- C -


Calibration - A test where known values of measurands are applied to the sensor and corresponding output readings are
recorded.


Capacitance - The property of an electric nonconductor that permits storage of energy.


Capacitance Level Detector - A device with single or multiple probes based on the fact that change in level causes change
in probe capacitance.


CGS System - A system of measurement where the centimeter, gram and second are fundamental units.


Charge - Electric charge, like mass, length and time, is accepted as a fundamentally assumed concept, required by the
existence of forces measurable experimetnally. The unit is the coulomb.


Chip - A semiconductor material (silicon, sapphire, germanium, etc.) containing one or more active components.
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Circuit - An arrangement of one of more complete paths for electron flow, (electronic circuit) or lines of flux (magnetic
circuit).


Circuit, Closed Magnetic - A circuit where the magnetic flux is conducted continually around a closed path through low
reluctance ferromagnetic materials; for example, a steel ring or toroid core.


Circuit, Open Magnetic  - When a magnet does not have a closed external ferromagnetic circuit and does not form a
complete conductive circuit in itself, the magnet is aid to be open-circuited. For example, a horse permanent magnet not
having a keeper, although when “open”, the path is continuous.


CML - See Current Mode Logic.


CMOS - See Complementary Metal Oxide Semiconductor.


Coercive Force, HC - The magnetizing field that must be applied to a magnetic material in a direction opposite to the
residual induction to reduce the flux density to zero (the value of H when B equals zero). One of several parameters used to
describe a permanent magnet material.


Coercivity - The maximum value of the coercive force.


Common Mode Voltage - The voltage common to two points of an ungrounded network.


Comparator - A device with a digital output that indicates which of the two analog inputs is greater.


Compensated Temperature Range - The range of temperature over which a SENSOR is compensated to maintain span
and zero balance within specified limits.


Complementary Circuit - A circuit that provides push-pull operation (sink and source capability) with a single input.


Complementary Metal Oxide Semiconductor (CMOS) - A semiconductor process where both P and N channel
enhancement model field effect transistors are fabricated compatibly on a silicon or sapphire substrate.


Conductance - The reciprocal of resistance.


Conductive Level Detector - A device with single or multiple probes. A change in level completes an electric circuit
between the container and/or probes.


Conductor - A substance or body that allows a current of electricity to pass continuously along it.


Converter - A device that receives information from a SENSOR or sensor, alters the form of the information, and sends
out a resultant output signal.


Coulomb - The SI (Syste’me International d’Unités) unit of electric charge.


Curie Temperature - The temperature at which the properties of a material change from being ferromagnetic to
paramagnetic on heating (vice versa on cooling).


Current - The time value of movement of free electrons. One ampere = 1 coulomb/second. Conventional reference is
opposite to the direction of actual electron movement.


Current Mode Logic (CML) - Logic in which sensors operate in the unsaturated mode as distinguished from most other
logic types that operate in the saturation region. This logic has very fast switching speeds and low logic swings.


Current Sinking - A transistor configuration where loads are normally connected between the output and a supply voltage.
When the transistor is ON, current flow is from the load into the transistor.


Current Sourcing - A transistor configuration where loads are normally connected between the output and ground. When
the transistor is ON, current flow is from the transistor into the load.


- D -


DC - See Direct Current.
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Dead Band - The range through which an input can be varied without initiating response. Dead band is usually expressed
in percent of span or engineering units.


Demagnetization - The partial or complete reduction of flux density.


Demagnetization Curve - A portion of the magnetization curve (second quadrant) for a magnetic material showing the
manner in which the residual induction and the magnetization reduces to zero. This curve describes the characteristics of a
permanent magnet (as contrasted with an electromagnet).


Demagnetizing Field, Hd - A magnetizing force applied in such a direction as to reduce the remanent induction in a
magnetized body.


Deviation - The departure from a desired value.


Diamagnetic Material - A material having permeability less than that of a vacuum. For practical evaluation, a non-
magnetic material.


Diaphragm - A pressure sensing device in which pressure is applied to either or both sides of a flexible enclosed
membrane. Diaphragm movement is a measure of pressure or differential pressure or force.


Differential (Hall effect sensor) - The difference between the operate and release values of a Hall effect sensor. See
Hysteresis.


Differential Amplifier - An amplifier whose output is proportional to the difference between the voltages applied to its two
inputs. Also called a difference amplifier.


Digital Circuit - A circuit that has only two stable states, i.e., it is either ON or OFF, HIGH or LOW (high voltage or low
voltage).


Digital Hall Effect Sensor - See Hall Effect Sensor, Digital.


Dimension Ratio, L/D - The ratio of the length of a magnet in the direction of magnetization to diameter. Or, the ratio of
the length of the magnet to the diameter of a circle having an area equal to the cross-sectional area of the magnet. Used as a
figure of merit to find the magnet’s composite permeance coefficient.


Diode - A semiconductor device having two terminals and exhibiting a nonlinear voltage-current characteristics; a
semiconductor device that has the asymmetrical voltage-current characteristic exemplified by a single P-N junction.
Conducts current much more readily in one direction than the other.


Direct Current (DC) - An unidirectional current where the changes in value are zero or so small that they may be
neglected.


Discrete Circuits - Electronic circuits built of separates components (transistors, resistors, etc.) connected by wiring or
printed circuit etched conductors.


Domain - The region within a ferromagnetic substance where the magnetic fields of many atoms tend to orient themselves
parallel to each other.


Drift - An undesired charge in output over a period of time. The change is unrelated to input, operating conditions, or load.


Dynamic Behavior - Behavior as a function of time.


- E -


ECKO - See Eddy Current Killed Oscillator.


ECL - See Emitter Coupled Logic.


Eddy Current Killed Oscillator - A sensor operated on the principle that changing the reactance of the tank circuit of an
oscillator enough to stop the oscillations, which trigger the output.
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Eddy Current Loss, Pe - That portion of the core loss due to the current circulating in the magnetic material as a result of
electromotive forces induced by varying induction.


Eddy Currents - Those currents induced in the body of a conducting mass or coil by a rate of change in magnetic flux.


Electromotive Force (EMF) - See Voltage.


Electron - A negative changed particle with an electrical charge equal to about 1.6x10-19 coulomb.


Emitter Coupled Logic - A bipolar IC logic family characterized by its very high speed, low circuit density, and high
power dissipation.


Emitter Follower - A transistor amplifier circuit characterized by relatively high input impedance, low output impedance,
and a voltage gain of less than one.


Energy Product Curve (magnetic) - The graphical representation of the energy per unit volume produced by a magnet
derived from the product of the flux density and demagnetizing field.


Equilibrium - The condition of a system when all inputs and outputs have steadied down and are in balance.


Error - The difference between the actual and the true value.


- F -


Fall Time - A measure of the time required for the output voltage of a circuit to change from a high voltage level to a low
voltage level, once a level change has started.


Fan-Out - The number of standard loads in a logic family that can be driven by a circuit output. A standard load is the
current required to switch the basic gate of the family.


Ferromagnetic Material - Substances showing magnetic properties similar to those of iron; e.g. high magnetic
susceptibility, permanent magnetism, etc. They include among the pure elements nickel, and cobalt and in addition, many
alloys.


Ferrous - Composed of or containing iron. A ferrous metal exhibits magnetic characteristics.


FET - See Field Effect Transistor.


Field Effect Transistor - A transistor controlled by voltage rather than current. The flow of a current through a
semiconductor channel is regulated by the effect of an electric field.


Flip-Flop - A type of digital circuit whose output can be in either of two static states depending both on the input received
and on the previous state of the output.


Floating Ground - See Ground, Floating.


Fluidic Flow Meter - A flow meter based on the Coanda effect of the tendency of a fluid stream to attach itself to a nearby
wall.


Flux (magnetic) Φ - The magnetic lines of force produced by a magnet.


Flux Concentrator - A piece of soft, ferromagnetic material used to focus lines of flux in a given area.


Flux Density (magnetic) B - The magnetic flux passing through a unit area of a magnetic field in a direction at right angles
to the magnetic force. Also called magnetic induction.


Frequency - The number of complete alternations per second of an alternating current.
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- G -


Gap - 1. A break in a closed magnetic circuit, containing air or filled with a non-magnetic material. 2. The distance
between a permanent magnet and a Hall effect sensor when they are in closest proximity.


Gauss - The CGS unit of magnetic induction or flux density. 1 Gauss = 1 maxwell/sq. cm.


Gilbert - The CGS unit of magnetomotive force. The magnetomotive force required to produce one maxwell magnetic flux
ina magnetic circuit of one unit of reluctance.


Ground, Electrical - A conducting path, intentional or accidental, between an electric circuit or equipment and the earth,
or some large conducting body serving in place of the earth (a voltage reference).


Ground, Floating - A reference point or voltage in a circuit that is not tied to an external ground.


- H -


Hall Effect - The development of a voltage between the two edges of a current carrying conductor whose faces are
perpendicular to a magnetic field.


Hall Effect Sensor - A device that converts the energy stored in a magnetic field to an electrical signal by means of the
Hall effect.


Hall Effect Sensor, Digital - A device that converts the energy stored in a magnetic field to an electrical signal which is
always in one or two stable states (ON or OFF, High or Low, 1 or 0).


Hall Effect Sensor, Linear - A device that converts the energy stored in a magnetic field to a voltage which is directly
proportional to its input.


Hall Element - The basic component of a Hall effect sensor that converts magnetic field to a lower level electrical signal.
When used alone is often referred to as a Hall effect generator.


Hall Sensor - A term sometimes used to describe a SENSOR based upon a Hall effect sensor.


Hard, Magnetically - A ferromagnetic material having a high coercive force and high residual induction. Used to
designate a permanent type magnetic material and not always synonymous with hard metallurgically.


Henry - MKS unit of inductance. Equal to the self-inductance of a circuit or the mutual inductance of two circuits. The
variation of 1 ampere/second results in an induced electromotive force of 1 volt.


High Threshold Logic - Allows for higher degree of inherent electrical noise immunity. A considerably larger input
threshold characteristic is exhibited by the HTL devices by using a reverse biased base-emitter junction that operates in the
breakdown avalanche mode. A higher input signal is required to turn on the HTL output inverting transistor than the DTL.


HTL - See High Threshold Logic.


Hydroscopic Material - A material with great affinity for moisture.


Hygrometer - A device that measures humidity.


Hysteresis (magnetic) - The difference between the magnetization that results from an increasing or decreasing
magnetizing force.


Hysteresis (switching) - The difference between the point where a digital state change occurs (ON to OFF, OFF to ON) for
an increasing or decreasing input. In a Hall effect sensor, this results in a distinct operate and release point.


Hysteresis Loss, Ph - The power dissipated in a ferromagnetic core as a result of its hysteresis; proportional to the product
of the area of the loop times the frequency times the volume of the core.
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- I -


IC - See Integrated Circuit.


I2L - See Integrated-Injection Logic.


Impedance - Ratio of electromotive force to effective current.


Indox - The trade name of Indiana General magnet product’s barium ferrite permanent magnet alloy.


Inductance - The property of an electric circuit where an electromotive force is induced in it by a variation of current either
in the circuit itself or in a neighboring circuit.


Inductance (magnetic) - See Flux Density.


Inductance, Residual, Br - See Residual Induction.


Inductive Level Detector - A level measuring system incorporating an oscillator and electromagnetic field.


Input - In electronic usage input usually means the signal or stimulus put into a circuit to make the output do something.
For example: in an audio amplifier the input is not the 120 VAC power supply. The input is the signal from the magnetic
head or whatever picks up the signal.


Integrated Circuit - An interconnected array of active and passive elements integrated within a single semiconductor
substrate and capable of performing one complete electronic circuit function.


Integrated-Injection Logic - A bipolar logic design. ICs with a circuit density approaching MOS and the speed of the
TTL.


Interface Circuit - A circuit that links one type of logic family with another or with analog circuitry. Its function is to
produce the required current and voltage levels for the next stage of circuitry from the previous stage.


Interference (electrical) - Any spurious voltage or current arising from external sources and appearing in the circuits of a
device.


Interference, Electrostatic Field - A form of interference induced in the circuits of a device due to the presence of an
electrostatic field. It may appear as a common mode or normal mode interference in the measuring circuits.


Interference, Magnetic Field - A form of interference induced in the circuits of a device due to the presence of a magnetic
field. It may appear as common mode or normal mode interference in the measuring circuits.


Inverter - A circuit whose output is always in the opposite state (phase) from the input. This is also called a NOT circuit.
(A teeter-totter is a mechanical inverter).


Isotropic, Magnetic - A material having the same mechanical characteristics along any axis or orientation. Might be
considered as the antonym of anisotropic.


- K -


Keeper - A piece of magnetically soft material used to close the magnet-circuit of a permanent magnet in order to protect it
again demagnetizing influences.


- L -


Latching Output - Signal modification that maintains a digital output state after an input has been removed.


Leakage Current - An undesirable small value of current that flows thru (or across) the surface of an insulator, the
dielectric of a capacitor, or a reverse-biased P-N junction.
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Least Squares Fit - A linear approximation to a curve where a straight line is chosen to minimize the sum of the squares of
the deviation between the straight line and the curve.


LED - See Light Emitting Diode.


Level Detector - See Comparator.


Light Emitting Diode (LED) - A solid state device that emits visible and/or infrared light when excited by a current.


Linear Circuit - A circuit with the property that its output is proportional to its input.


Linear Hall Effect Sensor - See Hall Effect Sensor, Linear.


Linear Variable Differential Transformer (LVDT) - A mutual inductance sensing element. It produces electrical output
proportional to the movement of a separate movable core. Also available in a rotary version (RVDT).


Linearity - The measure of the deviation of a curve from a straight line.


Load Line - The line used to locate the operating point of the permanent magnet on the demagnetization curve. The slope
of this line is equal to the permeance coefficient.


Lodex - A Hitachi trade name for permanent magnets that consist of elongated, single-domain iron cobalt particles
dispersed in a lead matrix.


Logic - See Digital.


LOHET (Linear Output Hall Effect Sensor) - A linear output Hall effect sensor integrated circuit. A MICRO SWITCH
acronym.


Low Energy Materials - Ferromagnetic materials having a low energy product; usually a low coercive force and residual
induction and therefore, easily demagnetized. Also know as soft magnetic materials.


- M -


Magnet - Any piece of material that produces a magnetic field and thus attracts materials such as iron.


Magnet, Ring - A cylindrical magnet around whose circumference pole pairs are magnetized.


Magnetic Circuit - Magnets combined with any soft ferromagnetic materials (pole pieces, flux concentrators, vanes, etc.)
that make up closed paths for lines of flux.


Magnetic Field - A condition of space surrounding a magnetic pole or conductor, through which current is passing, which
accounts for the physical force exerted by a magnet.


Magnetic Field Intensity - See Flux Density.


Magnetic Field Strength, H - The magnetomotive force per unit length at any given point in the magnetic circuit. At the
CGS system, the unit is oersted.


Magnetic Meter - A flow meter based on Faraday’s Law of Magnetic Induction. A conductive fluid flowing at right angles
to a magnetic field will have a voltage introduced into it that is proportional to the relative velocity of the conductor and the
field.


Magnetic Moment - On an atomic level, the force that results in the orientation of the magnetic field of an individual atom.


Magnetic System - A description of  a magnetic circuit and the manner in which the magnetic field in the circuit varies as a
function of time or motion at a point being considered (reference point).


Magnetization Curve - A curve showing successive states during magnetization of a ferromagnetic material. Flux density
(B) is plotted against magnetizing field (H).
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Magnetomotive Force (mmf) - The force that produces a magnetic field, either by current flowing through a conductor or
by the proximity of a magnetized body.


Magnetoresistor - A semiconductor device in which the electrical resistance is a function of the applied magnetic field.


Magnetostriction - The phenomenon that ferromagnetic material show a small deformation under the influence of a
magnetic field and, conversely, the magnetic properties are affected when the materials are strained mechanically.


Mass Flow Meter - A meter that measures flow in terms of mass rather than volume.


Maxwell - The CGS unit of magnetic flux. 1 maxwell = 10-8 webers


Metal Oxide Semiconductor (MOS) - A class of insulated gate field effect transistors (FETs). The gate is insulated from
the semiconductor substrate material by using an oxide (or nitride) dielectric to form a unipolar device.


MKS - Meter, kilogram, second system units of measure.


Mode (magnetic) - A description of the type or motion of a magnetic system.


- N -


NI (ampere turns) - The product of the number of turns of a coil or a winding (distributed or concentrated) and the current
in amperes circulating in the turns.


Normally High - The state of a device where the output is high (Logic 1) when no actuation forces are exerted.


Normally Low - The state of a device where the output is low (Logic 0) when no actuation forces are exerted.


North Pole - In a magnet, the pole where magnetic lines of force are considered to leave the magnet. The pole that points to
geographic north for a freely suspended magnet.


NPN (transistor) - A transistor consisting of two N-type regions separated by a P-type region.


N-Type - Mobile conduction electron concentration exceeds hole concentration.


Nuclear (radiation) Sensor - A device consisting of a radiation source and a detector. Used to measure level, density, flow
and mass flow.


Null Offset - The output from a device that results from a null or zero level input.


- O -


Oersted - the CGS unit of magnetizing field, 1oersted = 2.021 ampere-turns/inch = 103/4Π NI/meter.


Offset - The change in input voltage required to produce a zero output voltage in a linear amplifier circuit.


Off State Current - See Leakage Current.


Ohm - The unit of electrical resistance. It is the resistance through which a current on one ampere will flow when a voltage
of one volt is applied.


Ohm’s Law - The current [I] in a circuit is directly proportional to the total voltage [E] in the circuit and inversely
proportional to the total resistance [R] of the circuit. The law may be expressed in three forms: E=IR; I=E/R; R=E/I.
Elements that obey Ohm’s Law are called linear resistors.


ON Voltage - The voltage with respect to ground or the minus supply at a sensor output when it is in the conducting or ON
state.


One Shot - A logic device whose output is a pulse triggered by an input and is of a fixed duration.
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Operational Amplifier - A stable, high gain, direct coupled amplifier that depends on external feedback to determine its
functional characteristics.


Optoelectronics - Technology dealing with the coupling of functional electronic blocks by light beams.


- P -


Parallel Circuit - A circuit in which the current has two or more paths to follow. Two electrical elements are in parallel if
(and only if) both terminals of both elements are electrically connected.


Paramagnetic Material - Material having a permeability slightly greater than that of a vacuum; generally considered non-
magnetic.


Passive Elements - Resistors, inductors, capacitors, transformers, or diodes… elements incapable of power gain.


Peak Energy Product - The peak value of the product of the magnetic flux density (B) and the magnetizing field (H).
Used as an index of magnetic material performance.


Permanent Magnet Material - A piece of ferromagnetic material which once having been magnetized shows definite
resistance to external demagnetizing forces, i.e., it requires a high demagnetizing force to remove the resultant magnetism.


Permeability (µ) - A measure of how much better a given material is than a vacuum as a path for magnetic lines of flux.
Permeability is the flux density, B (gauss) divided by the magnetizing force, H (oersted).


Permeability, Differential (µ D) - The slope of the normal induction curve.


Permeability, Incremental (µ∆) - The ratio of the cyclic change in magnetic induction to the corresponding cyclic change
in magnetizing force when the mean induction differs from zero. For small changes in magnetizing force, the incremental
permeability is approximately equal to the slope of the minor hysteresis loop generated.


Permeability, Initial (µ0)- The slope of the normal induction curve at zero magnetizing force.


Permeability, Intrinsic (µi)- The ratio of intrinsic normal induction to the corresponding magnetizing force.


Permeability, Normal (µN)- The ratio of normal induction to a corresponding magnetizing force.


Permeability, Relative (sometimes designated µR)- The permeability of a body relative to that of a vacuum.


Permeability, Reversible (swing back permeability µr)- The slope of hysteresis loop at the residual induction. For a
permanent magnet, when the induction is increased, the operating point (Bd, Hd) does not return along the demagnetization
curve but moves along a line having the slope.


Permeability, Space (µV)- The factor that expresses the ratio of magnetic induction to the magnetizing force in a vacuum.
In the CGS system, the permeability of a vacuum is one.


Permeance (P) - A characteristic of a magnetic circuit equal to magnetic flux divided by a magnetomotive force.


Permeance Coefficient (demagnetizing coefficient) (B/H) - Describes the operating conditions of the magnet and is the
slop of the magnetic load line.
Equal to B/H = Lm/Am x P. Where Lm and Am are the length and the area of the magnet respectively, and P is the permeance
from one end of the magnet to the other.


Photocell - A resistive, bulk effect type of photosensor; used when it is desirable to wire several photoreceivers in series or
in parallel.


Photo Optics - The combination of an input light source and a photoreceiver producing an output signal and assembled
either separately or in a single package.


Photoreceiver - A unit consisting of a photosensor, focusing lens, and protective enclosure.


Photosensor - A light-sensitive device in a photoelectric control that converts a light signal into an electric signal.
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Phototransistor - A type of transistor whose output is controlled by the light intensity on its surface.


Piezoelectric - The property of certain crystals that produce a voltage when subjected to mechanical stress, or undergo
mechanical stress when subjected to a voltage.


Piezoresistance - Resistance that changes with pressure.


P-MOS, P Channel MOS - Pertaining to MOS devices made on N-type substrates in which the active carriers flow
between P-type source and drain contacts. The N-type channel inverts to P-type at the surface with the application of the
proper voltage to the gate terminal.


P-N Junction - A region of transition between P-type and N-type semiconducting material.


PNP (transistor) - A transistor consisting of two P-type regions separated by an N-type region.


Pole Face - That surface of a magnet where lines of flux radiate or terminate (either a north or south pole).


Pole Pair - A combination of north and south poles. Multiple pole magnets must have an equal number of north and south
poles and are, therefore, specified in terms of pole pairs.


Pole Piece - One or more pieces of soft ferromagnetic material used to channel or direct lines of flux.


Poles, Magnetic - Those portions of the magnet where the lines of flux converge. All magnets have at least two poles,
north and south.


Potentiometer - A variable resistor used in an electronic bridge circuit. Commonly used to measure temperature or
pressure.


P-Type - Mobile hole concentration exceeds the conduction electron concentration.


Power Consumption - The maximum wattage used by a device within its operating range during steady-state signal
condition.


Pull-down Resistor - A resistor connected across the output of a device or circuit to hold the output equal to or less than
the 0 input level. Also used to lower the output impedance of digital or analog devices. It is usually connected to a negative
voltage or ground.


Pull-up Resistor - A resistor connected across the output of device or circuit to hold the output voltage equal to or greater
than the 1 input level. It is usually connected to a positive voltage.


Pulse - A momentary sharp change in current, voltage or other quantity that is normally constant. A pulse is characterized
by a rise and fall, and has a finite duration.


Pyrometer - A class of temperature measuring instruments incorporating a SENSOR and a readout device.


- R -


Radiation Pyrometer - A temperature measuring device that uses an optical system to focus radiant energy from an object
onto a detector. The detector converts this energy into an electrical signal that varies with the temperature of the object.


Reactance - The part of the impedance of an alternating current circuit that is due to capacitance or inductance or both.
Expressed in ohms.


Regulator (voltage) - A device used to maintain a desired output voltage regardless of normal changes to the input or to
the output load.


Reliability (of a sensor) - A measure of the probability that a sensor will continue to perform within specified limits for a
given length of time under specified conditions.


Reluctance [R] - The resistance of a magnetic path to the flow of the magnetic lines of force through it. It is the reciprocal
of permeance and is equal to the magnetomotive force divided by the magnetic flux.
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Remanence (see residual induction) (Bd) - The magnetic induction that remains in a magnetic circuit after the removal of
the applied magnetomotive force. If there is an air gap in the magnetic circuit, the remanence will be less than the residual
induction. For a permanent magnet, the remanence can be considered as the operating induction. Note: The European
definitions of residual induction and remanence are interchanged.


Repeatability - The ability of a device to reproduce output readings when the same measurand value is applied to it
consecutively in the same direction.


Reproducibility - The exactness with which a measurement or other condition can be duplicated over a period of time.


Residual Induction (Br) - The flux density corresponding to a zero magnetizing field in a magnetic material under the
conditions it has been fully magnetized and contained in a closed magnetic circuit with no air gap. See Remanence.


Resistance - The opposition that a device offers to the flow of electrical current. All substances have the quality of
electrical resistance. Copper has very low resistance and glass has very high resistance. Resistors are parts used in
electronic circuits, which when connected between terminals of a battery or power supply, allow a predictable quantity of
current to flow. Resistance is measured in ohms.


Resistance Temperature Detector (RTD) - A device whose resistance changes as a function of its temperature.


Resolution - The degree that nearly equal values of a quantity can be discriminated by a system or device.


Resonant Wire - A SENSOR based on the resonant frequency of a vibrating wire which changes as strain is applied to it.


Response - The behavior of the output of a device as a function of the input, both with respect to time.


Response Time - The time it takes for a device to respond to an input signal.


Ring Magnet - See Magnet, Ring.


Rise Time - A measure (10% to 90%) of the time required for the output voltage to rise from a state of low voltage level to
a high voltage level, once a level change has been started.


- S -


Saturation, Magnetic - The condition where all domains have become oriented in one direction. A magnetic material is
saturated when an increase in the applied magnetizing field produces no appreciable increase in intrinsic induction.


Saturation Voltage - 1. The voltage drop appearing across a switching transistor (collector-emitter) when it is turned ON.
2. The voltage between based and emitter required to cause collector current saturation.


SCR - See Silicon Controlled Rectifier.


Semiconductor - A material whose resistivity is between that of conductors and insulators, and who resistivity can
sometimes be changed by light, an electric field or a magnetic field.


Sensing device - Any device that detects, measures, and responds to a physical quantity.  Examples of various types are:
current sensors, audio sensors, and light sensors.


Sensing Element - The basic component of a sensor that changes a physical quantity into an electrical signal.


Sensitivity - 1. (Linear Sensor) The proportionality constant that related the output of a sensor to its input. 2. (Digital
Sensor) The magnitude of a maximum field required to actuate a digital Hall effect sensor.


Sensor - The primary component of any sensing device.  A sensor detects one form of energy and converts it to another.
The energy detected may be magnetic, electrical, mechanical, acoustical, etc.  Examples of various types of sensors are Hall
effect, variable reluctance, optoelectronic, piezoresistive and variable capacitance.


Series Circuit - A circuit in which the current has only one path to follow.


SI - “Le Syste’me International d’Unités.” Standard international unit. Same as MKS system-meter, kilogram, second.
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Signal Conditioning - To process the form or mode of a signal so as it make it intelligible to, or compatible with, a given
device, including such manipulation as pulse shaping, pulse clipping, digitizing and linearizing.


Silicon Controlled Rectifier (SCR) - A three-junction semiconductor device that is normally an open circuit until an
appropriate signal is applied to the gate terminal, at which time it rapidly switches to the conducting state. Its operation is
such that it only conducts current in one direction.


Sink - See Current Sinking.


Sintering - The process of bonding metal or other powders by cold-pressing into the desired shape, then heating to form a
strong cohesive unit.


Snap Action - A rapid motion of contacts from one position to another position or their return. (Differential storing of
energy).


Soft, Magnetically - A ferromagnetic material having a low coercive force. Used to designate materials for electromagnets,
pole pieces, flux concentrators and vanes. Not always synonymous with soft metallurgically.


Solid State Switch - A no-contact device that completes a circuit by means of solid state components.


Sonic Sensor - A device using a sonic signal to measure level or flow.


Source - See Current Sourcing.


South Pole - In a magnet, the pole where magnetic lines of force are assumed to enter after emerging from the north pole.


Span - Defines the output range of a linear output sensor. Span is the difference in output voltages when the input is varied
from a minimum gauss to a maximum gauss.


Stabilization - The treatment of a permanent magnet material designed to increase the permeance of its magnetic
properties. This process may include such conditions as heat, shock or demagnetizing fields so that the magnet will produce
a constant magnetic field. Stabilization generally refers only to magnetic stability wherein if the disturbing influence were
removed and the magnet remagnetized, any magnetic changes can be completely restored. Flux changes caused by internal
structural changes are permanent in character and cannot be restored simply by remagnetization.


Strain Gage - A device whose resistance changes as it is subjected to strain.


Substrate - The material upon or within which an integrated circuit or transistor is formed.


Susceptability - The ratio of the intensity of magnetization produced in a substance, to the magnetizing force or intensity of
the field to which it is subjected.


- T -


Tesla - The MKS unit of magnetic induction. Equal to 1 weber per square meter.


Thermistor - An electrical resistor whose resistance varies sharply with temperature.


Thermocouple - A device constructed of two dissimilar metals that generates a small voltage as a function of the
temperature difference between a measuring and reference junction.


Thompson Effect - The principle in which a voltage is developed in a conductor that is subjected to a longitudinal
temperature gradient (temperature difference between two points along its length). Discovered by William Thompson (Lord
Kelvin).


Thyristor - Any of several types of transistors having four semi-conducting layers (three P-N junctions). The solid state
analogue of the thyratron. See SCR.


Sensor - Any device that converts energy from one form to another. The energy may be magnetic, electrical, mechanical,
acoustical, etc. Examples of various types of sensors are Hall effect, variable reluctance, optoelectronic, piezoresistive and
variable capacitance.
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Transients - In electrical usage, usually refers to an unwanted, temporary, large increase or decrease in a current or supply
voltage that only occurs occasionally. Usually due to reactive components during rapid changes in a voltage or a current.


Transistor - A tiny chip of crystalline material, usually silicon, that amplifies or switches electric current. It is a three
terminal semi-conductor device. A small current (base current) applied to one terminal causes a larger current (collector
current) to flow between the other two terminals. For elementary purposes, you can look at a transistor as a resistor whose
value can be changed from a high to a low value by applying a current to the base lead.


Transistor-Transistor Logic - A bipolar circuit logic family where the multiple inputs on gates are provided by multiple
emitter transistors. This family is characterized by high speed and low cost, and is widely used in modern digital circuits.


Triac - A General Electric trade name for a gate-controlled full-wave AC silicon switch. Designed to switch from a
blocking state to a conducting state for either polarity of applied voltage with positive or negative gate triggering.


Trigger - A timing pulse used to initiate the transmission of signals trughout the appropriate circuit signal paths.


TTL, T2L - See Transistor-Transistor Logic.


- U -


Ultrasonic Sensor - A device using an ultrasonic signal to measure level or flow.


Ultrasonics - The technology involved with sounds that are too high in frequency to be heard by the human ear.


Uniform Field - A magnetic field where the magnitude and direction are constant in the region being considered at any
instant.


Unipolar Magnetic System - A magnetic system where the direction of the magnetic field, at the point being considered,
has a single polarity (plus or minus) over time or motion of the system.


Unipolar Sensor (Hall effect) - A sensor whose maximum operate and minimum release value have a positive gauss level.
A gauss level is considered positive if its direction is the same as the reference direction of the sensor.


- V -


Vane - A piece of soft ferromagnetic material used to shunt lines of flux away from a given area.


Vibration Level Detector - A level detector based on the fact that when a vibrating element comes in contact with a
different medium, its vibrating frequency changes or stops.


Volt - The unit of voltage, potential and electromotive force. One volt will send a current of one ampere through a
resistance of one ohm.


Voltage - Term used to designate electrical energy difference that exists between two points and is capable of producing a
flow of current when a closed circuit is connected between the two points.


Voltage Drop - The voltage developed across a component or conductor by the flow of current through the resistance or
impedance of that component or conductor.


Vortex Precession Flow Meter - A flow meter based on vortex precession. Fluid entering the meter is forced to rotate as it
passes through a set of fixed turbine-like blades. As the rotating fluid leaves the vanes, its center or vortex takes on a helical
path. This change is called precession. The frequency of precession is proportional to the volumetric flow.


Vortex Shedding - The phenomena that a bluff body inserted in a flow causes alternative vortices to be created in the fluid
on the downstream side. The frequency of the appearances of these vortices becomes a measure of the flow rate.







Glossary


For application help: call 1-800-537-6945    Honeywell • MICRO SWITCH Sensing and Control     117


- W -


Weber - The MKS unit of magnetic flux. The amount of magnetic flux which, when linked at a uniform rate with a single
turn electrical circuit during an interval of one second, will produce in this circuit an electromotive force of one volt.


Wiegand Effect - Under the influence of a magnetic field, domain reversals occur in a specially processed ferrous wire,
generating a voltage pulse.


Wired-OR - The connection of two or more open collector or sinking outputs to a common point. The combined output is
a Logic 0 if any of the individual outputs is 0 and a Logic 1 if all of the individual outputs are 1.
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14.1  General 


The following specifications apply to all Forest Service sign manufacturing,
whether by Federal or state prison industries, commercial sign shops, or force
account operations. 


14.2  Applicable Documents and References 


The following specifications, standards, and references form a part of this
document to the extent specified herein. Unless otherwise specified, the
applicable documents and references are those in effect on the date of the 
sign requisition, invitation to bid, or request for proposal.


14.2.1  U.S. Government Documents


USDA Forest Service


• Forest Service Sign Handbook, EM-7100-15 Sign and Poster Guidelines
for the Forest Service.


U.S. Department of Transportation Federal Highway Administration (FHWA)


• FP-03 – Standard Specification for Construction of Roads and Bridges 
on Federal Highway Projects (latest edition), Section 718 Traffic Signing
and Marking Material, and Section 633 Permanent Traffic Control, ISBN
No. 0-16-051430-4. 
FP-03 is available from the Superintendent of Documents, U.S. Government
Printing Office, www.bookstore.gpo.gov or phone (866) 512-1800.


• MUTCD – Manual on Uniform Traffic Control Devices for Streets and
Highways (2003 or latest edition).
The 2003 MUTCD is available on the Internet and by sale from
organizations such as the American Traffic Safety Services Association
(ATSSA). (540) 368-1701 or http://www.atssa.com


• Standard Highway Signs, Stock No. 950-044-00000-4 or latest edition.


Federal Standards and Specifications


• MMM-A-181D – Adhesives, Phenol, Resorcinol, or Melamine Base (latest
edition)


• TT-P-19D(1) – Paint, Latex (Acrylic Emulsion, Exterior) superseded by;
• A-A-3183 – Paint, Latex, Exterior, (For Wood and Masonry), (latest edition)
• A-A-2336 – Primer Coating (Alkyd, Exterior Wood, White and Tints), (latest


edition)
• FED-STD-595 – Colors Volume 1 (latest edition)


Color Numbers (all)
Color Number 20059 Brown Stain
Color Number 36357 Gray Stain


• FED-STD 595B – Color Chips – Fan Deck, Stock Number 7690-01-162-2210


The above documents and federal color chips are available from the General
Services Administration, Federal Supply Service FSS Acquisition Management
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Center, Environmental Programs and Engineering Policy Division (FCOE),
Washington, DC 20406.


14.2.2  Nongovernment Publications


APA The Engineered Wood Association


• PS1-95 – Construction and Industrial Plywood available from, APA U.S.
Headquarters and International Marketing Division, 7011 South 19th Street,
P.O. Box 11700, Tacoma, WA 98411-0700.


American Society for Testing and Materials (ASTM)


• D4956 – Standard Specification for Retroreflective Sheeting for Traffic
Control, (latest edition). This specification covers various types of
retroreflective sheeting. Refer to the section on sheeting in this chapter.


• B209 Standard Specification for Aluminum-Alloy Sheet and Plate, (latest
edition), 5052-H38 Aluminum Plate, 6061-T6 Aluminum Plate


Copies of these specifications are available for purchase from ASTM, 100 Barr
Harbor Drive, West Conshohocken, PA 19428-2959.


14.3  Retroreflective Signs


14.3.1 Description


All materials, labor, tools, equipment, and supplies used to manufacture
retroreflective signs as well as their packaging and shipment to the designated
destination must comply with this specification, drawings, and other specifics of
the requisition. There can be no marks, blemishes, or damage of any kind that
may result in noticeable defects on any of the surfaces of the finished product. If
not specifically defined herein, the contracting officer will pre-approve repair
and/or method of repair of defects.


14.3.2  Substrate  


High Density Overlay (HDO) plywood – Overlay color may be either black or
buff unless otherwise specified. Minimum 1/2-inch plywood shall be used for
signs less than 24 inches in longest dimension. Minimum 5/8-inch plywood shall
be used for all other signs cut from a single sheet of plywood. Three-quarter-
inch HDO plywood shall be used for all signs requiring joining.


Aluminum – The aluminum substrate shall be alloy 5052-H38 or 6061-T6 from
flat sheet stock conforming to the requirements of ASTM B209 and FP-03
section 718.05. Minimum thickness shall be 0.8 inch for panels up to 30 inches
and 0.12 inch for larger panels. The back side of the sign shall not be painted.


Fiberglass-reinforced plastic (FRP) – Fiberglass reinforced plastic shall
comply with the recommendations of the Fiberglass Reinforced Panel Council
publication Recommended Traffic Control Sign Panel Specification. Unless
otherwise specified in the contract, the color of the material shall be brown,
matching Federal Standard 595a, color #20059, or an alternative brown color
approved by the contracting officer. Use a minimum thickness of 0.08 inch for
signs 12 inches and under, 0.12 inch for signs with the largest dimension
between 12 and 24 inches, and 0.135-inch-thick panels for signs exceeding 24
inches in any dimension. 


Plastic banner type signs – Refer to Section 14.6.
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Wood-plastic composite (WPC) – WPCs are a composite of wood fibers
mixed with thermoplastic resins. Initial testing indicates WPC is a satisfactory
substrate for retroreflective signs, although it is a somewhat heavier substrate
than plywood. When specified as a substrate for signs, the WPC shall contain a
minimum of 50 percent wood fibers. Wood flour or finer ground wood products
are not to be used because they produce lower mechanical strengths in the
composite substrate. The composite material shall be either tan or brown in
color and may be manufactured using compression molding, extrusion, or
injection molding. Thickness for the substrate shall be the same as for the
applicable HDO plywood substrate signs described in Section 14.3.9a. 


14.3.3  Sheeting 


All retroreflective materials (sheeting, legend, borders, and symbols) shall
conform to FP-03 or the latest edition and ASTM D 4956. All sheeting shall be
engineering grade ASTM Type I, sheeting for informational and directional signs.
Warning and regulatory signs shall be ASTM Type III, high-intensity sheeting,
unless another type of sheeting (Table 3-3) is specified. Background sheeting
shall be pressure sensitive. 


14.3.4  Clear Overlay Sheeting


When specified, cover the entire face of a sign with a clear UV-stabilized,
pressure-sensitive adhesive, protective overlay film. Use 3M Protective Overlay
Film Series 1160 or equivalent, which will significantly increase the durability
and life of the sign. This film is a durable, high-performance, solvent-resistant,
clear sheeting. Overlay sheeting significantly extends the life of a sign
manufactured with pressure-sensitive letters and characters, especially when
installed in areas where the sign is subjected to snow burial. Sign defacement
from graffiti or other vandalism can often be cleaned from this overlay film.
Overlays also reduce sign damage from paintball gun impacts. The film shall
cover the top of the sign and extend 1 inch down the back side of the sign.


14.3.5  Top Edge Film


When specified, top-edge film shall be vinyl that is pressure-sensitive, premium-
quality, clear, and ultraviolet-resistant. Top-edge tape extends the life of signs
with HDO substrates and retards peeling or delamination of the pressure-
sensitive background sheeting from the substrate of the sign. It should normally
be specified for signs, regardless of the substrate, at higher elevations subject
to snow and in wet and damp climates. Top-edge film is not needed when
specifications call for clear overlay sheeting to be applied over the face and top
of the sign.


14.3.6  Fonts


Unless otherwise specified, text for legends shall be Highway Gothic, ASA
Series C lettering for 3-inch and 4-inch characters. Series D lettering should be
used on 5-inch and 6-inch characters. Characters that are 7 inches and above
should use Series E lettering. Directional and guide signs shall be in all capital
letters as shown in the MUTCD, Figure 2H-2. General forest Information signs
not covered by MUTCD may use upper- and lower-case text.
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14.3.7  Paint  


Paint applied to any surface of the substrate shall be premium grade exterior,
silicone alkyd enamel. Colors should match the color of the HDO plywood
substrate or sheeting, as specified in the order.


14.3.8  Silk-screen Inks


Refer to FP-03, Section 718.11(a).


14.3.9 Manufacturing Requirements


14.3.9a  Sign Panel Preparation


Sign panels shall be cut from the specified substrate material that is flat and free of
warp or any defects that interrupt smooth continuity of the panel surface. All panels
shall be prepared precisely as described in writing by the substrate and sheeting
manufacturers. The sign manufacturer shall assure that the reflective sheeting is
applied to the proper side of the substrate where applicable. Sign panels less than
4 by 8 feet shall be cut from a single sheet of substrate material without joints.


HDO sign panels larger than 4 by 8 feet shall be fabricated in sections using 
3/4-inch thick HDO substrate material. Individual panel sections shall be
prepared so they can be joined using doweled butt joints. Dowels shall be 
3/8-inch threaded metal bolt stock, 4 1/2 inches in length, placed 2 inches from
each side and every 12 to 15 inches along the joint. See Figure 14–1 for typical
details. Actual joining of the individual panels shall occur during sign installation.


14.3.9b  Sizing Tolerance


Dimensions for sign panels shall be as shown on the detail drawings, with a
tolerance of ± 1/4 inch. Panel thickness shall be as follows:  


• HDO plywood – Minimum 1/2-inch plywood shall be used for signs less
than 24 inches in longest dimension. Minimum 5/8-inch material shall be
used for all other signs cut from a single sheet. Three-quarter-inch plywood
shall be used for all signs requiring joining. 


• Aluminum – Refer to FP-03, Section 718.05. Aluminum panels shall be a
minimum thickness of 0.08 inch and panels of 30 inches in any dimension
shall be 0.12-inch thick.


• Reinforced Fiberglass – Reinforced fiberglass panels shall be 0.08-inch
thick for signs 12 inches and under, 0.12 inch for signs with the largest
dimension between 12 to 24 inches, and 0.135-inch thick panels for signs
exceeding 24 inches in any dimension. Refer to FP-03 Section 718.06(b)
for additional requirements. 


14.3.9c  Beveling/Corner Rounding


All edges of sign plywood panels shall be slightly rounded or beveled (typically,
45 degrees by 1/16 inch) to eliminate edge sharpness. Each corner radius shall
be as specified in the drawings. 


14.3.9d  Drilling


Holes, when required, shall be drilled at the locations and to the sizes shown on
the drawings. All holes shall be deburred such that all burrs and sharp edges
are removed.
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14.3.9e  Edge Finishing


All core-gap holes on HDO plywood signs shall be filled with an exterior wood
filler. Sign edges shall be sanded with sandpaper (60 to 80 grit) to produce a
smooth surface and shall receive one coat of paint before application of
background sheeting. (See Section 14.3.9h for final edge finishing).


14.3.9f  Sheeting, Legend, Border, and Symbol Application


All sheeting, legend, borders, and symbols shall be applied precisely as
prescribed in writing by the manufacturer of the material being used. 


The entire face of the sign panel shall be covered with one unspliced sheet;
however, splicing is permissible where the substrate panel exceeds 48 inches in
vertical dimension. Only horizontal splicing shall be used. Materials shall be
color matched by use of sheeting from the same factory lot number and
manufacturing date, and the splice shall not coincide with any legend. The top
piece shall overlap the bottom piece by a minimum of 1/2 inch. See Figure 14-1.


All letters, layout, and spacing requirements for guide and information signs
shall conform to the Standard Alphabets for Highway Signs, FHWA, current
edition, and as shown on drawings. Use Highway Gothic ASA Series lettering as
specified in Section 14.3.6 unless otherwise specified. 


The following tolerances shall apply:


• Legend, numerals, and symbols shall be horizontally aligned to a tolerance
of ± 1/16 inch.


• Legend, numerals, and symbols shall be vertically aligned to a tolerance of
± 1/16 inch.


• Spacing between lines shall not exceed a tolerance of ± 1/16 inch.


Protective overlay film and borders shall be applied in the following order to
create a shingling effect:


Top of sign


Sheeting or overlay


1/2 in. minimum overlap


Substrate


Apply lower sheeting or
overlay first. Overlap by 
1/2 in. minimum with top sheeting.


Figure 14-1—Sheeting or overlay overlap detail.
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1. Apply bottom border strip and trim to outside edge of substrate.
2. Apply bottom corners (radius) and trim to outside edge of substrate.
3. Apply left and right border strips and trim to outside edge of substrate.
4. Apply top corners (radius) and trim to outside edge of substrate.
5. Apply top border strip and trim to outside edge of substrate.
6. If specified in the requisition, apply clear protective overlay film over the


entire face of the sign.
7. Apply edge film, when specified on the requisition, over the top edge of the


panel as follows:


Edge film widths shall be selected as follows:


Sign panel thickness Edge film width
(inches) (inches)


1/16 – 3/8 1


1/2 – 5/8 2
3/4 - 1 3


Edge film shall be applied to extend a minimum of 1 inch below the top corner
radius on each side of the panel.


14.3.9g  Silk-screening


Refer to FHWA FP-03, Section 718.11 


14.3.9h  Trimming and Edge Finishing


After all sheeting, legends, borders, and symbols have been applied to the
substrate, all excess material shall be trimmed flush with the edge of the sign
panel, except sheeting may overlap HDO plywood substrate edges by 1/8 inch.
After trimming, the edges of HDO plywood substrate signs shall be finished with
a second coat of paint applied in accordance with the recommendations of the
paint manufacturer. 


14.4  Routed Signs


14.4.1  Description


All materials, labor, tools, equipment, and supplies used to manufacture routed
signs as well as their packaging and shipment to the designated destination
must comply with this specification, drawings, and other specifics of the
requisition. Workmanship shall be high quality with no visible defects in the
finished product. 


14.4.2  Substrate


The manufacturer shall obtain approval from the contracting officer to use
substrate materials other than those defined herein for sign manufacture.


Cleats shall be of the same material and specifications as the material in the
sign panel.
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Medium Density Overlay (MDO) plywood – MDO plywood shall be all
Douglas fir, grade B, plugged core or better, exterior type, and B-B (or better)
face and shall otherwise conform to U.S. Product Standard, PS-1, current
edition. Three-quarter-inch material shall be seven-ply, and 1-inch material shall
be nine-ply. The resin-treated MDO facing shall be on both sides of the finished
product and shall present a smooth, uniform surface intended for high-quality
paint finishes. Each panel edge brand shall include the following: MDO B-B G1
EXT APA PS-1.


Lumber – Lumber shall be cedar or oak as specified on procurement
documents. Other species of lumber may be used for one-board signs when
specified in procurement documents.


Cedar – Cedar shall be grade marked Western Red Cedar (Thuja plicata), clear
heart or A-grade, vertical grain, kiln dried, nominal thickness of 2 inches, and in
accordance with Grading Rules for West Coast Lumber, West Coast Lumber
Inspection Bureau, current edition, including any supplements thereto, except
that the moisture content shall not exceed 15 percent at the time of sign
manufacture.


Oak – Oak shall be white oak, No. 1 grade, with a nominal thickness of four
quarters (1 inch). Red oak may not be substituted because it has inferior
resistance to decay in outdoor exposures.


Wood-plastic composite (WPC) – WPCs are a composite of wood fibers
mixed with thermoplastic resins. WPC is somewhat heavier than plywood. When
specified as a substrate for signs, the WPC shall contain a minimum of 50
percent wood fibers. Wood flour or finer ground wood products are not to be
used because they produce lower mechanical strengths in the composite
substrate. The composite material shall be either tan or brown in color, and may
be manufactured using compression molding, extrusion, or injection molding.
Thickness for the substrate shall be the same as for the applicable MDO
plywood substrate signs.  


High-density polyethylene (HDPE or recycled plastic) – This
nonbiodegradable plastic is extremely durable and requires little or no
maintenance. It will not crack, warp, oxidize, rust, break, or suffer UV
deterioration. It withstands temperatures as low as minus 40 degrees
Fahrenheit and repels graffiti. It has some flexible characteristics and may
require metal or wood reinforcement for proper support. Follow manufacturers
recommendations for proper mounting, maintenance, and repair.


Up to three layers of polyethylene are bonded through an extrusion process
called “A/B/A” format.  The surface “A” is one color with a contrasting core “B”
underneath. The surface can be routed to expose the core color underneath or
the surface material around the legend can be routed away leaving a raised
surface in the “A” color. The HDPE sheets consist of a 1/8-inch top layer, a 
1/2-inch middle core layer, and a 1/8-inch bottom layer. The combination of layers
shall provide a unified 3/4-inch thick panel free of any jointing, unless requested
for oversized signs. The material is produced in solid sheets that is 5 feet by 10
feet by 3/4-inch thick.
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Fiberglass reinforced plastic (polyethylene) (FRP) – This is an exceptionally
strong composite made from fiberglass reinforced in a plastic (polymer) matrix.
The extremely durable material requires little or no maintenance. Complex
forms and shapes are easily molded such as Forest Service shields. It will not
crack, warp, oxidize, rust, break or suffer UV deterioration. It has superior
corrosion and chemical resistance and repels graffiti. Follow manufacturers
recommendations for proper mounting, maintenance, and repair. 
See Section 14.5.


14.4.3  Adhesive


The adhesive (glue) shall be phenolic resorcinol, moisture resistant in
accordance with Federal Specification MMM-A-181C.


14.4.4  Hardware


All hardware (such as screws, bolts, and washers) shall be zinc plated.


14.4.5  Primer, Paint, and Stain


Primer – Primer shall be top-quality and oil-based conforming to Federal
Specification TT-P-25. 


Paint – Paint shall be top-quality exterior acrylic (high-acrylic) latex enamel
conforming to Federal Specification TT-P-19. Unless shown otherwise in
drawings, colors shall be Federal Standard 595, as follows: 


Pantone Matching
Color 595 No. System (PMS)


Brown 20059 476 opaque
Yellow-cream 23695
Orange 12473
White 27875
Light Blue 15187
Black 17038
Green 14260
Tan 20260
Seminole Brown 20109
Gray White 27722


These lists are not all-inclusive; drawings may specify other colors.


The five-digit numbering system used for the colors is based on the assignment
of numerals, which indicate the following:


1. The first digit indicates the category of finish; 1—full gloss; 2—semigloss;
3—lusterless (flat).


2. The second digit indicates the selected color classification group.
3. The last three digits indicate the approximate order of increasing (diffuse)


reflectance.


Stain – Stain shall be semitransparent, oil based. The final product shall match
the following colors:


• Gray stain. Gray stain shall match Federal Standard 595, No. 36357.
• Brown stain. Brown stain shall match Federal Standard 595, No. 20059.
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14.4.6  Manufacturing Requirements


14.4.6a  Medium-Density Overlay Plywood


Sign board panels less than 4 by 8 feet shall be cut from a single sheet
(minimum 3/4-inch thick) substrate material (without joints) and shall be flat and
free of warp or any defects that interrupt smooth continuity of the panel surface.
Joining will be permitted only on those sign board panels exceeding 4 by 8 feet.
One-inch-thick material shall be used for all MDO signs requiring joints. 


Only doweled butt joints shall be used. Dowels shall be 3/8-inch threaded bolt
stock, 4 1/2 inches in length, placed 2 inches from each side and every 12 to 15
inches along the joint. See Figure 14–2 for details. A doweling jig shall be used
as a guide to drill dowel holes. All wood chips and sawdust shall be removed
from the dowel holes and joint surfaces before joining. Dowels shall be dipped
in glue before insertion. 


All core-gap holes shall be filled with an exterior wood dough. All panel edges
shall be sanded to eliminate edge sharpness but not to exceed one ply in depth.
Preparing, gluing, clamping, and finishing of the plywood panels shall be as
described in other sections of this specification. Care shall be taken not to sand
through the MDO overlay at the joint. Exposed surface wood is not acceptable
on sign faces. Cleats should be done as shown in Figure 14-3.
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1 in. MDO
plywood


Glue
Dowel


3/8
in.


5 in. maximum
4 3/4 in. minimum 4 1/2 in.


2 1/4 in.


2 1/4 in.


Figure 14-2—Butt joint with dowels, MDO plywood.


60 in.-72 in.
Glue joint


See Figure 14-4 for cleat
size, the number of cleats,
and fastening information.


6 in. above glue joint
2 in. above glue joint
2 in. below glue joint
6 in. below glue joint


48 in.-60 in.


12 in.


Figure 14-3—MDO plywood cleating details.
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14.4.6b  Lumber


Sign panels made of lumber shall be fabricated from boards not more than 8
inches nor less than 4 inches wide, except that Forest Service shields and trail
signs up to 10 inches in height may be made from one board. Joined boards
shall provide a smooth match on all surfaces. Joining of boards for sign panels
shall be accomplished with plain joints, side grain to side grain. The surfaces to
be joined shall be machined just before bonding. Only horizontal joints shall be
permitted.


Preparation of surface joints – Surfaces to be glued shall be smooth, true,
and free from machine-joining marks and chipped or loosened grain.


Temperatures – Air temperatures shall be not less than 70 degrees nor more
than 90 degrees Fahrenheit, or as otherwise recommended by the adhesive
manufacturer, during the glue application and curing process.


Glue application – The entire surface of each joint face shall be covered with
the specified glue. The glue manufacturer’s recommendations concerning the
amount applied, drying time, and other application procedures shall be followed.


Clamping and curing – A minimum of four clamps shall be used on sign panels
less than 48 inches long. An additional two clamps shall be used for each 12
inches of additional length. Clamps shall be alternated on the front and back of
the sign panel and tightened in dual sequence starting in the middle of the sign
panel. All clamps shall be tightened to apply sufficient pressure to ensure tight
joints without warping the panel. The clamps shall remain in place for a
minimum of 12 hours or as recommended by the adhesive manufacturer,
whichever is longer.


Surface and edge finishing – All surfaces shall be sanded to provide a smooth
surface. Sawdust, wood chips, and so forth, shall be removed from all surfaces.
All exposed edges of the sign panel and cleats, when applicable, shall be
routed with a corner-rounding bit (1/8 to 3/16-inch radius) to eliminate edge
sharpness.


Cleating – Sign panels of more than one board shall have cleats attached on
the back side (see Figure 14-4). Cleats for lumber signs shall be of the same
lumber type as the sign panel. Nominal 1- by 4-inch cleats shall be used for
signs less than 16 inches high or 36 inches wide. Nominal 2- by 4-inch cleats
shall be used for signs up to 30 inches high or 60 inches wide. Nominal 2- by 6-
inch size material shall be used for all larger signs. 


Cleats shall extend vertically to within 1 inch of the top and bottom of the sign
panel and shall be located approximately 2 inches horizontally from the sides of
the panel. Sign panels less than 4 feet long shall have one cleat on each side.
Sign panels longer than 4 feet shall have additional cleats, equally spaced, so
that the maximum distance between cleats does not exceed 3 feet. Cleats shall
be predrilled with 1/4-inch holes and attached with No.12 or No.14 zinc-plated,
hex-head screws. Fasteners shall be located at the center of each sign panel
board and offset to prevent splitting. A single row of fasteners shall be used for
4-inch-wide cleats. A double row of fasteners shall be used for 6-inch-wide
cleats. Do not place fasteners in glue joints.
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Use double row
of fasteners with
6-in.-wide cleats.


Install third cleat when
panel height exceeds 72 in. or
panel length exceeds 84 in.


Less than 16 in. high
or 36 in. wide


Up to 30 in. high
or 60 in. wide


Larger than 30 in. high
or 60 in. wide


General notes:
1. Cleats are also glued with specified glue.
2. Cleats are to be installed prior to routing.
3. Alternate screw tightening sequence from 
 center of cleat outward to both ends.
4. Do not install screws in glue joint. 


1 x 4


2 x 4


2 x 6


Sign size


2-in. inset from top
and bottom of sign.


Make cleat radius
even with panel radius.


See chart below
for cleat size.


2-in. inset from
sides of sign.


Sign face


Use single row of 
fasteners with 3-in.  
or 4-in.-wide cleats.
Offset to prevent 
splitting.


Assembly and gluing for
wilderness signs


Cleat
#13 or #14 zinc plated, flat
Phillips-head wood screws.
Pre-drill with 1/4-in. holes.


See chart


1 1/2 in.
3/8 in.-min.


Figure 14-4—Dimensional lumber cleating detail.
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14.5  Fiberglass Reinforced Plastic (FRP) Signs 


This item consists of furnishing all materials, labor, tools, equipment, and
supplies for the manufacture of Fiberglass Reinforced Plastic (FRP) signs in
accordance with this specification, drawings, and as specified on procurement
documents. Workmanship shall be high quality with no visible defects in the
finished product. Fiberglass reinforced plastic signs shall be fabricated by hand
layup. FRP may also be referred to as Glass Fiber Reinforced Polyethylene.


14.5.1  Design Requirements


Fiberglass reinforced plastic design shall follow the procedures and methods,
utilize the equations and formulas, and incorporate the factors of safety and
allowable design stresses and strains as set forth in ASTM D 4097, ASTM D
3299 and ASME RTP-1. Where design conflicts arise between the various
standards, the most stringent design shall be used.


The design shall allow for the most severe combination of conditions, which
may include any or all of the following:


• Superimposed loads such as those due to wind and seismic forces.
• Loads applied during transportation and erection.
• Thermal expansion and contraction. 


14.5.2  Materials


• Resin used to fabricate the FRP sign shall be polyester for the structural
layer. 


• Catalysts and promoters shall be of the type and amount recommended by
the resin manufacturer for use with their resin in the required service.
Positive measurement control of catalysts, promoters, and resins shall be
maintained at all times. 


• All secondary laminates in contact with the stored chemical shall be made
with using the same resin as used in the corrosion barrier.


• Glass fiber reinforcement used shall be a commercial grade 1 1/2-ounce
glass matte. 


• Polyester gel coats shall be in standard colors, or as specified.
• Ten-pound density polyurethane foam shall be used for the interior


reinforcements of single-faced signs.


14.5.3  Manufacturing Requirements


Fiberglass signs are manufactured by producing a wood-grained, routed face of
the sign, backing it with a substrate material and laminating the whole product in
fiberglass and resin. 


Signs shall have the appearance of wood grain.


Sign colors shall be Federal Standard 595, Brown #20059 and yellow-cream
#23695, or as specified. 
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14.5.3a  Single-faced Signs Construction


Sign faces shall receive a minimum of 11 mils of polyester gel coat, backed with
a minimum of three layers of 1 1/2 ounces of fiberglass matte and laminating
resin. Substrate material shall be 10-pound foam. Finish fiberglass thickness
shall be 5/16 to 1/2 inch of fiberglass. Signs will be subsequently routed to a depth
of 1/8 to 1/4 inch using Highway Gothic letter sizes and series specified for the
sign. Foam shall be beveled at a 45-degree angle. Backing shall be fiberglass
with another layer of 1 1/2-ounce fiberglass matte. The final layer of 
1 1/2-ounce fiberglass matte shall be applied with the backing color mixed in the
final resin for permanent color. Sign backing shall be brown in color.


14.5.3b  Double-Faced Signs Frame Construction


Figure 14-5 shows typical construction details, which are as follows:


1. Interior channels in sign shall fit over 4- by 1 1/2-inch channels, spaced with
a centerline-to-centerline dimension specified for the particular sign.
Channel height shall extend to within 2 inches of the top of the sign. 


2. Frame size shall be appropriate for the sign. Substrate shall be 2 by 4
framing. Corners shall be manufactured from 4 by 4 or 4 by 6 treated
material. Corners shall be curved. The frame shall be screwed together
with 2 1/2-inch galvanized deck screws. Prepare one side of the frame with
liquid nail compound. Install 1/8-inch plywood sheeting on the frame and
staple in place. Use a roller panel router bit to trim the 1/8-inch plywood
sheeting to fit the sign frame. Turn the frame over and drill 1/2- to 
5/8-inch holes between each section so that the sign can breathe internally.
At the bottom of the sign, drill a 1-inch hole and insert a metal vent cap.


3. Completely brush interior with a thick coat of fiberglass resin to seal all
interior framing. Completely brush a layer of fiberglass resin on the interior
side of another piece of 1/8-inch plywood sheeting large enough to cover
the open side of the sign. Let both sides dry completely.


4. Cut out the holes for the stanchion receptacle. Use liquid nails on the 2 by
4 section of the second side of the frame. Install 1/8-inch plywood sheeting
and staple in place. 


5. Cover one side of the sign with 1 1/2-ounce fiberglass mat and resin. Drape
the material completely over the edges of the sign. Dry thoroughly. Once
dry, turn sign over and trim excess. Repeat the fiberglass process on the
reverse side, making sure that the edges are covered again. Two layers of
1 1/2-ounce mat shall be on the edges. Trim and clean up as necessary.


6. Sign faces shall receive 11 mils of polyester gel coat backed with a
minimum of three layers of 1 1/2-ounce fiberglass mat and laminating resin.
Finish fiberglass thickness shall be 1/4- to 3/8-inch of fiberglass.
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14.5.3c  Solid Sign Construction
Solid fiberglass signs are cast 3/4-inch thick. Signs will be subsequently routed
to a depth of 1/8 to 3/16 inch using Highway Gothic letter sizes and series
specified for the sign.


The back of the sign shall be drilled 1/2-inch deep in 4 to 6 places as specified
either by the manufacturer or the contract to allow insertion of 3/8-inch thread 
t-nuts to provide for easy mounting and to prevent the drilling of the sign face
during installation. T-nuts shall be set in place by casting in polyester resin.


ATop


BottomCorner and
sloping side


Corner and
sloping side


Front of sign


Back of sign


Post slotPost slot


A


Front view of sign frame


Side view showing
sign faces installed


(Section A-A)


Bottom view of sign frame


2 in. x 4 in. frame


Fr
on


t o
f s


ig
n


B
ac


k 
of


 s
ig


n
Corners made from
4 in. x 4 in. or 
4 in. x 6 in.
treated material.


Post slot


Post slot Post slot


Figure 14-5—Typical construction details for fiberglass reinforced signs.
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14.5.4  Sign Message


The sign message shall be routed to a depth of 1/8 to 3/16 inch using Highway
Gothic letters, sizes, and series specified for the sign. Do not route all the way
through the fiberglass material. Fiberglass resin shall be puddled into the routed
letters. Color shall be yellow-cream or as specified. 


Install sign faces onto the substrate using a 1 1/2-ounce mat to secure sign face
to the substrate. Repeat procedure to install the second face.


14.5.5  Maintenance


The fabricator shall provide instructions on the upkeep and maintenance of the
fiberglass signs. Turtle Wax Formula 2001 with UV Protection is recommended
for early sign maintenance and protection from UV damage. No painting is
needed.


14.6  Flexible Banner Signs 


Flexible plastic banners used to mark gates shall be manufactured from either
polyethylene or polycarbonate materials having a minimum thickness of 0.055
inch and a maximum thickness of 0.125 inch. Unless otherwise specified, Type
1 engineer-grade retroreflective sheeting with red and white markings shall be
applied to both sides of the banner. The stripes on the front shall slant
downward to the right while the slants on the back shall slant downward to the
left. The corners shall be square.


Three-spur grommets, with a minimum hole diameter of 1/4 inch, shall be placed
at the corners. The hole shall be centered 3/5 inch from the edge with the corner
grommets being centered 3/4 inch from both the vertical and horizontal edge.
Unless otherwise specified, banners exceeding 24 inches in any dimension,
shall have additional grommets equally spaced around the perimeter of the sign.
The distance between grommets shall not exceed 24 inches. 


Figure 14-6—Flexible plastic banner gate marker (6 inches x 12 inches).


3 inches


45° angle


FBM-12


6 inches


12 inches


Note: Front stripes
slant downward to
the right. Back
stripes to the left.
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14.7  Legend, Layout, and Tolerances – All Signs


Dimensions of the sign panel shall be as shown in the drawings with a tolerance
of ± 1/4 inch. 


For information signs, all letters, layout, and spacing requirements shall conform
to the Standard Alphabets for Highway Signs, FHWA, current edition, and as
shown on drawings. Use Highway Gothic, Series C or D lettering unless
otherwise specified. 


The following tolerances shall apply:


• Legend, numerals, and symbols shall be horizontally aligned to a tolerance
of ± 1/16 inch.


• Legend, numerals, and symbols shall be vertically aligned to a tolerance of
± 1/16 inch.


• Spacing between lines shall not exceed a tolerance of ± 1/16 inch.


14.7.1  Routing Wood and Fiberglass Signs


All letters, symbols, borders, separation lines, logotype, and so forth, on all
signs, shields, and plaques shall be machine routed. 


All letters, arrows, trees, borders, and so forth shall be routed with a vertical-
sided flat-bottom bit. For letters larger than 3 inches, the finish-cut bit diameter
shall be 1/4 inch. For letters less than 3 inches, the finish-cut bit diameter shall
be 1/8-inch. 


Routing depth shall be as shown below:


Desired Maximum Minimum
(inches) (inches) (inches)


Lumber 1/8 1/4 1/8


MDO plywood 1/16
3/16


1/16


Fiberglass 1/8 3/16
1/8


Arrows, separation lines, and borders shall be the same depth and as shown in
Figure 14-7. After routing, sand all surfaces with a fine grit (100+) sandpaper.
Wipe all surfaces and lettering clean.


1/16- to 1/4-in. deep


1/4 in.


Square cut detail
Routed separation line on AS, 
RS, RSE, and NRA-REC signs


Outside border detail
Shield, recreation 
symbols, credits


1/16- to 1/4-in. deep
Varies (per 
specifications)


Figure 14-7—Routing details.
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14.8  Finishing Operations


The entire sign (face, back, edges, and routed areas) shall be finished as
specified in procurement documents and as shown in drawings.


Medium-Density Overlay (MDO) plywood substrate signs – All MDO
plywood signs shall be painted. Scuff-sand the MDO plywood with a fine grit
sandpaper to slightly roughen the surface. Apply one coat of primer and two
coats of paint of the specified color precisely as prescribed in writing by the
manufacturers of the primer and paint.


Lumber substrate signs – Lumber signs shall be stained or painted, as
specified. Painting shall be as described for MDO plywood substrate signs
above. Signs specified to be stained shall receive two coats of stain applied
precisely as prescribed in writing by the manufacturer of the stain.


Dipped-in-stain oak signs – When specified, solid oak routed-wood signs shall
be dipped in a transparent stain with UV inhibitors and water repellent
characteristics. (i.e., Super Deck Brand DB 1910-Natural). Signs shall be left in
the stain for a minimum of 3 hours to allow penetration into the wood. When
removed from the dip, excess stain shall be wiped off. This stain protects the
white oak from weathering and turning gray. 


Artificial weathering (lumber) – When specified, trail signs shall be artificially
weathered by wire-brushing with the grain or by sandblasting to a depth of
approximately 1/32 inch, followed by two coats of the specified stain applied
precisely as specified in writing by the manufacturer of the stain.


Unfinished signs – When specified, lumber signs shall be left unfinished.


Blackened or scorching – When specified, all routing shall be painted black or
scorched black. Substrate surface shall be lightly sanded to remove any
blackening or scorching outside routed areas.


14.9.  Maker’s Mark


A decal showing the contractor’s identification or trademark and the date of
manufacture shall be installed on the back, lower left-hand corner of each sign
manufactured or for diamond shaped signs, on the left corner. For lumber signs,
this information shall be stamped on the back, lower left-hand corner or edge of
the sign panel. Decals with this information may be applied to signs
manufactured with fiberglass, aluminum, or HDO substrates. On plastic banner
signs, the mark shall be applied to only one side in the upper left-hand corner 
of the sign.


14.10  Materials Certification


All materials used in the manufacture of signs shall comply with the
requirements of these specifications. It is the responsibility of the sign
manufacturer (contractor) to obtain and, if requested, furnish to the contracting
officer, certification that all materials comply with the requirements as specified. 







14-19


Chapter 14 Manufacturing Specifications


December 2005


14.11  Packaging and Shipping


14.11.1  Packaging 


Signs shall be packaged so that sign surfaces and edges are protected from
damage during shipping.


After packaging the sign, the contractor shall place a copy of the sign requisition
and all other documents and certifications requested in a heavily constructed
envelope and attach it securely to the package.


14.11.2  Shipping


Signs shall be shipped to the designated location and in conformance with
procedures designated in the contract.


14.11.3  Receiving Inspection 


Prior to acceptance by the ordering unit, and within 10 working days of receipt
of finished signs, the ordering unit shall inspect the signs for compliance with
the specifications. 


14.12  Method of Measurement


Signs, completed and accepted, shall be measured either by the square foot of
surface area (nearest one-half square foot), or on an individual unit basis as
shown in procurement documents.


14.13  Basis of Payment


The quantities shall be paid for at the contract price per unit of measurement for
each pay item listed. The payment shall be full compensation to the contractor
for all materials and sign fabrication, including all labor, equipment, tools, and
incidentals needed; payment includes shipping costs when so specified in the
contract.


14.14  Sign-Blank Standards


The following sign-blank standards illustrate how to construct the substrates for
the various signs used by the Forest Service.
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H1


L1


L2


H2


X


R1


R2 R2


R3


Blank standard—National Forest Entrance (FE)
Administrative Site Identification signs (AS)
National Recreation Area Forest Boundary Entrance sign (NRS-E)


Dimensions (inches)


Sign number H1 L1 X L2 H2 R1 R2 R3


3 36 54 9 49 27 1/2 4 6 5


4 48 72 12 65 1/4 36 1/2 5 9 7


5 60 90 15 81 1/2 45 1/2 6 10 9


6 72 108 18 97 3/4 54 1/2 7 12 10


7 84 126 21 114 63 1/2 9 14 12


8 96 144 24 130 1/2 72 1/2 10 16 14







14-21


Chapter 14 Manufacturing Specifications


December 2005


Blank standard—Minor Forest Entrance (MFE), Minor Forest Leaving (MFL), 
and National Forest Land (NFL) signs


H1


L1


L2


M1


M2


3/8-inch mounting
holes typical 2 places


H2


X


R typical


L2


Dimensions ( )


Sign number H1&L1 X L2 H2 M1 M2 R


MFE/MFL/NFL-18 18 3 3/4 15 15 1 15 2


MFE/MFL/NFL-27 27 5 3/4 22 1/4 22 1/4 1 3/4 22 3/4 3


Note:
All mounting holes are 3/8-inch diameter.
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Blank standard—USDA Credit Line #1 (P)


H


1/8- to 3/16-inch radius
typical each corner


X
L


Dimensions (inches)


Sign number H L X


P-37 3 1/2 37 1 3/8


P-43 5 1/2 43 2


P-52 5 1/2 52 2


P-56 5 1/2 56 2


P-68 6 1/2 68 2 3/8


P-80 6 1/2 80 2 3/8


P-95 7 1/2 95 2 3/4


P-110 7 1/2 110 2 3/4


1/8- to 3/16-inch radius
typical each corner


H


L


Dimensions (inches)


Sign number H L


P-37 3 1/2 37


P-43 5 1/2 43


P-52 5 1/2 52


P-56 5 1/2 56


P-68 6 1/2 68


P-80 6 1/2 80


P-95 7 1/2 95


P-110 7 1/2 110


Blank standard—USDA Optional Credit Line #1 (P)
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Blank standard—Forest/District Administrative Site sign (A) for urban location


H


R typical
all corners


L


Dimensions (inches)


Sign number H L X


A3 18 34 1/2


A5 30 54 1 1/2


A7 46 94 2
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Blank standard—Recreation Site Identification sign (RS)


H1


L1


L2
X


R typical


Dimensions (inches)


Sign number H L1 X L2 R


RS-1 30 48 6 42 6


RS-2 40 63 8 55 7


RS-3 48 78 9 1/4 68 3/4 8


RS-4 60 93 11 1/2 81 1/2 9
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Blank standard—Optional Recreation Site Identification sign (RSE)


H1


L1


L2
X


R typical


Dimensions (inches)


Sign number H L1 X L2 R


RSE-1 14 30 2 28 2 1/2


RSE-2 20 48 4 44 3


RSE-3 24 60 4 3/4 55 1/4 4


RSE-4 28 72 5 1/2 66 1/2 5
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Blank standard—Site Approach sign (SA)


H1 M2


M1


L1


L2
M4


X
M3


R typical


3/8-inch mounting
holes typical 4 places


Dimensions (inches)


Sign number H L1 X L2 M1 M2 M3 M4 R


SA-1 40 38 5 33 2 36 8 22 4


SA-2 52 48 6 1/2 41 1/2 3 46 10 28 5
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H


L1


L2
X


R typical


Dimensions (inches)


Sign 
number H L1 X L2 R


2 24 30 4 1/2 25 1/2 4


3 36 48 7 41 6


4 48 63 9 1/2 53 1/2 7


5 60 78 11 1/2 66 1/2 9


6 72 93 14 79 10


7 84 108 16 92 12


8 96 126 18 1/2 107 1/2 14


Blank standard—interpretative signs such as National Recreation Area (NRA)
National Volcanic Monument (NVM)
5-line Recreation Entrance
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Blank standard—route markers (FM1-7H)


H


A


A
R typical


L
L2


3/8-inch mounting
holes typical 2 places


Dimensions (inches)


Sign number H L A R


FM1-7H-16 8 16 1 1 1/2


FM1-7H-21 8 21 1 1 1/2


FM1-7H-20 10 20 1 1 1/2


FM1-7H-28 10 28 1 1 1/2


FM1-7H-26 12 26 1 1 1/2


FM1-7H-36 12 36 1 1 1/2
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Blank standard—National Recreation Area USDA Credit Line 2 (NRA-P)


H


L


R typical


Dimensions (inches)


Sign number H L R Fits panel sizes


NRA-P10 10 Variable 1 1/2 Up to 63


NRA-P12 12 Variable 1 1/2 78 and larger


Note:
Mounting hole location is variable depending on type of
mount.
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Blank standard—recreation symbol


H


L


M1


M2


Mounting holes
typical 2 places


R typical


L2


Dimensions (inches)


Mount hole 
Sign number H&L M1 M2 R diameter


R-XXX-8 8 1 7 1 1/4 5/16


R-XXX-12 12 1 11 1 1/4 3/8


R-XXX-18 18 1 1/2 16 1/2 1 1/2 3/8


R-XXX-24 24 1 1/2 22 1/2 1 1/2 3/8


Note:
(XXX) specify sign number and series when ordering 
(see Chapter 7).
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Blank standard—Federal recreation symbols – Composite Recreation sign (CRS 16.2.1)


H


L


M


3/8-inch mounting 
holes typical 2 places


R typical


L2


Dimensions (inches)


Sign number H L M R


CRS-1 36 24 1 1


CRS-2 32 24 1 1 1/2


CRS-3 28 18 1 1 1/2


CRS-4 24 18 1 1/2 1 1/2


CRS-5 18 12 1 1/2 1 1/2


CRS-6 16 12 1 1/2 1 1/2


CRS-8 10 8 1 1/2 1 1/2
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Blank standard—Trail Destination sign (TD)


H


R typical


L
L2


M


3/8-inch mounting 
holes typical 2 places


M


Dimensions (inches)


Sign number H L M R


TD-1 5 Varies 1 1/2


TD-2 7 Varies 1 1/2


TD-3 9 Varies 1 1/2


TD-4 11 Varies 1 1/2


TD-5 13 Varies 1 1/2
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Blank standard—Trail Blazer sign (TB)


H


H2 
M


Mounting holes
typical 2 places


M


R typical
L


L2


Dimensions (inches)


Mounting
Sign number H L M hole diameter R


TB-1 7 5 2 1/2 1/8 3/8


TB-2 12 9 4 1/2 1/4 1/2
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Blank standard—Wilderness/Primitive Area Entrance signs (horizontal) (WPH)


H1
H2


L1


L2


H3


X


R2


R1 R1


R1


R3


B


Dimensions (inches)


Sign number H1 L1 H2 B H3 X L2 R1 R2 R3


WPH-40-L or R 20 40 16 12 15 4 37 1/2 2 3 6


WPH-60-L or R 30 60 25 18 22 6 56 4 5 12
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Blank standard—Wilderness/Primitive Area Entrance signs (vertical) (WPV)


H1


H2


H2


H4


L
Y


R2


R1


R1 R1


R1


X


Dimensions (inches)


Sign number H1 L H2 Y H3 H4 X R1 R2


WPV-18-L or R 18 13 11 1 3/4 15 1/2 1/2 2 3/4 2 2 1/2


WPV-36-L or R 36 24 22 3 1/2 31 1 5 4 5
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Blank standard—Wilderness/Primitive Area USDA Credit Line (WP-PV and WP-PH)


1/8- to 3/16-inch radius
typical each corner


H


L


Dimensions (inches)


Sign number H L


WP-PV 3 22


WP-Ph 3 1/2 42
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Blank standard—National Wild and Scenic River logo (WSR)


H


H2 
M


Mounting holes
typical 2 places


M


R typical
L


L2


Dimensions (inches)


Mount hole
Sign number H L M R diameter


WSR-2 18 15 1/2 7 1/2 17 3/8


WSR-3 9 7 3/4 3 1/2 8 1/2 1/4


WSR-4 3 1/2 3 1 3/8 3 1/4 1/8
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Blank standard—STOP (FRI-1) and YIELD (FRI-2) signs


H1 M2
H2


X
M1


X


3/8-inch mounting 
holes typical 2 places


L


Dimensions (inches)


Sign number H1&L X H2 M1 M2


FR1-1-12 12 1 1/2 3 1/2 8 1/2 9


FR1-1-18 18 3 5 1/4 12 3/4 12


FR1-1-24 24 3 7 17 18


FR1-1-30 30 3 8 3/4 21 1/4 24


M2
H


M1


3/8-inch mounting 
holes typical 2 places


L


Dimensions (inches)


Sign number H&L M1 M2 R


FR1-2-18 18 2 10 1
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H


L


Mounting holes
typical 2 places


R typical


L2


M


M


Dimensions (inches)


Sign number H L M R


FR-11-3A 18 30 1 1/2 1 1/2


FR-4-2B 12 18 1 1/2 1 1/2


H


L


3/8-inch 
mounting
holes typical
4 places


R typical


L2


M2 M2
M


M


Dimensions (inches)


Sign number H L M1 M2 R


FR-13-1A 18 48 1 1/2 12 1 1/2


FR-13-1B 18 38 1 1/2 12 1 1/2


FR-13-1C 18 38 1 1/2 15 1 1/2


FR-8-1A-24 24 48 1 1/2 15 1 1/2


FG-20-3 (42”) 24 42 1 1/2 13 1 1/2


FG-20-3 (60”) 30 60 1 1/2 18 1 1/2


Blank standard—regulatory signs (FR)
warning signs (FW)
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Blank standard—warning/construction sign (FW)


L


M


3/8-inch mounting 
holes typical 2 places


L


M


R typical


Dimensions (inches)


Sign number L M R


FW-12 12 5 1 1/2


FW-18 18 8 1 1/2


FW-24 24 12 1 1/2


FW-30 30 15 1 7/8
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Blank standard—barricade marker (BM)
object marker (OM)


H


H2


L


M


Mounting holes typical 2 places


M


3/16- to 1/4-inch typical all corners


Dimensions (inches)


Sign number H L M


BM-8 8 24 3


BM-12 12 36 3


L2
L


H


M


Mounting holes 
typical 2 places


M


3/16- to 1/4-inch  
typical all corners


Dimensions (inches)


Sign number H L M


OM-6x12 12 6 1 1/2


OM-8x24 24 8 3


OM-12x36 36 12 3







14-42


Chapter 14 Manufacturing Specifications


December 2005


Blank standard—Forest Route marker (M1-7)


H M2


M1


3/8-inch mounting 
holes typical 2 places


L


Dimensions (inches)


Sign number H&L M1 M2


M1-7-18 18 1 1/2 16 1/2


M1-7-24 24 1 1/2 22 1/2


Note:
See Standard Highway Signs, page 3-8 for blank standard
dimensions other than mounting hold information shown
here.
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Blank standard—Forest Road Destination sign (FRD)


H


R typical


Typical single-post detail


L
L2


M


3/8-inch mounting 
holes typical 2 places


M


Dimensions (inches)


Sign number H L (up to 36) M R


FRD Varies Varies 1 1/2 1 1/2


H


R typical


Typical two-post detail


L
1/5L


M


3/8-inch mounting 
holes typical 4 places


M


1/5L


3/5L


H


R typical


Typical three-post detail


L
L2


M


3/8-inch mounting 
holes typical 6 places


M


1/8L


Dimensions (inches)


Sign number H L (73 to 96) M R


FRD Varies 73 to 96 1 1/2 to 3 1 1/2


Dimensions (inches)


Sign number H L (37 to 72) M R


FRD Varies 37 to 72 1 1/2 to 3 1 1/2
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Blank standard—Scenic Byway Logo (SBL)


H


L


M


M


3/8-inch mounting 
holes typical 2 places


R typical


L2


Dimensions (inches)


Sign number H&L M R


SBL-1 18 1 1/2 1 1/2


SBL-2 24 1 1/2 1 1/2


SBL-3 30 1 1/2 1 1/2
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Blank standard—hinged sign


Front of sign
when open


Back of sign
when open


Closed sign


Hidden piano
hinge


Screw


Piano hinge


Hinged sign on HDO substrate


Note: provide device to hold sign closed/open.


Sign open


Sign closed
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MAIN AND NORMAL CUTTING FORCES BY MACHINING WOOD 
OF PINUS SYLVESTRIS 


Bolesław Porankiewicz,a,* Bengt Axelsson,b Anders Grönlund,c and Birger Marklund c


In  this  work  the  multi-factor,  non-linear  dependencies  between  main 
(tangential)  FC (N) and normal (radial)  FN (N) cutting forces and eight 
machining parameters by sawing simulation of wood of  Pinus sylvestris 
L.  were  evaluated.  The  relationships  are  graphically  illustrated  and 
discussed.  Evidence  of  several  contradictions  was  found  relative  to 
results from available literature.    


Keywords: Multi-factor non-linear statistical dependencies; Main cutting force; Normal cutting force;  
Circular sawing; Wood; Scotch pine


Contact information:  a: University of Zielona Góra; b: Westinghouse Electric Company European LWR 
Fuel Business, SE-721 63 Västerås, Sweden; c: Luleå University of Technology; 
* Corresponding author: poranek@amu.edu.pl


INTRODUCTION


Although Pinus sylvestris L.  is the most frequently analyzed wood species  with 
respect  to  cutting forces  in sawing experiments,  the problem of prediction of reliable 
values  of  tangential  FC and  radial  FN cutting  forces  for  specific  sawing  conditions, 
according  to  the  method  employing  a  specific  cutting  resistance  K (N·mm-2)  and 
correction coefficients CR,  C,  C,  CAP,  CVC,  CMC,  CT,  as expressed by Equations (1) and 
(2) is far from being solved (Afanasev 1961; Amalitskij and Lûbčenko 1977; Beršadskij 
1967; Deševoj 1939; Orlicz 1982). 


            Fc =ap⋅wc⋅K⋅Cr⋅Cδ⋅Cρ⋅Cap⋅Cvc⋅Cmc⋅CT    (N)   (1)


In equation (1) the terms are defined as follows:


aP - Thickness of the cutting layer (also known as uncut chip thickness, mm,
wC - Width of cutting (mm),
K=f(V)  - Specific cutting resistance (N·mm-2, MPa),
CR    - Coefficient of wood species, for Pinus sylvestris L. wood CR=1,
C=f(F) - Coefficient of cutting angle F, 
C=f(or VB) - Coefficient of the cutting edge dullness (, VB),
 - Radius of the cutting edge round up (m),
VB - Recession of the cutting edge (m),
CAP=f(aP) - Coefficient of a thickness of a cutting layer (chip thickness) aP,
CVC=f(vC) - Coefficient of a cutting velocity vC,
CMC=f(mC) - Coefficient of a moisture content of wood mC,
CT=f(T) - Coefficient of a wood temperature T.
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FN=CFN · FC (N) (2)


In Eq. (2) the new term CFN , which is a function of ρ or VB, is the coefficient of 
the normal force  FN.


In authors'  opinion,  the reason  that  the problem has not  yet  been adequately 
solved is due to the large number of cutting parameters and their interactions involved, 
and  also  due  to  the  fact  that  Equation  (1)  does  not  take  into  account  mechanical 
properties, as well as wood density, instead of an arbitrarily assumed value of the wood 
species  correction  coefficient  CR.  The  wood  of  the  Pinus  sylvestris L.,  may  differ 
considerably in  physical  and mechanical  properties,  resulting in a large dispersion of 
predicted cutting forces in comparison to observed ones, reported as high as 40 % and 
more (Orlicz 1982). The specific cutting resistance  K,  evaluated as an average value, 
cannot take into account differences in cutting resistance generated by such factors as: - 
early and late wood of growth rings; - sap- and heart-wood; - reaction wood; - fresh 
knots; - and wood near to fresh knots. The exact cutting conditions of experiments, which 
had been used for evaluation of the base specific cutting resistances  K and correction 
coefficients (C,  C,  CAP,  CVC,  CMC,  CT), as reported in the literature (Afanasev 1961; 
Amalitskij and  Lûbčenko 1977;  Beršadskij  1967; Deševoy 1939; Orlicz 1982), remain 
unknown (or  not  available),  and more,  it  seems that  they were not supported by any 
multi-factor experiment. It also cannot be excluded that many interactions exist among 
the  dependencies  of  the  main  FC and  normal  FN cutting  forces  upon  machining 
parameters,  and  these  were  not  taken  into  account  in  previous  works.  Therefore  the 
method of evaluation of cutting forces, based on equation (1), appears to have involved 
rather rough approximations of the wood cutting theory. Incomplete sets of independent 
variables have been considered in the published works, and there has been inadequate 
attention paid to having the same range of their variation in evaluation of  formulas of 
dependencies  between the main  cutting force  FC as  well  as  normal  cutting force  FN, 
making machining parameters difficult to compare.


It has been known from earlier studies (Amalitskij and Lûbčenko 1977; Kivimaa 
1961) that the normal cutting force FN does not follow the main force FC;  therefore the 
equation  (2),  with  coefficients'  CFN dependency  upon  the  main  cutting  force  FC and 
cutting edge recession, is far from the truth. 


Instead of exact numbers, a use of qualitative word descriptions of the cutting 
edge state, such as, for example, "sharp," "moderately dull," and "dull" is not satisfactory 
for precise analysis. The words "sharp" and "dull," from the point of view of cutting edge 
round up  or the cutting edge recession VB, does not have the same meaning for rough 
(primary brake-down) and precise (super thin) circular sawing. 


A tabular form of values of the specific cutting resistance  K and the correction 
coefficients  (C,  C,  CAP,  CVC,  CMC,  CT),  defining Equation (1)  for  Pinus sylvestris L. 
wood, in most published works, sufficient for very rough estimation, needs interpolation 
when a number lying between values given in a table is needed. This disadvantage of the 
method, generating an error for variables that are undefined by mathematical function, 
non-linear  relationships,  was  improved  in  the  program  Wood_Cutting  (Porankiewicz 
2011) for cutting forces calculation, in which statistical formulas for all basic values of 
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the specific cutting resistances and the correction coefficients, determining formula (1) 
were evaluated. 


The  multi-variable  statistical  relationship,  namely  Equations  (3)  though  (5), 
between the main cutting force FC and eight cutting parameters FC=f (, F, V, ap, vC, D, 
mC, T) was presented in the work Axelsson et al. (1993), 


FC=-7.37+A1+15.61⋅φV -2.6⋅φV
3 +1.31⋅ρ+0.2⋅vC+A2 (N) (3)


where new terms in Equation (3) are:


A1=aP⋅0.38⋅D -224.5⋅γF   (4)


A2=mC⋅0.3⋅φV -0.01⋅T   (5)


and:


F = Rake angle (rad),
 = Cutting edge dullness, represented by cutting edge round up (m),
V  = Angle between the cutting velocity vector  vC and wood grains (Fig. 2, Fig. 5) 
(0 .. 2.879793) (rad),
aP = Thickness of cutting layer, known also as the uncut chip thickness (mm),
D = Average wood density (kg·m-3),
mC = Moisture content (%),
T = Temperature of wood (oC). 


Equations (3) though (5) seem to be the  most sophisticated available in the newer 
literature, having the following interactions: aP · F; aP · D; mC · V; mC · T. This equation 
was  evaluated  from  data  obtained  from  an  multi-variable  circular  sawing  simulated 
experiment. 


The issue of interpretation of the impact of the cutting velocity vC on the main FC 


and normal  FN cutting forces is  controversial  in the literature.  According to Kivimaa 
(1950), by free cutting, the influence of the cutting velocity  vC can be neglected. The 
presumably small linear influence of the factor vC on the main FC and normal FN cutting 
forces, also for free cutting, due to chip acceleration, was omited in the work McKenzie 
(1961). However, in the opinion of the authors, slow, free cutting ought not to be directly 
compared to closed cutting (sawing) by high cutting velocity  vC.  A linear component, 
representing about  a  14 % increase of  the main cutting force  FC with growth of  the 
cutting velocity vC, from 15 m·s-1 to 40 m·s-1, was reported in the work of Axelsson et al. 
(1993),  based  on  Equations  (3)  though  (5),  indicating  that  according  to  theoretical 
simulation performed the influence of the chip acceleration on the main cutting force FC 


can be omitted. The parabolic relationship,  presented in the literature (Amalitskij  and 
Lûbčenko 1977; Orlicz 1982), shows a 9 % decrease of the main cutting force FC with 
increase of the cutting velocity vC to 50 m·s-1, and, further a 36 % increase of the main 
cutting force  FC with growth of the  vC in the range 50 m·s-1 to 100 m·s-1.  However no 
explanation of this phenomenon was given.  Because circular sawing is  very different 
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from the free cutting, in authors' opinion, the impact of the cutting velocity  vC on the 
cutting forces FC and FN seem also to be different. 


Fig. 1. Chip and fractures formation during cutting: 1 = Perpendicular (K=90o, 
V=90o, S=90o); 2 = Parallel (K=90o, V=0o, S=0o) to wood grains 


 
The  issue  of  fracture  formation  and  propagation  in  the  contact  region  of  the 


cutting edge and wood, below and above the cutting plane (Fig. 1) was not considered 
and not discussed in several published papers related to circular sawing (Afanasev 1961; 
Amalitskij  and  Lûbčenko 1977;  Beršadskij  1967;  Orlicz  1982),  by  assumption  of 
symmetry of cutting forces changes for wood grain orientation angles V in the ranges of 
0o through 90o, and 90o through 180o. A lack of such symmetry, especially for a tool that 
is not sharp, has been reported (Axelsson et al. 1993;  Porankiewicz et al. 2007). In the 
authors'  opinion,  an  explanation  for  that  phenomenon  lies  in  the  issue  of  fracture 
formation and propagation. In the case of wood cutting with V lying in the range of  90o 


through 180o (according to Fig. 2), known as cutting along grains, a fracture tends to 
propagate  above  the  cutting  plane,  which  is  essential  also  for  the  formation  of  the 
theoretical surface after cutting. In the case of wood grain orientation angle V laying in 
the range of 0o through 90o, known as cutting against grains, the fractures can propagate 
below the cutting plane (Fig. 1), resulting in surface damage. 


Fig. 2. Wood cutting: a =  against grains; b = along grains; wg = with wood grains


Although the main cutting force  FC falls  at  the moment of  creation of  a  new 
fracture, an increase of the cutting velocity vC, can probably limit a fracture formation and 
propagation in the front of the cutting edge. As a result, an increase of the main force FC 


can be observed, especially when the cutting velocity vC becomes equal or larger than the 
velocity of propagation of a fracture, which recently has been measured to be about 66 
m·s-1 (Goli et al. 2007). This might be an explanation for the influence of the cutting 
velocity  vC on the main cutting force  FC in the range from  50 m·s-1 to 100 m·s-1, as 
reported  in  the  literature  (Amalitskij  and  Lûbčenko  1977;  Orlicz  1982).  The  linear 
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influence of the thickness of the cutting layer  aP (chip thickness), the round up of the 
cutting edge , the rake angle , the moisture content mC, and the temperature of wood T, 
presented  in  the  work  Axelsson  et  al.  (1993),  contradicts  information  from literature 
(Amalitskij  and  Lûbčenko  1977;  Orlicz  1982), where  all  of  these  influences  were 
reported as being non-linear.


Fig. 3. Main FC and the normal FN cutting forces, and stereo-metrical parameters; PF = Working 
plain; PR = Tool reference plain


It has to be mentioned that during sawing, the total main cutting force consists of 
the main cutting force and load of two side cutting edges. The resistance of the contact of 
the saw blade, with the surface of the wooden specimen cut, as well as with a sawdust, 
below the cutting edge, ought rather to be included in the machine spindle load, rather 
than in the main cutting force  FC,  as it  has been done through the coefficient  of the 
cutting depth CH in prevoius publicatoins (Amalitskij and Lûbčenko 1977; Orlicz 1982). 
Similarly, all forces acting on the work piece and cutting tool outside the cutting region 
during cutting ought to be considered in the cutting machine theory, rather than in wood 
cutting process theory. 


In the authors' opinion, dynamic characteristics of the set-up for measurement of 
cutting  forces  and  their  calibration,  as  well  the  range  of  variation  of  independent 
variables, may also be a reason to explain differentiation of results of the wood cutting 
forces presented in published works.


The present work attempts to evaluate statistical, non-linear,  and multi-variable 
dependencies of the main FC= f (, F, V, ap, vC, D, mC, T), as well as the normal FN=f(, 
F, V, ap, vC, D, mC, T) cutting forces (Fig. 3), during rotational cutting (circular sawing 
simulating) of the wood of Pinus sylvestris.


EXPERIMENTAL


Experiments  were  performed on the measuring test  stand  shown in  Fig.  4,  at 
Luleå University of Technology, Wood Technology Faculty in Skellefteå, Sweden. The 
wood specimen 1 was mounted in the holder 4, on the rotating arm 5, powered through 
the belt transmission 7, from a 4/1400 RPM electrical motor  6, coupled with a stepless 
variator  Eurodrive Type RX81 VU 3 DT 112M-4 COM 82.50555.  The piezoelectric 
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transducers  3,  were  mounted  to  the  cutting tool  holder,  which was  fixed to  the  tool 
support  11,  powered  through  the  type  Servomoler  Berger  LAHR  VRDM  564/50 
LNA0027 4088 1,7Ω 0,95A 12070 015000 servomotor 9, and the feed screw 10. The X 
and Y cutting force analog signal components from piezoelectric transducers 3 were sent 
to type 2635, Brüel & Kjaer charge amplifiers, passing through an A/D converter, and 
stored in PC memory in digital form. The sampling rate was of 25kHz. The sampling 
process and the feed speed were triggered at the same time from the PC. 


Fig. 4. General scheme of measuring system: 1 – Cutting tool; 2 – Work-piece; 3 – 3D 
piezoelectric load cells; 4 - Work piece holder; 5 - Rotating arm; 6 - Motor; 7 - Transmission belt; 
8 - Balance mass; 9 - Servo-Motor; 10 - Feed screw mechanism; 11 - Tool support


The following machining parameters were applied in the experiment (where the 
values in parentheses “(  )” shows the minimum and maximum values of independent 
variables,  and “ ..” marks show that more variables in a range were analyzed).  Para-
meters of the experiment were as follows:


1. Mechanical and physical properties of wood specimens:
      - Wood density, for mC=8%, D (372 .. 735) kg·m-3, 


- Moisture content mC  (8 .. 133) %,                            
- Temperature of wood T (-15, 20)oC, 
- Wood specimen dimensions  70 mm, 70 mm and 170 mm: height, width and length 
   respectively. 


2. Machining parameters:                                          
- Cutting edge round up 5, 20) m, 
- Contour wedge angle F(0.87633, 1.04545, 1.226268) rad, (50.21, 59.9, 70.26)o, 
(Fig. 3),                                                                                                                           
- Contour cutting angle F(1.05086, 1.21999, 1.4008) rad, (60.21, 69.9, 80.26)o, 
- Contour rake angle F (0.17, 0.35081, 0.51993) rad, (9.74, 20.1, 29.79)o, (Fig. 3), 
-  Contour clearance angle F (0.174533) rad, (10)o, (Fig. 3),                                   
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-  Cutting edge inclination angle P=0o,                               
-  Maximum cutting radius rC=535 mm,                                            
-  Spindle rotational speed n (268, 714) min-1,                            
-  Average cutting velocity vC (14.916, 39.741) m·s-1,                                     
-  Feed speed vF (0.004 .. 0.382) m·min-1, 
-  Thickness of cutting layer (chip thickness) ap (0.05, 0.15, 0.5) mm, 
-  Feed per edge fZ (0.05, 0.15, 0.5) mm, 
-  Cutting depth in feed direction gS=7 mm,                                            
-  Width of cutting wC=4.25 mm,                                          
-  Number of cutting edges z=1,                                                                                     


-  Angle between cutting edge and wood grains (Fig. 5) K=90o, 
-  Growth rings orientation angle towards cutting edge (Fig. 5) RT=0o,
-  Wood grain orientation angle V (Fig. 5), equal the cutting plane S angle (Fig. 5), 
(0, 15, 45, 75, 90, 105, 135, 165)o.      


Fig. 5. Orientation angles between wood grains (wg) and: V - vector of cutting velocity; K - 
cutting edge;  S- cutting plane; for perpendicular cutting case (K=90o, V=90o, S=90o); by 
growth rings orientation angle RT: a - RT=90o (radial); b - RT=0o (tangential);  AS - cutting 
plane


The change of cutting radius generated by the depth of cutting in the range of 0 to 7 mm 
resulted in negligibly small variation of the cutting speed of 1.4 %.
                   
3. Material of the cutting edge:


The material was a cobalt-chromium-tungsten alloy (Stellite 12). The 
proper  influence  of  variables  was  analyzed,  especially  in  the  case  of  incomplete 
experimental matrix, and the precise data fit,  by the highest correlation coefficient  R, 
between predicted and observed values, by the lowest standard deviation SD, and by the 
lowest  summation of residuals square  SK.  Thus one should get  an adequate statistical 
model, of  the relations FC and FN=f(V,  ,  F,  ap, vC, D,  mC,  T), by the  best fit  of the 
experimental data. In the authors' opinion, additional justification of a choice of a certain 
type of complicated function makes sense, when several experiments under exactly the 
same machining conditions have been done in the past.  The choice of using a simpler 
mathematical formula usually results in decreasing approximation quality (lower R, larger 
SD and SK),  and also very often results in a reverse impact of less important independent 
variables.  
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It  must to be pointed out that a statistical equation is valid only for ranges of 
independent variables chosen within the experimental matrix, especially for incomplete 
experimental matrices and complicated mathematical formulas with interactions. 


In order to evaluate relations  FC and FN=f(V,  ,  F,   aP,  vC,  D,  mC,  T),  linear 
formulas and second order multinomial formulas, as well as power and exponential type 
functions without and with interactions were analyzed in preliminary calculations. The 
most adequate appeared to be the non-linear, multi-variable Equations (6) though (11), 


FC=[a1 +a2⋅∣cosφV +a3∣
a4 ]⋅P A1+ [a5+a6⋅∣sinφV +a7∣


a8 ]⋅P A2+a27    (N) (6)


In Eq. (6) the terms PA1 and PA2 are defined as follows,


P A1= aP
a9⋅γF


a10⋅ρa11⋅vC
a12⋅Da13⋅a14-e


mc⋅ a15-1⋅a16 -eT⋅ a17 -1 (7)


P A2= aP
a18⋅γF


a19⋅ρa20⋅vC
a21⋅Da22⋅a23 -e


mc⋅ a24-1⋅a25-eT⋅ a26 -1 (8)


FN=[b1+b2⋅∣cosφV +b3 ∣
b4 ]⋅PB1[b5+b6⋅∣sinφV +b7 ∣


b8 ]⋅PB2+b27   (N)        (9)


In Eq. (9) the terms PB1 and PB2 are defined as follows:


PB1= bP
b9⋅γF


b10⋅ρb11⋅vC
b12⋅Db13⋅b14 -e


mc⋅ b15-1⋅b16-eT⋅ b17-1 (10)


PB2= bP
a18⋅γF


b19⋅ρb20⋅vC
a21⋅Db22⋅b23-e


mc⋅ b24-1⋅b25 -eT⋅ b26-1  (11)


where V (rad), F (rad), and T (oK) have the respective units. 
Estimators  for  Equations  (6)  through  (11)  were  evaluated  from  a  complete 


experimental matrix for variables: , F, aP, vC and T and for an incomplete experimental 
matrix for variables  V, mC and D, containing 412 measuring points (Table 1). During 
evaluation process of all formulas mentioned above, elimination of  unimportant or low 
import estimators, by use of coefficient of relatively importance CRI, defined by equation 
(12), by assumption CRI>0.01 was done. This process resulted in the elimination of 9 (* - 
Table 1) and 12 (^ - Table 1) measuring points for main FC and normal FN cutting force 
respectively,  for  which  the  residuals  F were  lying  outside  the  range  of  about 
-3·SD>F>3·SD. It has to be mentioned that by low value of the  CRI, the importance of 
that estimator was not large.
  


CRI= SK -SKCK0⋅SK
-1⋅100   (%) (12)


In equation (12) the new terms are:
    SKCK0 - Summation of square of residuals, by cK=0.
    cK - Estimator with number k index in statistical formula evaluated.


The summation of residuals square  SK, the standard deviation  SD, the square of 
correlation  coefficient  of  the  predicted,  and  observed  values  R2 were  used  for 
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characterization of the approximation quality.  Calculations were performed at  Poznań 
Networking & Supercomputing Center PCSS on a SGI Origin 3800 computer, using a 
special optimization program, based on a least squares method combined with gradient 
and Monte Carlo methods, mentioned in the work Porankiewicz (1988), (modified many 
times in order to improve calculation efficiency). For checking every statistical formula 
mentioned earlier, as well as for evaluation of the final equations (6) through (8) and (9) 
through (11), the necessary iteration number was as large as 9.3·109 (2200 h).


The authors also decided to check the fitting of Equations (3)  through (5) using 
the  experimental matrix applied in the present work. However, the lack of information 
about the exact number of measuring points used in the work of Axelsson et al. (1993) 
precluded precise comparison. 


For presentation of the estimators evaluated for Equations (6) through (8) and (9) 
through (11), five decimal digits were assumed, which caused negligible deterioration in 
the quality of approximation. Reduction in the number of decimal digits to 4 worsened 
the quality of approximation of equation (6) through (8) and (9) through (11) as much as 
0.01% and 8%, respectively. Reduction the number of decimal digits to 2 worsened the 
quality of approximation of equation (6)  through  (8) and (9)  through  (11) as much as 
6389% and 649124% respectively. 


A comparison of results obtained in the present work with similar data from the 
literature  was  carried  out.  To  conduct  the  comparison, the  Wood_Cutting  program 
(Porankiewicz 2011) was used for calculation of the main FC and radial FN  cutting forces. 


RESULTS AND DISCUSSION


For equation (6) through (8), describing the relation FC=f(V, , F, ap, vC, D, mC, 
T), the following estimators resulted from the evaluation: a1=224914.765, a2=6.411·10-5, 
a3=-0.04709,  a4=18.90097,  a5=2.57193,  a6=10.57092,  a7=0.0955,  a8=0.15203, 
a9=1.17260,  a10=-2.15734,  a11=-0.05021;  a12=-0.07183,  a13=2.43628,  a14=0.99865, 
a15=6.883·10-5,  a16=-27269.686,  a17=0.02962,  a18=0.4157,  a19=-0.17439,  a20=0.23563, 
a21=0.19386,  a22=1.21835,  a23=-0.57335,  a24=-0.24134,  a25=-878.18,  a26=0.01668,  a27=-
27.65757.


The quality of the fit of the equation (6) through (8) is shown by Fig. 6, and was 
characterized  by  the  quantifiers: SK=57722.3,  R=0.95,  R2=0.91,  SD=11.87  N.  The 
coefficients  of  relative importance  took  values  as  follows:  CRI1=155.7,  CRI2=347.9, 
CRI3=107.7,  CRI4=650.3,  CRI5=469.9,  CRI6=5533.7,  CRI7=718.6,  CRI8=826,  CRI9=940.4 
CRI10=219.2, CRI11=108.9, CRI12=113.1, CRI13=226.2, CRI14=225.6, CRI15=338.2, CRI16=7374.3, 
CRI17=111.2,  CRI18=884.6,  CRI19=269.7,  CRI20=749.2,  CRI21=884.6,  CRI22=3309.9, 
CRI23=1.732·1012, CRI24=1194.8, CRI25=2.188·105, CRI26=169.7, CRI27=645.                    


The following estimators were evaluated for formulas (9) through (11), describing 
the relation FN=f(V, , F, ap, vC, D, mC, T): b1=3.355·10-3, b2=539082.961, b3=-0.15741, 
b4=-0.33883,  b5=-0.01213,  b6=758.29345,  b7=0.76858,  b8=3.5537,  b9=5.365·10-4, 
b10=1.3538·10-3,  b11=-3.0279·10-3,  b12=-1.3297·10-4,  b13=-0.012783,  b14=-30.16633,  b15=-
0.219799,  b16=10.134443,  b17=3.4903·10-4,  b18=-0.38895,  b19=-0.27925,  b20=1.90555, 
b21=-0.10358,  b22=-0.732,  b23=-0.32493,  b24=-0.2652,  b25=-137.7076, b26=-3.6111·10-3,  
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and b27=1.66647.  The  quality  of  the  fit  of  the  equation  (9)  through  (11)  were 
characterized by the quantifiers: SK=45551.2, R=0.93, R2=0.86, SD=10.65 N, and also are 
illustrated in  Fig. 6. The coefficients of relative importance took the following values: 
CRI1=5.809·106,  CRI2=185.1,  CRI3=18.7,  CRI4=28,  CRI5=14.4,  CRI6=547.4,  CRI7=711.3, 
CRI8=1469.7,  CRI9=7.1,  CRI10=18.7,  CRI11=293.3,  CRI12=1.3,  CRI13=4.028·104, 
CRI14=7.688·109,  CRI15=4397.8,  CRI16=4.368·1010,  CRI17=765.6,  CRI18=256.7,  CRI19=66.8, 
CRI20=662.8,  CRI21=135.8,  CRI22=6.312·106,  CRI23=1471,  CRI24=305.1,  CRI25=3.059·107, 
CRI26=0.01, CRI27=2.5.


Fig. 6. Plot of main cutting force observed FC, against main cutting force predicted FCP,  according 
to equations (6) through (8), and the plot of normal cutting force observed FN, against predicted 
normal force  FNP, according to equations (9) through (11) 


Figure. 6 shows that in the analyzed experiment the standard deviation  SD was 
rather high, which suggested the presence of an uncontrolled variation, and, maybe also 
an  effect  of  unrecognized  interactions.  In  the  authors'  opinion  more  work  in  future 
experiments  will  be  needed to  reduce  the  value  of  SD.  The  quality  of  approximation 
obtained in the present work for the main force FC, namely  R=0.95, R2=0.91, was slightly 
better than for the normal force FN, namely R=0.93, R2=0.86, and, much better than the 
quality of approximation of the equation (3)  through (5) for the main force FC, namely 
R=0.2, reported in the work Axelsson et al. (1993). Such a good approximation confirms 
the exceptional precision of optimization method and program applied in this study.


From Fig. 7 can be seen a fast growth of the main force FC with an increase of the 
grain angle  V, from  V  =0o up  V  =1.475312 rad (84.53o), being maximum for cutting 
against  grains  case.  This  observation  contradicted  information  from  the  literature, 
reporting the maximum at V = /2 rad (90o). The maximum in the dependence FC=f(V ) 
can be seen for whole range of variation of the cutting edge dullness .  Further rise of 
the V angle resulted in rapid drop of the FC. From Fig. 7 can also be seen fast growth of 
the normal cutting force  FN with an increase of the grain angle  V, up to maximum at 
V=0.801795 rad (45.94o)  but  only for  large cutting edge dullness of  =20  m. This 
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finding contradicts information reported in the literature (Amalitskij and Lûbčenko 1977; 
Orlicz 1982). The maximum for the normal cutting force  FN,  observed for cutting edge 
dullness of =20 m, disappeared for the sharp tool by =5 m. Further increase of the 
V angle up to  V=1.5708 rad (90o) caused rapid decrease of the FN, up to minimum. An 
increase of the  V angle, by  V>1.5708 rad (90o) (cutting along grains case) resulted in 
rather small change of the FN value. This observation was in agreement with the paper of 
Porankiewicz  et  al.  (2007)  and  contradicts  other  information  from  the  literature 
(Amalitskij and Lûbčenko 1977; Orlicz 1982). 


Fig. 7. Plot of dependence of the main FC and normal FN cutting forces upon the angle V and the 
round up of the cutting edge , according to equations: a - (6) through (8); and b – (9) through 
(11); for: F=0.52 rad (29.79o); ap=0.5 mm; vc=39.74 m·s-1; mc=10 %; D=372 kg·m-3; T=293oK 
(20oC)


The ratio between maximum and minimum values of the main force FC for the 
grain angle V lying in the range of  1.464 rad and 0 rad (84.53o and 0o), was as high as 
1.84 in the present study, while as large as 2.62 according to the literature (Orlicz 1982), 
for the following cutting conditions: =6 m, F=0.349066 rad (20o), aP=0.2 mm, vC=28 
m·s-1, mC=8 %, T=293oK (20oC), and D=490 kg·m-3. 


The ratio between maximum and minimum values of the normal force FC for the 
grain angle V lying in the range of  0.792 rad and 0 rad (45.94o and 0o), was as high as 
2.51 in the present study, while as large as 2.62 according to the literature (Orlicz 1982), 
for the following cutting conditions: =20 m, F=0.349066 rad (20o), aP=0.2 mm, vC=28 
m·s-1, mC=8 %, T=293oK (20oC), and D=490 kg·m-3. 


The ratio between maximum and minimum value of  the main force  FC for the 
largest and the lowest cutting edge round-up , which were as high as 6 m and 20 m, 
respectively, were as high as 1.35 in this paper, while 1.12 according to the literature 
(Amalitskij  and  Lûbčenko 1977,  Orlicz  1982),  for  following  cutting  conditions: 
V=0.7854 rad (45o), F=0.349066 rad (20o), aP=0.2 mm, vC=28 m·s-1, mC=8 %, T=293oK 
(20oC),  D=490 kg·m-3. The ratio between maximum and minimum value of  the radial 
force  FN for the largest and the lowest cutting edge round-up , were as high as 15.37 in 
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this paper, while 2.03 according to the literature (Amalitskij and Lûbčenko 1977, Orlicz 
1982), for same cutting conditions.


Graphical illustration of the relations (6) though (11) between the main FC and the 
normal FN cutting forces and the rake angle F and the thickness of the cutting layer aP, 
are shown in Fig.  8. It  can be seen from Fig. 8 that a decrease of the rake angle  F 


increased  the  main  FC and  the  normal  FN cutting  forces,  in  a  parabolic,  increasing 
manner. 


Fig. 8. Plot of dependence of the main FC and normal FN cutting forces upon the rake angle F 


and the thickness of the cutting layer aP, according to equations: a - (6) though (8); and b - (9) 
though (11); for V=1.475412 rad (84.53o); =5 m; vC=39.74 m·s-1; mc=10 %; T=293oK (20oC); 
D=500 kg·m3


An increase of the thickness of the cutting layer aP resulted in an increase of the 
main cutting force FC in parabolic, decreasing manner. An increase of the thickness of the 
cutting layer aP resulted in an increase of absolute value of the radial cutting force FN in 
parabolic, decreasing manner. It has also to be mentioned that the radial cutting force FN 


for some values of the rake angle F and thickness of the cutting layer aP become positive. 
The issue of the impact the rake angle F and the thickness of the cutting layer aP on the 
the radial cutting force FN contradicted information from literature (Orlicz 1982). 


The ratio between maximum and minimum value of the main force  FC for the 
largest  and  the  lowest  rake  angle  F,  of   0.17  rad  (9.74o)  and  of  0.52  rad  (29.79o) 
respectively, was as large as 1.23 in the present study, while according to the literature 
(Orlicz 1982) was as large as 1.96, for the following cutting conditions:  =6 m, aP=0.2 
mm,  vC=28 m·s-1, mC=8 %, T=293oK (20 oC), D=490 kg·m-3. 


For  the same cutting parameters,  the  ratio between the largest  and the lowest 
value of the radial force FN was as high as 2.67 in the present study, while as large as 1.96 
according to the literature (Orlicz 1982). It has to be mentioned that the radial force FN 


evaluated  from  equation  (9)  though  (11)  took  negative  values  in  analyzed  range  of 
variation of the rake angle F, while the radial force FN calculated on basis of the equation 
(1) through (2), according to the literature (Orlicz 1982) was positive.
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The ratio between  maximum and minimum value of  the main force FC for the 
largest and the lowest  thickness of cutting layer aP,  as high as  0.05 mm and  0.5  mm 
respectively, was as high as 2.12 in the present study, while as large as 2.82 according to 
the literature (Orlicz 1982), for following cutting parameters: =6 m, F=0.349066 rad 
(20o), V=0.7854 rad (45o), vC=28 m·s-1, mC=8 %, T=293oK (20oC), D=490 kg·m-3. 


For  the same cutting parameters,  the  ratio between the largest  and the lowest 
value of the radial force FN, was as high as 4.58 in the present study, while as large as 
2.82 according to the literature (Orlicz 1982). It has to be mentioned that the radial force 
FN evaluated  from  equation  (9)  through  (11)  took  negative  values  throughout  the 
analyzed range variation of  the thickness of cutting layer  aP, while the radial force  FN 


calculated from equation (1) through (2) was positive according to the literature (Orlicz 
1982).


The impact of  the wood density D and  the cutting velocity vC the on  the main 
force FC and the normal force FN, according to equations (6) through (11), is illustrated in 
Fig. 9, which shows a very strong influence, with a parabolic increasing manner.  The 
wood density D impact on the radial FN cutting force was also very strong, in a parabolic, 
decreasing manner.  The cutting velocity vC impact on the  FC and FN cutting forces  was 
smaller (especially on the FN) in a parabolic, decreasing manner. 


Fig. 9. Plot of the dependence of the main FC and normal FN cutting forces upon the wood density 
D and the cutting velocity vC, according to equation: a - (6) though (8); and b – (9) though (11); for 
V=1.475312 rad (84.53 o); =5 m; F=0.349066 rad (20o); ap=0.5 mm; mc=8 %; T=293oK (20oC)


As the wood density D increased throughout the analyzed range of variation, the 
main cutting force  FC increased by as  much as 2.49 times,  for  the  following cutting 
conditions: aP=0.2 mm, =6 m, F=0.349066 rad (20o), V=0.7854 rad (45o), vC=28 m·s-


1, mc=8 %, T=293oK (20oC). 
The radial cutting force FN, for the same cutting conditions, decreased by as much 


as 1.27 times, in the analyzed range of variation of the wood density D. In the literature 
the wood density was not taken into account for  FC and  FN cutting forces evaluation 
(Orlicz 1982). 
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With an increase of  the cutting velocity vC throughout analyzed variation range 
from  14.91  m·s-1 to  39.74  m·s-1,  the main  cutting force FC increased,  according  to 
equations (6) though (8) in parabolic, decreasing manner. 


An increase of the cutting velocity vC throughout analyzed range of variation was 
accompanied by a slight increase in the radial  cutting force FN  according to equations 
(9) through (11)  in  parabolic, decreasing manner. For low wood density  D, the FN take 
negative values. The issue of the influence of the cutting velocity vC on the main FC and 
the radial  FN cutting forces  contradicted information reported in the literature (Orlicz 
1982), giving an opposite influence until vC=50 m·s-1. The non-linear issue of the impact 
of the cutting velocity  vC on the main force  FC also was also inconsistent with work 
Axelsson et al.  (1993).  Results of the present experiment are unable to explain these 
contradictions. 


The ratio between maximum and minimum value of the main cutting force FC for 
the largest and the lowest cutting velocity vC, as high as  14.91  m·s-1 and  39.74  m·s-1, 
respectively, was as large as 1.54 in the present study, while as much as 0.93 according to 
the literature (Orlicz 1982), for following cutting conditions:  =6 m, F=0.349066 rad 
(20o), V=0.7854 rad (45o), aP=0.2 mm, mC=8 %, T=293oK (20 oC), D=490 kg·m-3. 


Fig. 10. Plot of dependence of the main FC and normal FN cutting forces upon the moisture 
content mC, and the wood temperature during cutting T, according to equations: a - (6) though (8); 
and b – (9) though (11); for V=0 rad (0o);  =5 m; F=0.349066 rad (20o); ap=0.1 mm; vC=39.74 
m·s-1; D=500 kg·m-3


Figure 10 shows the non-linear dependence of the main  FC and the normal  FN 


cutting  forces  upon  the  moisture  content  mC and  the  wood  temperature  T.  With  an 
increase of the moisture content mC from 8 % to about 30 % the main force FC, grew very 
fast. Further enlargement of the mC, to 133 %, caused a slightly decrease of the FC, which 
was in agreement with the literature (Amalitskij and  Lûbčenko 1977; Orlicz 1982) for 
types of machining other than sawing. The non-linear impact of mC on the main force FC 


issue contradicts the work of Axelsson et al. (1993). For the sawing case, an opposite 
impact of the moisture content  mC on the cutting forces was reported in the literature 
(Amalitskij  and  Lûbčenko 1977;  Orlicz  1982).  It  is  well  known  that  there  is  an 
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exceptional, increasing effect of the moisture content mC on the shock strength of wood; 
indeed, this effect might be invoked to explain this phenomenon at large cutting velocity 
vC.  However, in the case of sawing (closed cut),  an increasing action of the two side 
edges has to be considered. On the other hand, someone may point  out  that  most  of 
wood's strength properties decrease with increasing moisture content mC. With the current 
state of the knowledge it is not possible to estimate which role is dominant in the cutting 
forces evaluation: wood shock strength or other (static) strengths. 


The radial cutting force FN dependence upon  the moisture content mC was 
opposite to the dependence observed for  the main cutting force FC in the range from 8 
% to about  30 %.  This would suggest that the relaxation of the wood surface from the 
clearance  surface  site,  becomes  larger  with  increasing  moisture content mC in  the 
analyzed range. 


The ratio  between  maximum and minimum value  of  the  FC,  for  the  moisture 
content mC, as high as  8 % and  70 % respectively, was  1.27 in the preset study, while 
1.23 according to the literature (Orlicz 1982), for following cutting conditions: =6 m, 
F=0.349066 rad (20o),  V=0.7854 rad (45o),  aP=0.2 mm,  T=293oK (20oC), and  D=490 
kg·m-3. 


For the same machining parameters, the radial force  FN fell  with change of the 
moisture content mC from value of 4.9 N to -3.5 N, in the present study, while it fell 1.23 
times (being positive in whole range) according to the literature (Orlicz 1982). 


The main FC and the normal FN cutting forces slightly increased with lowering of 
the wood temperature T (Fig. 9). The ratio between maximum and minimum value of the 
FC and for the FN for the lowest and the highest wood temperature T, as high as 258oK (-
15oC) and 293oK (20oC), was as high as 1.06 and 1.59, respectively in this paper, while 
1.15 and 1.14 times respectively according to the literature (Orlicz 1982), for following 
cutting conditions: =6  m,  F=0.349066 rad (20o),  V=0.7854 rad (45o), aP=0.2 mm, 
mc=8 %, D=490 kg·m-3. 


It  has to be pointed out that  for another combination of the cutting parameter 
values, the comparison between models (6) through (11) and (1) through (2) as well as 
(3) through (5) will bring other values of the ratio. 


Figures 7  through 10 show that the normal cutting force  FN did not follow the 
main  cutting  force  FC.  In  case  of  influence  of  the  thickness  of  cutting  layer  aP,  the 
moisture content mC and the cutting speed vC on the radial cutting force FN (Fig. 10), even 
a reverse impact was observed, which suggests that the equation (2) was too simple to 
adequately describe the dependence of the normal force FN upon cutting parameters. 


The  impact  of  the cutting edge dullness ,  the moisture content mC,  and  the 
cutting speed vC on the tangential FC, also the influence of  the cutting edge dullness , 
the rake angle F,  the thickness of cutting layer aP,  the moisture content mC, the wood 
temperature T, the cutting speed vC on the radial cutting force FN in the present study, was 
larger than that reported in the literature (Amalitskij and Lûbčenko 1977; Orlicz 1982). 


The dependence of  the main cutting force FC upon  the grain angle V,  the rake 
angle F,  the thickness of the cutting layer aP and  the wood temperature T was smaller 
than that reported in the literature (Amalitskij and Lûbčenko 1977; Orlicz 1982). 


The dependence of the radial FN cutting force upon the grain angle V was smaller 
than that reported in the literature (Orlicz 1982). 
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The two-level variation of the cutting edge round up , the cutting velocity vC, and 
the wood temperature T independent variables in the experimental matrix of the present 
study, seemed to not be the best choice, due to their non-linear influence on the main FC 


and radial FN cutting forces. 
Different values of the exponents a9 through a13 and b9 through b13 for longitudinal 


cutting,  and,  exponents  a18 through  a22 and  b18 through  b22 for  perpendicular  cutting, 
evaluated for  equations (6)  through (11) showed that  the impact  of the cutting angle 
F[1.570796-F]  (rad)  {[90o-F]  (o)},  the  cutting  edge dullness  ,  the  thickness  of  the 
cutting  layer  aP,  the  cutting  velocity  vC,  the  moisture  content  mC, and  the  wood 
temperature T on the tangential FC and the radial cutting forces FN was different for these 
two base cutting directions (perpendicular and longitudinal cutting). The use of the same 
correction  coefficients:  C,  C,  CAP,  CVC,  CMC,  CT for  longitudinal  cutting  and  for 
perpendicular cutting in equations (1) perpendicular (2), seems to be one of the reasons 
reported  in  literature  (Orlicz  1982)  to  account  for  differences  between predicted  and 
observed main cutting force FC, decreasing the methods’ precision.  


The analysis of the relationship (9) through (11) with step 0.0008 rad (0.05o), 
revealed the existence of a local large extremes at V=1.7282 rad (99.019o). The extremes 
extend in the range from -0.06981 rad (-4o) to +0.0524 rad (+4o). Because there are no 
experimental  data  for  the  specified  range  of  the  V in  the  experimental  matrix,  the 
extremes must be excluded from considerations.


CONCLUSIONS


The analysis of results of the calculations performed makes it possible to state that:


1.  The normal cutting force FN takes  a  negative value for  a  wide range of the cutting 
parameters.
2. In the dependence of the main cutting force FC upon the grain angle V, a maximum at 
V=1.475312 rad (84.53o),  extending to  whole  range of  variation of  the cutting edge 
dullness  was found.  
3. In the dependence of  the normal force FN upon  the grain angle V, a maximum was 
observed at  V=0.8017949 rad (45.939o). This maximum disappeared in the case of a 
sharp tool (=5 m). 
4. An drop down of  the rake angle F increased the main FC and the normal FN cutting 
forces, in a parabolic, increasing manner.
5. An increase of the thickness of the cutting layer aP increased the main cutting force FC 


in a parabolic, decreasing manner.
6. An increase of the thickness of the cutting layer aP increased the absolute value of the 
radial cutting force FN in parabolic, decreasing manner. 
7. Increasing the wood density D caused an significant increase of the main cutting force 
FC in a parabolic, increasing manner.
8.  The radial cutting force FN increased with  the wood density D climb in  a parabolic, 
decreasing manner.
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9. An increase of the cutting velocity vC caused an increase of the main cutting force FC, 
according to equation (6)-(8), in a parabolic, decreasing manner. 
10. An increase of  the cutting velocity vC  slightly increased the radial cutting force FN, 
according to equation (9) through (11).
11. An increase of the moisture content mC, in range from 8% to about 30%, resulted in a 
rapid increase of the main cutting force FC. A further increase in moisture content mC to 
133% resulted in a further decrease of FC in parabolic decreasing manner. 
12. An increase of the moisture content mC, in range from 8% to about 30%, resulted in a 
rapid lowering of the radial cutting force FN. A very small increase of the absolute value 
of the FN was observed in a parabolic increasing manner with the mC rising to 133%. 
13.  The main FC and absolute value of  the normal FN cutting forces slightly increased 
with a lowering of the wood temperature T, in a parabolic decreasing manner.
14. The dependence of the normal force FN upon cutting parameters by Pinus sylvestris 
wood cutting does not generally follow the same trends as the main force FC.
15. In the present work a larger influence of the rake angle F, the cutting edge dullness , 
the moisture content mC,  and the cutting velocity vC on  the main cutting force FC was 
observed, compared to those reported in the literature (Amalitskij and  Lûbčenko 1977; 
Orlicz 1982).
16. In the present work a larger influence of the rake angle F, the cutting edge dullness , 
the thickness of the cutting layer aP and the wood temperature T on the radial FN cutting 
force  was  observed  than  the  corresponding  dependencies  reported  in  the   literature 
(Orlicz 1982).
17. The dependence the main FC cutting force upon the grain angle V, the rake angle F, 
the thickness  of the cutting layer aP, and the wood temperature T was smaller than those 
given in the literature (Amalitskij and Lûbčenko 1977; Orlicz 1982).
18. The dependence the radial FC cutting force upon  the grain angle V was smaller than 
those given in the  literature (Amalitskij and Lûbčenko 1977; Orlicz 1982).
19. The following issues in the Conclusions of the present study, point ns.: 1, 2, 3, 4, 9, 
10, 12 contradicted information from Orlicz (1982).
20. The following issues of non-linear influence of the cutting parameters on the main 
cutting force  FC in the Conclusions of the present study, point ns.: 5, 7,  9, 11 and 13 
contradicted information reported in Axelsson et al. (1993).
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APPENDIX


Table 1. Experimental Matrix 


  FC               FN            FS           V      F               aP        mc     T           D           vC


  (N)             (N)          (N)        (rad)  (rad)  (m)  (mm)    (%)   (oC)   (kg·m-3)  (m·s-1)
 1       2      3     4   5   6    7    8   9     10    11
----------------------------------------------------------------------------------------------------------
  23            -3.7         1.2      2.88  0.35   20     0.15      8        20     372.53  39.741    
  13.5         -0.9        -0.9      2.88  0.52   20     0.15      8        20     386.2    39.741    
102.1       -44.3        -4.4      2.36  0.17   20     0.5        8        20     496.56  39.741    
  83.7       -28.2         2.7      2.36  0.35   20     0.5        8        20     481.2    39.741    
117.9       -34.2         6.7      2.36  0.35   20     0.5        8        20     568.63  39.741    
  81.3         -5.2         6.6      2.36  0.52   20     0.5        8        20     651.93  39.741    
  79.1         -6.6         3.8      2.88  0.17   20     0.5        8         20     476.36  39.741    
  60.3         -1.8         3         2.88  0.35   20     0.5        8         20     476.36  39.741    
  36.7          5.1        -4.9      2.88  0.52   20     0.5        8         20     460.93  39.741    
  54.4         -3.7         2         2.88  0.17   20     0.5        8         20     392.96  39.741    
  15.8         -2.5        -0.9      2.88  0.35   20     0.5        8         20     392.96  39.741    
  29.3          4.1        -2.7      2.88  0.52   20     0.5        8         20     392.96 39.741   
129.591      8.056    -1.777  1.57  0.35     5     0.5      40.96    20     715.51  14.916   
  40.561   -14.765    -1.933  1.57  0.35     5     0.05    48.98    20     722.28 14.916  
160.693   -25.839    -6.268  1.57  0.35   20     0.5      64.65    20     710.01 14.916  
  70.84     -67.838    -3.682  1.57  0.35   20     0.05  106.33    20     683.1   14.916  
130.404     -4.431    -4.167  1.57  0.17     5     0.5    100.09    20     640.9   14.916  
  33.449   -12.862    -1.298  1.57  0.17     5     0.05    83.91    20     691.02 14.916  
189.348   -46.98       0.526  1.57  0.17   20     0.5      59.80    20     735.5   14.916  
  80.01     -85.349    -0.64    1.57  0.17   20     0.05    45.44    20     726.78 14.916  
137.999    11.013    -0.402  1.57  0.35     5     0.5    118.56    20     655.26 39.741   
  37.068   -10.217    -1.568  1.57  0.35     5     0.05  108.16    20     670.28 39.741   
200.265   -20.248  -14.438  1.57  0.35   20     0.5      62.60    20     696.05 39.741   
  75.438   -61.57     -3.983   1.57  0.35   20     0.05    48.66    20     692.16 39.741   
177.826     -0.428   -1.757   1.57  0.17     5     0.5      45.73    20     671.96 39.741   
  37.552   -11.268   -1.943   1.57  0.17     5     0.05    55.27    20     691.82 39.741   
233.838   -47.674    5.413   1.57  0.17   20     0.5      83.54    20     682.3   39.741   
  81.445   -70.718    4.507   1.57  0.17   20     0.05  121.40    20     640.43 39.741   
126.492     -2.346   -3.888   1.57  0.35     5     0.5    103.83  -15     694.91 14.916  
  36.861   -14.183   -1.677   1.57  0.35     5     0.05    48.60  -15     681.02 14.916  
148.838   -33.747   -4.703   1.57  0.35   20     0.5      41.92  -15     658.74 14.916  
  65.808   -63.934   -3.712   1.57  0.35   20     0.05    32.58  -15     647.14 14.916  
  33.263   -13.325   -1.559   1.57  0.17     5     0.05    45.02  -15     688.6   14.916  
173.62     -54.042   -0.922   1.57  0.17   20     0.5      65.86  -15     677.73 14.916  
  81.564   -82.258    0.641   1.57  0.17   20     0.05  114.01  -15     644.12 14.916  
152.509      4.504   -3.439   1.57  0.35     5     0.5      37.06  -15     702.89 39.741   
  39.857   -12.925   -2.369   1.57  0.35     5     0.05    46.97  -15     718.66 39.741   
205.698   -12.468   -8.805   1.57  0.35   20     0.5      80.13  -15     702.49 39.741   
  68.175   -56.639   -3.909   1.57  0.35   20     0.05  118.81  -15     664.58 39.741   
  39.876   -13.343   -1.39     1.57  0.17     5     0.05    73.46  -15     627.21 39.741   
221.891   -47.702   -0.45     1.57  0.17   20     0.5      56.90  -15     640.23 39.741   
  88.266   -83.151    1.124   1.57  0.17   20     0.05    34.57  -15     657.4   39.741   
101.829   -31.949   -1.626   1.57  0.35     5     0.5        8       -15     567.29 14.916  
  43.727   -34.75     -1.784   1.57  0.35     5     0.05      8       -15     566.55 14.916  
  99.88     -43.049   -5.636   1.57  0.35   20     0.5        8       -15     576.48 14.916  
  50.012   -59.582   -3.249  1.57  0.35     20    0.05      8       -15     572.06 14.916 
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FC               FN            FS           V      F               aP        mc     T           D           vC


  (N)             (N)          (N)        (rad)  (rad)  (m)  (mm)    (%)   (oC)   (kg·m-3)  (m·s-1)
 1       2      3     4   5   6    7    8   9     10    11
----------------------------------------------------------------------------------------------------------
112.652   -17.168   -3.148  1.57  0.17       5    0.5        8       -15     658.21 14.916  
  35.153   -18.649   -2.005  1.57  0.17       5    0.05      8       -15     698      14.916  
136.268   -42.923   -1.306  1.57  0.17     20    0.5        8       -15     708.93 14.916  
  64.664   -85.244   -2.725  1.57  0.17     20    0.05      8       -15     595.61 14.916  
116.888   -24.582   -2.794  1.57  0.35       5     0.5       8       -15     556.76 39.741   
  46.011   -34.298   -2.495  1.57  0.35       5    0.05      8       -15     556.96 39.741   
117.503   -49.211   -6.215  1.57  0.35     20    0.5        8       -15     545.82 39.741   
  58.443   -62.678   -2.835  1.57  0.35     20    0.05      8       -15     541.19 39.741   
111.886   -22.852   -3.85    1.57  0.17       5    0.5        8       -15     560.65 39.741   
  36.842   -20.681   -2.164  1.57  0.17       5    0.05      8       -15     567.76 39.741   
129.061   -66.835   -2.507  1.57  0.17   20    0.5        8       -15     568.03 39.741   
  67.81     -81.328   -2.834  1.57  0.17   20    0.05      8       -15     570.71 39.741   
113.223   -21.4       -1.644  1.57  0.35     5    0.5        8        20     605      14.916  
  45.227   -35.825  -1.616  1.57  0.35     5     0.05      8       20     585.54 14.916  
113.54     -37.182  -3.752  1.57  0.35   20     0.5        8       20     591.78 14.916  
  50.544   -61.19    -2.802  1.57  0.35   20     0.05      8       20     590.04 14.916  
  89.461   -20.726  -4.134  1.57  0.17     5     0.5        8       20     570.31 14.916  
  32.644   -18.586  -1.492  1.57  0.17     5     0.05      8       20     587.89 14.916  
123.453   -55.876  -2.584  1.57  0.17   20     0.5        8       20     580.58 14.916  
  62.4       -85   12  -2.064  1.57  0.17   20     0.05      8       20     600.44 14.916  
141.263   -12.932  -3.105  1.57  0.35     5     0.5        8       20     708.87 39.741   
  55.39     -36.28    -2.746  1.57  0.35     5     0.05      8       20     658.81 39.741   
137.577   -34.917  -4.975  1.57  0.35   20     0.5        8       20     618.76 39.741   
  66.058   -68.31    -2.271  1.57  0.35   20     0.05      8       20     606.88 39.741   
115.523   -19.78    -4.023  1.57  0.17     5     0.5        8       20     553.47 39.741   
  36.101   -18.301  -1.964  1.57  0.17     5     0.05      8       20     568.1   39.741   
149.93    -54.288   -2.87    1.57   0.17   20     0.5       8       20     577.02 39.741   
  88.863     2.887    0.448   0       0.35     5     0.5     90.98  20     657.27 39.741   
  18.813     -5.538   -1.4      0       0.35     5     0.05 101.80  20     644.05 39.741   
  85.663   -18.04     -2.430  0       0.35   20     0.5   110.10  20     637.21 39.741   
  22.924   -26.732   -1.944  0       0.35   20     0.05 109.40  20     650.83 39.741   
  91.102   -13.86     -0.248  0       0.17     5     0.5   117.40  20     641.3   39.741   
  20.313     -9.793   -1.405  0       0.17     5     0.05 120.10  20     642.51 39.741   
  86.585   -33.166    4.633  0       0.17   20     0.5   119.30  20     656.6   39.741   
  29.253   -37.533   -0.163  0       0.17   20     0.05 121.70  20     664.72 39.741   
  68.77      -1.734     0.508  0       0.35     5     0.5   110.40  20     637.27 14.916  
  18.362     -7.287   -0.863  0       0.35     5     0.05 108.50  20     662.03 14.916  
  67.114   -17.156   -0.613  0       0.35   20     0.5   113.40  20     677.4   14.916  
  24.759   -41.809   -1.631  0       0.35   20     0.05 122.40  20     668.88 14.916  
  76.661     -7.224    0.062  0       0.17     5     0.5   100.10  20     648.75 14.916  
  17.66       -9.145    0.252  0       0.17     5     0.05 111.90  20     645.26 14.916  
  74.339   -33.685    6.663  0       0.17   20     0.5   127.40  20     629.56 14.916  
  30.053   -51.001    2.022  0       0.17   20     0.05 129.10  20     656.19 14.916  
  91.426      3.766   -3.488  0       0.35     5     0.5   127.50 -15     649.75 14.916  
  18.745   -10.382   -1.62    0       0.35     5     0.05 132.80 -15     627.95 14.916  
  81.774   -26.218   -4.703  0       0.35   20     0.5   126.50 -15     637.41 14.916  
  27.881   -39.707   -2.968  0       0.35   20     0.05 107.10 -15     713.76 14.916  
117.163     -7.061   -3.906  0       0.17    5      0.5   132.40 -15     625.26 14.916  
  20.172   -15   55   -1.356  0       0.17    5      0.05 126.30 -15     636.8   14.916  
110.073   -46.683    0.186  0       0.17   20     0.5   116.70 -15     666.73 14.916  
  37.405   -57.424    2.582  0       0.17   20     0.05 108.20 -15     684.44 14.916  
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FC               FN            FS           V      F               aP        mc     T           D           vC


  (N)             (N)          (N)        (rad)  (rad)  (m)  (mm)    (%)   (oC)   (kg·m-3)  (m·s-1)
 1       2     3     4   5   6    7    8   9     10    11
----------------------------------------------------------------------------------------------------------
110.385      4.846   -1.991  0       0.35     5     0.5   122.20 -15     654.79 39.741   
  23.35     -12.145   -1.454  0       0.35     5     0.05 124.90 -15     648.21 39.741   
107.669   -34.342   -4.858  0       0.35   20     0.5   122.30 -15     634.86 39.741   
  29.34     -42.13     -2.440  0       0.35   20     0.05 105.20 -15     691.15 39.741   
  23.951   -16.067   -1.75    0       0.17     5     0.05 123.30 -15     658.61 39.741   
138.437   -51.609    1.045  0       0.17   20     0.5   124.00 -15     631.97 39.741   
  36.753   -51.756   -0.546  0       0.17   20     0.05 111.70 -15     678.74 39.741   
  71.442     -6.745   -2.384  0       0.35     5     0.5       8      -15     765   2 14.916  
  29.202   -20.582   -1.565  0       0.35     5     0.05     8      -15     652.97 14.916  
  64.708   -14.736   -3.808  0       0.35   20     0.5       8      -15     645.73 14.916  
  37.277   -43.628   -3.151  0       0.35   20     0.05     8      -15     660.22 14.916  
125.402     -3.324   -5.49    0       0.17     5     0.5       8      -15     580.71 14.916  
  26.967   -10.355   -2.359  0       0.17     5     0.05     8      -15     552.13 14.916  
130.217   -21.02     -2.901  0       0.17   20     0.5       8      -15     510.53 14.916  
  35.113   -56.749   -2.074  0       0.17   20     0.05     8      -15     526.9   14.916  
  90.5          1.708   -4.127  0       0.35     5     0.5       8      -15     543.14 39.741   
  83.634     -3.114   -5.556  0       0.35     5     0.5       8      -15     573.26 39.741   
  29.053   -14.159   -1.822  0       0.35     5     0.5       8      -15     533.95 39.741   
  57.9         -2.624   -3.617  0       0.35     5     0.5       8       20     588.36 14.916  
  25.431   -16.517   -1.873  0       0.35     5     0.05     8       20     575.08 14.916  
  60.576   -12.378   -4.302  0       0.35   20     0.5       8       20     571.52 14.916  
  34.628   -49.102   -2.967  0       0.35   20     0.05     8       20     592.12 14.916  
136.962     -3.835   -5.27    0       0.17     5     0.5       8       20     581.25 14.916  
  27.863   -11.748   -1.352  0       0.17     5     0.05     8       20     647.94 14.916  
159.789   -27.138   -2.121  0       0.17   20     0.5       8       20     627.61 14.916  
  50.999   -68.388   -2.382  0       0.17   20     0.05     8       20     623.65 14.916  
  89.44        5.633   -3.094  0       0.35     5     0.5       8       20     561.86 39.741   
  22.06       -5.72     -1.727  0       0.35     5     0.05     8       20     583.73 39.741   
  87.818     -7.962   -6.163  0       0.35   20     0.5       8       20     575.34 39.741   
  33.251   -41.88     -3.535  0       0.35   20     0.05     8       20     650.49 39.741   
130.23       -4.862   -8.375  0       0.17     5     0.5       8       20     594.67 39.741   
  28.466   -14.582   -1.833  0       0.17     5     0.05     8       20     572.26 39.741   
166.312   -41.098   -0.928  0       0.17   20     0.5       8       20     583.66 39.741   
  54.838   -89.148   -1.881  0       0.17   20     0.05     8       20     588.09 39.741   
  20.5         -4.3       -0.1      0       0.17     5     0.05     8       20     472.26 39.741   
  11.1         -0.4        1.2      0       0.35     5     0.05     8       20     472.26 39.741   
    8.1          0.3        1.2      0       0.52     5     0.05     8       20     472.33 39.741   
    0.97       -1.8        0.8      0       0.17     5     0.05     8       20     464.66 39.741   
    8.8         -0.3        1         0       0.35     5     0.05     8       20     464.66 39.741   
    7.5         -0.6        0.8      0       0.52     5     0.05     8       20     464.66 39.741   
  12.4         -5.5        0.6      0.26  0.17     5     0.05     8       20     454.6   39.741   
  10.3         -2.7        1.1      0.26  0.35     5     0.05     8       20     454.6   39.741   
    8.3         -1.6        1         0.26  0.52     5     0.05     8       20     454.6   39.741   
  15.3         -7.1        0.9      0.26  0.17     5     0.05     8       20     495.8   39.741   
    9.4         -4.1        1.2      0.26  0.35     5     0.05     8       20     385.86 39.741   
    8.8         -2.5        1.2      0.26  0.52     5     0.05     8       20     644.1   39.741   
  16.7         -6.9        1         0.79  0.17     5     0.05     8       20     508.86 39.741   
  15.1         -6.4        1.8      0.79  0.35     5     0.05     8       20     541.6   39.741   
  14.5         -5.7        1.6      0.79  0.52     5     0.05     8       20     467.43 39.741   
  15.1         -6.5        0.7      0.79  0.17     5     0.05     8       20     504.3   39.741   
  14.9         -4.9        1.8      2.36  0.35     5     0.05     8       20     558.43 39.741   
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  FC               FN            FS           V      F               aP        mc     T           D           vC


  (N)             (N)          (N)        (rad)  (rad)  (m)  (mm)    (%)   (oC)   (kg·m-3)  (m·s-1)
 1       2      3     4   5   6    7    8   9     10    11
---------------------------------------------------------------------------------------------------------- 
  17.2         -6.9        2.4      0.79  0.52     5     0.05     8       20     556.96 39.741   
  21            -6.7        1.4      1.35  0.17     5     0.05     8       20     464.43 39.741   
  17.1         -4           2.3      1.35  0.35     5     0.05     8       20     464.43 39.741   
  19.2         -6.2        2.5      1.35  0.52     5     0.05     8       20     464.43 39.741   
  26.5         -6.9        1.6      1.35  0.17     5     0.05     8       20     563.8   39.741   
  21.7         -4.7        2.7      1.35  0.35     5     0.05     8       20     558.9   39.741   
  35          -20           4.1      1.35  0.52     5     0.05     8       20     558.9   39.741   
  22.6         -7.5        1.2      1.57  0.17     5     0.05     8       20     438.56 39.741   
  17.8         -4.7        2.2      1.57  0.35     5     0.05     8       20     438.56 39.741   
  31.6       -20.8        3.2      1.57  0.52     5     0.05     8       20     438.56 39.741   
  20.1         -6.8        1         1.57  0.17     5     0.05     8       20     468.83 39.741   
  17            -5           2.1      1.57  0.35     5     0.05     8       20     468.83 39.741   
  28.1       -17.2        3.5      1.57  0.52     5     0.05     8       20     476.43 39.741   
  22.3         -7.7        1.5      1.84  0.17     5     0.05     8       20     472.56 39.741   
  19.5         -5.6        2.9      1.84  0.35     5     0.05     8       20     472.56 39.741   
  30.9       -20           2.9      1.84  0.52     5     0.05     8       20     472.56 39.741   
  25.4         -6.6        1.2      1.84  0.17     5     0.05     8       20     562.56 39.741   
  21.5         -4.1        2.4      1.84  0.35     5     0.05     8       20     562.56 39.741   
  26.4       -15.8        2.9      1.84  0.52     5     0.05     8       20     513.7   39.741   
  36.9         -1.6        2.2      0       0.17     5     0.15     8       20     474.06 39.741   
  22.7          1.6        2.4      0       0.35     5     0.15     8       20     474.06 39.741   
  19.7         -1.3        1.7      0       0.52     5     0.15     8       20     474.06 39.741   
  26.5         -2.2        1.1      0       0.17     5     0.15     8       20     498.46 39.741   
  14.8          0.6        1.8      0       0.35     5     0.15     8       20     498.53 39.741   
    9.8          1.3        0.9      0       0.52     5     0.15     8       20     449.76 39.741   
  41.4         -8.4        2.2      0.26  0.17     5     0.15     8       20     482.46 39.741   
  31.8         -1.6        3.7      0.26  0.35     5     0.15     8       20     482.46 39.741   
  26.6       -11.8        2.4      0.26  0.52     5     0.15     8       20     467.33 39.741   
  31.5         -7.9        2.2      0.26  0.17     5     0.15     8       20     473.2   39.741   
  23.3         -3           2.7      0.26  0.35     5     0.15     8       20     473.2   39.741   
  19.6         -9.5        1.9      0.26  0.52     5     0.15     8       20     381.66 39.741   
  31.4         -8.3        1.7      0.79  0.17     5     0.15     8       20     495.06 39.741   
  24.6         -2.8        3.4      0.79  0.35     5     0.15     8       20     459.5   39.741   
  35.1       -14.3        3.5      0.79  0.52     5     0.15     8       20     459.5   39.741   
  27.7         -7           1.4      0.79  0.17     5     0.15     8       20     499.6   39.741   
  25            -2.8        2.8      0.79  0.35     5     0.15     8       20     499.6   39.741   
  31.7       -11.9        2.9      0.79  0.52     5     0.15     8       20     499.6   39.741   
  41.1         -7.7        2         1.35  0.17     5     0.15     8       20     469.13 39.741   
  32.7         -0.9        3.6      1.35  0.35     5     0.15     8       20     469.13 39.741   
  43.2       -11.4        4.3      1.35  0.52     5     0.15     8       20     469.13 39.741   
  36.6         -8.1        2.1      1.35  0.17     5     0.15     8       20     513.36 39.741   
  31.6         -1.8        3.4      1.35  0.35     5     0.15     8       20     513.36 39.741   
  33            -8.2        3.2      1.35  0.52     5     0.15     8       20     540.8   39.741   
  39.4       -10           2.2      1.57  0.17     5     0.15     8       20     472.23 39.741   
  33.2         -2.8        3.8      1.57  0.35     5     0.15     8       20     472.23 39.741   
  41.3       -12.4        4.1      1.57  0.52     5     0.15     8       20     472.23 39.741   
  36.9         -7.4        1.9      1.57  0.17     5     0.15     8       20     472.4   39.741   
  33.6         -0.2        3.7      1.57  0.35     5     0.15     8       20     471.3   39.741   
  36.5         -7.1        4.2      1.57  0.52     5     0.15     8       20     471.3   39.741   
  42.5       -10.4        1         1.84  0.17     5     0.15     8       20     470.2   39.741   
  34.8         -3.1        3         1.84  0.35     5     0.15     8       20     470.2   39.741   
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  FC             FN           FS         V      F             aP        mc     T          D           vC


  (N)             (N)          (N)        (rad)  (rad)  (m)  (mm)    (%)   (oC)   (kg·m-3)  (m·s-1)
 1       2      3     4   5   6    7    8   9     10    11
----------------------------------------------------------------------------------------------------------
  38.9       -19.1        3         1.84  0.52     5     0.15     8       20     470.2   39.741   
  41.7         -6.6        2.2      1.84  0.17     5     0.15     8       20     525.76 39.741   
  42.2          2.4        4.1      1.84  0.35     5     0.15     8       20     539.03 39.741   
  42.6         -5.4        1.6      1.84  0.52     5     0.15     8       20     539.03 39.741   
  81.8          0.7        1.7      0       0.17     5     0.5       8       20     464.4   39.741   
  51.5          7.8        4         0       0.35     5     0.5       8       20     491.83 39.741   
  37.1          4.8        2         0       0.52     5     0.5       8       20     399.56 39.741   
  65.5         -1.4        3.9      0       0.17     5     0.5       8       20     442.36 39.741   
  44.7          6.2        3.8      0       0.35     5     0.5       8       20     442.36 39.741   
  29.3          2.8        1.1      0       0.52     5     0.5       8       20     442.36 39.741   
104.6       -11.3        0.3      0.26  0.17     5     0.5       8       20     493.76 39.741   
  77.4        10.8        4.2      0.26  0.35     5     0.5       8       20     493.76 39.741   
  53.4          6.6        2.5      0.26  0.52     5     0.5       8       20     493.76 39.741   
  81.2         -4.4        3         0.26  0.17     5     0.5       8       20     445.93 39.741   
  55.4          4.5        2         0.26  0.35     5     0.5       8       20     445.93 39.741   
  42.3         -7.3       1.7       0.26  0.52     5     0.5       8       20     391.66 39.741   
  61.9         -6.8        4         0.79  0.17     5     0.5       8       20     489.2   39.741   
  55.5          2.9        4.6      0.79  0.35     5     0.5       8       20     489.2   39.741   
  52.5       -11.6       -0.4      0.79  0.52     5     0.5       8       20     495.06 39.741   
  83.1       -14.3       -7.2      0.79  0.17     5     0.5       8       20     535.13 39.741   
  69.3          5.9        4.2      0.79  0.35     5     0.5       8       20     535.13 39.741   
  68.5          1.4        2.1      0.79  0.52     5     0.5       8       20     573.03 39.741   
  73.7         -8.3        2.2      1.35  0.17     5     0.5       8       20     473.6   39.741   
  61             1.7        3.2      1.35  0.35     5     0.5       8       20     473.6   39.741   
  62            -3.9        1.2      1.35  0.52     5     0.5       8       20     473.6   39.741   
  75.9         -7           4.3      1.35  0.17     5     0.5       8       20     524.76 39.741   
  71.2          4.6        3.5      1.35  0.35     5     0.5       8       20     524.76 39.741   
  74.3         -0.1        0.2      1.35  0.52     5     0.5       8       20     524.76 39.741   
  85.6       -11.1        0.6      1.57  0.17     5     0.5       8       20     471.3   39.741   
  78.1          3           4.4      1.57  0.35     5     0.5       8       20     471.3   39.741   
  74.8         -5.5        1.6      1.57  0.52     5     0.5       8       20     471.3   39.741   
  86.9       -11.3        1.4      1.57  0.17     5     0.5       8       20     477.46 39.741   
  57.6         -5.7       -2.2      1.57  0.35     5     0.5       8       20     472.4   39.741   
  70.2         -5.7       -0.8      1.57  0.52     5     0.5       8       20     476.43 39.741   
  56          -16          -2.3      1.84  0.52     5     0.5       8       20     526.93 39.741   
109.4       -20.1       -8.7      1.84  0.17     5     0.5       8       20     562.56 39.741   
  69.7       -17.2       -4.9      1.84  0.35     5     0.5       8       20     513.7   39.741   
  58.6       -22.2       -2         1.84  0.52     5     0.5       8       20     513.7   39.741   
  15.3         -7.4        0.1      0.79  0.17     5     0.05     8       20     485.7   39.741   
  14            -6.6        1.6      0.79  0.35     5     0.05     8       20     485.6   39.741   
  21.5       -13.5        1.2      2.36  0.52     5     0.05     8       20     502.83 39.741   
  19.9         -8.9        1.2      2.36  0.17     5     0.05     8       20     515.56 39.741   
  17.6         -6.6        1.7      2.36  0.35     5     0.05     8       20     515.56 39.741   
  22.5       -14.6        1.4      2.36  0.52     5     0.05     8       20     515.56 39.741   
  16.9         -1.7        0.4      2.88  0.17     5     0.05     8       20     455.43 39.741   
  10.6          0.3        1         2.88  0.35     5     0.05     8       20     455.43 39.741   
  14.3         -2.3        0.8      2.88  0.52     5     0.05     8       20     455.43 39.741   
  12.2         -2.4        0.6      2.88  0.17     5     0.05     8       20     380.23 39.741   
    9            -0.2        0.9      2.88  0.35     5     0.05     8       20     380.23 39.741   
  11.6         -2.5        0.9      2.88  0.52     5     0.05     8       20     391.56 39.741   
  39.1         -9.9        1.6      2.36  0.17     5     0.15     8       20     526.83 39.741   
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  FC             FN           FS         V      F             aP        mc     T           D           vC


  (N)             (N)          (N)        (rad)  (rad)  (m)  (mm)    (%)   (oC)   (kg·m-3)  (m·s-1)
 1       2      3     4   5   6    7    8   9     10    11
----------------------------------------------------------------------------------------------------------
  33.8         -4.6        4         2.36  0.35     5     0.15     8       20     526.83 39.741   
  39.8         -9.9        2.9      2.36  0.52     5     0.15     8       20     523.26 39.741   
  34.8         -9.5        0.2      2.36  0.17     5     0.15     8       20     551.63 39.741   
  29            -4           2.4      2.36  0.35     5     0.15     8       20     551.63 39.741   
  35.2       -12.7        0.4      2.36  0.52     5     0.15     8       20     551.63 39.741   
  26.4         -0.7        0.7      2.88  0.17     5     0.15     8       20     464.76 39.741   
  24             1           1.4      2.88  0.35     5     0.15     8       20     478.43 39.741   
  22.7          1.3        0.6      2.88  0.52     5     0.15     8       20     478.43 39.741   
  22.4         -0.1        1         2.88  0.17     5     0.15     8       20     397.93 39.741   
  13.8          1.5        1.9      2.88  0.35     5     0.15     8       20     397.93 39.741   
  10.6          1.1        0.5      2.88  0.52     5     0.15     8       20     397.93 39.741   
  82.3       -33        -11.7      2.36  0.17     5     0.5       8       20     497.16 39.741   
  62.6       -19.9       -3.2      2.36  0.35     5     0.5       8       20     497.16 39.741   
  32.5       -14          -6.1      2.36  0.52     5     0.5       8       20     497.16 39.741   
  91.1       -36.3     -13.4      2.36  0.17     5     0.5       8       20     500.33 39.741   
  73.9       -17          -2.8      2.36  0.35     5     0.5       8       20     500.33 39.741   
  73          -20.6       -6.4      2.36  0.52     5     0.5       8       20     500.33 39.741   
  63.7       -10.3       -6.2      2.88  0.17     5     0.5       8       20     478.3   39.741   
  21.4         -1.7       -1.2      2.88  0.35     5     0.5       8       20     459.8   39.741   
  17             1          -1.5      2.88  0.52     5     0.5       8       20     459.8   39.741   
  42.4         -2.8       -2.8      2.88  0.17     5     0.5       8       20     400.2   39.741   
  28.4          3.3        0.1      2.88  0.35     5     0.5       8       20     400.2   39.741   
  23.6          5.7       -0.6      2.88  0.52     5     0.5       8       20     400.2   39.741   
  27.3       -54.4        1.8      0       0.17   20     0.05     8       20     521.9   39.741   
  27.5       -67           2.6      0       0.35   20     0.05     8       20     521.9   39.741   
  27.8       -55.3       -8.1      0       0.52   20     0.05     8       20     521.9   39.741   
  17.7       -33.3        0.7      0       0.17   20     0.05     8       20     624.7   39.741   
  11.5       -32.3        1.4      0       0.35   20     0.05     8       20     624.7   39.741   
  10.5       -24.2        1.2      0       0.52   20     0.05     8       20     624.7   39.741   
  36.1       -91.1        0.4      0.26  0.17   20     0.05     8       20     433.33 39.741   
  37.3       -95           2         0.26  0.35   20     0.05     8       20     433.33 39.741   
  36.3       -82.9       -1.3      0.26  0.52   20     0.05     8       20     433.33 39.741   
  38.1       -94.6       -0.9      0.26  0.17   20     0.05     8       20     461.06 39.741   
  32.3       -77.1        0.4      0.26  0.52   20     0.05     8       20     461.06 39.741   
  60.8     -136.5        0.3      0.79  0.17   20     0.05     8       20     464.06 39.741   
  55.4     -132.6       -2         0.79  0.35   20     0.05     8       20     464.06 39.741   
  50.1     -103            0.9     0.79  0.52   20     0.05     8       20     464.06 39.741   
  65.7     -140.7       -3.9      0.79  0.17   20     0.05     8       20     535.23 39.741   
  48.3     -123.5       -3.6      0.79  0.35   20     0.05     8       20     646.8   39.741   
  56.9       -78.3       -3.7      0.79  0.52   20     0.05     8       20     535.23 39.741   
  40.4       -58.6        2.4      1.35  0.35   20     0.05     8       20     487.16 39.741   
  63.4     -133.4       -4.7      1.35  0.17   20     0.05     8       20     522.6   39.741   
  56.3       -71           2.2      1.35  0.52   20     0.05     8       20     558.9   39.741   
  47.2       -57           3.6      1.57  0.17   20     0.05     8       20     470.23 39.741   
  42.5       -58.4        1.5      1.57  0.35   20     0.05     8       20     470.23 39.741   
  28.4       -56.9       -3.2      1.57  0.17   20     0.05     8       20     490.4   39.741   
  36.7       -44.1        3.1      1.84  0.35   20     0.05     8       20     510.23 39.741   
  47.3       -58.7       -1.3      0       0.17   20     0.15     8       20     491.83 39.741   
  33.9       -53.5        1.6      0       0.35   20     0.15     8       20     491.83 39.741   
  28.4       -42.3        1.4      0       0.52   20     0.15     8       20     491.83 39.741   
  33.2       -35.4        2.1      0       0.17   20     0.15     8       20     449.76 39.741   
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  FC             FN           FS         V      F             aP        mc     T          D           vC


  (N)             (N)          (N)        (rad)  (rad)  (m)  (mm)    (%)   (oC)   (kg·m-3)  (m·s-1)
 1       2      3     4   5   6    7    8   9     10    11
----------------------------------------------------------------------------------------------------------
  20.4       -25.5        1.2      0       0.35   20     0.15     8       20     449.76 39.741   
  21.6       -33.9        1         0       0.52   20     0.15     8       20     451.96 39.741   
  46.2       -83.2       -1.7      0.26  0.17   20     0.15     8       20     473.2   39.741   
  44.8       -56.5        2.9      0.26  0.35   20     0.15     8       20     473.2   39.741   
  31.5       -58.2        7.4      0.26  0.52   20     0.15     8       20     381.66 39.741   
  50.8       -88.1       -7.4      0.79  0.17   20     0.15     8       20     495.06 39.741   
  56.4       -91           0.6      0.79  0.52   20     0.15     8       20     459.5   39.741   
  61.2       -78.6      -15.6     0.79  0.17   20     0.15     8       20     559.66 39.741   
  52.1       -65.2      -14        0.79  0.35   20     0.15     8       20     559.66 39.741   
  56.7       -93.5       -5         0.79  0.52   20     0.15     8       20     646.8   39.741   
  45.8       -69.3       -5.9      1.35  0.35   20     0.15     8       20     487.16 39.741   
  45.4       -62.2       -6.7      1.35  0.52   20     0.15     8       20     487.16 39.741   
  84.7       -56.5        2.4      1.35  0.17   20     0.15     8       20     518.76 39.741   
  73.1       -56.7        4.7      1.35  0.35   20     0.15     8       20     521      39.741   
  53.3       -71.5       -4.1      1.35  0.52   20     0.15     8       20     540.8   39.741   
  58.1       -41.4        3.3      1.57  0.17   20     0.15     8       20     470.56 39.741   
  45.3       -35.2        3.3      1.57  0.35   20     0.15     8       20     470.23 39.741   
  47.6       -31.9        1.5      1.57  0.52   20     0.15     8       20     470.23 39.741   
  44.6       -30.2        2.2      1.57  0.17   20     0.15     8       20     427.40 39.741   
  57.9       -33           4.2      1.57  0.35   20     0.15     8       20     495.86 39.741   
  45.7       -22.7        0.4      1.57  0.52   20     0.15     8       20     441.1   39.741   
  45.5       -25.9        2.7      1.84  0.17   20     0.15     8       20     474.63 39.741   
  44.5       -30.7        2.7      1.84  0.35   20     0.15     8       20     467.86 39.741   
  48.8       -29.5        1.3      1.84  0.52   20     0.15     8       20     467.86 39.741   
  56.5       -31.1        3         1.84  0.17   20     0.15     8       20     530.16 39.741   
100.6       -15.9        2.4      0       0.17   20     0.5       8       20     522.93 39.741   
  60.1       -15.8        2         0       0.35   20     0.5       8       20     522.93 39.741   
  44.7         -7.2        0.6      0       0.52   20     0.5       8       20     456.86 39.741   
  90.4       -12           0.9      0       0.17   20     0.5       8       20     482.36 39.741   
  49.5         -7.7        2.4      0       0.35   20     0.5       8       20     482.36 39.741   
  53.8       -18.5       -8.9      0       0.52   20     0.5       8       20     451.96 39.741   
110          -60.5       -2         0.26  0.17   20     0.5       8       20     470.36 39.741   
  97.7       -62.6        3.9      0.26  0.35   20     0.5       8       20     470.5   39.741   
  75          -32.2       -2.7      0.26  0.52   20     0.5       8       20     470.36 39.741   
  73          -35.1        7.9      0.26  0.17   20     0.5       8       20     385.86 39.741   
  56.4       -23.8       -0.1      0.26  0.52   20     0.5       8       20     385.86 39.741   
113          -58.7        3.6      0.79  0.17   20     0.5       8       20     541.6   39.741   
  99.3       -51.5        3.9      0.79  0.35   20     0.5       8       20     541.6   39.741   
  89.6       -35.8        0.7      0.79  0.52   20     0.5       8       20     508.86 39.741   
115.8       -53.2        2.6      0.79  0.17   20     0.5       8       20     504.3   39.741   
  93.6       -38.8        2         0.79  0.35   20     0.5       8       20     504.3   39.741   
104.8       -36.5        1.9      0.79  0.52   20     0.5       8       20     556.96 39.741   
129.2       -41.9        1.6      1.35  0.17   20     0.5       8       20     502.66 39.741   
101.9       -21.8        0.2      1.35  0.52   20     0.5       8       20     506.66 39.741   
142.6       -45.7        1.8      1.35  0.17   20     0.5       8       20     558.9   39.741   
  98.3       -32.6        2.8      1.35  0.35   20     0.5       8       20     533.76 39.741   
107.1       -19.1        0.9      1.35  0.52   20     0.5       8       20     570.6   39.741   
101.3       -53.3       -0.1      1.57  0.17   20     0.5       8       20     486.66 39.741   
  99.8       -42.4        2.8      1.57  0.35   20     0.5       8       20     486.66 39.741   
  87.6       -28.6        0.2      1.57  0.52   20     0.5       8       20     484.33 39.741   
144          -36           3         1.57  0.17   20     0.5       8       20     558.46 39.741   


Porankiewicz et al. (2011). “Saw cutting forces,” BioResources 6(4), 3687-3713. 3711







PEER-REVIEWED ARTICLE                                                     bioresources.com


 FC              FN          FS         V      F              aP        mc     T         D           vC


  (N)             (N)          (N)        (rad)  (rad)  (m)  (mm)    (%)   (oC)   (kg·m-3)  (m·s-1)
 1       2      3     4   5   6    7    8   9     10    11
----------------------------------------------------------------------------------------------------------
  90.5       -32.4        3.3      1.57  0.35   20     0.5       8       20     490.16 39.741   
  83.4       -21.1       -3.3      1.57  0.52   20     0.5       8       20     438.66 39.741   
111          -46.9       -3.3      1.84  0.17   20     0.5       8       20     502.33 39.741   
101.3       -36.1        1.1      1.84  0.35   20     0.5       8       20     502.33 39.741   
102.8       -21.5       -3.1      1.84  0.52   20     0.5       8       20     506.33 39.741    
115.4       -46.2       -2.4      1.84  0.17   20     0.5       8       20     495      39.741   
109.9       -36.4        4.5      1.84  0.35   20     0.5       8       20     482.66 39.741   
100.2       -23.4       -0.9      1.84  0.52   20     0.5       8       20     502.33 39.741   
  40           -39.3       1.7      2.36  0.17   20     0.05     8       20     526.83 39.741   
  34.7       -36.1        2.3      2.36  0.35   20     0.05     8       20     523.33 39.741   
  33          -28.8        2.5      2.36  0.52   20     0.05     8       20     523.33 39.741   
  39.2       -39.1       -0.3      2.36  0.17   20     0.05     8       20     525.96 39.741   
  36.9       -39           0.9      2.36  0.35   20     0.05     8       20     525.96 39.741   
  27.7       -22.8        2.9      2.36  0.52   20     0.05     8       20     569.36 39.741   
  22.7       -14.5        0.9      2.88  0.17   20     0.05     8       20     464.76 39.741   
  20.1       -14.7        1.3      2.88  0.35   20     0.05     8       20     464.76 39.741   
  22.6       -15.5       -0.3      2.88  0.52   20     0.05     8       20     478.43 39.741   
  24.8       -15.5        2.7      2.88  0.17   20     0.05     8       20     431.33 39.741   
  20          -14.1        0.5      2.88  0.35   20     0.05     8       20     461.66 39.741   
  18.3         -8.8       -0.2      2.88  0.52   20     0.05     8       20     461.66 39.741   
  67.5       -38.8        4.7      2.36  0.17   20     0.15     8       20     514.73 39.741   
  58          -29.3        4.7      2.36  0.35   20     0.15     8       20     503.66 39.741   
  55.4       -24           3         2.36  0.52   20     0.15     8       20     503.66 39.741   
  48.7       -10.2        1.8      2.88  0.17   20     0.15     8       20     499.03 39.741   
  27            -7.1        1         2.88  0.35   20     0.15     8       20     475.4   39.741   
  36.7         -8           2.4      2.88  0.17   20     0.15     8       20     372.53 39.741   
  74.308   -88.17     -1.539  1.57  0.17   20     0.05     8       20     593.66 39.741   
  39.8       -47.7        1.6      1.35  0.52   20     0.05     8       20     457.3   39.741   
  72.7     -106.7       -9.2      1.35  0.17   20     0.15     8       20     463.6   39.741   
  42.7     -115.6       -2.2      0.26  0.35   20     0.05     8       20     461.06 39.741   
  65.6     -116.5       -5         0.79  0.35   20     0.15     8       20     459.5   39.741   
  67          -58          1.2       2.36  0.52   20     0.15     8       20     497.4   39.741   
  53.2       -92.6      -4.3       0.26  0.52   20     0.15     8       20     467.33 39.741   
  60.7     -102.6    -12          1.57  0.52   20     0.05     8       20     447.66 39.741   
  62.3     -133.6      -5.3       1.35  0.35   20     0.05     8       20     522.6   39.741   
  57.4     -107         -4.6       1.57  0.52   20     0.05     8       20     490.4   39.741   
  78.8       -72.8       3.4       2.36  0.17   20     0.15     8       20     497.4   39.741   
  63.1     -113.2      -9.8       1.84  0.17   20     0.05     8       20     451.6   39.741    
144.49     ^-3.263  -6.581   0       0.35     5     0.5       8      -15     539.18 39.741   
159.598 ^-33.972  -2.276   0       0.35     5     0.5       8      -15     553.6   39.741   
283.459  ^   3.741 -7.48     1.57  0.17     5     0.5   124.57 -15     615.6   39.741   
  27.5      ^  -8.6     -1.8       2.36  0.52   20     0.5       8       20     522.13 39.741   
  36.1      ^-11.5      1.1       2.36  0.17   20     0.5       8       20     522.5   39.741   
206.79    ^ 6.706   -4.433   1.57  0.17     5     0.5     32.53 -15     679.54 14.916  
150.272  ^-9.531   -4.918   0       0.17     5     0.5   127.90 -15     650.16 39.741   
  28.909  ^-15.205  -1.268  0       0.35     5     0.5       8      -15     581.32 39.741   
  24.903  ^-27.019  -2.564  0       0.35     5     0.5       8      -15     573.87 39.741   
  29.8        ^-2.9      -2.2      1.84  0.17     5     0.5       8       20     465.93 39.741   
  26.2      ^-12.7      -3.9      1.84  0.35     5     0.5       8       20     510.9   39.741   
  64.5      ^-31.8      -0.7      0.26  0.35   20     0.5       8       20     644.1   39.741   
  56.5     -103.4      -7.4      1.84  0.52   20     0.05     8       20     451.6   39.741
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FC               FN          FS          V      F              aP       mc     T          D           vC


  (N)             (N)          (N)        (rad)  (rad)  (m)  (mm)    (%)   (oC)   (kg·m-3)  (m·s-1)
 1       2      3     4   5   6    7    8   9     10    11
----------------------------------------------------------------------------------------------------------
* 64.1     -134.7      -5.5      1.84  0.17   20     0.05     8       20     510.23 39.741   
* 61.4     -130.8      -8.4      1.57  0.35   20     0.05     8       20     490.4   39.741   
* 67.8     -136.2      -9.9      1.84  0.35   20     0.05     8       20     451.6   39.741   
* 42.5       -54.2       0.9      1.35  0.17   20     0.05     8       20     463.6   39.741   
* 72.3       -68.2       3.7      2.36  0.35   20     0.15     8       20     497.4   39.741   
* 67.3     -123.2      -7.5      0.26  0.17   20     0.15     8       20     482.46 39.741   
* 66        -134.6      -2.8      0.26  0.35   20     0.15     8       20     467.33 39.741   
* 53.465   -91.272  -2.656  0       0.35     5     0.5       8      -15     564.27 39.741   


FS - Side cutting force   
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PREFACE
This book was written primarily for
students of forestry to whom a
knowledge of the technical properties of
wood is essential. The mechanics
involved is reduced to the simplest
terms and without reference to higher
mathematics, with which the students
rarely are familiar. The intention
throughout has been to avoid all
unnecessarily technical language and
descriptions, thereby making the subject-
matter readily available to every one
interested in wood.







Part I is devoted to a discussion of the
mechanical properties of wood—the
relation of wood material to stresses and
strains. Much of the subject-matter is
merely elementary mechanics of
materials in general, though written with
reference to wood in particular.
Numerous tables are included, showing
the various strength values of many of
the more important American woods.


Part II deals with the factors affecting
the mechanical properties of wood. This
is a subject of interest to all who are
concerned in the rational use of wood,
and to the forester it also, by
retrospection, suggests ways and means
of regulating his forest product through
control of the conditions of production.







Attempt has been made, in the light of all
data at hand, to answer many moot
questions, such as the effect on the
quality of wood of rate of growth,
season of cutting, heartwood and
sapwood, locality of growth, weight,
water content, steaming, and defects.


Part III describes methods of timber
testing. They are for the most part those
followed by the U.S. Forest Service. In
schools equipped with the necessary
machinery the instructions will serve to
direct the tests; in others a study of the
text with reference to the illustrations
should give an adequate conception of
the methods employed in this most
important line of research.







The appendix contains a copy of the
working plan followed by the U.S.
Forest Service in the extensive
investigations covering the mechanical
properties of the woods grown in the
United States. It contains many valuable
suggestions for the independent
investigator. In addition four tables of
strength values for structural timbers,
both green and air-seasoned, are
included. The relation of the stresses
developed in different structural forms
to those developed in the small clear
specimens is given.


In the bibliography attempt was made to
list all of the important publications and
articles on the mechanical properties of
wood, and timber testing. While







admittedly incomplete, it should prove
of assistance to the student who desires
a fuller knowledge of the subject than is
presented here.


The writer is indebted to the U.S. Forest
Service for nearly all of his tables and
photographs as well as many of the data
upon which the book is based, since only
the Government is able to conduct the
extensive investigations essential to a
thorough understanding of the subject.
More than eighty thousand tests have
been made at the Madison laboratory
alone, and the work is far from
completion.


The writer also acknowledges his
indebtedness to Mr. Emanuel Fritz,







M.E., M.F., for many helpful suggestions
in the preparation of Part I; and
especially to Mr. Harry Donald
Tiemann, M.E., M.F., engineer in charge
of Timber Physics at the Government
Forest Products Laboratory, Madison,
Wisconsin, for careful revision of the
entire manuscript.


SAMUEL J. RECORD.


YALE FOREST SCHOOL, July 1, 1914.
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PART I
THE MECHANICAL


PROPERTIES OF
WOOD


INTRODUCTION


The mechanical properties of wood are
its fitness and ability to resist applied or
external forces. By external force is
meant any force outside of a given piece
of material which tends to deform it in







any manner. It is largely such properties
that determine the use of wood for
structural and building purposes and
innumerable other uses of which
furniture, vehicles, implements, and tool
handles are a few common examples.


Knowledge of these properties is
obtained through experimentation either
in the employment of the wood in
practice or by means of special testing
apparatus in the laboratory. Owing to the
wide range of variation in wood it is
necessary that a great number of tests be
made and that so far as possible all
disturbing factors be eliminated. For
comparison of different kinds or sizes a
standard method of testing is necessary
and the values must be expressed in







some defined units. For these reasons
laboratory experiments if properly
conducted have many advantages over
any other method.


One object of such investigation is to
find unit values for strength and stiffness,
etc. These, because of the complex
structure of wood, cannot have a
constant value which will be exactly
repeated in each test, even though no
error be made. The most that can be
accomplished is to find average values,
the amount of variation above and
below, and the laws which govern the
variation. On account of the great
variability in strength of different
specimens of wood even from the same
stick and appearing to be alike, it is







important to eliminate as far as possible
all extraneous factors liable to influence
the results of the tests.


The mechanical properties of wood
considered in this book are: (1) stiffness
and elasticity, (2) tensile strength, (3)
compressive or crushing strength, (4)
shearing strength, (5) transverse or
bending strength, (6) toughness, (7)
hardness, (8) cleavability, (9) resilience.
In connection with these, associated
properties of importance are briefly
treated.


In making use of figures indicating the
strength or other mechanical properties
of wood for the purpose of comparing
the relative merits of different species,







the fact should be borne in mind that
there is a considerable range in
variability of each individual material
and that small differences, such as a few
hundred pounds in values of 10,000
pounds, cannot be considered as a
criterion of the quality of the timber. In
testing material of the same kind and
grade, differences of 25 per cent
between individual specimens may be
expected in conifers and 50 per cent or
even more in hardwoods. The figures
given in the tables should be taken as
indications rather than fixed values, and
as applicable to a large number
collectively and not to individual pieces.







FUNDAMENTAL
CONSIDERATIONS AND


DEFINITIONS


Study of the mechanical properties of a
material is concerned mostly with its
behavior in relation to stresses and
strains, and the factors affecting this
behavior. A stress is a distributed force
and may be defined as the mutual action
(1) of one body upon another, or (2) of
one part of a body upon another part. In
the first case the stress is external; in the
other internal. The same stress may be
internal from one point of view and
external from another. An external force
is always balanced by the internal







stresses when the body is in equilibrium.


If no external forces act upon a body its
particles assume certain relative
positions, and it has what is called its
natural shape and size. If sufficient
external force is applied the natural
shape and size will be changed. This
distortion or deformation of the material
is known as the strain. Every stress
produces a corresponding strain, and
within a certain limit (see elastic limit,
page 5) the strain is directly
proportional to the stress producing it.1


The same intensity of stress, however,
does not produce the same strain in
different materials or in different
qualities of the same material. No strain







would be produced in a perfectly rigid
body, but such is not known to exist.


Stress is measured in pounds (or other
unit of weight or force). A unit stress is
the stress on a unit of the sectional area.


(
P


)Unit stress = ---
A


For instance, if a load (P) of one
hundred pounds is uniformly supported
by a vertical post with a cross-sectional
area (A) of ten square inches, the unit
compressive stress is ten pounds per







square inch.


Strain is measured in inches (or other
linear unit). A unit strain is the strain
per unit of length. Thus if a post 10
inches long before compression is 9.9
inches long under the compressive
stress, the total strain is 0.1 inch, and the
unit strain is


l 0.1
--- = ----- = 0.01 inch per inch of length.
L 10


As the stress increases there is a
corresponding increase in the strain.







This ratio may be graphically shown by
means of a diagram or curve plotted
with the increments of load or stress as
ordinates and the increments of strain as
abscissæ. This is known as the stress-
strain diagram. Within the limit
mentioned above the diagram is a
straight line. (See Fig. 1.) If the results
of similar experiments on different
specimens are plotted to the same
scales, the diagrams furnish a ready
means for comparison. The greater the
resistance a material offers to
deformation the steeper or nearer the
vertical axis will be the line.







Figure 1


Stress-strain
diagrams of two
longleaf pine
beams. E.L. =
elastic limit. The







areas of the
triangles 0(EL)A
and 0(EL)B
represent the
elastic resilience
of the dry and
green beams,
respectively.


There are three kinds of internal
stresses, namely, (1) tensile, (2)
compressive, and (3) shearing. When
external forces act upon a bar in a
direction away from its ends or a direct
pull, the stress is a tensile stress; when
toward the ends or a direct push,
compressive stress. In the first instance
the strain is an elongation; in the second







a shortening. Whenever the forces tend
to cause one portion of the material to
slide upon another adjacent to it the
action is called a shear. The action is
that of an ordinary pair of shears. When
riveted plates slide on each other the
rivets are sheared off.


These three simple stresses may act
together, producing compound stresses,
as in flexure. When a bow is bent there
is a compression of the fibres on the
inner or concave side and an elongation
of the fibres on the outer or convex side.
There is also a tendency of the various
fibres to slide past one another in a
longitudinal direction. If the bow were
made of two or more separate pieces of
equal length it would be noted on







bending that slipping occurred along the
surfaces of contact, and that the ends
would no longer be even. If these pieces
were securely glued together they would
no longer slip, but the tendency to do so
would exist just the same. Moreover, it
would be found in the latter case that the
bow would be much harder to bend than
where the pieces were not glued together
—in other words, the stiffness of the
bow would be materially increased.


Stiffness is the property by means of
which a body acted upon by external
forces tends to retain its natural size and
shape, or resists deformation. Thus a
material that is difficult to bend or
otherwise deform is stiff; one that is
easily bent or otherwise deformed is







flexible. Flexibility is not the exact
counterpart of stiffness, as it also
involves toughness and pliability.


If successively larger loads are applied
to a body and then removed it will be
found that at first the body completely
regains its original form upon release
from the stress—in other words, the
body is elastic. No substance known is
perfectly elastic, though many are
practically so under small loads.
Eventually a point will be reached
where the recovery of the specimen is
incomplete. This point is known as the
elastic limit, which may be defined as
the limit beyond which it is impossible
to carry the distortion of a body without







producing a permanent alteration in
shape. After this limit has been
exceeded, the size and shape of the
specimen after removal of the load will
not be the same as before, and the
difference or amount of change is known
as the permanent set.


Elastic limit as measured in tests and
used in design may be defined as that
unit stress at which the deformation
begins to increase in a faster ratio than
the applied load. In practice the elastic
limit of a material under test is
determined from the stress-strain
diagram. It is that point in the line where
the diagram begins perceptibly to curve.2


(See Fig. 1.)







Resilience is the amount of work done
upon a body in deforming it. Within the
elastic limit it is also a measure of the
potential energy stored in the material
and represents the amount of work the
material would do upon being released
from a state of stress. This may be
graphically represented by a diagram in
which the abscissæ represent the amount
of deflection and the ordinates the force
acting. The area included between the
stress-strain curve and the initial line
(which is zero) represents the work
done. (See Fig. 1.) If the unit of space is
in inches and the unit of force is in
pounds the result is inch-pounds. If the
elastic limit is taken as the apex of the
triangle the area of the triangle will







represent the elastic resilience of the
specimen. This amount of work can be
applied repeatedly and is perhaps the
best measure of the toughness of the
wood as a working quality, though it is
not synonymous with toughness.


Permanent set is due to the plasticity of
the material. A perfectly plastic
substance would have no elasticity and
the smallest forces would cause a set.
Lead and moist clay are nearly plastic
and wood possesses this property to a
greater or less extent. The plasticity of
wood is increased by wetting, heating,
and especially by steaming and boiling.
Were it not for this property it would be
impossible to dry wood without







destroying completely its cohesion, due
to the irregularity of shrinkage.


A substance that can undergo little
change in shape without breaking or
rupturing is brittle. Chalk and glass are
common examples of brittle materials.
Sometimes the word brash is used to
describe this condition in wood. A
brittle wood breaks suddenly with a
clean instead of a splintery fracture and
without warning. Such woods are
unfitted to resist shock or sudden
application of load.


The measure of the stiffness of wood is
termed the modulus of elasticity (or
coefficient of elasticity). It is the ratio
of stress per unit of area to the







deformation per unit of length.


(
unit stress


)E = -------------
unit strain


It is a number indicative of stiffness, not
of strength, and only applies to
conditions within the elastic limit. It is
nearly the same whether derived from
compression tests or from tension tests.


A large modulus indicates a stiff
material. Thus in green wood tested in
static bending it varies from 643,000
pounds per square inch for arborvitæ to







1,662,000 pounds for longleaf pine, and
1,769,000 pounds for pignut hickory.
(See Table IX.) The values derived from
tests of small beams of dry material are
much greater, approaching 3,000,000 for
some of our woods. These values are
small when compared with steel which
has a modulus of elasticity of about
30,000,000 pounds per square inch. (See
Table I.)


TABLE I
COMPARATIVE STRENGTH OF IRON, STEEL, AND


WOOD
Modulus


of Tensile







MATERIAL Sp.
gr.,dry


elasticity
in bending


strength


Lbs. per
sq. in.


Lbs. per
sq. in.


Cast iron,
cold blast
(Hodgkinson)


7.1 17,270,000 16,700


Bessenger
steel, high
grade
(Fairbain).


7.8 29,215,000 88,400


Longleaf
pine, 3.5%
moisture
(U.S.)


.63 2,800,000


Redspruce,
3.5%







moisture
(U.S.)


.41 1,800,000


Pignut
hickory,
3.5%
moisture
(U.S.)


.86 2,370,000


NOTE.—Great variation may be found in different samples of
metals as well as of wood. The examples given represent
reasonable values.


TENSILE STRENGTH


Tension results when a pulling force is
applied to opposite ends of a body. This







external pull is communicated to the
interior, so that any portion of the
material exerts a pull or tensile force
upon the remainder, the ability to do so
depending upon the property of
cohesion. The result is an elongation or
stretching of the material in the direction
of the applied force. The action is the
opposite of compression.


Wood exhibits its greatest strength in
tension parallel to the grain, and it is
very uncommon in practice for a
specimen to be pulled in two lengthwise.
This is due to the difficulty of making the
end fastenings secure enough for the full
tensile strength to be brought into play
before the fastenings shear off
longitudinally. This is not the case with







metals, and as a result they are used in
almost all places where tensile strength
is particularly needed, even though the
remainder of the structure, such as sills,
beams, joists, posts, and flooring, may
be of wood. Thus in a wooden truss
bridge the tension members are steel
rods.


The tensile strength of wood parallel to
the grain depends upon the strength of
the fibres and is affected not only by the
nature and dimensions of the wood
elements but also by their arrangement. It
is greatest in straight-grained specimens
with thick-walled fibres. Cross grain of
any kind materially reduces the tensile
strength of wood, since the tensile
strength at right angles to the grain is







only a small fraction of that parallel to
the grain.


TABLE II
RATIO OF STRENGTH OF WOOD IN


TENSION AND IN COMPRESSION
(Bul. 10, U. S. Div. of Forestry, p. 44)


KIND
OF


WOOD


Ratio:
R =


Tensile strength
---------------------


compressive strength


A stick 1
square inch in
cross section.


Weight
required to—
Pull


apart
Hickory 3.7 32,000







Elm 3.8 29,000
Larch 2.3 19,400
Longleaf
Pine 2.2 17,300


NOTE.—Moisture condition not given.


Failure of wood in tension parallel to
the grain occurs sometimes in flexure,
especially with dry material. The tension
portion of the fracture is nearly the same
as though the piece were pulled in two
lengthwise. The fibre walls are torn
across obliquely and usually in a spiral
direction. There is practically no pulling
apart of the fibres, that is, no separation
of the fibres along their walls,







regardless of their thickness. The nature
of tension failure is apparently not
affected by the moisture condition of the
specimen, at least not so much so as the
other strength values.3


Tension at right angles to the grain is
closely related to cleavability. When
wood fails in this manner the thin fibre
walls are torn in two lengthwise while
the thick-walled fibres are usually
pulled apart along the primary wall.







TABLE III
TENSILE STRENGTH AT
RIGHT ANGLES TO THE


GRAIN OF SMALL CLEAR
PIECES OF 25 WOODS IN


GREEN CONDITION
(Forest Service Cir. 213)


COMMON
NAME OF
SPECIES


When
surface


of
failure


is
radial


When
surface of
failure is


tangential


Lbs.
per sq.


Lbs. per







inch sq. inch


Hardwoods
Ash, white 645 671
Basswood 226 303
Beech 633 969
Birch,
yellow 446 526


Elm,
slippery 765 832


Hackberry 661 786
Locust,
honey 1,133 1,445


Maple,
sugar 610 864


Oak, post 714 924







   red 639 874


   swamp
white 757 909


   white 622 749
   yellow 728 929
Sycamore 540 781
Tupelo 472 796


Conifers
Arborvitæ 241 235
Cypress,
bald 242 251


Fir, white 213 304
Hemlock 271 323
Pine,
longleaf 240 298







   red 179 205
   sugar 239 304
   western
yellow 230 252


   white 225 285
Tamarack 236 274


COMPRESSIVE OR
CRUSHING STRENGTH


Compression across the grain is very
closely related to hardness and
transverse shear. There are two ways in
which wood is subjected to stress of this
kind, namely, (1) with the load acting







over the entire area of the specimen, and
(2) with a load concentrated over a
portion of the area. (See Fig. 2.) The
latter is the condition more commonly
met with in practice, as, for example,
where a post rests on a horizontal sill, or
a rail rests on a cross-tie. The former
condition, however, gives the true
resistance of the grain to simple
crushing.]







Figure 2


Compression
across the grain.


The first effect of compression across
the grain is to compact the fibres, the
load gradually but irregularly increasing
as the density of the material is







increased. If the specimen lies on a flat
surface and the load is applied to only a
portion of the upper area, the bearing
plate indents the wood, crushing the
upper fibres without affecting the lower
part. (See Fig. 3.) As the load increases
the projecting ends sometimes split
horizontally. (See Fig. 4.) The
irregularities in the load are due to the
fact that the fibres collapse a few at a
time, beginning with those with the
thinnest walls. The projection of the
ends increases the strength of the
material directly beneath the
compressing weight by introducing a
beam action which helps support the
load. This influence is exerted for a
short distance only.







Figure 3


Side view of
failures in
compression
across the grain,
showing crushing
of blocks under
bearing plate.
Specimen at right
shows splitting at
ends.







Figure 4


End view of
failures in
compression
across the grain,
showing splitting
of the ends of the
test specimens.


TABLE IV







RESULTS OF COMPRESSION
TESTS ACROSS THE GRAIN


ON 51 WOODS IN GREEN
CONDITION, AND


COMPARISON WITH WHITE
OAK


(U. S. Forest Service)


COMMON
NAME OF
SPECIES


Fibre stress
at elastic


limit
perpendicular


to grain


Fiber
stress
in per


cent of
white
oak,


or 853
pounds
per sq.


in.







Lbs. per sq.
inch


Per
cent


Osage
orange 2,260 265.0


Honey
locust 1,684 197.5


Black
locust 1,426 167.2


Post oak 1,148 134.6
Pignut
hickory 1,142 133.9


Water
hickory 1,088 127.5


Shagbark
hickory 1,070 125.5







Mockernut
hickory


1,012 118.6


Big
shellbark
hickory


997 116.9


Bitternut
hickory 986 115.7


Nutmeg
hickory 938 110.0


Yellow oak 857 100.5
White oak 853 100.0
Bur oak 836 98.0
White ash 828 97.1
Red oak 778 91.2
Sugar
maple 742 87.0







Rock elm 696 81.6
Beech 607 71.2
Slippery
elm 599 70.2


Redwood 578 67.8
Bald
cypress 548 64.3


Red maple 531 62.3
Hackberry 525 61.6
Incense
cedar 518 60.8


Hemlock 497 58.3
Longleaf
pine 491 57.6


Tamarack 480 56.3







Silver
maple


456 53.5


Yellow
birch


454 53.2


Tupelo 451 52.9
Black
cherry 444 52.1


Sycamore 433 50.8
Douglas fir 427 50.1
Cucumber
tree 408 47.8


Shortleaf
pine 400 46.9


Red pine 358 42.0
Sugar pine 353 41.1







White elm 351 41.2
Western
yellow pine 348 40.8


Lodgepole
pine 348 40.8


Red spruce 345 40.5
White pine 314 36.8
Engelman
spruce 290 34.0


Arborvitæ 288 33.8
Largetooth
aspen 269 31.5


White
spruce 262 30.7


Butternut 258 30.3







Buckeye
(yellow)


210 24.6


Basswood 209 24.5
Black
willow 193 22.6


When wood is used for columns, props,
posts, and spokes, the weight of the load
tends to shorten the material endwise.
This is endwise compression, or
compression parallel to the grain. In the
case of long columns, that is, pieces in
which the length is very great compared
with their diameter, the failure is by
sidewise bending or flexure, instead of
by crushing or splitting. (See Fig. 5.) A
familiar instance of this action is







afforded by a flexible walking-stick. If
downward pressure is exerted with the
hand on the upper end of the stick placed
vertically on the floor, it will be noted
that a definite amount of force must be
applied in each instance before decided
flexure takes place. After this point is
reached a very slight increase of
pressure very largely increases the
deflection, thus obtaining so great a
leverage about the middle section as to
cause rupture.







Figure 5







Testing a buggy
spoke in endwise
compression,
illustrating the
failure by sidewise
bending of a long
column fixed only
at the lower end.
Photo by U. S.
Forest Service


The lateral bending of a column
produces a combination of bending with
compressive stress over the section, the
compressive stress being maximum at
the section of greatest deflection on the
concave side. The convex surface is
under tension, as in an ordinary beam







test. (See Fig. 6.) If the same stick is
braced in such a way that flexure is
prevented, its supporting strength is
increased enormously, since the
compressive stress acts uniformly over
the section, and failure is by crushing or
splitting, as in small blocks. In all
columns free to bend in any direction the
deflection will be seen in the direction
in which the column is least stiff. This
sidewise bending can be overcome by
making pillars and columns thicker in the
middle than at the ends, and by bracing
studding, props, and compression
members of trusses. The strength of a
column also depends to a considerable
extent upon whether the ends are free to
turn or are fixed.











Figure 6


Unequal
distribution of
stress in a long
column due to
lateral bending.


The complexity of the computations
depends upon the way in which the
stress is applied and the manner in
which the stick bends. Ordinarily where
the length of the test specimen is not
greater than four diameters and the ends
are squarely faced (See Fig. 7.), the
force acts uniformly over each square
inch of area and the crushing strength is
equal to the maximum load (P) divided







by the area of the cross-section (A).


(
P


)C = ---
A











Figure 7


Endwise
compression of a
short column.


It has been demonstrated4 that the
ultimate strength in compression parallel
to the grain is very nearly the same as
the extreme fibre stress at the elastic
limit in bending. (See Table 5.) In other
words, the transverse strength of beams
at elastic limit is practically equal to the
compressive strength of the same
material in short columns. It is
accordingly possible to calculate the
approximate breaking strength of beams
from the compressive strength of short







columns except when the wood is brittle.
Since tests on endwise compression are
simpler, easier to make, and less
expensive than transverse bending tests,
the importance of this relation is
obvious, though it does not do away with
the necessity of making beam tests.


TABLE V
RELATION OF FIBRE STRESS AT ELASTIC LIMIT
(r) IN BENDING TO THE CRUSHING STRENGTH
(C) OF BLOCKS CUT THEREFROM, IN POUNDS


PER SQUARE INCH
(Forest Service Bul. 70, p. 90)


LONGLEAF PINE







MOISTURE
CONDITION


Soaked
50 per
cent


Green
23 per
cent


14 per
cent


Number of
tests averaged 5 5 5


r in bending 4,920 5,944 6,924
C in


compression 4,668 5,100 6,466


Per cent r is
in excess of C 5.5 16.5 7.1


SPRUCE


MOISTURE
CONDITION


Soaked
30 per
cent


Green
30 per
cent







Number of tests
averaged 5 4


r in bending 3,002 3,362
C in compression 2,680 3,025


Per cent r is in excess
of C 12.0 11.1


When a short column is compressed until
it breaks, the manner of failure depends
partly upon the anatomical structure and
partly upon the degree of humidity of the
wood. The fibres (tracheids in conifers)
act as hollow tubes bound closely
together, and in giving way they either
(1) buckle, or (2) bend.5







The first is typical of any dry thin-
walled cells, as is usually the case in
seasoned white pine and spruce, and in
the early wood of hard pines, hemlock,
and other species with decided contrast
between the two portions of the growth
ring. As a rule buckling of a tracheid
begins at the bordered pits which form
places of least resistance in the walls. In
hardwoods such as oak, chestnut, ash,
etc., buckling occurs only in the thinnest-
walled elements, such as the vessels,
and not in the true fibres.


According to Jaccard6 the folding of the
cells is accompanied by characteristic
alterations of their walls which seem to
split them into extremely thin layers.







When greatly magnified, these layers
appear in longitudinal sections as
delicate threads without any definite
arrangements, while on cross section
they appear as numerous concentric
strata. This may be explained on the
ground that the growth of a fibre is by
successive layers which, under the
influence of compression, are sheared
apart. This is particularly the case with
thick-walled cells such as are found in
late wood.


TABLE VI
RESULTS OF ENDWISE


COMPRESSION TESTS ON SMALL
CLEAR PIECES OF 40 WOODS IN







GREEN CONDITION
(Forest Service Cir. 213)


COMMON
NAME OF
SPECIES


Fibre
stress


at
elastic
limit


Crushing
strength


Modulus
of


elasticity


Lbs.
per
sq.


inch


Lbs. per
sq. inch


Lbs. per
sq. inch


Hardwoods
Ash, white 3,510 4,220 1,531,000
Basswood 780 1,820 1,016,000
Beech 2,770 3,480 1,412,000
Birch,







yellow 2,570 3,400 1,915,000


Elm,
slippery 3,410 3,990 1,453,000


Hackberry 2,730 3,310 1,068,000
Hickory,
big
shellbark


3,570 4,520 1,658,000


   bitternut 4,330 4,570 1,616,000
   mockernut 3,990 4,320 1,359,000
   nutmeg 3,620 3,980 1,411,000
   pignut 3,520 4,820 1,980,000
   shagbark 3,730 4,600 1,943,000
   water 3,240 4,660 1,926,000
Locust,
honey 4,300 4,970 1,536,000







Maple,
sugar


3,040 3,670 1,463,000


Oak, post 2,780 3,330 1,062,000
   red 2,290 3,210 1,295,000
   swamp
white 3,470 4,360 1,489,000


   white 2,400 3,520 946,000
   yellow 2,870 3,700 1,465,000
Osage
orange 3,980 5,810 1,331,000


Sycamore 2,320 2,790 1,073,000
Tupelo 2,280 3,550 1,280,000


Conifers
Arborvitæ 1,420 1,990 754,000
Cedar, 2,710 3,030 868,000







incense
Cypress,
bald 3,560 3,960 1,738,000


Fir, alpine 1,660 2,060 882,000
   amabilis 2,763 3,040 1,579,000
   Douglas 2,390 2,920 1,440,000
   white 2,610 2,800 1,332,000
Hemlock 2,110 2,750 1,054,000
Pine,
lodgepole 2,290 2,530 1,219,000


   longleaf 3,420 4,280 1,890,000
   red 2,470 3,080 1,646,000
   sugar 2,340 2,600 1,029,000
   western
yellow 2,100 2,420 1,271,000







   white 2,370 2,720 1,318,000
Redwood 3,420 3,820 1,175,000
Spruce,
Engelmann 1,880 2,170 1,021,000


Tamarack 3,010 3,480 1,596,000


The second case, where the fibres bend
with more or less regular curves instead
of buckling, is characteristic of any
green or wet wood, and in dry woods
where the fibres are thick-walled. In
woods in which the fibre walls show all
gradations of thickness—in other words,
where the transition from the thin-walled
cells of the early wood to the thick-
walled cells of the late wood is gradual







—the two kinds of failure, namely,
buckling and bending, grade into each
other. In woods with very decided
contrast between early and late wood the
two forms are usually distinct. Except in
the case of complete failure the cavity of
the deformed cells remains open, and in
hardwoods this is true not only of the
wood fibres but also of the tube-like
vessels. In many cases longitudinal
splits occur which isolate bundles of
elements by greater or less intervals.
The splitting occurs by a tearing of the
fibres or rays and not by the separation
of the rays from the adjacent elements.







Figure 8


Failures of short
columns of green
spruce.







Figure 9


Failures of short
columns of dry
chestnut.


Moisture in wood decreases the stiffness
of the fibre walls and enlarges the region
of failure. The curve which the fibre
walls make in the region of failure is
more gradual and also more irregular







than in dry wood, and the fibres are
more likely to be separated.


In examining the lines of rupture in
compression parallel to the grain it
appears that there does not exist any
specific type, that is, one that is
characteristic of all woods. Test blocks
taken from different parts of the same log
may show very decided differences in
the manner of failure, while blocks that
are much alike in the size, number, and
distribution of the elements of unequal
resistance may behave very similarly.
The direction of rupture is, according to
Jaccard, not influenced by the
distribution of the medullary rays.7


These are curved with the bundles of







fibres to which they are attached. In any
case the failure starts at the weakest
points and follows the lines of least
resistance. The plane of failure, as
visible on radial surfaces, is horizontal,
and on the tangential surface it is
diagonal.


SHEARING STRENGTH


Whenever forces act upon a body in such
a way that one portion tends to slide
upon another adjacent to it the action is
called a shear.8 In wood this shearing
action may be (1) along the grain, or
(2) across the grain. A tenon breaking







out its mortise is a familiar example of
shear along the grain, while the shoving
off of the tenon itself would be shear
across the grain. The use of wood for
pins or tree-nails involves resistance to
shear across the grain. Another common
instance of the latter is where the steel
edge of the eye of an axe or hammer
tends to cut off the handle. In Fig. 10 the
action of the wooden strut tends to shear
off along the grain the portion AB of the
wooden tie rod, and it is essential that
the length of this portion be great enough
to guard against it. Fig. 11 shows
characteristic failures in shear along the
grain.







Figure 10


Example of shear
along the grain.







Figure 11


Failures of test
specimens in shear
along the grain. In







the block at the left
the surface of
failure is radial; in
the one at the right,
tangential.


TABLE VII
SHEARING STRENGTH
ALONG THE GRAIN OF


SMALL CLEAR PIECES OF
41 WOODS IN GREEN


CONDITION
(Forest Service Cir. 213)


When
surface


of
When


surface of







COMMON
NAME OF
SPECIES


failure
is


radial


failure is
tangential


Lbs.
per sq.
inch


Lbs. per
sq. inch


Hardwoods
Ash, black 876 832
   white 1,360 1,312
Basswood 560 617
Beech 1,154 1,375
Birch,
yellow 1,103 1,188


Elm,
slippery 1,197 1,174


   white 778 872







Hackberry 1,095 1,161
Hickory,
big
shellbark


1,134 1,191


   bitternut 1,134 1,348
   mockernut 1,251 1,313
   nutmeg 1,010 1,053
   pignut 1,334 1,457
   shagbark 1,230 1,297
   water 1,390 1,490
Locust,
honey 1,885 2,096


Maple, red 1,130 1,330
   sugar 1,193 1,455
Oak, post 1,196 1,402







   red 1,132 1,195


   swamp
white 1,198 1,394


   white 1,096 1,292
   yellow 1,162 1,196
Sycamore 900 1,102
Tupelo 978 1,084


Conifers
Arborvitæ 617 614
Cedar,
incense 613 662


Cypress,
bald 836 800


Fir, alpine 573 654
   amabilis 517 639







   Douglas 853 858
   white 742 723
Hemlock 790 813
Pine,
lodgepole 672 747


   longleaf 1,060 953
   red 812 741
   sugar 702 714
   western
yellow 686 706


   white 649 639
Spruce,
Engelmann 607 624


Tamarack 883 843







Both shearing stresses may act at the
same time. Thus the weight carried by a
beam tends to shear it off at right angles
to the axis; this stress is equal to the
resultant force acting perpendicularly at
any point, and in a beam uniformly
loaded and supported at either end is
maximum at the points of support and
zero at the centre. In addition there is a
shearing force tending to move the fibres
of the beam past each other in a
longitudinal direction. (See Fig. 12.)
This longitudinal shear is maximum at
the neutral plane and decreases toward
the upper and lower surfaces.







Figure 12


Horizontal shear in
a beam.


Shearing across the grain is so closely
related to compression at right angles to
the grain and to hardness that there is
little to be gained by making separate
tests upon it. Knowledge of shear
parallel to the grain is important, since
wood frequently fails in that way. The
value of shearing stress parallel to the
grain is found by dividing the maximum
load in pounds (P) by the area of the
cross section in inches (A).


P







( )Shear = ---
A


Oblique shearing stresses are developed
in a bar when it is subjected to direct
tension or compression. The maximum
shearing stress occurs along a plane
when it makes an angle of 45 degrees
with the axis of the specimen. In this
case,


P
shear = -----.


2 A







When the value of the angle θ is less
than 45 degrees,


P
the shear along the


plane = --
-


sin θ cos
θ.


A


(See Fig. 13.) The effect of oblique
shear is often visible in the failures of
short columns. (See Fig. 14.)











Figure 13


Oblique shear in a
short column.











Figure 14


Failure of short
column by oblique
shear.


TABLE VIII
SHEARING STRENGTH ACROSS


THE GRAIN OF VARIOUS
AMERICAN WOODS


(J.C. Trautwine. Jour. Franklin Institute.
Vol. 109, 1880, pp. 105-106)


KIND
OF


WOOD


Lbs.
per
sq.


inch


KIND OF
WOOD


Lbs.
per
sq.


inch







Ash 6,280 Hickory 7,285
Beech 5,223 Locust 7,176
Birch 5,595 Maple 6,355
Cedar
(white) 1,372 Oak 4,425


Cedar
(white) 1,519 Oak (live) 8,480


Cedar
(Central
Amer.)


3,410 Pine (white ) 2,480


Cherry 2,945 Pine (northern
yellow) 4,340


Chestnut 1,536 Pine
(southernyellow) 5,735


Dogwood 6,510 Pine (very
resinous yellow) 5,053







Ebony 7,750 Poplar 4,418


Gum 5,890 Spruce 3,255
Hemlock 2,750 Walnut (black) 4,728


Hickory 6,045 Walnut
(common) 2,830


NOTE.—Two specimens of each were
tested. All were fairly seasoned and
without defects. The piece sheared off
was 5/8 in. The single circular area of
each pin was 0.322 sq. in.


TRANSVERSE OR
BENDING STRENGTH:


BEAMS







When external forces acting in the same
plane are applied at right angles to the
axis of a bar so as to cause it to bend,
they occasion a shortening of the
longitudinal fibres on the concave side
and an elongation of those on the convex
side. Within the elastic limit the relative
stretching and contraction of the fibres is
directly9] proportional to their distances
from a plane intermediate between them
—the neutral plane. (N1P in Fig. 15.)
Thus the fibres half-way between the
neutral plane and the outer surface
experience only half as much shortening
or elongation as the outermost or
extreme fibres. Similarly for other
distances. The elements along the neutral
plane experience no tension or







compression in an axial direction. The
line of intersection of this plane and the
plane of section is known as the neutral
axis (N A in Fig. 15.) of the section.


Figure 15


Diagram of a
simple beam. N1P
= neutral plane, N
A = neutral axis of
section R S.







If the bar is symmetrical and
homogeneous the neutral plane is located
half-way between the upper and lower
surfaces, so long as the deflection does
not exceed the elastic limit of the
material. Owing to the fact that the
tensile strength of wood is from two to
nearly four times the compressive
strength, it follows that at rupture the
neutral plane is much nearer the convex
than the concave side of the bar or beam,
since the sum of all the compressive
stresses on the concave portion must
always equal the sum of the tensile
stresses on the convex portion. The
neutral plane begins to change from its
central position as soon as the elastic
limit has been passed. Its location at any







time is very uncertain.


The external forces acting to bend the
bar also tend to rupture it at right angles
to the neutral plane by causing one
transverse section to slip past another.
This stress at any point is equal to the
resultant perpendicular to the axis of the
forces acting at this point, and is termed
the transverse shear (or in the case of
beams, vertical shear).


In addition to this there is a shearing
stress, tending to move the fibres past
one another in an axial direction, which
is called longitudinal shear (or in the
case of beams, horizontal shear). This
stress must be taken into consideration in
the design of timber structures. It is







maximum at the neutral plane and
decreases to zero at the outer elements
of the section. The shorter the span of a
beam in proportion to its height, the
greater is the liability of failure in
horizontal shear before the ultimate
strength of the beam is reached.


Beams


There are three common forms of beams,
as follows:


(1) Simple beam—a bar resting upon
two supports, one near each end. (See
Fig. 16, No. 1.)


(2) Cantilever beam—a bar resting







upon one support or fulcrum, or that
portion of any beam projecting out of a
wall or beyond a support. (See Fig. 16,
No. 2.)


(3) Continuous beam—a bar resting
upon more than two supports. (See Fig.
16, No. 3.)







Figure 16


Three common
forms of beams. 1.
Simple. 2.







Cantilever. 3.
Continuous.


Stiffness of Beams


The two main requirements of a beam
are stiffness and strength. The formulæ
for the modulus of elasticity (E) or
measure of stiffness of a rectangular
prismatic simple beam loaded at the
centre and resting freely on supports at
either end is:10


P' l3


E = -----------
4 D b h3







b = breadth or width of beam, inches.
h = height or depth of beam, inches.


l = span (length between points of
supports) of beam, inches.


D = deflection produced by load P',
inches.


P' = load at or below elastic limit,
pounds.


From this formulæ it is evident that for
rectangular beams of the same material,
mode of support, and loading, the
deflection is affected as follows:


(1) It is inversely proportional to the
width for beams of the same length and







depth. If the width is tripled the
deflection is one-third as great.


(2) It is inversely proportional to the
cube of the depth for beams of the same
length and breadth. If the depth is tripled
the deflection is one twenty-seventh as
great.


(3) It is directly proportional to the cube
of the span for beams of the same
breadth and depth. Tripling the span
gives twenty-seven times the deflection.


The number of pounds which
concentrated at the centre will deflect a
rectangular prismatic simple beam one
inch may be found from the preceding
formulæ by substituting D = 1" and







solving for P'. The formulæ then
becomes:


4 E b h3


Necessary weight (P') = ----------
l3


In this case the values for E are read
from tables prepared from data obtained
by experimentation on the given
material.


Strength of Beams


The measure of the breaking strength of a
beam is expressed in terms of unit stress







by a modulus of rupture, which is a
purely hypothetical expression for points
beyond the elastic limit. The formulæ
used in computing this modulus is as
follows:


1.5 P l
R = ---------


b h2


b,
h,
l


=
breadth, height, and span,
respectively, as in preceding
formulæ.


R = modulus of rupture, pounds per
square inch.


P = maximum load, pounds.







In calculating the fibre stress at the
elastic limit the same formulæ is used
except that the load at elastic limit (P1)
is substituted for the maximum load (P).


From this formulæ it is evident that for
rectangular prismatic beams of the same
material, mode of support, and loading,
the load which a given beam can support
varies as follows:


(1) It is directly proportional to the
breadth for beams of the same length and
depth, as is the case with stiffness.


(2) It is directly proportional to the
square of the height for beams of the
same length and breadth, instead of as
the cube of this dimension as in stiffness.







(3) It is inversely proportional to the
span for beams of the same breadth and
depth and not to the cube of this
dimension as in stiffness.


The fact that the strength varies as the
square of the height and the stiffness as
the cube explains the relationship of
bending to thickness. Were the law the
same for strength and stiffness a thin
piece of material such as a sheet of
paper could not be bent any further
without breaking than a thick piece, say
an inch board.







TABLE IX
RESULTS OF STATIC BENDING TESTS ON SMALL


CLEAR BEAMS OF 49 WOODS IN GREEN CONDITION
(Forest Service Cir. 213)


COMMON
NAME OF
SPECIES


Fibre
stress


at
elastic
limit


Modulus
of


rupture


Modulus
of


elasticity


Lbs.
per


sq. in.


Lbs. per
sq. in.


Lbs. per
sq. in.







Hardwoods
Ash, black 2,580 6,000 960,000
   white 5,180 9,920 1,416,000
Basswood 2,480 4,450 842,000
Beech 4,490 8,610 1,353,000
Birch,
yellow 4,190 8,390 1,597,000


Elm, rock 4,290 9,430 1,222,000
   slippery 5,560 9,510 1,314,000
   white 2,850 6,940 1,052,000
Gum, red 3,460 6,450 1,138,000
Hackberry 3,320 7,800 1,170,000
Hickory,
big
shellbark


6,370 11,110 1,562,000







   bitternut 5,470 10,280 1,399,000
   mockernut 6,550 11,110 1,508,000
   nutmeg 4,860 9,060 1,289,000
   pignut 5,860 11,810 1,769,000
   shagbark 6,120 11,000 1,752,000
   water 5,980 10,740 1,563,000
Locust,
honey 6,020 12,360 1,732,000


Maple, red 4,450 8,310 1,445,000
   sugar 4,630 8,860 1,462,000
Oak, post 4,720 7,380 913,000
   red 3,490 7,780 1,268,000
   swamp
white 5,380 9,860 1,593,000


   tanbark 6,580 10,710 1,678,000







   white 4,320 8,090 1,137,000
   yellow 5,060 8,570 1,219,000


Osage
orange 7,760 13,660 1,329,000


Sycamore 2,820 6,300 961,000
Tupelo 4,300 7,380 1,045,000


Conifers
Arborvitæ 2,600 4,250 643,000
Cedar,
incense 3,950 6,040 754,000


Cypress,
bald 4,430 7,110 1,378,000


Fir, alpine 2,366 4,450 861,000
   amabilis 4,060 6,570 1,323,000
   Douglas 3,570 6,340 1,242,000







   white 3,880 5,970 1,131,000
Hemlock 3,410 5,770 917,000


Pine,
lodgepole 3,080 5,130 1,015,000


   longleaf 5,090 8,630 1,662,000
   red 3,740 6,430 1,384,000
   shortleaf 4,360 7,710 1,395,000
   sugar 3,330 5,270 966,000
   west,
yellow 3,180 5,180 1,111,000


White 3,410 5,310 1,073,000
Redwood 4,530 6,560 1,024,000
Spruce,
Engelmann 2,740 4,550 866,000







   red 3,440 5,820 1,143,000
   white 3,160 5,200 968,000
Tamarack 4,200 7,170 1,236,000


Kinds of Loads


There are various ways in which beams
are loaded, of which the following are
the most important:


(1) Uniform load occurs where the load
is spread evenly over the beam.


(2) Concentrated load occurs where the
load is applied at single point or points.


(3) Live or immediate load is one of







momentary or short duration at any one
point, such as occurs in crossing a
bridge.


(4) Dead or permanent load is one of
constant and indeterminate duration, as
books on a shelf. In the case of a bridge
the weight of the structure itself is the
dead load. All large beams support a
uniform dead load consisting of their
own weight.


The effect of dead load on a wooden
beam may be two or more times that
produced by an immediate load of the
same weight. Loads greater than the
elastic limit are unsafe and will
generally result in rupture if continued
long enough. A beam may be considered







safe under permanent load when the
deflections diminish during equal
successive periods of time. A continual
increase in deflection indicates an
unsafe load which is almost certain to
rupture the beam eventually.


Variations in the humidity of the
surrounding air influence the deflection
of dry wood under dead load, and
increased deflections during damp
weather are cumulative and not
recovered by subsequent drying. In the
case of longleaf pine, dry beams may
with safety be loaded permanently to
within three-fourths of their elastic limit
as determined from ordinary static tests.
Increased moisture content, due to
greater humidity of the air, lowers the







elastic limit of wood so that what was a
safe load for the dry material may
become unsafe.


When a dead load not great enough to
rupture a beam has been removed, the
beam tends gradually to recover its
former shape, but the recovery is not
always complete. If specimens from
such a beam are tested in the ordinary
testing machine it will be found that the
application of the dead load did not
affect the stiffness, ultimate strength, or
elastic limit of the material. In other
words, the deflections and recoveries
produced by live loads are the same as
would have been produced had not the
beam previously been subjected to a







dead load.11


Maximum load is the greatest load a
material will support and is usually
greater than the load at rupture.


Safe load is the load considered safe for
a material to support in actual practice.
It is always less than the load at elastic
limit and is usually taken as a certain
proportion of the ultimate or breaking
load.


The ratio of the breaking to the safe load
is called the factor of safety.


( ultimate strength )Factor of safety = -------------------







safe load


In order to make due allowance for the
natural variations and imperfections in
wood and in the aggregate structure, as
well as for variations in the load, the
factor of safety is usually as high as 6 or
10, especially if the safety of human life
depends upon the structure. This means
that only from one-sixth to one-tenth of
the computed strength values is
considered safe to use. If the depth of
timbers exceeds four times their
thickness there is a great tendency for the
material to twist when loaded. It is to
overcome this tendency that floor joists
are braced at frequent intervals. Short







deep pieces shear out or split before
their strength in bending can fully come
into play.


Application of Loads


There are three12 general methods in
which loads may be applied to beams,
namely:


(1) Static loading or the gradual
imposition of load so that the moving
parts acquire no appreciable momentum.
Loads are so applied in the ordinary
testing machine.


(2) Sudden imposition of load without
initial velocity. "Thus in the case of







placing a load on a beam, if the load be
brought into contact with the beam, but
its weight sustained by external means,
as by a cord, and then this external
support be suddenly (instantaneously)
removed, as by quickly cutting the cord,
then, although the load is already
touching the beam (and hence there is no
real impact), yet the beam is at first
offering no resistance, as it has yet
suffered no deformation. Furthermore, as
the beam deflects the resistance
increases, but does not come to be equal
to the load until it has attained its normal
deflection. In the meantime there has
been an unbalanced force of gravity
acting, of a constantly diminishing
amount, equal at first to the entire load,







at the normal deflection. But at this
instant the load and the beam are in
motion, the hitherto unbalanced force
having produced an accelerated velocity,
and this velocity of the weight and beam
gives to them an energy, or vis viva,
which must now spend itself in
overcoming an excess of resistance over
and above the imposed load, and the
whole mass will not stop until the
deflection (as well as the resistance) has
come to be equal to twice that
corresponding to the static load
imposed. Hence we say the effect of a
suddenly imposed load is to produce
twice the deflection and stress of the
same load statically applied. It must be
evident, however, that this case has







nothing in common with either the
ordinary 'static' tests of structural
materials in testing-machines, or with
impact tests."13


(3) Impact, shock, or blow.14 There are
various common uses of wood where the
material is subjected to sudden shocks
and jars or impact. Such is the action on
the felloes and spokes of a wagon wheel
passing over a rough road; on a hammer
handle when a blow is struck; on a maul
when it strikes a wedge.


Resistance to impact is resistance to
energy which is measured by the product
of the force into the space through which
it moves, or by the product of one-half
the moving mass which causes the shock







into the square of its velocity. The work
done upon the piece at the instant the
velocity is entirely removed from the
striking body is equal to the total energy
of that body. It is impossible, however,
to get all of the energy of the striking
body stored in the specimen, though the
greater the mass and the shorter the
space through which it moves, or, in
other words, the greater the proportion
of weight and the smaller the proportion
of velocity making up the energy of the
striking body, the more energy the
specimen will absorb. The rest is lost in
friction, vibrations, heat, and motion of
the anvil.


In impact the stresses produced become
very complex and difficult to measure,







especially if the velocity is high, or the
mass of the beam itself is large
compared to that of the weight.


The difficulties attending the
measurement of the stresses beyond the
elastic limit are so great that commonly
they are not reckoned. Within the elastic
limit the formulæ for calculating the
stresses are based on the assumption that
the deflection is proportional to the
stress in this case as in static tests.


A common method of making tests upon
the resistance of wood to shock is to
support a small beam at the ends and
drop a heavy weight upon it in the
middle. (See Fig. 40.) The height of the
weight is increased after each drop and







records of the deflection taken until
failure. The total work done upon the
specimen is equal to the area of the
stress-strain diagram plus the effect of
local inertia of the molecules at point of
contact.


The stresses involved in impact are
complicated by the fact that there are
various ways in which the energy of the
striking body may be spent:


(a) It produces a local deformation of
both bodies at the surface of contact,
within or beyond the elastic limit. In
testing wood the compression of the
substance of the steel striking-weight
may be neglected, since the steel is very
hard in comparison with the wood. In







addition to the compression of the fibres
at the surface of contact resistance is
also offered by the inertia of the
particles there, the combined effect of
which is a stress at the surface of contact
often entirely out of proportion to the
compression which would result from
the action of a static force of the same
magnitude. It frequently exceeds the
crushing strength at the extreme surface
of contact, as in the case of the swaging
action of a hammer on the head of an
iron spike, or of a locomotive wheel on
the steel rail. This is also the case when
a bullet is shot through a board or a pane
of glass without breaking it as a whole.


(b) It may move the struck body as a
whole with an accelerated velocity, the







resistance consisting of the inertia of the
body. This effect is seen when a croquet
ball is struck with a mallet.


(c) It may deform a fixed body against
its external supports and resistances. In
making impact tests in the laboratory the
test specimen is in reality in the nature of
a cushion between two impacting
bodies, namely, the striking weight and
the base of the machine. It is important
that the mass of this base be sufficiently
great that its relative velocity to that of
the common centre of gravity of itself
and the striking weight may be
disregarded.


(d) It may deform the struck body as a
whole against the resisting stresses







developed by its own inertia, as, for
example, when a baseball bat is broken
by striking the ball.


TABLE X
RESULTS OF IMPACT BENDING


TESTS ON SMALL CLEAR
BEAMS OF 34 WOODS IN GREEN


CONDITION
(Forest Service Cir. 213)


COMMON
NAME OF
SPECIES


Fibre
stress


at
elastic
limit


Modulus
of


elasticity


Work
in


bending
to


elastic
limit







Lbs.
per sq.


in.


Lbs. per
sq. in.


In.-lbs.
per cu.


inch
Hardwoods
Ash, black 7,840 955,000 3.69
white 11,710 1,564,000 4.93
Basswood 5,480 917,000 1.84
Beech 11,760 1,501,000 5.10
Birch,
yellow 11,080 1,812,000 3.79


Elm, rock 12,090 1,367,000 6.52
   slippery 11,700 1,569,000 4.86
   white 9,910 1,138,000 4.82
Hackberry 10,420 1,398,000 4.48
Locust,







honey 13,460 2,114,000 4.76


Maple, red 11,670 1,411,000 5.45
   sugar 11,680 1,680,000 4.55
Oak, post 11,260 1,596,000 4.41
   red 10,580 1,506,000 4.16
   swamp
white 13,280 2,048,000 4.79


   white 9,860 1,414,000 3.84
   yellow 10,840 1,479,000 4.44
Osage
orange 15,520 1,498,000 8.92


Sycamore 8,180 1,165,000 3.22
Tupelo 7,650 1,310,000 2.49


Conifers







Arborvitæ 5,290 778,000 2.04
Cypress,
bald


8,290 1,431,000 2.71


Fir, alpine 5,280 980,000 1.59
   Douglas 8,870 1,579,000 2.79
   white 7,230 1,326,000 2.21
Hemlock 6,330 1,025,000 2.19
Pine,
lodgepole 6,870 1,142,000 2.31


   longleaf 9,680 1,739,000 3.02
   red 7,480 1,438,000 2.18
   sugar 6,740 1,083,000 2.34
   western
yellow 7,070 1,115,000 2.51


   white 6,490 1,156,000 2.06







Spruce,
Engelmann


6,300 1,076,000 2.09


Tamarack 7,750 1,263,000 2.67


Impact testing is difficult to conduct
satisfactorily and the data obtained are
of chief value in a relative sense, that is,
for comparing the shock-resisting ability
of woods of which like specimens have
been subjected to exactly identical
treatment. Yet this test is one of the most
important made on wood, as it brings out
properties not evident from other tests.
Defects and brittleness are revealed by
impact better than by any other kind of
test. In common practice nearly all







external stresses are of the nature of
impact. In fact, no two moving bodies
can come together without impact stress.
Impact is therefore the commonest form
of applied stress, although the most
difficult to measure.


Failures in Timber Beams


If a beam is loaded too heavily it will
break or fail in some characteristic
manner. These failures may be classified
according to the way in which they
develop, as tension, compression, and
horizontal shear; and according to the
appearance of the broken surface, as
brash, and fibrous. A number of forms
may develop if the beam is completely







ruptured.


Since the tensile strength of wood is on
the average about three times as great as
the compressive strength, a beam should,
therefore, be expected to fail by the
formation in the first place of a fold on
the compression side due to the crushing
action, followed by failure on the
tension side. This is usually the case in
green or moist wood. In dry material the
first visible failure is not infrequently on
the lower or tension side, and various
attempts have been made to explain why
such is the case.15


Within the elastic limit the elongations
and shortenings are equal, and the
neutral plane lies in the middle of the







beam. (See page 23.) Later the top layer
of fibres on the upper or compression
side fail, and on the load increasing, the
next layer of fibres fail, and so on, even
though this failure may not be visible. As
a result the shortenings on the upper side
of the beam become considerably
greater than the elongations on the lower
side. The neutral plane must be
presumed to sink gradually toward the
tension side, and when the stresses on
the outer fibres at the bottom have
become sufficiently great, the fibres are
pulled in two, the tension area being
much smaller than the compression area.
The rupture is often irregular, as in
direct tension tests. Failure may occur
partially in single bundles of fibres some







time before the final failure takes place.
One reason why the failure of a dry
beam is different from one that is moist,
is that drying increases the stiffness of
the fibres so that they offer more
resistance to crushing, while it has much
less effect upon the tensile strength.


There is considerable variation in
tension failures depending upon the
toughness or the brittleness of the wood,
the arrangement of the grain, defects,
etc., making further classification
desirable. The four most common forms
are:


(1) Simple tension, in which there is a
direct pulling in two of the wood on the
under side of the beam due to a tensile







stress parallel to the grain, (See Fig. 17,
No. 1.) This is common in straight-
grained beams, particularly when the
wood is seasoned.


(2) Cross-grained tension, in which the
fracture is caused by a tensile force
acting oblique to the grain. (See Fig. 17,
No. 2.) This is a common form of failure
where the beam has diagonal, spiral or
other form of cross grain on its lower
side. Since the tensile strength of wood
across the grain is only a small fraction
of that with the grain it is easy to see
why a cross-grained timber would fail in
this manner.


(3) Splintering tension, in which the
failure consists of a considerable







number of slight tension failures,
producing a ragged or splintery break on
the under surface of the beam. (See Fig.
17, No. 3.) This is common in tough
woods. In this case the surface of
fracture is fibrous.


(4) Brittle tension, in which the beam
fails by a clean break extending entirely
through it. (See Fig. 17, No. 4.) It is
characteristic of a brittle wood which
gives way suddenly without warning,
like a piece of chalk. In this case the
surface of fracture is described as brash.


Compression failure (see Fig. 17, No.
5) has few variations except that it
appears at various distances from the
neutral plane of the beam. It is very







common in green timbers. The
compressive stress parallel to the fibres
causes them to buckle or bend as in an
endwise compressive test. This action
usually begins on the top side shortly
after the elastic limit is reached and
extends downward, sometimes almost
reaching the neutral plane before
complete failure occurs. Frequently two
or more failures develop at about the
same time.







Figure 17


Characteristic
failures of simple







beams.


Horizontal shear failure, in which the
upper and lower portions of the beam
slide along each other for a portion of
their length either at one or at both ends
(see Fig. 17, No. 6), is fairly common in
air-dry material and in green material
when the ratio of the height of the beam
to the span is relatively large. It is not
common in small clear specimens. It is
often due to shake or season checks,
common in large timbers, which reduce
the actual area resisting the shearing
action considerably below the
calculated area used in the formulæ for
horizontal shear. (See page 98 for this
formulæ.) For this reason it is unsafe, in







designing large timber beams, to use
shearing stresses higher than those
calculated for beams that failed in
horizontal shear. The effect of a failure
in horizontal shear is to divide the beam
into two or more beams the combined
strength of which is much less than that
of the original beam. Fig. 18 shows a
large beam in which two failures in
horizontal shear occurred at the same
end. That the parts behave independently
is shown by the compression failure
below the original location of the neutral
plane.







Figure 18


Failure of a large
beam by horizontal
shear. Photo by U.
S, Forest Service.


Table XI gives an analysis of the causes







of first failure in 840 large timber beams
of nine different species of conifers. Of
the total number tested 165 were air-
seasoned, the remainder green. The
failure occurring first signifies the point
of greatest weakness in the specimen
under the particular conditions of
loading employed (in this case, third-
point static loading).


TABLE XI
MANNER OF FIRST FAILURE OF LARGE


BEAMS
(Forest Service Bul. 108, p. 56)


COMMON
NAME OF


Total
number


Per cent of total failing by







SPECIES of tests Tension Compression


Longleaf
pine:
   green 17 18 24
   dry 9 22 22
Douglas
fir:
   green 191 27 72
   dry 91 19 76
Shortleaf
pine:
   green 48 27 56
   dry 13 54
Western







larch:
   green 62 23 71
   dry 52 54 19
Loblolly
pine:
   green 111 40 53
   dry 25 60 12
Tamarack:
   green 30 37 53
   dry 9 45 22
Western
hemlock:
   green 39 21 74
   dry 44 11 66
Redwood:







   green 28 43 50
   dry 12 83 17
Norway
pine:
   green 49 18 76
   dry 10 30 60
NOTE.—These tests were made on timbers
ranging in cross section from 4" × 10" to 8" × 16",
and with a span of 15 feet.


TOUGHNESS: TORSION


Toughness is a term applied to more than
one property of wood. Thus wood that is
difficult to split is said to be tough.







Again, a tough wood is one that will not
rupture until it has deformed
considerably under loads at or near its
maximum strength, or one which still
hangs together after it has been ruptured
and may be bent back and forth without
breaking apart. Toughness includes
flexibility and is the reverse of
brittleness, in that tough woods break
gradually and give warning of failure.
Tough woods offer great resistance to
impact and will permit rougher treatment
in manipulations attending manufacture
and use. Toughness is dependent upon
the strength, cohesion, quality, length,
and arrangement of fibre, and the
pliability of the wood. Coniferous
woods as a rule are not as tough as







hardwoods, of which hickory and elm
are the best examples.


Figure 19


Torsion of a shaft.


The torsion or twisting test is useful in
determining the toughness of wood. If the
ends of a shaft are turned in opposite
directions, or one end is turned and the
other is fixed, all of the fibres except
those at the axis tend to assume the form







of helices. (See Fig. 19.) The strain
produced by torsion or twisting is
essentially shear transverse and parallel
to the fibres, combined with longitudinal
tension and transverse compression.
Within the elastic limit the strains
increase directly as the distance from the
axis of the specimen. The outer elements
are subjected to tensile stresses, and as
they become twisted tend to compress
those near the axis. The elongated
elements also contract laterally. Cross
sections which were originally plane
become warped. With increasing strain
the lateral adhesion of the outer fibres is
destroyed, allowing them to slide past
each other, and reducing greatly their
power of resistance. In this way the







strains on the fibres nearer the axis are
progressively increased until finally all
of the elements are sheared apart. It is
only in the toughest materials that the full
effect of this action can be observed.
(See Fig. 20.) Brittle woods snap off
suddenly with only a small amount of
torsion, and their fracture is irregular
and oblique to the axis of the piece
instead of frayed out and more nearly
perpendicular to the axis as is the case
with tough woods.







Figure 20


Effect of torsion on
different grades of
hickory. Photo by
U. S. Forest
Service.







HARDNESS


The term hardness is used in two senses,
namely: (1) resistance to indentation,
and (2) resistance to abrasion or
scratching. In the latter sense hardness
combined with toughness is a measure of
the wearing ability of wood and is an
important consideration in the use of
wood for floors, paving blocks,
bearings, and rollers. While resistance
to indentation is dependent mostly upon
the density of the wood, the wearing
qualities may be governed by other
factors such as toughness, and the size,
cohesion, and arrangement of the fibres.
In use for floors, some woods tend to
compact and wear smooth, while others







become splintery and rough. This feature
is affected to some extent by the manner
in which the wood is sawed; thus edge-
grain pine flooring is much better than
flat-sawn for uniformity of wear.


TABLE XII
HARDNESS OF 32 WOODS IN GREEN


CONDITION, AS INDICATED BY THE LOAD
REQUIRED TO IMBED A 0.444-INCH STEEL


BALL TO ONE-HALF ITS DIAMETER
(Forest Service Cir. 213)


COMMON
NAME OF
SPECIES


Average End
surface


Radial
surface


Tangential


Pounds Pounds Pounds







Hardwoods


1 Osage
orange 1,971 1,838 2,312


2 Honey
locust 1,851 1,862 1,860


3 Swamp
white oak 1,174 1,205 1,217


4 White oak 1,164 1,183 1,163
5 Post oak 1,099 1,139 1,068
6 Black oak 1,069 1,093 1,083
7 Red oak 1,043 1,107 1,020
8 White ash 1,046 1,121 1,000
9 Beech 942 1,012 897
10 Sugar
maple 937 992 918







11 Rock
elm 910 954 883


12
Hackberry 799 829 795


13 Slippery
elm 788 919 757


14 Yellow
birch 778 827 768


15 Tupelo 738 814 666
16 Red
maple 671 766 621


17
Sycamore 608 664 560


18 Black
ash 551 565 542


19 White







elm 496 536 456


20
Basswood


239 273 226


Conifers
1 Longleaf
pine 532 574 502


2 Douglas
fir 410 415 399


3 Bald
cypress 390 460 355


4 Hemlock 384 463 354
5 Tamarack 384 401 380
6 Red pine 347 355 345
7 White fir 346 381 322
8 Western







yellow pine 328 334 307


9
Lodgepole
pine


318 316 318


10 White
pine 299 304 294


11
Engelmann
pine


266 272 253


12 Alpine
fir 241 284 203


NOTE.—Black locust and hickory are not
included in this table, but their position would be
near the head of the list.







Tests for either form of hardness are of
comparative value only. Tests for
indentation are commonly made by
penetrations of the material with a steel
punch or ball.16 Tests for abrasion are
made by wearing down wood with
sandpaper or by means of a sand blast.


CLEAVABILITY


Cleavability is the term used to denote
the facility with which wood is split. A
splitting stress is one in which the forces
act normally like a wedge. (See Fig. 21.)
The plane of cleavage is parallel to the
grain, either radially or tangentially.











Figure 21


Cleavage of highly
elastic wood. The
cleft runs far ahead
of the wedge.


This property of wood is very important
in certain uses such as firewood, fence
rails, billets, and squares. Resistance to
splitting or low cleavability is desirable
where wood must hold nails or screws,
as in box-making. Wood usually splits
more readily along the radius than
parallel to the growth rings though
exceptions occur, as in the case of cross
grain.


Splitting involves transverse tension, but







only a portion of the fibres are under
stress at a time. A wood of little stiffness
and strong cohesion across the grain is
difficult to split, while one with great
stiffness, such as longleaf pine, is easily
split. The form of the grain and the
presence of knots greatly affect this
quality.


TABLE XIII
CLEAVAGE STRENGTH OF
SMALL CLEAR PIECES OF


32 WOODS IN GREEN
CONDITION


(Forest Service Cir. 213)
When







COMMON
NAME OF
SPECIES


surface
of


failure
is


radial


When
surface of
failure is


tangential


Lbs.
per sq.
inch


Lbs. per
sq. inch


Hardwoods
Ash, black 275 260
   white 333 346
Bashwood 130 168
Beech 339 527
Birch,
yellow 294 287


Elm,







slippery 401 424


   white 210 270
Hackberr 422 436
Locust,
honey 552 610


Maple, red 297 330
   sugar 376 513
Oak, post 354 487
   red 380 470
   swamp
white 428 536


   white 382 457
   yellow 379 470
Sycamore 265 425







Tupelo 277 380
Conifers


Arborvitæ 148 139
Cypress,
bald 167 154


Fir, alpine 130 133
   Douglas 139 127
   white 145 187
Hemlock 168 151
Pine,
lodgepole 142 140


   longleaf 187 180
   red 161 154
   sugar 168 189
   western 162 187







yellow
   white 144 160
Spruce,
Engelmann 110 135


Tamarack 167 159











PART II
FACTORS


AFFECTING THE
MECHANICAL


PROPERTIES OF
WOOD


INTRODUCTION


Wood is an organic product—a structure
of infinite variation of detail and







design.17 It is on this account that no two
woods are alike—in reality no two
specimens from the same log are
identical. There are certain properties
that characterize each species, but they
are subject to considerable variation.
Oak, for example, is considered hard,
heavy, and strong, but some pieces, even
of the same species of oak, are much
harder, heavier, and stronger than others.
With hickory are associated the
properties of great strength, toughness,
and resilience, but some pieces are
comparatively weak and brash and ill-
suited for the exacting demands for
which good hickory is peculiarly
adapted.







It follows that no definite value can be
assigned to the properties of any wood
and that tables giving average results of
tests may not be directly applicable to
any individual stick. With sufficient
knowledge of the intrinsic factors
affecting the results it becomes possible
to infer from the appearance of material
its probable variation from the average.
As yet too little is known of the relation
of structure and chemical composition to
the mechanical and physical properties
to permit more than general conclusions.


RATE OF GROWTH







To understand the effect of variations in
the rate of growth it is first necessary to
know how wood is formed. A tree
increases in diameter by the formation,
between the old wood and the inner
bark, of new woody layers which
envelop the entire stem, living branches,
and roots. Under ordinary conditions one
layer is formed each year and in cross
section as on the end of a log they
appear as rings—often spoken of as
annual rings. These growth layers are
made up of wood cells of various kinds,
but for the most part fibrous. In timbers
like pine, spruce, hemlock, and other
coniferous or softwood species the
wood cells are mostly of one kind, and
as a result the material is much more







uniform in structure than that of most
hardwoods. (See Frontispiece.) There
are no vessels or pores in coniferous
wood such as one sees so prominently in
oak and ash, for example. (See Fig. 22.)







Figure 22


Cross sections of a







ring-porous
hardwood (white
ash), a diffuse-
porous hardwood
(red gum), and a
non-porous or
coniferous wood
(eastern hemlock).
× 30.
Photomicrographs
by the author.


The structure of the hardwoods is more
complex. They are more or less filled
with vessels, in some cases (oak,
chestnut, ash) quite large and distinct, in
others (buckeye, poplar, gum) too small
to be seen plainly without a small hand







lens. In discussing such woods it is
customary to divide them into two large
classes—ring-porous and diffuse-
porous. (See Fig. 22.) In ring-porous
species, such as oak, chestnut, ash, black
locust, catalpa, mulberry, hickory, and
elm, the larger vessels or pores (as
cross sections of vessels are called)
become localized in one part of the
growth ring, thus forming a region of
more or less open and porous tissue. The
rest of the ring is made up of smaller
vessels and a much greater proportion of
wood fibres. These fibres are the
elements which give strength and
toughness to wood, while the vessels are
a source of weakness.


In diffuse-porous woods the pores are







scattered throughout the growth ring
instead of being collected in a band or
row. Examples of this kind of wood are
gum, yellow poplar, birch, maple,
cottonwood, basswood, buckeye, and
willow. Some species, such as walnut
and cherry, are on the border between
the two classes, forming a sort of
intermediate group.


If one examines the smoothly cut end of a
stick of almost any kind of wood, he will
note that each growth ring is made up of
two more or less well-defined parts.
That originally nearest the centre of the
tree is more open textured and almost
invariably lighter in color than that near
the outer portion of the ring. The inner
portion was formed early in the season,







when growth was comparatively rapid
and is known as early wood (also spring
wood); the outer portion is the late
wood, being produced in the summer or
early fall. In soft pines there is not much
contrast in the different parts of the ring,
and as a result the wood is very uniform
in texture and is easy to work. In hard
pine, on the other hand, the late wood is
very dense and is deep-colored,
presenting a very decided contrast to the
soft, straw-colored early wood. (See
Fig. 23.) In ring-porous woods each
season's growth is always well defined,
because the large pores of the spring
abut on the denser tissue of the fall
before. In the diffuse-porous, the
demarcation between rings is not always







so clear and in not a few cases is almost,
if not entirely, invisible to the unaided
eye. (See Fig. 22.)







Figure 23







Cross section of
longleaf pine
showing several
growth rings with
variations in the
width of the dark-
colored late wood.
Seven resin ducts
are visible. × 33.
Photomicrograph
by U.S. Forest
Service.


If one compares a heavy piece of pine
with a light specimen it will be seen at
once that the heavier one contains a
larger proportion of late wood than the







other, and is therefore considerably
darker. The late wood of all species is
denser than that formed early in the
season, hence the greater the proportion
of late wood the greater the density and
strength. When examined under a
microscope the cells of the late wood
are seen to be very thick-walled and
with very small cavities, while those
formed first in the season have thin
walls and large cavities. The strength is
in the walls, not the cavities. In choosing
a piece of pine where strength or
stiffness is the important consideration,
the principal thing to observe is the
comparative amounts of early and late
wood. The width of ring, that is, the
number per inch, is not nearly so







important as the proportion of the late
wood in the ring.


It is not only the proportion of late
wood, but also its quality, that counts. In
specimens that show a very large
proportion of late wood it may be
noticeably more porous and weigh
considerably less than the late wood in
pieces that contain but little. One can
judge comparative density, and therefore
to some extent weight and strength, by
visual inspection.


The conclusions of the U.S. Forest
Service regarding the effect of rate of
growth on the properties of Douglas fir
are summarized as follows:







"1. In general, rapidly grown wood (less
than eight rings per inch) is relatively
weak. A study of the individual tests
upon which the average points are based
shows, however, that when it is not
associated with light weight and a small
proportion of summer wood, rapid
growth is not indicative of weak wood.


"2. An average rate of growth, indicated
by from 12 to 16 rings per inch, seems to
produce the best material.


"3. In rates of growths lower than 16
rings per inch, the average strength of the
material decreases, apparently
approaching a uniform condition above
24 rings per inch. In such slow rates of
growth the texture of the wood is very







uniform, and naturally there is little
variation in weight or strength.


"An analysis of tests on large beams was
made to ascertain if average rate of
growth has any relation to the
mechanical properties of the beams. The
analysis indicated conclusively that
there was no such relation. Average rate
of growth [without consideration also of
density], therefore, has little significance
in grading structural timber."18 This is
because of the wide variation in the
percentage of late wood in different
parts of the cross section.


Experiments seem to indicate that for
most species there is a rate of growth
which, in general, is associated with the







greatest strength, especially in small
specimens. For eight conifers it is as
follows:19







Rings per inch
Douglas fir 24
Shortleaf pine 12
Loblolly pine 6
Western larch 18
Western hemlock 14
Tamarack 20
Norway pine 18
Redwood 30


No satisfactory explanation can as yet be
given for the real causes underlying the
formation of early and late wood.
Several factors may be involved. In







conifers, at least, rate of growth alone
does not determine the proportion of the
two portions of the ring, for in some
cases the wood of slow growth is very
hard and heavy, while in others the
opposite is true. The quality of the site
where the tree grows undoubtedly
affects the character of the wood formed,
though it is not possible to formulate a
rule governing it. In general, however, it
may be said that where strength or ease
of working is essential, woods of
moderate to slow growth should be
chosen. But in choosing a particular
specimen it is not the width of ring, but
the proportion and character of the late
wood which should govern.


In the case of the ring-porous hardwoods







there seems to exist a pretty definite
relation between the rate of growth of
timber and its properties. This may be
briefly summed up in the general
statement that the more rapid the growth
or the wider the rings of growth, the
heavier, harder, stronger, and stiffer the
wood. This, it must be remembered,
applies only to ring-porous woods such
as oak, ash, hickory, and others of the
same group, and is, of course, subject to
some exceptions and limitations.


In ring-porous woods of good growth it
is usually the middle portion of the ring
in which the thick-walled, strength-
giving fibres are most abundant. As the
breadth of ring diminishes, this middle
portion is reduced so that very slow







growth produces comparatively light,
porous wood composed of thin-walled
vessels and wood parenchyma. In good
oak these large vessels of the early
wood occupy from 6 to 10 per cent of
the volume of the log, while in inferior
material they may make up 25 per cent
or more. The late wood of good oak,
except for radial grayish patches of
small pores, is dark colored and firm,
and consists of thick-walled fibres
which form one-half or more of the
wood. In inferior oak, such fibre areas
are much reduced both in quantity and
quality. Such variation is very largely
the result of rate of growth.


Wide-ringed wood is often called
"second-growth," because the growth of







the young timber in open stands after the
old trees have been removed is more
rapid than in trees in the forest, and in
the manufacture of articles where
strength is an important consideration
such "second-growth" hardwood
material is preferred. This is
particularly the case in the choice of
hickory for handles and spokes. Here not
only strength, but toughness and
resilience are important. The results of a
series of tests on hickory by the U.S.
Forest Service show that "the work or
shock-resisting ability is greatest in
wide-ringed wood that has from 5 to 14
rings per inch, is fairly constant from 14
to 38 rings, and decreases rapidly from
38 to 47 rings. The strength at maximum







load is not so great with the most rapid-
growing wood; it is maximum with from
14 to 20 rings per inch, and again
becomes less as the wood becomes
more closely ringed. The natural
deduction is that wood of first-class
mechanical value shows from 5 to 20
rings per inch and that slower growth
yields poorer stock. Thus the inspector
or buyer of hickory should discriminate
against timber that has more than 20
rings per inch. Exceptions exist,
however, in the case of normal growth
upon dry situations, in which the slow-
growing material may be strong and
tough."20


The effect of rate of growth on the







qualities of chestnut wood is
summarized by the same authority as
follows: "When the rings are wide, the
transition from spring wood to summer
wood is gradual, while in the narrow
rings the spring wood passes into
summer wood abruptly. The width of the
spring wood changes but little with the
width of the annual ring, so that the
narrowing or broadening of the annual
ring is always at the expense of the
summer wood. The narrow vessels of
the summer wood make it richer in wood
substance than the spring wood
composed of wide vessels. Therefore,
rapid-growing specimens with wide
rings have more wood substance than
slow-growing trees with narrow rings.







Since the more the wood substance the
greater the weight, and the greater the
weight the stronger the wood, chestnuts
with wide rings must have stronger
wood than chestnuts with narrow rings.
This agrees with the accepted view that
sprouts (which always have wide rings)
yield better and stronger wood than
seedling chestnuts, which grow more
slowly in diameter."21


In diffuse-porous woods, as has been
stated, the vessels or pores are scattered
throughout the ring instead of collected
in the early wood. The effect of rate of
growth is, therefore, not the same as in
the ring-porous woods, approaching
more nearly the conditions in the







conifers. In general it may be stated that
such woods of medium growth afford
stronger material than when very rapidly
or very slowly grown. In many uses of
wood, strength is not the main
consideration. If ease of working is
prized, wood should be chosen with
regard to its uniformity of texture and
straightness of grain, which will in most
cases occur when there is little contrast
between the late wood of one season's
growth and the early wood of the next.


HEARTWOOD AND
SAPWOOD







Examination of the end of a log of many
species reveals a darker-colored inner
portion—the heartwood, surrounded by
a lighter-colored zone—the sapwood. In
some instances this distinction in color
is very marked; in others, the contrast is
slight, so that it is not always easy to tell
where one leaves off and the other
begins. The color of fresh sapwood is
always light, sometimes pure white, but
more often with a decided tinge of green
or brown.


Sapwood is comparatively new wood.
There is a time in the early history of
every tree when its wood is all
sapwood. Its principal functions are to
conduct water from the roots to the
leaves and to store up and give back







according to the season the food
prepared in the leaves. The more leaves
a tree bears and the more thrifty its
growth, the larger the volume of
sapwood required, hence trees making
rapid growth in the open have thicker
sapwood for their size than trees of the
same species growing in dense forests.
Sometimes trees grown in the open may
become of considerable size, a foot or
more in diameter, before any heartwood
begins to form, for example, in second-
growth hickory, or field-grown white
and loblolly pines.


As a tree increases in age and diameter
an inner portion of the sapwood
becomes inactive and finally ceases to
function. This inert or dead portion is







called heartwood, deriving its name
solely from its position and not from any
vital importance to the tree, as is shown
by the fact that a tree can thrive with its
heart completely decayed. Some,
species begin to form heartwood very
early in life, while in others the change
comes slowly. Thin sapwood is
characteristic of such trees as chestnut,
black locust, mulberry, Osage orange,
and sassafras, while in maple, ash, gum,
hickory, hackberry, beech, and loblolly
pine, thick sapwood is the rule.


There is no definite relation between the
annual rings of growth and the amount of
sapwood. Within the same species the
cross-sectional area of the sapwood is
roughly proportional to the size of the







crown of the tree. If the rings are
narrow, more of them are required than
where they are wide. As the tree gets
larger, the sapwood must necessarily
become thinner or increase materially in
volume. Sapwood is thicker in the upper
portion of the trunk of a tree than near
the base, because the age and the
diameter of the upper sections are less.


When a tree is very young it is covered
with limbs almost, if not entirely, to the
ground, but as it grows older some or all
of them will eventually die and be
broken off. Subsequent growth of wood
may completely conceal the stubs which,
however, will remain as knots. No
matter how smooth and clear a log is on
the outside, it is more or less knotty near







the middle. Consequently the sapwood
of an old tree, and particularly of a
forest-grown tree, will be freer from
knots than the heartwood. Since in most
uses of wood, knots are defects that
weaken the timber and interfere with its
ease of working and other properties, it
follows that sapwood, because of its
position in the tree, may have certain
advantages over heartwood.


It is really remarkable that the inner
heartwood of old trees remains as sound
as it usually does, since in many cases it
is hundreds of years, and in a few
instances thousands of years, old. Every
broken limb or root, or deep wound
from fire, insects, or falling timber, may
afford an entrance for decay, which,







once started, may penetrate to all parts
of the trunk. The larvæ of many insects
bore into the trees and their tunnels
remain indefinitely as sources of
weakness. Whatever advantages,
however, that sapwood may have in this
connection are due solely to its relative
age and position.


If a tree grows all its life in the open and
the conditions of soil and site remain
unchanged, it will make its most rapid
growth in youth, and gradually decline.
The annual rings of growth are for many
years quite wide, but later they become
narrower and narrower. Since each
succeeding ring is laid down on the
outside of the wood previously formed,
it follows that unless a tree materially







increases its production of wood from
year to year, the rings must necessarily
become thinner. As a tree reaches
maturity its crown becomes more open
and the annual wood production is
lessened, thereby reducing still more the
width of the growth rings. In the case of
forest-grown trees so much depends
upon the competition of the trees in their
struggle for light and nourishment that
periods of rapid and slow growth may
alternate. Some trees, such as southern
oaks, maintain the same width of ring for
hundreds of years. Upon the whole,
however, as a tree gets larger in
diameter the width of the growth rings
decreases.


It is evident that there may be decided







differences in the grain of heartwood
and sapwood cut from a large tree,
particularly one that is overmature. The
relationship between width of growth
rings and the mechanical properties of
wood is discussed under Rate of
Growth. In this connection, however, it
may be stated that as a general rule the
wood laid on late in the life of a tree is
softer, lighter, weaker, and more even-
textured than that produced earlier. It
follows that in a large log the sapwood,
because of the time in the life of the tree
when it was grown, may be inferior in
hardness, strength, and toughness to
equally sound heartwood from the same
log.


After exhaustive tests on a number of







different woods the U.S. Forest Service
concludes as follows: "Sapwood, except
that from old, overmature trees, is as
strong as heartwood, other things being
equal, and so far as the mechanical
properties go should not be regarded as
a defect."22 Careful inspection of the
individual tests made in the investigation
fails to reveal any relation between the
proportion of sapwood and the breaking
strength of timber.


In the study of the hickories the
conclusion was: "There is an unfounded
prejudice against the heartwood.
Specifications place white hickory, or
sapwood, in a higher grade than red
hickory, or heartwood, though there is no







inherent difference in strength. In fact, in
the case of large and old hickory trees,
the sapwood nearest the bark is
comparatively weak, and the best wood
is in the heart, though in young trees of
thrifty growth the best wood is in the
sap."23 The results of tests from selected
pieces lying side by side in the same
tree, and also the average values for
heartwood and sapwood in shipments of
the commercial hickories without
selection, show conclusively that "the
transformation of sapwood into
heartwood does not affect either the
strength or toughness of the wood.... It is
true, however, that sapwood is usually
more free from latent defects than
heartwood."24







Specifications for paving blocks often
require that longleaf pine be 90 per cent
heart. This is on the belief that sapwood
is not only more subject to decay, but is
also weaker than heartwood. In reality
there is no sound basis for
discrimination against sapwood on
account of strength, provided other
conditions are equal. It is true that
sapwood will not resist decay as long as
heartwood, if both are untreated with
preservatives. It is especially so of
woods with deep-colored heartwood,
and is due to infiltrations of tannins, oils,
and resins, which make the wood more
or less obnoxious to decay-producing
fungi. If, however, the timbers are to be
treated, sapwood is not a defect; in fact,







because of the relative ease with which
it can be impregnated with preservatives
it may be made more desirable than
heartwood.25


In specifications for structural timbers
reference is sometimes made to
"boxheart," meaning the inclusion of the
pith or centre of the tree within a cross
section of the timber. From numerous
experiments it appears that the position
of the pith does not bear any relation to
the strength of the material. Since most
season checks, however, are radial, the
position of the pith may influence the
resistance of a seasoned beam to
horizontal shear, being greatest when the
pith is located in the middle half of the







section.26


WEIGHT, DENSITY, AND
SPECIFIC GRAVITY


From data obtained from a large number
of tests on the strength of different
woods it appears that, other things being
equal, the crushing strength parallel to
the grain, fibre stress at elastic limit in
bending, and shearing strength along the
grain of wood vary in direct proportion
to the weight of dry wood per unit of
volume when green. Other strength
values follow different laws. The
hardness varies in a slightly greater ratio







than the square of the density. The work
to the breaking point increases even
more rapidly than the cube of density.
The modulus of rupture in bending lies
between the first power and the square
of the density. This, of course, is true
only in case the greater weight is due to
increase in the amount of wood
substance. A wood heavy with resin or
other infiltrated substance is not
necessarily stronger than a similar
specimen free from such materials. If
differences in weight are due to degree
of seasoning, in other words, to the
relative amounts of water contained, the
rules given above will of course not
hold, since strength increases with
dryness. But of given specimens of pine







or of oak, for example, in the green
condition, the comparative strength may
be inferred from the weight. It is not
permissible, however, to compare such
widely different woods as oak and pine
on a basis of their weights.27


The weight of wood substance, that is,
the material which composes the walls
of the fibres and other cells, is
practically the same in all species,
whether pine, hickory, or cottonwood,
being a little greater than half again as
heavy as water. It varies slightly from
beech sapwood, 1.50, to Douglas fir
heartwood, 1.57, averaging about 1.55 at
30° to 35° C., in terms of water at its
greatest density 4° C. The reason any







wood floats is that the air imprisoned in
its cavities buoys it up. When this is
displaced by water the wood becomes
water-logged and sinks. Leaving out of
consideration infiltrated substances, the
reason a cubic foot of one kind of dry
wood is heavier than that of another is
because it contains a greater amount of
wood substance. Density is merely the
weight of a unit of volume, as 35 pounds
per cubic foot, or 0.56 grams per cubic
centimetre. Specific gravity or relative
density is the ratio of the density of any
material to the density of distilled water
at 4° C. (39.2° F.). A cubic foot of
distilled water at 4° C. weighs 62.43
pounds. Hence the specific gravity of a
piece of wood with a density of 35







pounds is


35
------- = 0.561 .
62.43


To find the weight per cubic foot when
the specific gravity is given, simply
multiply by 62.43. Thus, 0.561 × 62.43
= 35. In the metric system, since the
weight of a cubic centimetre of pure
water is one gram, the density in grams
per cubic centimetre has the same
numerical value as the specific gravity.


Since the amount of water in wood is







extremely variable it usually is not
satisfactory to refer to the density of
green wood. For scientific purposes the
density of "oven-dry" wood is used; that
is, the wood is dried in an oven at a
temperature of 100°C. (212°F.) until a
constant weight is attained. For
commercial purposes the weight or
density of air-dry or "shipping-dry"
wood is used. This is usually expressed
in pounds per thousand board feet, a
board foot being considered as one-
twelfth of a cubic foot.


Wood shrinks greatly in drying from the
green to the oven-dry condition. (See
Table XIV.) Consequently a block of
wood measuring a cubic foot when green
will measure considerably less when







oven-dry. It follows that the density of
oven-dry wood does not represent the
weight of the dry wood substance in a
cubic foot of green wood. In other
words, it is not the weight of a cubic
foot of green wood minus the weight of
the water which it contains. Since the
latter is often a more convenient figure
to use and much easier to obtain than the
weight of oven-dry wood, it is
commonly expressed in tables of
"specific gravity or density of dry
wood."


TABLE XIV
SPECIFIC GRAVITY, AND SHRINKAGE OF 51 AMERICAN


WOODS







(Forest Service Cir. 213)


COMMON NAME
OF SPECIES


Moisture
content


Specific
gravity oven-
dry, based on


Volume
when
green


Per cent


Hardwoods
Ash, black 77 0.466
   white 38 .550


" 47 .516
Basswood 110 .315







Beech 61 .556
Birch, yellow 72 .545
Elm, rock 46 .578
   slippery 57 .541
   white 66 .430
Gum, red 71 .434
Hackberry 50 .504
Hickory, big
shellbark 64 .601


" 55 .666
   bitternut 65 .624
   mockernut 64 .606


" 57 .662
" 48 .666


   nutmeg 76 .558







   pignut 59 .627


" 54 .667
" 55 .667
" 52 .667


   shagbark 65 .608
" 58 .646
" 64 .617
" 60 .653


   water 74 .630
Locust, honey 53 .695
Maple, red 69 .512
   sugar 57 .546


" 56 .577
Oak, post 64 .590







   red 80 .568
   swamp white 74 .637


   tanbark 88 .585
   white 58 .594


" 62 .603
" 78 .600


   yellow 77 .573
" 80 .550


Osage orange 31 .761
Sycamore 81 .454
Tupelo 121 .475


TABLE XIV (CONT.)







SPECIFIC GRAVITY, AND SHRINKAGE OF 51 AMERICAN
WOODS


(Forest Service Cir. 213)


COMMON NAME
OF SPECIES


Moisture
content


Specific
gravity oven-
dry, based on


Volume
when
green


Per cent


Conifers
Arborvitæ 55 .293
Cedar, incense 80 .363
Cypress, bald 79 .452







Fir, alpine 47 .306


   amabilis 117 .383
   Douglas 32 .418
   white 156 .350
Hemlock (east.) 129 .340
Pine, lodgepole 44 .370
   lodgepole 58 .371
   longleaf 63 .528
   red or Nor 54 .440
   shortleaf 52 .447
   sugar 123 .360
   west yellow 98 .353


" 125 .377
" 93 .391







   white 74 .363
Redwood 81 .334


" 69 .366
Spruce, Engelmann 45 .325


" 156 .299
   red 31 .396
   white 41 .318
Tamarack 52 .491


This weight divided by 62.43 gives the
specific gravity per green volume. It is
purely a fictitious quantity. To convert
this figure into actual density or specific
gravity of the dry wood, it is necessary
to know the amount of shrinkage in







volume. If S is the percentage of
shrinkage from the green to the oven-dry
condition, based on the green volume; D,
the density of the dry wood per cubic
foot while green; and d the actual density
of oven-dry wood, then


D
---------- = d.
1 - .0 S


This relation becomes clearer from the
following analysis: Taking V and W as
the volume and weight, respectively,
when green, and v and w as the
corresponding volume and weight when







oven-dry, then,


w W V - v
d = --- ; D = --- ; S = ------- × 100 , and s =


v V V


in which S is the percentage of shrinkage
from the green to the oven-dry condition,
based on the green volume, and s the
same based on the oven-dry volume.


In tables of specific gravity or density of
wood it should always be stated whether
the dry weight per unit of volume when
green or the dry weight per unit of
volume when dry is intended, since the







shrinkage in volume may vary from 6 to
50 per cent, though in conifers it is
usually about 10 per cent, and in
hardwoods nearer 15 per cent. (See
Table XIV.)


COLOR


In species which show a distinct
difference between heartwood and
sapwood the natural color of heartwood
is invariably darker than that of the
sapwood, and very frequently the
contrast is conspicuous. This is
produced by deposits in the heartwood
of various materials resulting from the







process of growth, increased possibly
by oxidation and other chemical
changes, which usually have little or no
appreciable effect on the mechanical
properties of the wood. (See Heartwood
and Sapwood.) Some experiments28 on
very resinous longleaf pine specimens,
however, indicate an increase in
strength. This is due to the resin which
increases the strength when dry. Spruce
impregnated with crude resin and dried
is greatly increased in strength thereby.


Since the late wood of a growth ring is
usually darker in color than the early
wood, this fact may be used in judging
the density, and therefore the hardness
and strength of the material. This is







particularly the case with coniferous
woods. In ring-porous woods the
vessels of the early wood not
infrequently appear on a finished surface
as darker than the denser late wood,
though on cross sections of heartwood
the reverse is commonly true. Except in
the manner just stated the color of wood
is no indication of strength.


Abnormal discoloration of wood often
denotes a diseased condition, indicating
unsoundness. The black check in western
hemlock is the result of insect attacks.29


The reddish-brown streaks so common
in hickory and certain other woods are
mostly the result of injury by birds.30 The
discoloration is merely an indication of







an injury, and in all probability does not
of itself affect the properties of the
wood. Certain rot-producing fungi
impart to wood characteristic colors
which thus become criterions of
weakness. Ordinary sap-staining is due
to fungous growth, but does not
necessarily produce a weakening
effect.31


CROSS GRAIN


Cross grain is a very common defect in
timber. One form of it is produced in
lumber by the method of sawing and has
no reference to the natural arrangement







of the wood elements. Thus if the plane
of the saw is not approximately parallel
to the axis of the log the grain of the
lumber cut is not parallel to the edges
and is termed diagonal. This is likely to
occur where the logs have considerable
taper, and in this case may be produced
if sawed parallel to the axis of growth
instead of parallel to the growth rings.


Lumber and timber with diagonal grain
is always weaker than straight-grained
material, the extent of the defect varying
with the degree of the angle the fibres
make with the axis of the stick. In the
vicinity of large knots the grain is likely
to be cross. The defect is most serious
where wood is subjected to flexure, as
in beams.







Spiral grain is a very common defect in
a tree, and when excessive renders the
timber valueless for use except in the
round. It is produced by the arrangement
of the wood fibres in a spiral direction
about the axis instead of exactly vertical.
Timber with spiral grain is also known
as "torse wood." Spiral grain usually
cannot be detected by casual inspection
of a stick, since it does not show in the
so-called visible grain of the wood, by
which is commonly meant a sectional
view of the annual rings of growth cut
longitudinally. It is accordingly very
easy to allow spiral-grained material to
pass inspection, thereby introducing an
element of weakness in a structure.


There are methods for readily detecting







spiral grain. The simplest is that of
splitting a small piece radially. It is
necessary, of course, that the split be
radial, that is, in a plane passing through
the axis of the log, and not tangentially.
In the latter case it is quite probable that
the wood would split straight, the line of
cleavage being between the growth
rings.


In inspection, the elements to examine
are the rays. In the case of oak and
certain other hardwoods these rays are
so large that they are readily seen not
only on a radial surface, but on the
tangential as well. On the former they
appear as flakes, on the latter as short
lines. Since these rays are between the
fibres it naturally follows that they will







be vertical or inclined according as the
tree is straight-grained or spiral-grained.
While they are not conspicuous in the
softwoods, they can be seen upon close
scrutiny, and particularly so if a small
hand magnifier is used.


When wood has begun to dry and check
it is very easy to see whether or not it is
straight- or spiral-grained, since the
checks will for the most part follow
along the rays. If one examines a row of
telephone poles, for example, he will
probably find that most of them have
checks running spirally around them. If
boards were sawed from such a pole
after it was badly checked they would
fall to pieces of their own weight. The
only way to get straight material would







be to split it out.


It is for this reason that split billets and
squares are stronger than most sawed
material. The presence of the spiral
grain has little, if any, effect on the
timber when it is used in the round, but
in sawed material the greater the pitch of
the spiral the greater is the defect.


KNOTS


Knots are portions of branches included
in the wood of the stem or larger branch.
Branches originate as a rule from the
central axis of a stem, and while living
increase in size by the addition of annual







woody layers which are a continuation
of those of the stem. The included
portion is irregularly conical in shape
with the tip at the pith. The direction of
the fibre is at right angles or oblique to
the grain of the stem, thus producing
local cross grain.


During the development of a tree most of
the limbs, especially the lower ones,
die, but persist for a time—often for
years. Subsequent layers of growth of
the stem are no longer intimately joined
with the dead limb, but are laid around
it. Hence dead branches produce knots
which are nothing more than pegs in a
hole, and likely to drop out after the tree
has been sawed into lumber. In grading
lumber and structural timber, knots are







classified according to their form, size,
soundness, and the firmness with which
they are held in place.32


Knots materially affect checking and
warping, ease in working, and
cleavability of timber. They are defects
which weaken timber and depreciate its
value for structural purposes where
strength is an important consideration.
The weakening effect is much more
serious where timber is subjected to
bending and tension than where under
compression. The extent to which knots
affect the strength of a beam depends
upon their position, size, number,
direction of fibre, and condition. A knot
on the upper side is compressed, while







one on the lower side is subjected to
tension. The knot, especially (as is often
the case) if there is a season check in it,
offers little resistance to this tensile
stress. Small, knots, however, may be so
located in a beam along the neutral plane
as actually to increase the strength by
tending to prevent longitudinal shearing.
Knots in a board or plank are least
injurious when they extend through it at
right angles to its broadest surface.
Knots which occur near the ends of a
beam do not weaken it. Sound knots
which occur in the central portion one-
fourth the height of the beam from either
edge are not serious defects.


Extensive experiments by the U.S. Forest







Service33 indicate the following effects
of knots on structural timbers:


(1) Knots do not materially influence the
stiffness of structural timber.


(2) Only defects of the most serious
character affect the elastic limit of
beams. Stiffness and elastic strength are
more dependent upon the quality of the
wood fibre than upon defects in the
beam.


(3) The effect of knots is to reduce the
difference between the fibre stress at
elastic limit and the modulus of rupture
of beams. The breaking strength is very
susceptible to defects.


(4) Sound knots do not weaken wood







when subject to compression parallel to
the grain.34


FROST SPLITS


A common defect in standing timber
results from radial splits which extend
inward from the periphery of the tree,
and almost, if not always, near the base.
It is most common in trees which split
readily, and those with large rays and
thin bark. The primary cause of the
splitting is frost, and various theories
have been advanced to explain the
action.


R. Hartig35 believes that freezing forces







out a part of the imbibition water of the
cell walls, thereby causing the wood to
shrink, and if the interior layers have not
yet been cooled, tangential strains arise
which finally produce radial clefts.


Another theory holds that the water is
not driven out of the cell walls, but that
difference in temperature conditions of
inner and outer layers is itself sufficient
to set up the strains, resulting in splitting.
An air temperature of 14°F. or less is
considered necessary to produce frost
splits.


A still more recent theory is that of
Busse36 who considers the mechanical
action of the wind a very important
factor. He observed: (a) Frost splits







sometimes occur at higher temperatures
than 14°F. (b) Most splits take place
shortly before sunrise, i.e., at the time of
lowest air and soil temperature; they are
never heard to take place at noon,
afternoon, or evening. (c) They always
occur between two roots or between the
collars of two roots, (d) They are most
frequent in old, stout-rooted, broad-
crowned trees; in younger stands it is
always the stoutest members that are
found with frost splits, while in quite
young stands they are altogether absent,
(e) Trees on wet sites are most liable to
splits, due to difference in wood
structure, just as difference in wood
structure makes different species vary in
this regard. (f) Frost splits are most







numerous less than three feet above the
ground.


When a tree is swayed by the wind the
roots are counteracting forces, and the
wood fibres are tested in tension and
compression by the opposing forces;
where the roots exercise tension stresses
most effectively the effect of
compression stresses is at a minimum;
only where the pressure is in excess of
the tension, i.e., between the roots, can a
separation of the fibre result. Hence,
when by frost a tension on the entire
periphery is established, and the wind
localizes additional strains, failure
occurs. The stronger the compression
and tension, the severer the strains and
the oftener failures occur. The







occurrence of reports of frost splits on
wind-still days is believed by Busse to
be due to the opening of old frost splits
where the tension produced by the frost
alone is sufficient.


Frost splits may heal over temporarily,
but usually open up again during the
following winter. The presence of old
splits is often indicated by a ridge of
callous, the result of the cambium's
effort to occlude the wound. Frost splits
not only affect the value of lumber, but
also afford an entrance into the living
tree for disease and decay.


SHAKES, GALLS, PITCH







POCKETS


Heart shake occurs in nearly all
overmature timber, being more frequent
in hardwoods (especially oak) than in
conifers. In typical heart shake the centre
of the hole shows indications of
becoming hollow and radial clefts of
varying size extend outward from the
pith, being widest inward. It frequently
affects only the butt log, but may extend
to the entire hole and even the larger
branches. It usually results from a
shrinkage of the heartwood due probably
to chemical changes in the wood.


When it consists of a single cleft
extending across the pith it is termed







simple heart shake. Shake of this
character in straight-grained trees affects
only one or two central boards when cut
into lumber, but in spiral-grained timber
the damage is much greater. When shake
consists of several radial clefts it is
termed star shake. In some instances one
or more of these clefts may extend nearly
to the bark. In felled or converted timber
clefts due to heart shake may be
distinguished from seasoning cracks by
the darker color of the exposed surfaces.
Such clefts, however, tend to open up
more and more as the timber seasons.


Cup or ring shake results from the
pulling apart of two or more growth
rings. It is one of the most serious
defects to which sound timber is subject,







as it seriously reduces the technical
properties of wood. It is very common in
sycamore and in western larch,
particularly in the butt portion. Its
occurrence is most frequent at the
junction of two growth layers of very
unequal thickness. Consequently it is
likely to occur in trees which have
grown slowly for a time, then abruptly
increased, due to improved conditions of
light and food, as in thinning. Old timber
is more subject to it than young trees.
The damage is largely confined to the
butt log. Cup shake is often associated
with other forms of shake, and not
infrequently shows traces of decay.


The causes of cup shake are uncertain.
The swaying action of the wind may







result in shearing apart the growth
layers, especially in trees growing in
exposed places. Frost may in some
instances be responsible for cup shake
or at least a contributing factor, although
trees growing in regions free from frost
often have ring shake. Shrinkage of the
heartwood may be concentric as well as
radial in its action, thus producing cup
shake instead of, or in connection with,
heart shake.


A local defect somewhat similar in
effect to cup shake is known as rind
gall. If the cambium layer is exposed by
the removal of the entire bark or rind it
will die. Subsequent growth over the
damaged portion does not cohere with
the wood previously formed by the old







cambium. The defect resulting is termed
rind gall. The most common causes of it
are fire, gnawing, blazing, chipping, sun
scald, lightning, and abrasions.


Heart break is a term applied to areas of
compression failure along the grain
found in occasional logs. Sometimes
these breaks are invisible until the wood
is manufactured into the finished article.
The occurrence of this defect is mostly
limited to the dense hardwoods, such as
hickory and to heavy tropical species. It
is the source of considerable loss in the
fancy veneer industry, as the veneer from
valuable logs so affected drops to
pieces.


The cause of heart break is not







positively known. It is highly probable,
however, that when the tree is felled the
trunk strikes across a rock or another
log, and the impact causes actual failure
in the log as in a beam.


Resin or pitch pockets are of common
occurrence in the wood of larch, spruce,
fir, and especially of longleaf and other
hard pines. They are due to
accumulations of resin in openings
between adjacent layers of growth. They
are more frequent in trees growing alone
than in those of dense stands. The
pockets are usually a few inches in
greatest dimension and affect only one or
two growth layers. They are hidden until
exposed by the saw, rendering it
impossible to cut lumber with reference







to their position. Often several boards
are damaged by a single pocket. In
grading lumber, pitch pockets are
classified as small, standard, and large,
depending upon their width and length.


INSECT INJURIES37


The larvæ of many insects are
destructive to wood. Some attack the
wood of living trees, others only that of
felled or converted material. Every hole
breaks the continuity of the fibres and
impairs the strength, and if there are very
many of them the material may be ruined
for all purposes where strength is







required.


Some of the most common insects
attacking the wood of living trees are the
oak timber worm, the chestnut timber
worm, carpenter worms, ambrosia
beetles, the locust borer, turpentine
beetles and turpentine borers, and the
white pine weevil.


The insect injuries to forest products
may be classed according to the stage of
manufacture of the material. Thus round
timber with the bark on, such as poles,
posts, mine props, and sawlogs, is
subject to serious damage by the same
class of insects as those mentioned
above, particularly by the round-headed
borers, timber worms, and ambrosia







beetles. Manufactured unseasoned
products are subject to damage from
ambrosia beetles and other wood borers.
Seasoned hardwood lumber of all kinds,
rough handles, wagon stock, etc., made
partially or entirely of sapwood, are
often reduced in value from 10 to 90 per
cent by a class of insects known as
powder-post beetles. Finished
hardwood products such as handles,
wagon, carriage and machinery stock,
especially if ash or hickory, are often
destroyed by the powder-post beetles.
Construction timbers in buildings,
bridges and trestles, cross-ties, poles,
mine props, fence posts, etc., are
sometimes seriously injured by wood-
boring larvæ, termites, black ants,







carpenter bees, and powder-post
beetles, and sometimes reduced in value
from 10 to 100 per cent. In tropical
countries termites are a very serious pest
in this respect.


MARINE WOOD-BORER
INJURIES


Vast amounts of timber used for piles in
wharves and other marine structures are
constantly being destroyed or seriously
injured by marine borers. Almost
invariably they are confined to salt
water, and all the woods commonly used
for piling are subject to their attacks.







There are two genera of mollusks,
Xylotrya and Teredo, and three of
crustaceans, Limnoria, Chelura, and
Sphoeroma, that do serious damage in
many places along both the Atlantic and
Pacific coasts.


These mollusks, which are popularly
known as "shipworms," are much alike
in structure and mode of life. They attack
the exposed surface of the wood and
immediately begin to bore. The tunnels,
often as large as a lead pencil, extend
usually in a longitudinal direction and
follow a very irregular, tangled course.
Hard woods are apparently penetrated
as readily as soft woods, though in the
same timber the softer parts are
preferred. The food consists of infusoria







and is not obtained from the wood
substance. The sole object of boring into
the wood is to obtain shelter.


Although shipworms can live in cold
water they thrive best and are most
destructive in warm water. The length of
time required to destroy an average
barked, unprotected pine pile on the
Atlantic coast south from Chesapeake
Bay and along the entire Pacific coast
varies from but one to three years.


Of the crustacean borers, Limnoria, or
the "wood louse," is the only one of
great importance, although Sphoeroma is
reported destructive in places. Limnoria
is about the size of a grain of rice and
tunnels into the wood for both food and







shelter. The galleries extend inward
radially, side by side, in countless
numbers, to the depth of about one-half
inch. The thin wood partitions remaining
are destroyed by wave action, so that a
fresh surface is exposed to attack. Both
hard and soft woods are damaged, but
the rate is faster in the soft woods or
softer portions of a wood.


Timbers seriously attacked by marine
borers are badly weakened or
completely destroyed. If the original
strength of the material is to be
preserved it is necessary to protect the
wood from the borers. This is sometimes
accomplished by proper injection of
creosote oil, and more or less
successfully by the use of various kinds







of external coatings.38 No treatment,
however, has proved entirely
satisfactory.


FUNGOUS INJURIES39


Fungi are responsible for almost all
decay of wood. So far as known, all
decay is produced by living organisms,
either fungi or bacteria. Some species
attack living trees, sometimes killing
them, or making them hollow, or in the
case of pecky cypress and incense cedar
filling the wood with galleries like those
of boring insects. A much larger variety
work only in felled or dead wood, even







after it is placed in buildings or
manufactured articles. In any case the
process of destruction is the same. The
mycelial threads penetrate the walls of
the cells in search of food, which they
find either in the cell contents (starches,
sugars, etc.), or in the cell wall itself.
The breaking down of the cell walls
through the chemical action of so-called
"enzymes" secreted by the fungi follows,
and the eventual product is a rotten,
moist substance crumbling readily under
the slightest pressure. Some species
remove the ligneous matter and leave
almost pure cellulose, which is white,
like cotton; others dissolve the cellulose,
leaving a brittle, dark brown mass of
ligno-cellulose. Fungi (such as the







bluing fungus) which merely stain wood
usually do not affect its mechanical
properties unless the attacks are
excessive.


It is evident, then, that the action of rot-
causing fungi is to decrease the strength
of wood, rendering it unsound, brittle,
and dangerous to use. The most
dangerous kinds are the so-called "dry-
rot" fungi which work in many kinds of
lumber after it is placed in the buildings.
They are particularly to be dreaded
because unseen, working as they do
within the walls or inside of casings.
Several serious wrecks of large
buildings have been attributed to this
cause. It is stated40 that in the three years







(1911-1913) more than $100,000 was
required to repair damage due to dry rot.


Dry rot develops best at 75°F. and is
said to be killed by a temperature of
110°F.41 Fully 70 per cent humidity is
necessary in the air in which a timber is
surrounded for the growth of this fungus,
and probably the wood must be quite
near its fibre saturation condition.
Nevertheless Merulius lacrymans (one
of the most important species) has been
found to live four years and eight months
in a dry condition.42 Thorough kiln-
drying will kill this fungus, but will not
prevent its redevelopment. Antiseptic
treatment, such as creosoting, is the best
prevention.







All fungi require moisture and air43 for
their growth. Deprived of either of these
the fungus dies or ceases to develop.
Just what degree of moisture in wood is
necessary for the "dry-rot" fungus has
not been determined, but it is evidently
considerably above that of thoroughly
air-dry timber, probably more than 15
per cent moisture. Hence the importance
of free circulation of air about all
timbers in a building.


Warmth is also conducive to the growth
of fungi, the most favorable temperature
being about 90°F. They cannot grow in
extreme cold, although no degree of cold
such as occurs naturally will kill them.
On the other hand, high temperature will







kill them, but the spores may survive
even the boiling temperature. Mould
fungus has been observed to develop
rapidly at 130°F. in a dry kiln in moist
air, a condition under which an animal
cannot live more than a few minutes.
This fungus was killed, however, at
about 140° or 145°F.44


The fungus (Endothia parasitica And.)
which causes the chestnut blight kills the
trees by girdling them and has no direct
effect upon the wood save possibly the
four or five growth rings of the
sapwood.45


PARASITIC PLANT







INJURIES.46


The most common of the higher parasitic
plants damaging timber trees are
mistletoes. Many species of deciduous
trees are attacked by the common
mistletoe (Phoradendron flavescens). It
is very prevalent in the South and
Southwest and when present in sufficient
quantity does considerable damage.
There is also a considerable number of
smaller mistletoes belonging to the genus
Razoumofskya (Arceuthobium) which
are widely distributed throughout the
country, and several of them are common
on coniferous trees in the Rocky
Mountains and along the Pacific coast.







One effect of the common mistletoe is
the formation of large swellings or
tumors. Often the entire tree may become
stunted or distorted. The western
mistletoe is most common on the
branches, where it produces "witches'
broom." It frequently attacks the trunk as
well, and boards cut from such trees are
filled with long, radial holes which
seriously damage or destroy the value of
the timber affected.


v


LOCALITY OF GROWTH


The data available regarding the effect







of the locality of growth upon the
properties of wood are not sufficient to
warrant definite conclusions. The
subject has, however, been kept in mind
in many of the U.S. Forest Service
timber tests and the following quotations
are assembled from various reports:


"In both the Cuban and longleaf pine the
locality where grown appears to have
but little influence on weight or strength,
and there is no reason to believe that the
longleaf pine from one State is better
than that from any other, since such
variations as are claimed can be found
on any 40-acre lot of timber in any State.
But with loblolly and still more with
shortleaf this seems not to be the case.
Being widely distributed over many







localities different in soil and climate,
the growth of the shortleaf pine seems
materially influenced by location. The
wood from the southern coast and gulf
region and even Arkansas is generally
heavier than the wood from localities
farther north. Very light and fine-grained
wood is seldom met near the southern
limit of the range, while it is almost the
rule in Missouri, where forms
resembling the Norway pine are by no
means rare. The loblolly, occupying both
wet and dry soils, varies accordingly."
Cir. No. 12, p. 6.


" ... It is clear that as all localities have
their heavy and their light timber, so they
all share in strong and weak, hard and
soft material, and the difference in







quality of material is evidently far more
a matter of individual variation than of
soil or climate." Ibid., p.22


"A representative committee of the
Carriage Builders' Association had
publicly declared that this important
industry could not depend upon the
supplies of southern timber, as the oak
grown in the South lacked the necessary
qualities demanded in carriage
construction. Without experiment this
statement could be little better than a
guess, and was doubly unwarranted,
since it condemned an enormous amount
of material, and one produced under a
great variety of conditions and by at
least a dozen species of trees, involving,
therefore, a complexity of problems







difficult enough for the careful
investigator, and entirely beyond the few
unsystematic observations of the
members of a committee on a flying trip
through one of the greatest timber
regions of the world.


"A number of samples were at once
collected (part of them supplied by the
carriage builders' committee), and the
fallacy of the broad statement mentioned
was fully demonstrated by a short series
of tests and a more extensive study into
structure and weight of these materials.
From these tests it appears that pieces of
white oak from Arkansas excelled well-
selected pieces from Connecticut, both
in stiffness and endwise compression
(the two most important forms of







resistance)." Report upon the forestry
investigations of the U.S.D.A. 1877-
1898, p. 331. See also Rep. of Div. of
For., 1890, p. 209.


"In some regions there are many small,
stunted hickories, which most users will
not touch. They have narrow sap, are
likely to be birdpecked, and show very
slow growth. Yet five of these trees from
a steep, dry south slope in West Virginia
had an average strength fully equal to
that of the pignut from the better
situation, and were superior in
toughness, the work to maximum load
being 36.8 as against 31.2 for pignut.
The trees had about twice as many rings
per inch as others from better situations.







"This, however, is not very significant,
as trees of the same species, age, and
size, growing side by side under the
same conditions of soil and situation,
show great variation in their technical
value. It is hard to account for this
difference, but it seems that trees
growing in wet or moist situations are
rather inferior to those growing on
fresher soil; also, it is claimed by many
hickory users that the wood from
limestone soils is superior to that from
sandy soils.


"One of the moot questions among
hickory men is the relative value of
northern and southern hickory. The
impression prevails that southern
hickory is more porous and brash than







hickory from the north. The tests ...
indicate that southern hickory is as tough
and strong as northern hickory of the
same age. But the southern hickories
have a greater tendency to be shaky, and
this results in much waste. In trees from
southern river bottoms the loss through
shakes and grub-holes in many cases
amounts to as much as 50 per cent.


"It is clear, therefore, that the difference
in northern and southern hickory is not
due to geographic location, but rather to
the character of timber that is being cut.
Nearly all of that from southern river
bottoms and from the Cumberland
Mountains is from large, old-growth
trees; that from the north is from younger
trees which are grown under more







favorable conditions, and it is due
simply to the greater age of the southern
trees that hickory from that region is
lighter and more brash than that from the
north." Bul. 80, pp. 52-55.


SEASON OF CUTTING


It is generally believed that winter-
felled timber has decided advantages
over that cut at other seasons of the year,
and to that cause alone are frequently
ascribed much greater durability, less
liability to check and split, better color,
and even increased strength and
toughness. The conclusion from the







various experiments made on the subject
is that while the time of felling may, and
often does, affect the properties of
wood, such result is due to the weather
conditions rather than to the condition of
the wood.


There are two phases of this question.
One is concerned with the physiological
changes which might take place during
the year in the wood of a living tree. The
other deals with the purely physical
results due to the weather, as differences
in temperature, humidity, moisture, and
other features to be mentioned later.


Those who adhere to the first view
maintain that wood cut in summer is
quite different in composition from that







cut in winter. One opinion is that in
summer the "sap is up," while in winter
it is "down," consequently winter-felled
timber is drier. A variation of this belief
is that in summer the sap contains certain
chemicals which affect the properties of
wood and does not contain them in
winter. Again it is sometimes asserted
that wood is actually denser in winter
than in summer, as part of the wood
substance is dissolved out in the spring
and used for plant food, being restored
in the fall.


It is obvious that such views could apply
only to sapwood, since it alone is in
living condition at the time of cutting.
Heartwood is dead wood and has almost
no function in the existence of the tree







other than the purely mechanical one of
support. Heartwood does undergo
changes, but they are gradual and almost
entirely independent of the seasons.


Sapwood might reasonably be expected
to respond to seasonal changes, and to
some extent it does. Just beneath the bark
there is a thin layer of cells which during
the growing season have not attained
their greatest density. With the exception
of this one annual ring, or portion of one,
the density of the wood substance of the
sapwood is nearly the same the year
round. Slight variations may occur due
to impregnation with sugar and starch in
the winter and its dissolution in the
growing season. The time of cutting can
have no material effect on the inherent







strength and other mechanical properties
of wood except in the outermost annual
ring of growth.


The popular belief that sap is up in the
spring and summer and is down in the
winter has not been substantiated by
experiment. There are seasonal
differences in the composition of sap,
but so far as the amount of sap in a tree
is concerned there is fully as much, if not
more, during the winter than in summer.
Winter-cut wood is not drier, to begin
with, than summer-felled—in reality, it
is likely to be wetter.47


The important consideration in regard to
this question is the series of
circumstances attending the handling of







the timber after it is felled. Wood dries
more rapidly in summer than in winter,
not because there is less moisture at one
time than another, but because of the
higher temperature in summer. This
greater heat is often accompanied by
low humidity, and conditions are
favorable for the rapid removal of
moisture from the exposed portions of
wood. Wood dries by evaporation, and
other things being equal, this will
proceed much faster in hot weather than
in cold.


It is a matter of common observation that
when wood dries it shrinks, and if
shrinkage is not uniform in all directions
the material pulls apart, causing season
checks. (See Fig. 27.) If evaporation







proceeds more rapidly on the outside
than inside, the greater shrinkage of the
outer portions is bound to result in many
checks, the number and size increasing
with the degree of inequality of drying.


In cold weather, drying proceeds slowly
but uniformly, thus allowing the wood
elements to adjust themselves with the
least amount of rupturing. In summer,
drying proceeds rapidly and irregularly,
so that material seasoned at that time is
more likely to split and check.


There is less danger of sap rot when
trees are felled in winter because the
fungus does not grow in the very cold
weather, and the lumber has a chance to
season to below the danger point before







the fungus gets a chance to attack it. If
the logs in each case could be cut into
lumber immediately after felling and
given exactly the same treatment, for
example, kiln-dried, no difference due to
the season of cutting would be noted.


WATER CONTENT48


Water occurs in living wood in three
conditions, namely: (1) in the cell walls,
(2) in the protoplasmic contents of the
cells, and (3) as free water in the cell
cavities and spaces. In heartwood it
occurs only in the first and last forms.
Wood that is thoroughly air-dried retains







from 8 to 16 per cent of water in the cell
walls, and none, or practically none, in
the other forms. Even oven-dried wood
retains a small percentage of moisture,
but for all except chemical purposes,
may be considered absolutely dry.


The general effect of the water content
upon the wood substance is to render it
softer and more pliable. A similar effect
of common observation is in the
softening action of water on rawhide,
paper, or cloth. Within certain limits the
greater the water content the greater its
softening effect.


Drying produces a decided increase in
the strength of wood, particularly in
small specimens. An extreme example is







the case of a completely dry spruce
block two inches in section, which will
sustain a permanent load four times as
great as that which a green block of the
same size will support.


The greatest increase due to drying is in
the ultimate crushing strength, and
strength at elastic limit in endwise
compression; these are followed by the
modulus of rupture, and stress at elastic
limit in cross-bending, while the
modulus of elasticity is least affected.
These ratios are shown in Table XV, but
it is to be noted that they apply only to
wood in a much drier condition than is
used in practice. For air-dry wood the
ratios are considerably lower,
particularly in the case of the ultimate







strength and the elastic limit. Stiffness
(within the elastic limit), while
following a similar law, is less affected.
In the case of shear parallel to the grain,
the general effect of drying is to increase
the strength, but this is often offset by
small splits and checks caused by
shrinkage.







TABLE XV
EFFECT OF DRYING ON THE


MECHANICAL PROPERTIES OF
WOOD, SHOWN IN RATIO OF


INCREASE DUE TO REDUCING
MOISTURE CONTENT FROM THE
GREEN CONDITION TO KILN-DRY


(3.5 PER CENT)
(Forest Service Bul. 70, p. 89)


KIND OF
STRENGTH


Longleaf
pine Spruce Chestnut


(1) (2) (1) (2) (1)
Crushing
strength







parallel to
grain


2.89 2.60 3.71 3.41 2.83


Elastic limit
in
compression
parallel to
grain


2.60 2.34 3.80 3.49 2.40


Modulus of
rupture in
bending


2.50 2.20 2.81 2.50 2.09


Stress at
elastic limit
in bending


2.90 2.55 2.90 2.58 2.30


Crushing
strength at
right angles 2.58 2.48







to grain
Shearing
strength
parallel to
grain


2.01 1.91 2.03 1.95 1.55


Modulus of
elasticity in
compression
parallel to
grain


1.63 1.47 2.26 2.08 1.43


Modulus of
elasticity in
bending


1.59 1.35 1.43 1.23 1.44


NOTE.—The figures in the first column
show the relative increase in strength
between a green specimen and a kiln-dry
specimen of equal size. The figures in the







second column show the relative increase of
strength of the same block after being dried
from a green condition to 3.5 per cent
moisture, correction having been made for
shrinkage. That is, in the first column the
strength values per actual unit of area are
used; in the second the values per unit of
area of green wood which shrinks to smaller
size when dried. See also Cir. 108, Fig. 1, p.
8.


The moisture content has a decided
bearing also upon the manner in which
wood fails. In compression tests on very
dry specimens the entire piece splits
suddenly into pieces before any buckling
takes place (see Fig. 9.), while with wet







material the block gives way gradually,
due to the buckling or bending of the
walls of the fibres along one or more
shearing planes. (See Fig. 14.) In
bending tests on wet beams, first failure
occurs by compression on top of the
beam, gradually extending downward
toward the neutral axis. Finally the beam
ruptures at the bottom. In the case of
very dry beams the failure is usually by
splitting or tension on the under side
(see Fig. 17.), without compression on
the upper, and is often sudden and
without warning, and even while the
load is still increasing. The effect varies
somewhat with different species,
chestnut, for example, becoming more
brittle upon drying than do ash, hemlock,







and longleaf pine. The tensile strength of
wood is least affected by drying, as a
rule.


In drying wood no increase in strength
results until the free water is evaporated
and the cell walls begin to dry49. This
critical point has been called the fibre-
saturation point. (See Fig. 24.)
Conversely, after the cell walls are
saturated with water, any increase in the
amount of water absorbed merely fills
the cavities and intercellular spaces, and
has no effect on the mechanical
properties. Hence, soaking green wood
does not lessen its strength unless the
water is heated, whereupon a decided
weakening results.











Figure 24


Relation of the
moisture content to
the various strength
values of spruce.
FSP = fibre-
saturation point.


The strengthening effects of drying,
while very marked in the case of small
pieces, may be fully offset in structural
timbers by inherent weakening effects
due to the splitting apart of the wood
elements as a result of irregular
shrinkage, and in some cases also to the
slitting of the cell walls (see Fig. 25).
Consequently with large timbers in







commercial use it is unsafe to count
upon any greater strength, even after
seasoning, than that of the green or fresh
condition.







Figure 25







Cross section of
the wood of
western larch
showing fissures in
the thick-walled
cells of the late
wood. Highly
magnified. Photo
by U. S. Forest
Service.


In green wood the cells are all intimately
joined together and are at their natural or
normal size when saturated with water.
The cell walls may be considered as
made up of little particles with water
between them. When wood is dried the
films of water between the particles







become thinner and thinner until almost
entirely gone. As a result the cell walls
grow thinner with loss of moisture,—in
other words, the cell shrinks.


It is at once evident that if drying does
not take place uniformly throughout an
entire piece of timber, the shrinkage as a
whole cannot be uniform. The process of
drying is from the outside inward, and if
the loss of moisture at the surface is met
by a steady capillary current of water
from the inside, the shrinkage, so far as
the degree of moisture affected it, would
be uniform. In the best type of dry kilns
this condition is approximated by first
heating the wood thoroughly in a moist
atmosphere before allowing drying to
begin.







In air-seasoning and in ordinary dry
kilns this condition too often is not
attained, and the result is that a dry shell
is formed which encloses a moist
interior. (See Fig. 26.) Subsequent
drying out of the inner portion is
rendered more difficult by this "case-
hardened" condition. As the outer part
dries it is prevented from shrinking by
the wet interior, which is still at its
greatest volume. This outer portion must
either check open or the fibres become
strained in tension. If this outer shell
dries while the fibres are thus strained
they become "set" in this condition, and
are no longer in tension. Later when the
inner part dries, it tends to shrink away
from the hardened outer shell, so that the







inner fibres are now strained in tension
and the outer fibres are in compression.
If the stress exceeds the cohesion,
numerous cracks open up, producing a
"honey-combed" condition, or "hollow-
horning," as it is called. If such a case-
hardened stick of wood be resawed, the
two halves will cup from the internal
tension and external compression, with
the concave surface inward.


Figure 26


Progress of drying
throughout the







length of a chestnut
beam, the black
spots indicating the
presence of free
water in the wood.
The first section at
the left was cut
one-fourth inch
from the end, the
next one-half inch,
the next one inch,
and all the others
one inch apart. The
illustration shows
case-hardening
very clearly. Photo
by U. S. Forest
Service.







For a given surface area the loss of
water from wood is always greater from
the ends than from the sides, due to the
fact that the vessels and other water-
carriers are cut across, allowing ready
entrance of drying air and outlet for the
water vapor. Water does not flow out of
boards and timbers of its own accord,
but must be evaporated, though it may be
forced out of very sappy specimens by
heat. In drying a log or pole with the
bark on, most of the water must be
evaporated through the ends, but in the
case of peeled timbers and sawn boards
the loss is greatest from the surface
because the area exposed is so much
greater.


The more rapid drying of the ends







causes local shrinkage, and were the
material sufficiently plastic the ends
would become bluntly tapering. The
rigidity of the wood substance prevents
this and the fibres are split apart. Later,
as the remainder of the stick dries many
of the checks will come together, though
some of the largest will remain and even
increase in size as the drying proceeds.
(See Fig. 27.)







Figure 27


Excessive season
checking. Photo by







U.S. Forest
Service.


A wood cell shrinks very little
lengthwise. A dry wood cell is,
therefore, practically of the same length
as it was in a green or saturated
condition, but is smaller in cross
section, has thinner walls, and a larger
cavity. It is at once evident that this fact
makes shrinkage more irregular, for
wherever cells cross each other at a
decided angle they will tend to pull
apart upon drying. This occurs wherever
pith rays and wood fibres meet. A
considerable portion of every wood is
made up of these rays, which for the
most part have their cells lying in a







radial direction instead of longitudinally.
(See Frontispiece.) In pine, over 15,000
of these occur on a square inch of a
tangential section, and even in oak the
very large rays which are readily visible
to the eye as flakes on quarter-sawed
material represent scarcely one per cent
of the number which the microscope
reveals.


A pith ray shrinks in height and width,
that is, vertically and tangentially as
applied to the position in a standing tree,
but very little in length or radially. The
other elements of the wood shrink
radially and tangentially, but almost none
lengthwise or vertically as applied to the
tree. Here, then, we find the shrinkage of
the rays tending to shorten a stick of







wood, while the other cells resist it, and
the tendency of a stick to get smaller in
circumference is resisted by the endwise
reaction or thrust of the rays. Only in a
tangential direction, or around the stick
in direction of the annual rings of
growth, do the two forces coincide.
Another factor to the same end is that the
denser bands of late wood are
continuous in a tangential direction,
while radially they are separated by
alternate zones of less dense early
wood. Consequently the shrinkage along
the rings (tangential) is fully twice as
much as toward the centre (radial). (See
Table XIV.) This explains why some
cracks open more and more as drying
advances. (See Fig. 27.)







Although actual shrinkage in length is
small, nevertheless the tendency of the
rays to shorten a stick produces strains
which are responsible for some of the
splitting open of ties, posts, and sawed
timbers with box heart. At the very
centre of a tree the wood is light and
weak, while farther out it becomes
denser and stronger. Longitudinal
shrinkage is accordingly least at the
centre and greater toward the outside,
tending to become greatest in the
sapwood. When a round or a box-heart
timber dries fast it splits radially, and as
drying continues the cleft widens partly
on account of the greater tangential
shrinkage and also because the greater
contraction of the outer fibres warps the







sections apart. If a small hardwood stem
is split while green for a short distance
at the end and placed where it can dry
out rapidly, the sections will become
bow-shaped with the concave sides out.
These various facts, taken together,
explain why, for example, an oak tie,
pole, or log may split open its entire
length if drying proceeds rapidly and far
enough. Initial stresses in the living trees
produce a similar effect when the log is
sawn into boards. This is especially so
in Eucalyptus globulus and to a less
extent with any rapidly grown wood.


The use of S-shaped thin steel clamps to
prevent large checks and splits is now a
common practice in this country with
crossties and poles as it has been for a







long time in European countries. These
devices are driven into the butts of the
timbers so as to cross incipient checks
and prevent their widening. In place of
the regular S-hook another of crimped
iron has been devised. (See Fig. 28.)
Thin straps of iron with one tapered
edge are run between intermeshing cogs
and crimped, after which they may be cut
off any length desired. The time for
driving S-irons of either form is when
the cracks first appear.







Figure 28


Control of season
checking by the use
of S-irons. Photo
by U. S. Forest
Service.


The tendency of logs to split emphasizes
the importance of converting them into







planks or timbers while in a green
condition. Otherwise the presence of
large checks may render much lumber
worthless which might have been cut out
in good condition. The loss would not be
so great if logs were perfectly straight-
grained, but this is seldom the case, most
trees growing more or less spirally or
irregularly. Large pieces crack more
than smaller ones, quartered lumber less
than that sawed through and through, thin
pieces, especially veneers, less than
thicker boards.


In order to prevent cracks at the ends of
boards, small straps of wood may be
nailed on them or they may be painted.
This method is usually considered too
expensive, except in the case of valuable







material. Squares used for shuttles,
furniture, gun-stocks, and tool handles
should always be protected at the ends.
One of the best means is to dip them into
melted paraffine, which seals the ends
and prevents loss of moisture there.
Another method is to glue paper on the
ends. In some cases abroad paper is
glued on to all the surfaces of valuable
exotic balks. Other substances
sometimes employed for the purpose of
sealing the wood are grease,
carbolineum, wax, clay, petroleum,
linseed oil, tar, and soluble glass. In
place of solid beams, built-up material
is often preferable, as the disastrous
results of season checks are thereby
largely overcome or minimized.







TEMPERATURE


The effect of temperature on wood
depends very largely upon the moisture
content of the wood and the surrounding
medium. If absolutely dry wood is
heated in absolutely dry air the wood
expands. The extent of this expansion is
denoted by a coefficient corresponding
to the increase in length or other
dimensions for each degree rise in
temperature divided by the original
length or other dimension of the
specimen. The coefficient of linear
expansion of oak has been found to be
.00000492; radial expansion, .0000544,
or about eleven times the longitudinal.
Spruce expands less than oak, the ratio







of radial to longitudinal expansion being
about six to one. Metals and glass
expand equally in all directions, since
they are homogeneous substances, while
wood is a complicated structure. The
coefficient of expansion of iron is
.0000285, or nearly six times the
coefficient of linear expansion of oak
and seven times that of spruce50.


Under ordinary conditions wood
contains more or less moisture, so that
the application of heat has a drying
effect which is accompanied by
shrinkage. This shrinkage completely
obscures the expansion due to the
heating.


Experiments made at the Yale Forest







School revealed the effect of
temperature on the crushing strength of
wet wood. In the case of wet chestnut
wood the strength decreases 0.42 per
cent for each degree the water is heated
above 60° F.; in the case of spruce the
decrease is 0.32 per cent.


The effects of high temperature on wet
wood are very marked. Boiling
produces a condition of great pliability,
especially in the case of hardwoods. If
wood in this condition is bent and
allowed to dry, it rigidly retains the
shape of the bend, though its strength
may be somewhat reduced. Except in the
case of very dry wood the effect of cold
is to increase the strength and stiffness of
wood. The freezing of any free water in







the pores of the wood will augment these
conditions.


The effect of steaming upon the strength
of cross-ties was investigated by the
U.S. Forest Service in 1904. The
conclusions were summarized as
follows:


"(1) The steam at pressure up to 40
pounds applied for 4 hours, or at a
pressure of 20 pounds up to 20 hours,
increases the weight of ties. At 40
pounds' pressure applied for 4 hours and
at 20 pounds for 5 hours the wood began
to be scorched.


"(2) The steamed and saturated wood,
when tested immediately after treatment,







exhibited weaknesses in proportion to
the pressure and duration of steaming.
(See Table XVI.) If allowed to air-dry
subsequently the specimens regained the
greater part of their strength, provided
the pressure and duration had not
exceeded those cited under (1).
Subsequent immersion in water of the
steamed wood and dried specimens
showed that they were weaker than
natural wood similarly dried and
resoaked."51


TABLE XVI
EFFECT OF STEAMING ON THE STRENGTH OF GREEN LOBLOLLY PINE


(Forest Service, Cir. 39)







Treatment


Cylinder conditions
Steaming


Period Pressure Temperature


Hrs. Lbs. per
sq. inch °F.


Steam, at
pressures
various


4 230[a]
4 10 238
4 20 253
4 30 269
4 40 283







4 50 292
4 100 337


Steam, for
various
periods


1 20 257
2 20 267
3 20 260
4 20 253
5 20 253
6 20 242


10 20 255
20 20 258


[Footnote a: It will be noted that the temperature was 230°. This is the maximum
temperature by the maximum-temperature recording thermometer, and is due to the
handling of the exhaust valve. The average temperature was that of exhaust steam.]







"(3) A high degree of steaming is
injurious to wood in strength and spike-
holding power. The degree of steaming
at which pronounced harm results will
depend upon the quality of the wood and
its degree of seasoning, and upon the
pressure (temperature) of steam and the
duration of its application. For loblolly
pine the limit of safety is certainly 30
pounds for 4 hours, or 20 pounds for 6
hours."52


Experiments made at the Yale Forest
School showed that steaming above 30
pounds' gauge pressure reduces the
strength of wood permanently while wet
from 25 to 75 per cent.







PRESERVATIVES


The exact effects of chemical
impregnation upon the mechanical
properties of wood have not been fully
determined, though they have been the
subject of considerable investigation.53


More depends upon the method of
treatment than upon the preservatives
used. Thus preliminary steaming at too
high pressure or for too long a period
will materially weaken the wood, (See
Tempurature, supra.)


The presence of zinc chloride does not
weaken wood under static loading,
although the indications are that the
wood becomes brittle under impact. If







the solution is too strong it will
decompose the wood.


Soaking in creosote oil causes wood to
swell, and accordingly decreases the
strength to some extent, but not nearly so
much so as soaking in water.54


Soaking in kerosene seems to have no
significant weakening effect.55











PART III
TIMBER TESTING56


WORKING PLAN


Preliminary to making a series of timber
tests it is very important that a working
plan be prepared as a guide to the
investigation. This should embrace: (1)
the purpose of the tests; (2) kind, size,
condition, and amount of material
needed; (3) full description of the system
of marking the pieces; (4) details of any







special apparatus and methods
employed; (5) proposed method of
analyzing the data obtained and the
nature of the final report. Great care
should be taken in the preparation of this
plan in order that all problems arising
may be anticipated so far as possible
and delays and unnecessary work
avoided. A comprehensive study of
previous investigations along the same
or related lines should prove very
helpful in outlining the work and
preparing the report. (For sample
working plan see Appendix.)


FORMS OF MATERIAL







TESTED


In general, four forms of material are
tested, namely: (1) large timbers, such as
bridge stringers, car sills, large beams,
and other pieces five feet or more in
length, of actual sizes and grades in
common use; (2) built-up structural
forms and fastenings, such as built-up
beams, trusses, and various kind of
joints; (3) small clear pieces, such as
are used in compression, shear,
cleavage, and small cross-breaking tests;
(4) manufactured articles, such as axles,
spokes, shafts, wagon-tongues, cross-
arms, insulator pins, barrels, and
packing boxes.







As the moisture content is of
fundamental importance (see Water
Content, pages 75-84.), all standard tests
are usually made in the green condition.
Another series is also usually run in an
air-dry condition of about 12 per cent
moisture. In all cases the moisture is
very carefully determined and stated
with the results in the tables.


SIZE OF TEST
SPECIMENS


The size of the test specimen must be
governed largely by the purpose for
which the test is made. If the effect of a







single factor, such as moisture, is the
object of experiment, it is necessary to
use small pieces of wood in order to
eliminate so far as possible all
disturbing factors. If the specimens are
too large, it is impossible to secure
enough perfect pieces from one tree to
form a series for various tests.
Moreover, the drying process with large
timbers is very difficult and irregular,
and requires a long period of time,
besides causing checks and internal
stresses which may obscure the results
obtained.


On the other hand, the smaller the
dimensions of the test specimen the
greater becomes the relative effect of the
inherent factors affecting the mechanical







properties. For example, the effect of a
knot of given size is more serious in a
small stick than in a large one.
Moreover, the smaller the specimen the
fewer growth rings it contains, hence
there is greater opportunity for variation
due to irregularities of grain.


Tests on large timbers are considered
necessary to furnish designers data on
the probable strength of the different
sizes and grades of timber on the market;
their coefficients of elasticity under
bending (since the stiffness rather than
the strength often determines the size of a
beam); and the manner of failure,
whether in bending fibre stress or
horizontal shear. It is believed that this
information can only be obtained by







direct tests on the different grades of car
sills, stringers, and other material in
common use.


When small pieces are selected for test
they very often are clear and straight-
grained, and thus of so much better grade
than the large sticks that tests upon them
may not yield unit values applicable to
the larger sizes. Extensive experiments
show, however, (1) that the modulus of
elasticity is approximately the same for
large timbers as for small clear
specimens cut from them, and (2) that the
fibre stress at elastic limit for large
beams is, except in the weakest timbers,
practically equal to the crushing strength
of small clear pieces of the same







material.57


MOISTURE
DETERMINATION


In order for tests to be comparable, it is
necessary to know the moisture content
of the specimens at the zone of failure.
This is determined from disks an inch
thick cut from the timber immediately
after testing.


In cases, as in large beams, where it is
desirable to know not only the average
moisture content but also its distribution
through the timber, the disks are cut up







so as to obtain an outside, a middle, and
an inner portion, of approximately equal
areas. Thus in a section 10" × 12" the
outer strip would be one inch wide, and
the second one a little more than an inch
and a quarter. Moisture determinations
are made for each of the three portions
separately.


The procedure is as follows:


(1) Immediately after sawing, loose
splinters are removed and each section
is weighed.


(2) The material is put into a drying
oven at 100° C. (212° F.) and dried until
the variation in weight for a period of
twenty-four hours is less than 0.5 per







cent.


(3) The disk is again carefully weighed.


(4) The loss in weight expressed in per
cent of the dry weight indicates the
moisture content of the specimen from
which the specimen was cut.


MACHINE FOR STATIC
TESTS


The standard screw machines used for
metal tests are also used for wood, but
in the case of wood tests the readings
must be taken "on the fly," and the
machine operated at a uniform speed







without interruption from beginning to
end of the test. This is on account of the
time factor in the strength of wood. (See
Speed of Testing Machine, page 92.)


The standard machines for static tests
can be used for transverse bending,
compression, tension, shear, and
cleavage. A common form consists of
three main parts, namely: (1) the
straining mechanism, (2) the weighing
apparatus, and (3) the machinery for
communicating motion to the screws.


The straining mechanism consists of two
parts, one of which is a movable
crosshead operated by four (sometimes
two or three) upright steel straining
screws which pass through openings in







the platform and bear upward on the bed
of the machine upon which the weighing
platform rests as a fulcrum. At the lower
ends of these screws are geared nuts all
rotated simultaneously by a system of
gears which cause the movable
crosshead to rise and fall as desired.


The stationary part of the straining
mechanism, which is used only for
tension and cleavage tests, consists of a
steel cage above the movable crosshead
and rests directly upon the weighing
platform. The top of the cage contains a
square hole into which one end of the
test specimen may be clamped, the
crosshead containing a similar clamp for
the other end, in making tension tests.







For testing long beams a special form of
machine with an extended platform is
used. (See Fig. 29.)


The weighing platform rests upon knife
edges carried by primary levers of the
weighing apparatus, the fulcrum being on
the bed of the machine, and any pressure
upon it is directly transmitted through a
series of levers to the weighing beam.
This beam is adjusted by means of a
poise running on a screw. In operation
the beam is kept floating by means of
another poise moved back and forth by a
screw which is operated by a hand
wheel or automatically. The larger units
of stress are read from the graduations
along the side of the beam, while the
intermediate smaller weights are







observed on the dial on the rear end of
the beam.


The machine is driven by power from a
shaft or a motor and is so geared that
various speeds are obtainable. One man
can operate it.


In making tests the operation of the
straining screws is always downward so
as to bring pressure to bear upon the
weighing platform. For tests in tension
and cleavage the specimen is placed
between the top of the stationary cage
and the movable head and subjected to a
pull. For tests in transverse bending,
compression, and cleavage the specimen
is placed between the movable head and
the platform, and a direct compression







force applied.


Testing machines are usually calibrated
to a portion of their capacity before
leaving the factory. The delicacy of the
weighing levers is verified by
determining the number of pounds
necessary to move the beam between the
stops while a load of 1,000 pounds rests
on the platform. The usual requirement is
that ten pounds should accomplish this
movement.


The size of machine suitable for
compression tests on 2" × 2" sticks or
for 2" × 2" beams with 26 to 36-inch
span has a capacity of 30,000 pounds.







SPEED OF TESTING
MACHINE


In instructions for making static tests the
rate of application of the stress, i.e., the
speed of the machine, is given because
the strength of wood varies with the
speed at which the fibres are strained.
The speed of the crosshead of the testing
machine is practically never constant,
due to mechanical defects of the
apparatus and variations in the speed of
the motor, but so long as it does not
exceed 25 per cent the results will not
be appreciably affected. In fact, a change
in speed of 50 per cent will not cause
the strength of the wood to vary more







than 2 per cent.58


Following are the formulæ used in
determining the speed of the movable
head of the machine in inches per minute
(n):


(1) For endwise
compression n = Z l


Z l2


(2)
For beams
(centre
loading)


n = ------


6h
Z l2


For beams







(3) (third-point
loading)


n = ------


5.4 h


Z =
rate of fibre strain
per inch of fibre
length.


l =


span of beam or
length of
compression
specimen.


h = height of beam.


The values commonly used for Z are as
follows:


Bending large beams Z = 0.0007







Bending small beams Z = 0.0015
Endwise compression-large
specimens Z = 0.0015


Endwise compression-small
specimens Z = 0.003


Right-angled compression-
large specimens Z = 0.007


Right-angled compression-
small specimens Z = 0.015


Shearing parallel to the
grain Z = 0.015


Example: At what speed should the
crosshead move to give the required rate
of fibre strain in testing a small beam 2"
× 2" × 30". (Span = 28".) Substituting







these values in equation (2) above:


(0.0015 × 282)


n = ----------------
- = 0.1 inch per


minute.
(6 × 2)


In order that tests may be intelligently
compared, it is important that account be
taken of the speed at which the stress
was applied. In determining the basis for
a ratio between time and strength the rate
of strain, which is controllable, and not
the ratio of stress, which is
circumstantial, should be used. In other
words, the rate at which the movable







head of the testing machine descends and
not the rate of increase in the load is to
be regulated. This ratio, to which the
name speed-strength modulus has been
given, may be expressed as a coefficient
which, if multiplied into any
proportional change in speed, will give
the proportional change in strength. This
ratio is derived from empirical curves.
(See Table XVII.)


SPEED-STRENGTH MODULI AND RELATIVE INCREASE IN STRENGTH AT RATES OF FIBRE STRAIN INCREASING IN GEOMETRICAL RATIO. (Tiemann, 


Rate of fibre strain.
Ten-thousandths inch per minute per inch







COMPRESSION


Speed of crosshead.
Inches per minute


Specimens
Relative crushing strength
Speed-strength modulus,


T


BENDING


Speed of crosshead.
Inches per minute


Specimens
Relative crushing strength
Speed-strength modulus,


T
NOTE.—The usual speeds of testing at the U.S. Forest Service laboratory are at rates of fibre strain of 15 and 10 ten-thousandths in. per min. per in. for compression and bending respectively.







BENDING LARGE BEAMS


Apparatus: A static bending machine
(described above), with a special
crosshead for third-point loading and a
long platform bearing knife-edge
supports, is required. (See Fig. 29.)







Figure 29


Static bending test
on large beam.
Note arrangement
of wire and scale
for measuring
deflection; also
method of applying
load at "third-
points."


Preparing the material: Standard sizes
and grades of beams and timbers in
common use are employed. The ends are
roughly squared and the specimen
weighed and measured, taking the cross-
sectional dimensions midway of the







length. Weights should be to the nearest
pound, lengths to the nearest 0.1 inch,
and cross-sectional dimensions to the
nearest 0.01 inch.


Marking and sketching: The butt end of
the beam is marked A and the top end B.
While facing A, the top side is marked a,
the right hand b, the bottom c, the left
hand d. Sketches are made of each side
and end, showing (1) size, location, and
condition of knots, checks, splits, and
other defects; (2) irregularities of grain;
(3) distribution of heartwood and
sapwood; and on the ends: (4) the
location of the pith and the arrangement
of the growth rings, (5) number of rings
per inch, and (6) the proportion of late
wood.







The number of rings per inch and the
proportion of late wood should always
be determined along a radius or a line
normal to the rings. The average number
of rings per inch is the total number of
rings divided by the length of the line
crossing them. The proportion of late
wood is equal to the sum of the widths
of the late wood crossed by the line,
divided by the length of the line. Rings
per inch should be to the nearest 0.1; late
wood to the nearest 0.1 per cent.


Since in large beams a great variation in
rate of growth and relative amount of
late wood is likely in different parts of
the section, it is advisable to consider
the cross section in three volumes,
namely, the upper and lower quarters







and the middle half. The determination
should be made upon each volume
separately, and the average for the entire
cross section obtained from these
results.


At the conclusion of the test the failure,
as it appears on each surface, is traced
on the sketches, with the failures
numbered in the order of their
occurrence. If the beam is subsequently
cut up and used for other tests an
additional sketch may be desirable to
show the location of each piece.


Adjusting specimen in machine: The
beam is placed in the machine with the
side marked a on top, and with the ends
projecting equally beyond the supports.







In order to prevent crushing of the fibre
at the points where the stress is applied
it is necessary to use bearing blocks of
maple or other hard wood with a convex
surface in contact with the beam. Roller
bearings should be placed between the
bearing blocks and the knife edges of the
crosshead to allow for the shortening
due to flexure. (See Fig. 29.) Third-point
loading is used, that is, the load is
applied at two points one-third the span
of the beam apart. (See Fig. 30.) This
affords a uniform bending moment
throughout the central third of the beam.







Figure 30


Two methods of
loading a beam,
namely, third-point
loading (upper),
and centre loading
(lower).







Measuring the deflection: The method
of measuring the deflection should be
such that any compression at the points
of support or at the application of the
load will not affect the reading. This
may be accomplished by driving a small
nail near each end of the beam, the exact
location being on the neutral plane and
vertically above each knife-edge
support. Between these nails a fine wire
is stretched free of the beam and kept
taut by means of a rubber band or coiled
spring on one end. Behind the wire at a
point on the beam midway between the
supports a steel scale graduated to
hundredths of an inch is fastened
vertically by means of thumb-tacks or







small screws passing through holes in it.
Attachment should be made on the
neutral plane.


The first reading is made when the scale
beam is balanced at zero load, and
afterward at regular increments of the
load which is applied continuously and
at a uniform speed. (See Speed of
Testing Machine, page 92.) If desired,
however, the load may be read at regular
increments of deflection. The deflection
readings should be to the nearest 0.01
inch. To avoid error due to parallax, the
readings may be taken by means of a
reading telescope about ten feet distant
and approximately on a level with the
wire. A mirror fastened to the scale will
increase the accuracy of the readings if







the telescope is not used. As in all tests
on timber, the strain must be continuous
to rupture, not intermittent, and readings
must be taken "on the fly." The weighing
beam is kept balanced after the yield
point is reached and the maximum load,
and at least one point beyond it, noted.


Log of the test: The proper log sheet for
this test consists of a piece of cross-
section paper with space at the margin
for notes. (See Fig. 32.) The load in
some convenient unit (1,000 to 10,000
pounds, depending upon the dimensions
of the specimen) is entered on the
ordinates, the deflection in tenths of an
inch on the abscissæ. The increments of
load should be chosen so as to furnish
about ten points on the stress-strain







diagram below the elastic limit.


As the readings of the wire on the scale
are made they are entered directly in
their proper place on the cross-section
paper. In many cases a test should be
continued until complete failure results.
The points where the various failures
occur are indicated on the stress-strain
diagram. A brief description of the
failure is made on the margin of the log
sheet, and the form traced on the
sketches.


Disposal of the specimen: Two one-inch
sections are cut from the region of
failure to be used in determining the
moisture content. (See Moisture
Determination, page 90.) A two-inch







section may be cut for subsequent
reference and identification, and
possible microscopic study. The
remainder of the beam may be cut into
small beams and compression pieces.


Calculating the results: The formulæ
used in calculating the results of tests on
large rectangular simple beams loaded
at third points of the span are as follows:







0.75 P
(1) J = --------


b h


l (P1 + 0.75 W)
(2) r = --------------------


b h2


l (P + 0.75 W)
(3) R = ----------------


b h2


P1l3


(4) E = ---------------







4.7 D b h 3


0.87 P 1 D
(5) S = --------------


2 V


b,
h,
l


= breadth, height, and span of
specimen, inches.


D = total deflection at elastic limit,
inches.


P = maximum load, pounds.
P1 = load at elastic limit, pounds.


E = modulus of elasticity, pounds
per square inch.
fibre stress at elastic limit,







r = pounds per sq. inch.


R = modulus of rupture, pounds per
square inch.


S =
elastic resilience or work to
elastic limit, inch-pounds per
cu. in.


J = greatest calculated longitudinal
shear, pounds per square inch.


V = volume of beam, cubic inches.
W = weight of the beam.


In large beams the weight should be
taken into account in calculating the fibre
stress. In (2) and (3) three-fourths of the
weight of the beam is added to the load
for this reason.







BENDING SMALL BEAMS


Apparatus: An ordinary static bending
machine, a steel I-beam bearing two
adjustable knife-edge supports to rest on
the platform, and a special
deflectometer, are required. (See Fig.
31.)







Figure 31


Static bending test
on small beam.
Note the use of the
deflectometer with
indicator and dial
for measuring the







deflection; also
roller bearings
between beam and
supports.


Preparing the material: The specimens
may be of any convenient size, though
beams 2" × 2" × 30" tested over a 28-
inch span, are considered best. The
beams are surfaced on all four sides,
care being taken that they are not
damaged by the rollers of the surfacing
machine. Material for these tests is
sometimes cut from large beams after
failure. The specimens are carefully
weighed in grams, and all dimensions
measured to the nearest 0.01 inch. If to
be tested in a green or fresh condition







the specimens should be kept in a damp
box or covered with moist sawdust until
needed. No defects should be allowed in
these specimens.


Marking and sketching: Sketches are
made of each end of the specimen to
show the character of the growth, and
after testing, the manner of failure is
shown for all four sides. In obtaining
data regarding the rate of growth and the
proportion of late wood the same
procedure is followed as with large
beams.


Adjusting specimen in machine: The
beam should be correctly centred in the
machine and each end should have a
plate with roller bearings between it and







the support. Centre loading is used.
Between the movable head of the
machine and the specimen is placed a
bearing block of maple or other hard
wood, the lower surface of which is
curved in a direction along the beam, the
curvature of which should be slightly
less than that of the beam at rupture, in
order to prevent the edges from crushing
into the fibres of the test piece.


Measuring the deflection: The method
of measuring deflection of large beams
can be used for small sizes, but because
of the shortness of the span and
consequent slight deformation in the
latter, it is hardly accurate enough for
good work. The special deflectometer
shown in Fig. 31 allows closer reading,







as it magnifies the deflection ten times. It
rests on two small nails driven in the
beam on the neutral plane and vertically
above the supports. The fine wire on the
wheel at the base of the indicator is
attached to another small nail driven in
the beam on the neutral plane midway
between the end nails. All three nails
should be in place before the beam is put
into the machine. The indicator is
adjustable by means of a thumb-screw at
the base and is set at zero before the
load is applied. Deflections are read to
the nearest 0.001 inch. For rate of
application of load see Speed of Testing
Machine, page 92. The speed should be
uniform from start to finish without
stopping. Readings must be made "on the







fly."


Log of the test: The log sheets used for
small beams (see Fig. 32) are the same
as for large sizes and the procedure is
practically identical. The stress-strain
diagram is continued to or beyond the
maximum load, and in a portion of the
tests should be continued to six-inch
deflection or until the specimen fails to
support a load of 200 pounds. Deflection
readings for equal increments of load
are taken until well beyond the elastic
limit, after which the scale beam is kept
balanced and the load read for each 0.1
inch deflection. The load and deflection
at first failure, the maximum load, and
any points of sudden change should be
shown on the diagram, even though they







do not occur at one of the regular points.
A brief description of the failure and the
nature of any defects is entered on the
log sheet.











Figure 32


Sample log sheet,
giving full details
of a transverse
bending test on a
small pine beam.


Calculating the results: The formulæ
used in calculating the results of tests on
small rectangular simple beams are as
follows:


0.75 P
(1) J = --------


b h







1.5 P1 l
(2) r = ------------


b h2


1.5 P l
(3) R = ---------


b h2


P1 l 3


(4) E = ------------
4 D b h3


P1 D
(5) S = ---------


2 V







The same legend is used as on page 98.
The weight of the beam itself is
disregarded.


ENDWISE COMPRESSION


Apparatus: An ordinary static testing
machine and a compressometer are
required. (See Fig. 33.)







Figure 33


Endwise
compression test,
showing method of
measuring the
deformation by







means of a
compressometer.


Preparing the material: Two classes of
specimens are commonly used, namely,
(1) posts 24 inches in length, and (2)
small clear blocks approximately 2" ×
2" × 8". The specimens are surfaced on
all four sides and both ends squared
smoothly and evenly. They are carefully
weighed, measured, rate of growth and
proportion of late wood determined, as
in bending tests. After the test a moisture
section is cut and weighed. Ordinarily
these specimens should be free from
defects.


Sketching: Sketches are made of each
end of the specimens to show the







character of the growth. After testing, the
manner of failure is shown for all four
sides, and the various parts of the failure
are numbered in the order of their
occurrence.


Adjusting specimen in machine: The
compressometer collars are adjusted, the
distance between them being 20 inches
for the posts and 6 inches for the blocks.
If the two ends of the blocks are not
exactly parallel a ball-and-socket block
can be placed between the upper end of
the specimen and the movable head of
the machine to overcome the irregularity.
If the blocks are true they can simply be
stood on end upon the platform and the
movable head allowed to press directly
upon the upper end.







Measuring the deformation: The
deformation is measured by a
compressometer. (See Fig. 33.) The
latter registers to 0.001 inch. In the case
of posts the compression between the
collars is communicated to the four
points on the arms by means of brass
rods; with short blocks, as in Fig. 33, the
points of the arms are in direct contact
with the collars. The operator lowers the
fulcrum of the apparatus by moving the
micrometer screws at such a rate that the
set-screw in the rear end of the upper
lever is kept barely touching the fixed
arm below it, being guided by a bell
operated by electric contact.


Log of the test: The load is applied
continuously at a uniform rate of speed.







(See Speed of Testing Maching, page
92.) Readings are taken from the scale of
the compressometer at regular
increments of either load or
compression. The stress-strain diagram
is continued to at least one deformation
point beyond the maximum load, and in
event of sudden failure, the direction of
the curve beyond the maximum point is
indicated. A brief description of the
failure is entered on the log sheet. (See
Fig. 34.)











Figure 34


Sample log sheet of
an endwise
compression test
on a short pine
column.


In short specimens the failure usually
occurs in one or several planes diagonal
to the axis of the specimen. If the ends
are more moist than the middle a
crushing may occur on the extreme ends
in a horizontal plane. Such a test is not
valid and should always be culled. If the
grain is diagonal or the stress is
unevenly applied a diagonal shear may
occur from top to bottom of the test







specimen. Such tests are also invalid
and should be culled. When the plane (or
several planes) of failure occurs through
the body of the specimen the test is
valid. It may sometimes be advantageous
to allow the extreme ends to dry slightly
before testing in order to bring the
planes of failure within the body. This is
a perfectly legitimate procedure
provided no drying is allowed from the
sides of the specimen, and the moisture
disk is cut from the region of failure.


Calculating the results: The formulæ
used in calculating the results of tests on
endwise compression are as follows:


P







(1) C = -----
A


P1


(2) c = -------
A


P1 l
(3) E = ---------


A D


P D
(4) S = -----


2 V







C = crushing strength, pounds per
square inch.


c = fibre strength at elastic limit,
pounds per square inch.


A = area of cross section, square
inches.


l = distance between centres of
collars, inches.


D = total shortening at elastic limit,
inches.


V = volume of specimen, cubic
inches.


Remainder of legend as on page 98.







COMPRESSION ACROSS
THE GRAIN


Apparatus: An ordinary static testing
machine, a bearing plate, and a
deflectometer are required. (See Fig.
35.)







Figure 35


Compression
across the grain.
Note method of
measuring the
deformation by
means of a
deflectomoter.


Preparing the material: Two classes of
specimens are used, namely, (1) sections
of commercial sizes of ties, beams, and
other timbers, and (2) small, clear
specimens with the length several times
the width. Sometimes small cubes are
tested, but the results are hardly
applicable to conditions in practice. In







(2) the sides are surfaced and the ends
squared. The specimens are then
carefully measured and weighed, defects
noted, rate of growth and proportion of
late wood determined, as in bending
tests. (See page 95.) After the test a
moisture section is cut and weighed.


Sketching: Sketches are made as in
endwise compression tests. (See page
102.)


Adjusting specimen in machine: The
specimen is laid horizontally upon the
platform of the machine and a steel
bearing plate placed on its upper surface
immediately beneath the centre of the
movable head. For the larger specimens
this plate is six inches wide; for the







smaller sizes, two inches wide. The
plate in all cases projects over the edges
of the test piece, and in no case should
the length of the latter be less than four
times the width of the plate.


Measuring the deformation: The
compression is measured by means of a
deflectometer (see Fig. 35), which, after
the first increment of load is applied, is
adjusted (by means of a small set screw)
to read zero. The actual downward
motion of the movable head
(corresponding to the compression of the
specimen) is multiplied ten times on the
scale from which the readings are made.


Log of the test: The load is applied
continuously and at uniform speed (see







Speed of Testing Machine, page 92),
until well beyond the elastic limit. The
compression readings are taken at
regular load increments and entered on
the cross-section paper in the usual way.
Usually there is no real maximum load in
this case, as the strength continually
increases as the fibres are crushed more
compactly together.


Calculating the results: Ordinarily only
the fibre stress at the elastic limit (c) is
computed. It is equal to the load at
elastic limit (P1) divided by the area
under the plate (B).


P1







( c = ------- )
B


SHEAR ALONG THE
GRAIN


Apparatus: An ordinary static testing
machine and a special tool designed for
producing single shear are required.
(See Figs. 36 and 37.) This shearing
apparatus consists of a solid steel frame
with set screws for clamping the block
within it firmly in a vertical position. In
the centre of the frame is a vertical slot
in which a square-edged steel plate
slides freely. When the testing block is







in position, this plate impinges squarely
along the upper surface of the tenon or
lip, which, as vertical pressure is
applied, shears off.











Figure 36


Vertical section of
shearing tool.







Figure 37


Front view of







shearing tool with
test specimen and
steel plate in
position for testing.


Preparing the material: The specimens
are usually in the form of small, clear,
straight-grained blocks with a projecting
tenon or lip to be sheared off. Two
common forms and sizes are shown in
Figure 38. Part of the blocks are cut so
that the shearing surface is parallel to the
growth rings, or tangential; others at
right angles to the growth rings, or
radial. It is important that the upper
surface of the tenon or lip be sawed
exactly parallel to the base of the block.
When the form with a tenon is used the







under cut is extended a short distance
horizontally into the block to prevent any
compression from below.


Figure 38


Two forms of shear
test specimens.


In designing a shearing specimen it is
necessary to take into consideration the







proportions of the area of shear, since, if
the length of the portion to be sheared off
is too great in the direction of the
shearing face, failure would occur by
compression before the piece would
shear. Inasmuch as the endwise
compressive strength is sometimes not
more than five times the shearing
strength, the shearing surface should be
less than five times the surface to which
the load is applied. This condition is
fulfilled in the specimens illustrated.


Shearing specimens are frequently cut
from beams after testing. In this case the
specific gravity (dry), proportion of late
wood, and rate of growth are assumed to
be the same as already recorded for the
beams. In specimens not so taken, these







quantities are determined in the usual
way. The sheared-off portion is used for
a moisture section.


Adjusting specimen in machine: The
test specimen is placed in the shearing
apparatus with the tenon or lip under the
sliding plate, which is centred under the
movable head of the machine. (See Fig.
39.) In order to reduce to a minimum the
friction due to the lateral pressure of the
plate against the bearings of the slot, the
apparatus is sometimes placed upon
several parallel steel rods to form a
roller base. A slight initial load is
applied to take up the lost motion of the
machinery, and the beam balanced.







Figure 39


Making a shearing
test.


Log of the test: The load is applied
continuously and at a uniform rate until







failure, but no deformations are
measured. The points noted are the
maximum load and the length of time
required to reach it. Sketches are made
of the failure. If the failure is not pure
shear the test is culled.


The shearing strength per square inch is
found by dividing the maximum load by
the cross-sectional area.


(
P


)Q = ---
A


IMPACT TEST







Apparatus: There are several types of
impact testing machines.59 One of the
simplest and most efficient for use with
wood is illustrated in Figure 40. The
base of the machine is 7 feet long, 2.5
feet wide at the centre, and weighs 3,500
pounds. Two upright columns, each 8
feet long, act as guides for the striking
head. At the top of the column is the
hoisting mechanism for raising or
lowering the striking weights. The
power for operating the machine is
furnished by a motor set on the top. The
hoisting-mechanism is all controlled by
a single operating lever, shown on the
side of the column, whereby the striking
weight may be raised, lowered, or
stopped at the will of the operator. There







is an automatic safety device for
stopping the machine when the weight
reaches the top.







Figure 40







Impact testing
machine.


The weight is lifted by a chain, one end
of which passes over a sprocket wheel
in the hoisting mechanism. On the lower
end of the chain is hung an electro-
magnet of sufficient magnetic strength to
support the heaviest striking weights.
When it is desired to drop the striking
weight the electric current is broken and
reversed by means of an automatic
switch and current breaker. The height of
drop may be regulated by setting at the
desired height on one of the columns a
tripping pin which throws the switch on
the magnet and so breaks and reverses







the current.


There are four striking weights,
weighing respectively 50, 100, 250, and
500 pounds, any one of which may be
used, depending upon the desired energy
of blow. When used for compression
tests a flat steel head six inches in
diameter is screwed into the lower end
of the weight. For transverse tests, a
well-rounded knife edge is screwed into
the weight in place of the flat head.
Knife edges for supporting the ends of
the specimen to be tested, are securely
bolted to the base of the machine.


The record of the behavior of the
specimen at time of impact is traced
upon a revolving drum by a pencil fixed







in the striking head. (See Fig. 41.) When
a drop is made the pencil comes in
contact with the drum and is held in
place by a spring. The drum is revolved
very slowly, either automatically or by
hand. The speed of the drum can be
recorded by a pencil in the end of a
tuning fork which gives a known number
of vibrations per second.







Figure 41


Drum record of
impact bending
test.







One size of this machine will handle
specimens for transverse tests 9 inches
wide and 6-foot span; the other, 12
inches wide and 8-foot span. For
compression tests a free fall of about 6.5
feet may be obtained. For transverse
tests the fall is a little less, depending
upon the size of the specimen.


The machine is calibrated by dropping
the hammer upon a copper cylinder. The
axial compression of the plug is noted.
The energy used in static tests to
produce this axial compression under
stress in a like piece of metal is
determined. The external energy of the
blow (i.e., the weight of the hammer ×
the height of drop) is compared with the
energy used in static tests at equal







amounts of compression. For instance:


Energy delivered,
impact test


35,000 inch-
pounds


Energy computed from
static test


26,400 inch-
pounds


Efficiency of blow of
hammer 75.3 per cent.


Preparing the material: The material
used in making impact tests is of the
same size and prepared in the same way
as for static bending and compression
tests. Bending in impact tests is more
commonly used than compression, and
small beams with 28-inch span are







usually employed.


Method: In making an impact bending
test the hammer is allowed to rest upon
the specimen and a zero or datum line is
drawn. The hammer is then dropped
from increasing heights and drum
records taken until first failure. The first
drop is one inch and the increase is by
increments of one inch until a height of
ten inches is reached, after which
increments of two inches are used until
complete failure occurs or 6-inch
deflection is secured.


The 50-pound hammer is used when
with drops up to 68 inches it is
reasonably certain it will produce
complete failure or 6-inch deflection in







the case of all specimens of a species;
for all other species a 100-pound
hammer is used.


Results: The tracing on the drum (see
Fig. 41) represents the actual deflection
of the stick and the subsequent rebounds
for each drop. The distance from the
lowest point in each case to the datum
line is measured and its square in tenths
of a square inch entered as an abscissa
on cross-section paper, with the height
of drop in inches as the ordinate. The
elastic limit is that point on the diagram
where the square of the deflection begins
to increase more rapidly than the height
of drop. The difference between the
datum line and the final resting point
after each drop represents the set the







material has received.


The formulæ used in calculating the
results of impact tests in bending when
the load is applied at the centre up to the
elastic limit are as follows:


3 W H l
(1) r = -----------


D b h2


F S l2


(2) E = -----------
6 D h


W H







(3) S = -------
l b h


H = height of drop of hammer,
including deflection, inches.


S = modulus of elastic resilience,
inch-pounds per cubic inch.


W = weight of hammer, pounds.


Remainder of legend as on page 98.


HARDNESS TEST:
ABRASION AND
INDENTATION







Abrasion: The machine used by the U.S.
Forest Service is a modified form of the
Dorry abrasion machine. (See Fig. 42.)
Upon the revolving horizontal disk is
glued a commercial sandpaper, known
as garnet paper, which is commonly
employed in factories in finishing wood.











Figure 42


Abrasion machine
for testing the
wearing qualities
of woods.


A small block of the wood to be tested is
fixed in one clamp and a similar block
of some wood chosen as a standard, as
sugar maple, at 10 per cent moisture, in
the opposite, and held against the same
zone of sandpaper by a weight of 26
pounds each. The size of the section
under abrasion for each specimen is 2" ×
2". The conditions for wear are the same
for both specimens. The speed of
rotation is 68 revolutions a minute.







The test is continued until the standard
specimen is worn a specified amount,
which varies with the kind of wood
under test. A comparison of the wear of
the two blocks affords a fair idea of
their relative resistance to abrasion.


Another method makes use of a sand
blast to abrade the woods and is the one
employed in New South Wales.60 The
apparatus consists essentially of a nozzle
through which sand can be propelled at a
high velocity against the test specimen
by means of a steam jet.


The wood to be tested is cut into blocks
3" × 3" × 1', and these are weighed to
the nearest grain just before placing in
the apparatus. Steam from the boiler at a







pressure of about 43 pounds per square
inch is ejected from a nozzle in such a
way that particles of fine quartz sand are
caught up and thrown violently against
the block which is being rotated. Only
superheated steam strikes the block, thus
leaving the wood dry. The test is
continued for two minutes, after which
the specimen is removed and
immediately weighed.


By comparison with the original weight
the loss from abrasion is determined,
and by comparison with a certain wood
chosen as a standard, a coefficient of
wear-resistance can be obtained. The
amount of wear will vary more or less
according to the surface exposed, and in
these tests quarter-sawed material was







used with the edge grain to the blast.


Indentation: The tool used for this test
consists of a punch with a hemispherical
end or steel ball having a diameter of
0.444 inch, giving a surface area of one-
fourth square inch. It is fitted with a
guard plate, which works loosely until
the penetration has progressed to a depth
of 0.222 inch, whereupon it tightens.
(See Fig. 43.) The effect is that of
sinking a ball half its diameter into the
specimen. This apparatus is fitted into
the movable head of the static testing
machine.











Figure 43


Design of tool for
testing the hardness
of woods by
indentation.


The wood to be tested is cut square with
the grain into rectangular blocks
measuring 2" × 2" × 6". A block is
placed on the platform and the end of the
punch forced into the wood at the rate of
0.25 inch per minute. The operator keeps
moving the small handle of the guard
plate back and forth until it tightens. At
this instant the load is read and
recorded.


Two penetrations each are made on the







tangential and radial surfaces, and one
on each end of every specimen tested.


In choosing the places on the block for
the indentations, effort should be made
to get a fair average of heartwood and
sapwood, fine and coarse grain, early
and late wood.


Another method of testing by indentation
involves the use of a right-angled cone
instead of a ball. For details of this test
as used in New South Wales see loc.
cit., pp. 86-87.


CLEAVAGE TEST







A static testing machine and a special
cleavage testing device are required.
(See Fig. 44.) The latter consists
essentially of two hooks, one of which is
suspended from the centre of the top of
the cage, the other extended above the
movable head.







Figure 44







Design of tool for
cleavage test.


The specimens are 2" × 2" × 3.75". At
one end a one-inch hole is bored, with
its centre equidistant from the two sides
and 0.25 inch from the end. (See Fig.
45.) This makes the cross section to be
tested 2" × 3". Some of the blocks are
cut radially and some tangentially, as
indicated in the figure.







Figure 45







Design of cleavage
test specimen.


The free ends of the hooks are fitted into
the notch in the end of the specimen. The
movable head of the machine is then
made to descend at the rate of 0.25 inch
per minute, pulling apart the hooks and
splitting the block. The maximum load
only is taken and the result expressed in
pounds per square inch of width. A
piece one-half inch thick is split off
parallel to the failure and used for
moisture determination.


TENSION TEST







PARALLEL TO THE
GRAIN


Since the tensile strength of wood
parallel to the grain is greater than the
compressive strength, and exceedingly
greater than the shearing strength, it is
very difficult to make satisfactory
tension tests, as the head and shoulders
of the test specimen (which is subjected
to both compression and shear) must be
stronger than the portion subjected to a
pure tensile stress.


Various designs of test specimens have
been made. The one first employed by
the Division of Forestry61 was prepared
as follows: Sticks were cut measuring







1.5" × 2.5" × 16". The thickness at the
centre was then reduced to three-eighths
of an inch by cutting out circular
segments with a band saw. This left a
breaking section of 2.5" × 0.375". Care
was taken to cut the specimen as nearly
parallel to the grain as possible, so that
its failure would occur in a condition of
pure tension. The specimen was then
placed between the plane wedge-shaped
steel grips of the cage and the movable
head of the static machine and pulled in
two. Only the maximum load was
recorded. (See Fig. 46, No. 1.)







Figure 46


Designs of tension
test specimens used







in United States.


The difficulty of making such tests
compared with the minor importance of
the results is so great that they are at
present omitted by the U.S. Forest
Service. A form of specimen is
suggested, however, and is as follows:
"A rod of wood about one inch in
diameter is bored by a hollow drill from
the stick to be tested. The ends of this
rod are inserted and glued in
corresponding holes in permanent
hardwood wedges. The specimen is then
submitted to the ordinary tension test.
The broken ends are punched from the
wedges."62 (See Fig. 46, No. 2.)







The form used by the Department of
Forestry of New South Wales63 is as
shown in Fig. 47. The specimen has a
total length of 41 inches and is circular
in cross section. On each end is a head 4
inches in diameter and 7 inches long.
Below each head is a shoulder 8.5
inches long, which tapers from a
diameter of 2.75 inches to 1.25 inches.
In the middle is a cylindrical portion
1.25 inches in diameter and 10 inches
long.


Figure 47







Design of tension
test specimen used
in New South
Wales.


In making the test the specimen is fitted
in the machine, and an extensometer
attached to the middle portion and
arranged to record the extension
between the gauge points 8 inches apart.
The area of the cross section then is
1.226 square inches, and the tensile
strength is equal to the total breaking
load applied divided by this area.


TENSION TEST AT RIGHT







ANGLES TO THE GRAIN


A static testing machine and a special
testing device (see Fig. 48) are required.
The latter consists essentially of two
double hooks or clamps, one of which is
suspended from the centre of the top of
the cage, the other extended above the
movable head. The specimens are 2" ×
2" × 2.5". At each end a one-inch hole is
bored with its centre equidistant from
the two sides and 0.25 inch from the
ends. This makes the cross section to be
tested 1" × 2".







Figure 48







Design of tool and
specimen for
testing tension at
right angles to the
grain.


The free ends of the clamps are fitted
into the notches in the ends of the
specimen. The movable head of the
machine is then made to descend at the
rate of 0.25 inch per minute, pulling the
specimen in two at right angles to the
grain. The maximum load only is taken
and the result expressed in pounds per
inch of width. A piece one-half inch
thick is split off parallel to the failure
and used for moisture determination.







TORSION TEST64


Apparatus: The torsion test is made in a
Riehle-Miller torsional testing machine
or its equivalent. (See Fig. 49.)


Figure 49







Making a torsion
test on hickory.


Preparation of material: The test pieces
are cylindrical, 1.5 inches in diameter
and 18 inches gauge length, with squared
ends 4 inches long joined to the
cylindrical portion with a fillet. The
dimensions are carefully measured, and
the usual data obtained in regard to the
rate of growth, proportion of late wood,
location and kind of defects. The weight
of the cylindrical portion of the
specimen is obtained after the test.


Making the test: After the specimen is
fitted in the machine the load is applied
continuously at the rate of 22° per







minute. A troptometer is used in
measuring the deformation. Readings are
made until failure occurs, the points
being entered on the cross-section paper.
The character of the failure is described.
Moisture determinations are made by the
disk method.


Results: The conditions of ultimate
rupture due to torsion appear not to be
governed by definite mathematical laws;
but where the material is not
overstrained, laws may be assumed
which are sufficiently exact for practical
cases. The formulæ commonly used for
computations are as follows:







5.1 M
(1) T = -------


c3


114.6 T f
(2) G = -----------


a c


a = angle measured by troptometer
at elastic limit, in degrees.


c = diameter of specimen, inches.


f = gauge length of specimen,
inches.
modulus of elasticity in shear







G = across the grain, pounds per
square inch.


M = moment of torsion at elastic
limit, inch-pounds.


T =
outer fibre torsional stress at
elastic limit, pounds per square
inch.


SPECIAL TESTS


Spike-pulling Test


Spike-pulling tests apply to problems of
railroad maintenance, and the results are
used to compare the spike-holding







powers of various woods, both untreated
and treated with different preservatives,
and the efficiency of various forms of
spikes. Special tests are also made in
which the spike is subjected to a
transverse load applied repetitively by a
blow.


For details of tests and results see:


Cir.
38, U.S.F.S.:


Instructions to
engineers of timber
tests, p. 26.


Cir.
46, U.S.F.S.:


Holding force of
railroad spikes in
wooden ties.


Bul. Prolonging the life of







118, U.S.F.S.: cross-ties, pp. 37-40.


Packing Boxes


Special tests on the strength of packing
boxes of various woods have been made
by the U.S. Forest Service to determine
the merits of different kinds of woods as
box material with the view of
substituting new kinds for the more
expensive ones now in use. The methods
of tests consisted in applying a load
along the diagonal of a box, an action
similar to that which occurs when a box
is dropped on one of its corners. The
load was measured at each one-fourth







inch in deflection, and notes were made
of the primary and subsequent failures.


For details of tests and results, see:


Cir.
47, U.S.F.S.:


Strength of packing
boxes of various
woods.


Cir.
214, U.S.F.S.: Tests of packing boxes


of various forms.


Vehicle and Implement Woods


Tests were made by the U.S. Forest
Service to obtain a better knowledge of
the mechanical properties of the woods







at present used in the manufacture of
vehicles and implements and of those
which might be substituted for them.
Tests were made upon the following
materials: hickory buggy spokes (see
Fig. 5); hickory and red oak buggy
shafts; wagon tongues; Douglas fir and
southern pine cultivator poles.


Details of the tests and results may be
found in:


Cir.
142, U.S.F.S.: Tests on vehicle and


implement woods.


Cross-arms







In tests by the U.S. Forest Service on
cross-arms a special apparatus was
devised in which the load was
distributed along the arm as in actual
practice. The load was applied by rods
passing through the pinholes in the arms.
Nuts on these rods pulled down on the
wooden bearing-blocks shaped to fit the
upper side of the arm. The lower ends of
these rods were attached to a system of
equalizing levers, so arranged that the
load at each pinhole would be the same.
In all the tests the load was applied
vertically by means of the static
machine.


Cir. Strength tests of







204, U.S.F.S.: cross-arms.


Other Tests


Many other kinds of tests are made as
occasion demands. One kind consists of
barrels and liquid containers, match-
boxes, and explosive containers. These
articles are subjected to shocks such as
they would receive in transit and in
handling, and also to hydraulic pressure.


One of the most important tests from a
practical standpoint is that of built-up
structures such as compounded beams
composed of small pieces bolted
together, mortised joints, wooden







trusses, etc. Tests of this kind can best be
worked out according to the specific
requirements in each case.







APPENDIX
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Working Plan No. 124


PURPOSE OF WORK


It is the general purpose of the work here
outlined to provide:


(a) Reliable data for comparing the
mechanical properties of various
species;


(b) Data for the establishment of correct
strength functions or working stresses;


(c) Data upon which may be based
analyses of the influence on the
mechanical properties of such factors as:







Locality;


Distance of timber from the pith of the
tree;


Height of timber in the tree;


Change from the green to the air-dried
condition, etc.


The mechanical properties which will
be considered and the principal tests
used to determine them are as follows:


Strength and stiffness—


Static bending;


Compression parallel to grain;


Compression perpendicular to







grain;


Shear.


Toughness—


Impact bending;


Static bending;


Work to maximum load and total
work.


Cleavability—


Cleavage test.


Hardness—


Modification of Janka ball test
for surface hardness.







MATERIAL


Selection and Number of Trees


The material will be from trees selected
in the forest by one qualified to
determine the species. From each
locality, three to five dominant trees of
merchantable size and approximately
average age will be so chosen as to be
representative of the dominant trees of
the species. Each species will
eventually be represented by trees from
five to ten localities. These localities
will be so chosen as to be representative
of the commercial range of the species.
Trees from one to three localities will
be used to represent each species until







most of the important species have been
tested.


The 16-foot butt log will be taken from
each tree selected and the entire
merchantable hole of one average tree
for each species.


Field Notes and Shipping Instructions


Field notes as outlined in Form—a
Shipment Description, Manual of the
Branch of Products, will be fully and
carefully made by the collector. The age
of each tree selected will be recorded
and any other information likely to be of
interest or importance will also be made
a part of these field notes. Each log will







have the bark left on. It will be plainly
marked in accordance with directions
given under Detailed Instructions. All
material will be shipped to the
laboratory immediately after being cut.
No trees will be cut until the collector is
notified that the laboratory is ready to
receive the material.


DETAILED INSTRUCTIONS


Part of Tree to be Tested


(a) For determining the value of tree and
locality and the influence on the
mechanical properties of distance from
the pith, a 4-foot bolt will be cut from
the top end of each 16-foot butt log.







(b) For investigating the variation of
properties with the height of timber in
the tree, all the logs from one average
tree will be used.


(c) For investigating the effect of drying
the wood, the bolt next below that
provided for in (a) will be used in the
case of one tree from each locality.


Marking and Grouping of Material


The marking will be standard except as
noted. Each log will be considered a
"piece." The piece numbers will be
plainly marked upon the butt end of each
log by the collector. The north side of
each log will also be marked.







When only one bolt from a tree is used it
will be designated by the number of the
log from which it is cut. Whenever more
than one bolt is taken from a tree, each
4-foot bolt or length of trunk will be
given a letter (mark), a, b, c, etc.,
beginning at the stump.


All bolts will be sawed into 2-1/2" × 2-
1/2" sticks and the sticks marked
according to the sketch, Fig. 50. The
letters N, E, S, and W indicate the
cardinal points when known; when these
are unknown, H, K, L, and M will be
used. Thus, N5, K8, S7, M4 are stick
numbers, the letter being a part of the
stick number.







Figure 50


Method of cutting







and marking test
specimens.


Only straight-grained specimens, free
from defects which will affect their
strength, will be tested.


Care of Material


No material will be kept in the bolt or
log long enough to be damaged or
disfigured by checks, rot, or stains.


Green material: The material to be
tested green will be kept in a green state
by being submerged in water until near
the time of test. It will then be surfaced,
sawed to length, and stored in damp







sawdust at a temperature of 70°F. (as
nearly as practicable) until time of test.
Care should be taken to avoid as much
as possible the storage of green material
in any form.


Air-dry material: The material to be air-
dried will be cut into sticks 2-1/2" × 2-
1/2" × 4'. The ends of these sticks will
be paraffined to prevent checking. This
material will be so piled as to leave an
air space of at least one-half inch on
each side of each stick, and in such a
place that it will be protected from
sunshine, rain, snow, and moisture from
the ground. The sticks will be surfaced
and cut to length just previous to test.







Order of Tests


The order of tests in all cases will be
such as to eliminate so far as possible
from the comparisons the effect of
changes of condition of the specimens
due to such factors as storage and
weather conditions.


The material used for determining the
effect of height in tree will be tested in
such order that the average time elapsing
from time of cutting to time of test will
be approximately the same for all bolts
from any one tree.


Tests on Green Material







The tests on all bolts, except those from
which a comparison of green and dry
timber is to be gotten, will be as
follows:


Static bending: One stick from each
pair. A pair consists of two adjacent
sticks equidistant from the pith, as N7
and N8, or H5 and H6.


Impact bending: Four sticks; one to be
taken from near the pith; one from near
the periphery; and two representative of
the cross section.


Compression parallel to grain: One
specimen from each stick. These will be
marked "1" in addition to the number of
the stick from which they are taken.







Compression perpendicular to grain:
One specimen from each of 50 per cent
of the static bending sticks. These will
be marked "2" in addition to the number
of the stick from which they are cut.


Hardness: One specimen from each of
the other 50 per cent of the static
bending sticks. These specimens will be
marked "4."


Shear: Six specimens from sticks not
tested in bending or from the ends cut off
in preparing the bending specimens. Two
specimens will be taken from near the
pith; two from near the periphery; and
two that are representative of the
average growth. One of each two will be
tested in radial shear and the other in







tangential shear. These specimens will
have the mark "3."


Cleavage: Six specimens chosen and
divided just as those for shearing. These
specimens will have the mark "5." (For
sketches showing radial and tangential
cleavage, see Fig. 45.)


When it is impossible to secure clear
specimens for all of the above tests, tests
will have precedence in the order in
which they are named.


Tests to Determine the Effect of Air-drying


These tests will be made on material
from the adjacent bolts mentioned in "c"
under Part of Tree to be Tested. Both







bolts will be cut as outlined above. One-
half the sticks from each bolt will be
tested green, the other half will be air-
dried and tested. The division of green
and air-dry will be according to the
following scheme:


STICK NUMBERS
Lower
bolt, 1, 4, 5, 8, 9,


etc. } Tested
greenUpper


bolt, 2, 3, 6, 7, 10,


Lower
bolt, 2, 3, 6, 7, 10,


etc. }
Air-
dried


tested
Upper
bolt, 1, 4, 5, 8, 9,







All green sticks from these two bolts
will be tested as if they were from the
same bolt and according to the plan
previously outlined for green material
from single bolts. The tests on the air-
dried material will be the same as on the
green except for the difference of
seasoning.


The material will be tested at as near 12
per cent moisture as is practicable. The
approximate weight of the air-dried
specimens at 12 per cent moisture will
be determined by measuring while green
20 per cent of the sticks to be air-dried
and assuming their dry gravity to be the
same as that of the specimens tested
green. This 20 per cent will be weighed
as often as is necessary to determine the







proper time of test.


Methods of Test


All tests will be made according to
Circular 38 except in case of conflict
with the instructions given below:


Static bending: The tests will be on
specimens 2" × 2" × 30" on 28-inch
span. Load will be applied at the centre.


In all tests the load-deflection curve will
be carried to or beyond the maximum
load. In one-third of the tests the load-
deflection curve will be continued to 6-
inch deflection, or till the specimen fails
to support a 200-pound load. Deflection
readings for equal increments of load







will be taken until well past the elastic
limit, after which the scale beam will be
kept balanced and the load read for each
0.1-inch deflection. The load and
deflection at first failure, maximum load
and points of sudden change, will be
shown on the curve sheet even if they do
not occur at one of the regular load or
deflection increments.


Impact bending: The impact bending
tests will be on specimens of the same
size as those used in static bending. The
span will be 28 inches.


The tests will be by increment drop. The
first drop will be 1 inch and the increase
will be by increments of 1 inch till a
height of 10 inches is reached, after







which increments of 2 inches will be
used until complete failure occurs or 6-
inch deflection is secured.


A 50-pound hammer will be used when
with drops up to 68 inches it is
practically certain that it will produce
complete failure or 6-inch deflection in
the case of all specimens of a species.
For all other species, a 100-pound
hammer will be used.


In all cases drum records will be made
until first failure. Also the height of drop
causing complete failure or 6-inch
deflection will be noted.


Compression parallel to grain: This test
will be on specimens 2" × 2" × 8" in







size. On 20 per cent of these tests load-
compression curves for a 6-inch
centrally located gauge length will be
taken. Readings will be continued until
the elastic limit is well passed. The
other 80 per cent of the tests will be
made for the purpose of obtaining the
maximum load only.


Compression perpendicular to grain:
This test will be on specimens 2" × 2" ×
6" in size. The bearing plates will be 2
inches wide. The rate of descent of the
moving head will be 0.024 inch per
minute. The load-compression curve
will be plotted to 0.1 inch compression
and the test will then be discontinued.


Hardness: The tool shown in Fig. 43 (an







adaptation of the apparatus used by the
German investigator, Janka) will be
used. The rate of descent of the moving
head will be 0.25 inch per minute. When
the penetration has progressed to the
point at which the plate "a" becomes
tight, due to being pressed against the
wood, the load will be read and
recorded.


Two penetrations will be made on a
tangential surface, two on a radial, and
one on each end of each specimen tested.
The choice between the two radial and
between the two tangential surfaces and
the distribution of the penetrations over
the surfaces will be so made as to get a
fair average of heart and sap, slow and
fast growth, and spring and summer







wood. Specimens will be 2" × 2" × 6".


Shear: The tests will be made with a
tool slightly modified from that shown in
Circular 38. The speed of descent of
head will be 0.015 inch per minute. The
only measurements to be made are those
of the shearing area. The offset will be
1/8 inch. Specimens will be 2" × 2" × 2-
1/2" in size. (For definition of offset and
form of test specimen, see Fig. 38.)


Cleavage: The cleavage tests will be
made on specimens of the form and size
shown in Fig. 45. The apparatus will be
as shown in Fig. 44. The maximum load
only will be taken and the result
expressed in pounds per inch of width.
The speed of the moving head will be







0.25 inch per minute.


Moisture Determinations


Moisture determinations will be made
on all specimens tested except those to
be photographed or kept for exhibit. A 1-
inch disk will be cut from near the point
of failure of bending and compression
parallel specimens, from the portion
under the plate in the case of the
compression perpendicular specimens,
and from the centre of the hardness test
specimens. The beads from the shear
specimens will be used as moisture
disks. In the case of the cleavage
specimens a piece 1/2 inch thick will be
split off parallel to the failure and used







as a moisture disk.


RECORDS


All records will be standard.


PHOTOGRAPHS


Cross Sections


Just before cutting into sticks, the freshly
cut end of at least one bolt from each
tree will be photographed. A scale of
inches will be shown in this photograph.


Specimens







Three photographs will be made of a
group consisting of four 2" × 2" × 30"
specimens chosen from the material from
each locality. Two of these specimens
will be representative of average
growth, one of fast and one of slow
growth. These photographs will show
radial, tangential, and end surfaces for
each specimen.


Failures


Typical and abnormal failures of
material from each site will be
photographed.


Disposition of Material







The specimens photographed to show
typical and abnormal failures will be
saved for purposes of exhibit until
deemed by the person in charge of the
laboratory to be of no further value.


SHRINKAGE AND
SPECIFIC GRAVITY


Appendix to Working Plan 124


PURPOSE OF WORK


It is the purpose of this work to secure







data on the shrinkage and specific
gravity of woods tested under Project
124. The figures to be obtained are for
use as average working values rather
than as the basis for a detailed study of
the principles involved.


MATERIAL


The material will be taken from that
provided for mechanical tests.


RADIAL AND TANGENTIAL
SHRINKAGE


Specimens







Preparation: Two specimens 1 inch
thick, 4 inches wide, and 1 inch long
will be obtained from near the periphery
of each "d" bolt. These will be cut from
the sector-shaped sections left after
securing the material for the mechanical
tests or from disks cut from near the end
of the bolt. They will be taken from
adjoining pieces chosen so that the
results will be comparable for use in
determining radial and tangential
shrinkage. (When a disk is used, care
must be taken that it is green and has not
been affected by the shrinkage and
checking near the end of the bolt.)


One of these specimens will be cut with
its width in the radial direction and will
be used for the determination of radial







shrinkage. The other will have its width
in the tangential direction and will be
used for tangential shrinkage. These
specimens will not be surfaced.


Marking: The shrinkage specimens will
retain the shipment and piece numbers
and marks of the bolts from which they
are taken, and will have the additional
mark 7R or 7T according as their widths
are in the radial or tangential direction.


Shrinkage measurements: The shrinkage
specimens will be carefully weighed
and measured soon after cutting. Rings
per inch, per cent sap, and per cent
summer wood will be measured. They
will then be air-dried in the laboratory
to constant weight, and afterward oven-







dried at 100°C. (212°F.), when they will
again be weighed and measured.


VOLUMETRIC SHRINKAGE AND
SPECIFIC GRAVITY


Specimens


Selection and preparation: Four 2" × 2"
× 6" specimens will be cut from the
mechanical test sticks of each "d" bolt;
also from each of the composite bolts
used in getting a comparison of green
and air-dry. One of these specimens will
be taken from near the pith and one from
near the periphery; the other two will be
representative of the average growth of
the bolt. The sides of these specimens







will be surfaced and the ends smooth
sawn.


Marking: Each specimen will retain the
shipment, piece, and stick numbers and
mark of the stick from which it is cut,
and will have the additional mark "S."


Manipulation: Soon after cutting, each
specimen will be weighed and its
volume will be determined by the
method described below. The rings per
inch and per cent summer wood, where
possible, will be determined, and a
carbon impression of the end of the
specimen made. It will then be air-dried
in the laboratory to a constant weight
and afterward oven-dried at 100°C.
When dry, the specimen will be taken







from the oven, weighed, and a carbon
impression of its end made. While still
warm the specimen will be dipped in hot
paraffine. The volume will then be
determined by the following method:


On one pan of a pair of balances is
placed a container having in it water
enough for the complete submersion of
the test specimen. This container and
water is balanced by weights placed on
the other scale pan. The specimen is then
held completely submerged and not
touching the container while the scales
are again balanced. The weight required
to balance is the weight of water
displaced by the specimen, and hence if
in grams is numerically equal to the
volume of the specimen in cubic







centimetres. A diagrammatic sketch of
the arrangement of this apparatus is
shown in Fig. 51.


Figure 51


Diagram of
specific gravity
apparatus, showing
a balance with
container (c) filled







with water in
which the test
block (b) is held
submerged by a
light rod (a) which
is adjustable
vertically and
provided with a
sharp point to be
driven into the
specimen.


Air-dry specimens will be dipped in
water and then wiped dry after the first
weighing and just before being
immersed for weighing their
displacement. All displacement
determinations will be made as quickly







as possible in order to minimize the
absorption of water by the specimen.


STRENGTH VALUES FOR
STRUCTURAL TIMBERS


(From Cir. 189, U.S. Forest Service)


The following tables bring together in
condensed form the average strength
values resulting from a large number of
tests made by the Forest Service on the
principal structural timbers of the United
States. These results are more
completely discussed in other
publications of the Service, a list of







which is given on pages 157-159.


The tests were made at the laboratories
of the U.S. Forest Service, in
cooperation with the following
institutions: Yale Forest School, Purdue
University, University of California,
University of Oregon, University of
Washington, University of Colorado, and
University of Wisconsin.


Tables XVIII and XIX give the average
results obtained from tests on green
material, while Tables XX and XXI give
average results from tests on air-
seasoned material. The small specimens,
which were invariably 2" × 2" in cross
section, were free from defects such as
knots, checks, and cross grain; all other







specimens were representative of
material secured in the open market. The
relation of stresses developed in
different structural forms to those
developed in the small clear specimens
is shown for each factor in the column
headed "Ratio to 2" × 2"." Tests to
determine the mechanical properties of
different species are often confined to
small, clear specimens. The ratios
included in the tables may be applied to
such results in order to approximate the
strength of the species in structural sizes,
and containing the defects usually
encountered, when tests on such forms
are not available.


A comparison of the results of tests on
seasoned material with those from tests







on green material shows that, without
exception, the strength of the 2" × 2"
specimens is increased by lowering the
moisture content, but that increase in
strength of other sizes is much more
erratic. Some specimens, in fact, show
an apparent loss in strength due to
seasoning. If structural timbers are
seasoned slowly, in order to avoid
excessive checking, there should be an
increase in their strength. In the light of
these facts it is not safe to base working
stresses on results secured from any but
green material. For a discussion of
factors of safety and safe working
stresses for structural timbers see the
Manual of the American Railway
Engineering Association, Chicago, 1911.







A table from that publication, giving
working unit stresses for structural
timber, is reproduced in this book, see
Table XXII.


Species


Sizes
Number
of tests


Cross Section Span


Inches Ins.


Longleaf pine 12 by 12 138







10 by 16 168
8 by 16 156
6 by 16 132
6 by 10 180
6 by 8 180
2 by 2 30


Douglas fir 8 by 16 180
5 by 8 180


2 by 12 180
2 by 10 180
2 by 8 180
2 by 2 24


Douglas fir (fire-
killed) 8 by 16 180


2 by 12 180







2 by 10 180


2 by 8 180
2 by 2 30


Shortleaf pine 8 by 16 180
8 by 14 180
8 by 12 180
5 by 8 180
2 by 2 30


Western larch 8 by 16 180
8 by 12 180
5 by 8 180
2 by 2 28


Loblolly pine 8 by 16 180
5 by 12 180







2 by 2 30
Tamarack 6 by 12 162


4 by 10 162
2 by 2 30


Western hemlock 8 by 16 180
2 by 2 28


Redwood 8 by 16 180
6 by 12 180
7 by 9 180


3 by 14 180
2 by 12 180
2 by 10 180
2 by 8 180
2 by 2 28







Norway pine 6 by 12 162
4 by 12 162
4 by 10 162


2 by 2 30
Red spruce 2 by 10 144


2 by 2 26
White spruce 2 by 10 144


2 by 2 26
Note.—Following is an explanation of the abbreviations used in the foregoing tables:
F.S. at E.L. = Fiber stress at elastic limit.
M. of E. = Modulus of elasticity.
M. of R. = Modulus of rupture.
Cr. str. at E.L. = Crushing strength at elastic limit.
Cr. str. at max. ld. = Crushing strength at maximum load.







COMPRESSION AND SHEAR TESTS ON GREEN MATERIAL


Species


Compression parallel to grain


Size of
specimen


No.
of


tests


Per cent
of


moisture


Inches


Longleaf pine 4 by 4 46 26.3
2 by 2 14 34.7


Douglas fir 6 by 6 515 30.7
5 by 6 170 30.9







2 by 2 902 29.8
Douglas fir (fire-
killed) 6 by 6 108 34.8


2 by 2 204 37.9
Shortleaf pine 6 by 6 95 41.2


5 by 8 23 43.5
2 by 2 281 51.4


Western larch 6 by 6 107 49.1
2 by 2 491 50.6


Loblolly pine 8 by 8 14 63.4
4 by 8 18 60.0







2 by 2 53 74.0
Tamarack 6 by 7 4 49.9


4 by 7 6 27.7
2 by 2 165 36.8


Western hemlock 6 by 6 82 46.6
2 by 2 131 55.6


Redwood 6 by 6 34 83.6
2 by 2 143 36.8







Norway pine 6 by 7 5 29.0
4 by 7 8 28.4
2 by 2 178 26.8


Red spruce 2 by 2 58 35.4
White spruce 2 by 2 84 61.0
Note.—Following is an explanation of the abbreviations used in the foregoing tables:
F.S. at E.L. = Fiber stress at elastic limit.
M. of E. = Modulus of elasticity.
M. of R. = Modulus of rupture.
Cr. str. at E.L. = Crushing strength at elastic limit.
Cr. str. at max. ld. = Crushing strength at maximum load.







BENDING TESTS ON AIR-SEASONED MATERIAL


Species


Sizes
Number
of tests


Cross Section Span


Inches Ins.


Longleaf pine 8 by 16 180
6 by 16 132
6 by 10 177
4 by 11 180







6 by 8 177
2 by 2 30


Douglas fir 8 by 16 180
5 by 8 180
2 by 2 24


Shortleaf pine 8 by 16 180
8 by 14 180
8 by 12 180
5 by 8 180
2 by 2 30


Western larch 8 by 16 180
8 by 12 180
5 by 8 180
2 by 2 30


Loblolly pine 8 by 16 180







6 by 16 126


6 by 10 174
4 by 12 174
8 by 8 180
6 by 7 144
4 by 8 132
2 by 2 30


Tamarack 6 by 12 162
4 by 10 162
2 by 2 30


Western hemlock 8 by 16 180
2 by 2 28


Redwood 8 by 16 180
6 by 12 180







7 by 9 180
3 by 14 180


2 by 12 180
2 by 10 180
2 by 8 180
2 by 2 28


Norway pine 6 by 12 162
4 by 10 162
2 by 2 30


Note.—Following is an explanation of the abbreviations used in the foregoing tables:
F.S. at E.L. = Fiber stress at elastic limit.
M. of E. = Modulus of elasticity.
M. of R. = Modulus of rupture.
Cr. str. at E.L. = Crushing strength at elastic limit.
Cr. str. at max. ld. = Crushing strength at maximum load.







COMPRESSION AND SHEAR TESTS ON AIR-SEASONED MATERIAL


Species


Compression parallel to grain


Size of
specimen


No.
of


tests


Per cent
of


moisture


Inches


Longleaf pine 4 by 5 46 26.3
Douglas fir 6 by 6 259 20.3


2 by 2 247 18.7







Shortleaf pine 6 by 6 29 15.7
2 by 2 57 14.2


Western larch 6 by 6 112 16.0
4 by 4 81 14.7
2 by 2 270 14.8


Loblolly pine 6 by 6 23
5 by 5 10 22.4
4 by 8 8 19.4
2 by 2 69







Tamarack 6 by 7 3 15.7


4 by 7 3 13.6
4 by 4 57 14.9
2 by 2 66 14.6


Western hemlock 6 by 6 102 18.6
2 by 2 463 17.0


Redwood 6 by 6 18 16.9
2 by 2 115 14.6







Norway pine 6 by 7 4 15.2


4 by 7 2 22.2
4 by 4 55 16.6
2 by 2 44 11.2


Note.—Following is an explanation of the abbreviations used in the foregoing tables:
F.S. at E.L. = Fiber stress at elastic limit.
M. of E. = Modulus of elasticity.
M. of R. = Modulus of rupture.
Cr. str. at E.L. = Crushing strength at elastic limit.
Cr. str. at max. ld. = Crushing strength at maximum load.







NOTE.—The working unit-stresses given in the table are intended for railroad bridges and trestles. For highway bridges and trestles the unit-stresses may be increased twenty-
five (25) per cent. For buildings and similar structures, in which the timber is protected from the weather and practically free from impact, the unit-stresses may be increased fifty
(50) per cent. To compute the deflection of a beam under long-continued loading instead of that when the load is first applied, only fifty (50) per cent of the corresponding
modulus of elasticity given in the table is to be employed.


KIND OF TIMBER


BENDING


Extreme fibre
stress


Average
ultimate


Working
stress


Douglas fir 6100 1200
Longleaf pine 6500 1300
Shortleaf pine 5600 1100
White pine 4400 900







Spruce 4800 1000
Norway pine 4200 800
Tamarack 4600 900
Western hemlock 5800 1100
Redwood 5000 900
Bald cypress 4800 900
Red cedar 4200 800
White oak 5700 1100


These unit-stresses are for a green condition of timber and are to be used without increasing the live load stresses for impact.


[Footnote b: Adopted, Vol. 1909, pp. 537, 564, 609-611.]
[Footnote c: Green timber in exposed work.]
[Footnote d: Partially air-dry]
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black, 20, 27, 32, 40, 42, 56


white, 9, 13, 16, 20, 27, 32, 40,







42, 45, 56


Aspen, largetooth, 13


Axis, neutral, 23


Basswood, 6, 13, 16, 20, 27, 32, 40, 42,
44, 56


Beams, 15, 24-37, 92, 94


cantilever, 24


continuous, 24


simple, 24


Beech, 9, 13, 16, 20, 22, 27, 32, 40, 42,
51, 57


Bending large beams, 94-99







small beams, 99-102, 132


strength, 2, 22-37, 26, 75


Bibliography, 145-160


Birch, 22, 44


yellow, 9, 13, 16, 20, 27, 32, 40,
42, 57


Bird-peck, 59, 72


Black check, 59


Boiling, effect of, 6, 85


Bow, flexure of a, 4


Boxheart, 54, 82


Brash, 6







Breaking strength of beams, 15


Brittleness, 6, 34, 37, 38


Buckeye, 13, 44


Buckling of fibres, 15, 77


Butternut, 13


Cantilever, 24


Calibration of testing machines, 92, 112


Case-hardening, 80


Catalpa, 44


Cedar, Central American, 22


incense, 13, 16, 20, 27, 57







red, 144


white, 22


Checking, 54, 61, 74, 75-84


Chelura, 67


Cherry, black, 13, 22


Chestnut, 15, 22, 44, 49, 50, 51, 66, 78


Cleavability, 2, 41


Cleavage, 41, 118, 133


Coefficient of elasticity (see Modulus of
elasticity)


expansion, 84


Cold, effect of, 86







Color, 50, 58-59


Column, long, 12, 14, 144


short, 15, 102-104


Compression across the grain, 94, 104-
107, 133


endwise, 12, 92, 94, 102, 132


failure, 34, 104


parallel to grain (see C. endwise)


perpendicular to grain (see C.
right angles to grain)


right angles to grain, 94, 133


Compressive strength, 1, 9, 23







Compressometer, 103


Coniferous wood, 44


Cottonwood, 44, 45


Creosote, effect of, 87


Cross-arms, testing, 124


Cross grain, 8, 59-61


Cross-grained tension failure, 34


Crushing strength, 2, 9, 54, 75


formula for, 104


Cucumber tree, 13


Cup shake, 64







Cypress, bald, 9, 13, 16, 20, 27, 32, 40,
42, 57, 68, 144


Dead Load (see Load)


Definitions, 2-7


Deflection, 25, 30


measuring, 96-97, 100


Deflectometer, 99, 106-107


Deformation, measuring, 103, 107


Density, 54-58


Diffuse-porous, 44, 50


Dogwood, 22


Drying, 75-84







effect of, 75-78, 138-139


Dry rot, 69


Durability, 53, 54, 75


Early Wood, 44, 82


Ease of working, factors affecting, 48,
50


Ebony, 22


Elasticity, modulus of, 6, 25, 89


formulæ for, 98, 102, 104, 114,
123


Elastic limit, 2, 5, 22, 62


resilience, 6







formulæ for, 98, 102, 104


Elm, 8, 38, 44


rock, 9, 13, 16, 20, 27, 32, 40,
42, 56


slippery, 13, 27, 32, 40, 56


white, 13, 20, 27, 32, 40, 42, 56


Elongation, 3, 7, 33


Eucalyptus globulus, 54, 78, 82


viminalis, 54


Factor of Safety, 29, 139


Failures, bending, 33-37, 77, 78


compression, endwise, 12, 15-19,







104


cross-grained, 10, 76, 77, 107


shearing, 19


tension, 8


torsion, 38, 39


Fibre-saturation point, 78


Fibre strain, rate of, 92-93


stress, 15


at elastic limit, 54, 62, 75, 123


formulæ, 98, 102, 104, 107, 114


Fir, Alpine, 16, 20, 27, 32, 40, 42, 57







amabilis, 16, 20, 27, 57


Douglas, 13, 16, 20, 27, 32, 36,
40, 42, 48, 55, 57, 124, 140, 141,
142, 143, 144


white, 9, 16, 20, 27, 32, 40, 42,
57


Flexibility, 5, 37


Flexure, 4, 12, 60


Formulæ, 98, 102, 104, 107, 110, 114,
123


Frost splits, 62-64


Fungi 59, 68-70, 75


Grain, cross, 8, 59-61







diagonal, 60


spiral, 60


Growth, in diameter, 43, 44


locality of, effect, 70-73


rate of, effect, 43, 50, 72


rings, 44, 52


measuring, 95-96


Gum 22, 44, 51


red, 27, 45, 56


Hackberry, 9, 13, 16, 20, 27, 32, 42, 51,
56


Hardness, 2, 39-41, 54, 114-118, 133







Heart break, 65


shake, 64


Heartwood, 50-54, 58, 73, 75


Heat, effect of, 84-86


Hemlock, 9, 13, 15, 16, 20, 22, 27, 32,
40, 42, 44, 45, 56, 78


western, 48, 59, 140, 141, 142,
143, 144


Hickory, 8, 22, 38, 40, 43, 44, 49, 51,
53, 55, 59, 65, 66, 72, 124


big shellbark, 13, 16, 20, 27, 56


bitternut, 13, 16, 20, 27, 56







mockernut, 13, 16, 20, 27, 56


nutmeg, 13, 16, 20, 27, 56


pignut, 6, 7, 13, 16, 20, 27, 48, 56


shagbark, 13, 16, 20, 27, 56


water, 13, 16, 20, 27, 56


Hollow-horning, 80


Honey-combing, 54, 80


Impact, 30-33, 110-114, 132


Implement woods, testing, 124


Indentation, 39, 117-118


Injuries, fungous, 52, 59, 68-70







insect, 52, 66-67, 72


marine wood-borer, 67-68


parasitic plant, 70


Kerosene, effect of, 87


Knots, 51, 52, 61-62, 89


Larch, 8


western, 36, 48, 64, 140, 141,
142, 143


Late wood, 44, 59, 82


measuring, 96


relation to strength, 47-49


Limit of elasticity, 5







Limnoria, 67


Live load, 28


Load, application of, 29


concentrated, 28


dead, 28, 144


immediate, 28


kinds of, 26


live, 28


maximum, 29


permanent, 28


safe, 29







uniform, 26


Loading, centre, 97, 100


static, 29


sudden, 29


third-point, 97


vibratory, 29


Locust, 22


black, 13, 40, 44, 51


honey, 9, 13, 16, 20, 27, 32, 40,
42, 56


Log of tests, 97-98, 100-102, 103-104,
107, 110, 114







Machine for static tests, 90-92 Maple,
22, 44, 51


red, 13, 20, 27, 32, 40, 42, 56


silver, 13


sugar, 9, 13, 16, 20, 27, 32, 40,
42, 56


Marking test specimens, 94-95, 100,
129-131


Material for tests, 88-90, 94, 99-100,
102, 106, 107-110, 113, 115-116, 117,
118, 119-120, 121, 122, 123-125, 128-
134, 135, 136


Mechanical properties, definition of, 1


factors affecting, 43-87







Medullary rays (see Rays)


Mistletoe, 70


Modulus of elasticity, 6, 25, 89


formulæ, 98, 102, 104, 114, 123


of rupture, 26, 54, 62, 75


formulæ, 98, 102


speed-strength, 94







Moisture, determination, 90, 133-134


effect of, 6, 8, 17, 33, 75-84,
138-139


Mulberry, 44, 51


Natural shape and size, 2


Neutral axis, 23


plane, 23, 33


Oak, 15, 22, 43, 48, 49, 55, 60, 66, 71,
84


black, 40


bur, 13


live, 22







post, 9, 13, 16, 20, 27, 32, 40, 42,
56


red, 9, 13, 16, 20, 27, 32, 40, 42,
56, 124


southern, 52, 71


swamp white, 9, 16, 20, 27, 32,
42, 56


tanbark, 56


white, 13, 16, 20, 27, 32, 40, 42,
54, 56, 72, 144


yellow, 9, 13, 16, 20, 27, 32, 42,
56


Osage orange, 13, 16, 27, 32, 40, 51, 56







Oven-dry, 57


Packing Boxes, testing, 124


Permanent set, 5


Permeability, 54


Pitch pockets, 65


Pith rays (see Rays)


Pine, 44, 45, 55


Cuban, 71


loblolly, 36, 48, 51, 54, 71, 85,
140, 141, 142, 143


lodgepole, 13, 16, 20, 27, 32, 40,
42, 57







longleaf, 6, 7, 8, 9, 13, 14, 16,
20, 27, 32, 36, 40, 42, 46, 57, 59,
65, 71, 78, 140, 141, 142, 143,
144


northern yellow, 22


Norway (see Red pine)


red, 9, 13, 16, 20, 27, 32, 36, 40,
42, 48, 57, 140, 141, 142, 143,
144


shortleaf, 13, 27, 36, 48, 57, 71,
140, 141, 142, 143, 144


southern yellow, 22, 124


sugar, 9, 13, 16, 20, 27, 32, 42,
57







western yellow, 9, 13, 16, 20, 27,
32, 40, 42, 57


white, 13, 15, 16, 20, 22, 27, 32,
40, 42, 51, 57, 144


Plane, neutral, 23, 33


Plasticity, 6


Pliability, 5, 38, 85


Poplar, 22, 44


yellow, 44


Pores, 44


Preservatives, effect of, 86


Rays, 60







effect on compression failure, 17,
18


shrinkage, 81-82


Redwood, 13, 16, 27, 36, 48, 57, 140,
141, 142, 143, 144


Resilience, 2, 5, 49


elastic, 6


formulæ for, 98, 102, 104, 114


Resin, effect of, 59


pockets, 65


Rind-gall, 65


Ring, annual, 44







growth, 44, 52


-shake, 64-65


-porous, 44, 59


Rot, 68, 69


Rupture, modulus of, 26, 54, 62, 75


formulæ, 98, 102


Safe Load, 29


Sap, 73, 74


-stain, 59


-wood, 50-54, 73, 74


Sassafras, 51







Season checks, 61, 78-84


of cutting, effect of, 73-75


Seasoning, 55, 74, 75-84


Second-growth, 49, 50


Set, 5


Shake, 64-66, 72


cup, 64


heart, 64


ring, 64


star, 64


Shear 3, 19-22, 133







across the grain, 19, 21, 22


along the grain, 19, 21, 76, 94,
107-110


formulæ, 98, 102


horizontal, 24


failure, 35-37


longitudinal, 21, 24


oblique, 21, 22


transverse, 23


vertical, 23


Shearing strength, 2, 19


Shipping dry, 57







Shipworms, 67


Shock, 30, 49


Shortening, 3, 33


Shrinkage, 54, 58, 74, 76, 78-82, 135-
137


S-irons, 83


Site, effect on wood, 48, 49, 70-73
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FOOTNOTES
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[Footnote 1: This is in accordance with
the discovery made in 1678 by Robert
Hooke, and is known as Hooke's law.]
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[Footnote 2: If the straight portion does
not pass through the origin, a parallel
line should be drawn through the origin,
and the load at elastic limit taken from
this line. (See Fig. 32.)]
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[Footnote 3: See Brush, Warren D.: A
microscopic study of the mechanical
failure of wood. Vol. II, Rev. F.S.
Investigations, Washington, D.C., 1912,
p. 35.]
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[Footnote 4: See Circular No. 18, U.S.
Division of Forestry: Progress in timber
physics, pp. 13-18; also Bulletin 70,
U.S. Forest Service: Effect of moisture
on the strength and stiffness of wood, pp.
42, 89-90.]
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[Footnote 5: See Bulletin 70, op. cit., p.
129.]







return


[Footnote 6: Jaccard, P.: Étude
anatomique des bois comprimés. Mit. d.
Schw. Centralanstalt f.d. forst.
Versuchswesen. X. Band, 1. Heft.
Zurich, 1910, p. 66.]
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[Footnote 7: This does not correspond
exactly with the conclusions of A. Thil,
who says ("Constitution anatomique du
bois," pp. 140-141): "The sides of the
medullary rays sometimes produce
planes of least resistance varying in size
with the height of the rays. The
medullary rays assume a direction more
or less parallel to the lumen of the cells







on which they border; the latter curve to
the right or left to make room for the ray
and then close again beyond it. If the
force acts parallel to the axis of growth,
the tracheids are more likely to be
displaced if the marginal cells of the
medullary rays are provided with weak
walls that are readily compressed. This
explains why on the radial surface of the
test blocks the plane of rupture passes in
a direction nearly following a medullary
ray, whereas on the tangential surface the
direction of the plane of rupture is
oblique—but with an obliquity varying
with the species and determined by the
pitch of the spirals along which the
medullary rays are distributed in the
stem." See Jaccard, op. cit., pp. 57 et







seq.]
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[Footnote 8: Shear should not be
confused with ordinary cutting or
incision.]
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[Footnote 9: While in reality this
relationship does not exactly hold, the
formulæ for beams are based on its
assumption.]
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[Footnote 10: Only this form of beam is
considered since it is the simplest. For
cantilever and continuous beams, and







beams rigidly fixed at one or both ends,
as well as for different methods of
loading, different forms of cross section,
etc., other formulæ are required. See any
book on mechanics.]
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[Footnote 11: See Tiemann, Harry D.:
Some results of dead load bending tests
of timber by means of a recording
deflectometer. Proc. Am. Soc. for
Testing Materials. Phila. Vol. IX, 1909,
pp. 534-548.]
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[Footnote 12: A fourth might be added,
namely, vibratory, or harmonic
repetition, which is frequently serious







in the case of bridges.]
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[Footnote 13: Johnson, J.B.: The
materials of construction, pp. 81-82.]


return


[Footnote 14: See Tiemann, Harry D.:
The theory of impact and its application
to testing materials. Jour. Franklin Inst.,
Oct., Nov., 1909, pp. 235-259, 336-
364.]


return


[Footnote 15: See Proc. Int. Assn. for
Testing Materials, 1912, XXIII2, pp. 12-
13.]
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[Footnote 16: See articles by Gabriel
Janka listed in bibliography, pages 151-
152.]
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[Footnote 17: For details regarding the
structure of wood see Record, Samuel
J.: Identification of the economic woods
of the United States. New York, John
Wiley & Sons, 1912.]
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[Footnote 18: Bul. 88: Properties and
uses of Douglas fir, p. 29.]
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[Footnote 19: Bul. 108, U. S. Forest
Service: Tests of structural timbers, p.
37.]


return


[Footnote 20: Bul. 80: The commercial
hickories, pp. 48-50.]


return


[Footnote 21: Bul. 53: Chestnut in
southern Maryland, pp. 20-21.]
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[Footnote 22: Bul. 108: Tests of
structural timber, p. 35.]
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[Footnote 23: Bul. 80: The commercial
hickories, p. 50.]
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[Footnote 24: Loc. cit.]
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[Footnote 25: Although the factor of
heart or sapwood does not influence the
mechanical properties of the wood and
there is usually no difference in structure
observable under the microscope,
nevertheless sapwood is generally
decidedly different from heartwood in
its physical properties. It dries better
and more easily than heartwood, usually
with less shrinkage and little checking or
honeycombing. This is especially the







case with the more refractory woods,
such as white oaks and Eucalyptus
globulus and viminalis. It is usually
much more permeable to air, even in
green wood, notably so in loblolly pine
and even in white oak. As already
stated, it is much more subject to decay.
The sapwood of white oak may be
impregnated with creosote with
comparative ease, while the heartwood
is practically impenetrable. These facts
indicate a difference in its chemical
nature.—H.D. Tiemann.]
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[Footnote 26: Bul. 108, U.S. Forest
Service, p. 36.]
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[Footnote 27: The oaks for some
unknown reason fall below the normal
strength for weight, whereas the
hickories rise above. Certain other
woods also are somewhat exceptional to
the normal relation of strength and
density.]
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[Footnote 28: Bul. 70, U.S. Forest
Service, p. 92; also p. 126, appendix.]
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[Footnote 29: See Burke, H.E.: Black
check in western hemlock. Cir. No. 61,
U.S. Bu. Entomology, 1905.]
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[Footnote 30: See McAtee, W.L.:
Woodpeckers in relation to trees and
wood products. Bul. No. 39, U.S. Biol.
Survey, 1911.]


return


[Footnote 31: See Von Schrenck,
Hermann: The "bluing" and the "red rot"
of the western yellow pine, with special
reference to the Black Hills forest
reserve. Bul. No. 36, U.S. Bu. Plant
Industry, Washington, 1903, pp. 13-14.


Weiss, Howard, and Barnum, Charles T.:
The prevention of sapstain in lumber.
Cir. 192, U.S. Forest Service,
Washington, 1911, pp. 16-17.]
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[Footnote 32: See Standard
classification of structural timber.
Yearbook Am. Soc. for Testing
Materials, 1913, pp. 300-303. Contains
three plates showing standard defects.]
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[Footnote 33: Bul. 108, pp. 52 et seq.]
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[Footnote 34: Bul. 115, U.S. Forest
Service: Mechanical properties of
western hemlock, p. 20.]
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[Footnote 35: Hartig, R.: The diseases







of trees (trans. by Somerville and Ward),
London and New York, 1894, pp. 282-
294.]
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[Footnote 36: Busse, W.: Frost-, Ring-
und Kernrisse. Forstwiss. Centralb.,
XXXII, 2, 1910, pp. 74-81.]
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[Footnote 37: For detailed information
regarding insect injuries, the reader is
referred to the various publications of
the U.S. Bureau of Entomology,
Washington, D.C.]
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[Footnote 38: See Smith, C. Stowell:
Preservation of piling against marine
wood borers. Cir. 128, U.S. Forest
Service, 1908, pp. 15.]
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[Footnote 39: See Von Schrenck, H.: The
decay of timber and methods of
preventing it. Bul. 14, U.S. Bu. Plant
Industry, Washington, D.C., 1902. Also
Buls. 32, 114, 214, 266.


Meineoke, E.P.: Forest tree diseases
common in California and Nevada, U.S.
Forest Service, Washington, D.C., 1914.


Hartig, R.: The diseases of trees.
London and New York, 1894.]
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[Footnote 40: Dry rot in factory timbers,
by Inspection Dept. Associated Factory
Mutual Fire Insurance Cos., 31 Milk
Street, Boston, 1913.]
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[Footnote 41: Falck, Richard: Die
Meruliusfaüle des Bauholzes,
Hausschwammforschungen, 6. Heft.,
Jena, 1912.]
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[Footnote 42: Mez, Carl: Der
Hausschwamm. Dresden, 1908, p. 63.]
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[Footnote 43: A culture of fungus placed
in a glass jar and the air pumped out
ceases to grow, but will start again as
soon as oxygen is admitted.]
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[Footnote 44: Experiments in kiln-drying
Eucalyptus in Berkeley, U.S. Forest
Service.]
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[Footnote 45: See Anderson, Paul J.:
The morphology and life history of the
chestnut blight fungus. Bul. No. 7, Penna.
Chestnut Tree Blight Com., Harrisburg,
1914, p. 17.]
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[Footnote 46: See York, Harlan H.: The
anatomy and some of the biological
aspects of the "American mistletoe."
Bul. 120, Sci. Ser. No. 13, Univ. of
Texas, Austin, 1909.


Bray, Wm. L.: The mistletoe pest in the
Southwest. Bul. 166, U.S. Bu. Plant Ind.,
Washington, 1910.


Meinecke, E.P.: Forest tree diseases
common in California and Nevada. U.S.
Forest Service, Washington, 1914, pp.
54-58.]
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[Footnote 47: See Record, S.J.: Sap in
relation to the properties of wood. Proc.
Am. Wood Preservers' Assn., Baltimore,







Md., 1913, pp. 160-166.


Kempfer, Wm. H.: The air-seasoning of
timber. In Bul. 161, Am. Ry. Eng. Assn.,
1913, p. 214.]
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[Footnote 48: See Tiemann, H.D.: Effect
of moisture upon the strength and
stiffness of wood. Bul. 70, U.S. Forest
Service, Washington, D.C., 1906; also
Cir. 108, 1907.]
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[Footnote 49: The wood of Eucalyptus
globulus (blue gum) appears to be an
exception to this rule. Tiemann says:
"The wood of blue gum begins to shrink







immediately from the green condition,
even at 70 to 90 per cent moisture
content, instead of from 30 or 25 per
cent as in other species of hardwoods."
Proc. Soc. Am. For., Washington, Vol.
VIII, No. 3, Oct., 1913, p. 313.]


return







[Footnote 50: See Schlich's Manual of
Forestry, Vol. V. (rev. ed.), p. 75.]
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[Footnote 51: Cir. 39. Experiments on
the strength of treated timber, p. 18.]
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[Footnote 52: Ibid., p. 21. See also Cir.
108, p. 19, table 5.]
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[Footnote 53: Hatt, W. K.: Experiments
on the strength of treated timber. Cir. 39,
U.S. Forest Service, 1906, p. 31.]
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[Footnote 54: Teesdale, Clyde II.: The
absorption of creosote by the cell walls
of wood. Cir. 200, U. S. Forest Service,
1912, p. 7.]
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[Footnote 55: Tiemann, H.D.: Effect of
moisture upon the strength and stiffness
of wood. Bul. 70, U. S. Forest Service,
1907, pp. 122-123, tables 43-44.]
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[Footnote 56: The methods of timber
testing described here are for the most
part those employed by the U. S. Forest
Service. See Cir. 38 (rev. ed.), 1909.]


return







[Footnote 57: Bul. 108, U. S. Forest
Service: Tests of structural timbers, pp.
53-54.]
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[Footnote 58: See Tiemann, Harry
Donald: The effect of the speed of
testing upon the strength and the
standardization of tests for speed. Proc.
Am. Soc. for Testing Materials, Vol.
VIII, Philadelphia, 1908.]
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[Footnote 59: For description of U.S.
Forest Service automatic and
autographic impact testing machine, see
Proc. Am. Soc. for Testing Materials,
Vol. VIII, 1908, pp. 538-540.]







return


[Footnote 60: See Warren, W.H.: The
strength, elasticity, and other properties
of New South Wales hardwood timbers.
Dept. For., N.S.W., Sydney, 1911, pp.
88-95.]
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[Footnote 61: Bul. No. 8: Timber
physics, Part II., 1893, p. 7.]
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[Footnote 62: Cir. 38: Instructions to
engineers of timber tests, 1906, p. 24.]
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[Footnote 63: Warren, W.H.: The







strength, elasticity, and other properties
of New South Wales hardwood timbers,
1911, pp. 58-62.]
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[Footnote 64: Wood is so seldom
subjected to a pure stress of this kind
that the torsion test is usually omitted.]
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1. Introduction __________________


Purpose


The Sign Sizing Program is a tool that allows the
user to design and calculate the length, height, and
area of a sign panel for road and trail guide signs that
contain variable messages.


(The program can only run on the Forest Service
IBM 615 using Forest Service protocols for accessing
files.)


Background


The original PC program eliminated the tedious
task of adding the horizontal dimensions of all the
letters, numbers, arrows, characters and spaces for
each line of text on a proposed sign. This process, done
by hand, usually resulted in a high level of frustration
and was time consuming.  With the arrival of the DG,
the  program was  enhanced and converted to run on
the DG system.  With the advent of the IBM system,
the program was converted back to a PC system using
Fox Pro.


The program allows the user to:
• Design a concise, precise, and


balanced sign.
• Rapidly rerun text changes.
• Change height dimensions of the panel by trying


more or less lines of  text.
• Compare text line lengths to determine where


abbreviations would shorten the panel length.
• View and print the final sign.
• Store any sign for future use.


The program cannot:
• Check spelling or abbreviations.
• Accept different letter sizes on the same sign.
• Automatically center lines of text.


The program checks:
• Correct arrow sequence.
• Arrow placement in a line of text.


References


This publication provides a summary of  Forest
Service signing guidelines to aid the user in using the
Sign Sizing Program. For more detailed information
regarding Forest Service sign standards, refer to:
U. S. Department of Agriculture, Forest Service, Engineering Staff.


August 1998. Sign and Poster Guidelines for the Forest Service.
EM-7100-15. Washington, DC.


Contacts


Any questions regarding the program may be re-
ferred to Donna Sheehy, R1 Sign Coordinator at


406-329-3312 (dsheehy/r1) or Kurt Krueger, Com-
puter Programmer at 406-542-3243 (kkrueger/
rmrs,missoula).


Program Conventions


The program accepts ONLY the following characters:


Alphabet A through Z - upper case
Numbers 0 through 9
Standard punctuation including:
,    .    /    :    ;    ‘    -    $    &   @


Entering other characters results in an error message.
The program uses the following conventions for


reflectorized  road and motorized trail signs.  Other
reflectorized signs, such as warning and regulatory,
have different margin and line to line dimensions.


• Letter, numeral, and spacing widths are based on
Series “C” of the U. S. Deparment of Transporta-
tion, Federal Highway Administration, Office of
Traffic Operations. 1966.  Standard Alphabets for
Highway Signs.


• Spacing for top, bottom, and end margins = 3⁄4 of
the capital letter height.


• Spacing between lines = 1⁄2 of the capital letter
height.


• Spacing between words and characters = 4 times
the letter stroke width.


• Fraction length = 11⁄2 of the capital letter height.
• Combination, horizontal and slanted arrow length


= 11⁄4 of the capital letter height.
• Vertical arrow length =  the capital letter    height.


The program uses the following conventions for
non-reflectorized ( non-motorized trail) signs. Di-
mensioning is for signs with 1 inch letters.  Routed
signs with 2 inch letters or more will will have propor-
tional margin and line spacing requirements.


• Letter and numeral height defaults to 1 inch -
standard for routed trail signs.


• Letter, numeral, and stroke widths are 1⁄4 of the
FHWA standard for 4 inch series “C” letters used
for reflectorized signs.


• Letter to letter and numeral to numeral spacing is
1⁄2 of the FHWA standard for 4 inch series “C” used
for reflectorized signs.


• Spacing for top, bottom, and end margins = 2
inches.


• Spacing between lines = 1 inch.
• Spacing between words and characters = 1 inch.
• Fraction length = 11⁄2 inches.
• Combination, horizontal and slanted arrow length


= 2 inches.
• Vertical arrow width =  1 inch.
• Word/numeral to combination, slanted and hori-


zontal arrow = 1 inch.
• Vertical arrow to word/numeral spacing = 2 inches.
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2. Signing Overview _____________


Trail Signing


Guide signs are used to identify the trail route and
its associated directions, and for guidance  to and from
destinations along the trail. The following rules are
from the U. S. Forest Service “Sign and Poster Guide-
lines for the Forest Service” cited in the Introduction.


Signing Rules


1. Identify all trail legs at all forest development
trail junctions with guide signs. (Exception: do not
identify trail legs on which traffic is discouraged,
prohibited, or against one-way traffic flow.)


2. Identification of destinations on guide signs is
generally optional. However, if a destination has been
identified on a guide sign, it must be identified on all
subsequent guide signs along the trail until the desti-
nation is reached. Distances shall be used when show-
ing any destination.


3. Identify destinations named on guide signs.
4. Use only names and numbers that appear on the


most current visitor or trail map.


Messages


1. Required:


Route identification (trail name and number) and its
direction(s).


Exit signing: as a minimum, show the direction and
distance to the trailhead or trail access at the first
junction from the trailhead or access point.


2. Optional:
Point destinations including recreation sites, geo-


graphic features, junctions with other trails or roads,
and administrative sites. Show mileages as fractions
to the nearest 1/4, 1/2 or 3/4 mile for destinations up to
3 miles. After 3 miles, round to the nearest mile. Use
decimal kilometers up to 1 kilometer (0.1-0.9).  Dis-
tance shall be rounded to the nearest kilometer (with
no decimal) after 1 kilometer.


Abbreviate where message length causes excessive
sign length and where the abbreviation cannot be
misunderstood. Use standard abbreviations found in
Chapter 2 of EM-7100-15.


Message Sequence


1. At a destination, center name of destination.
2. First trail route identification and its


direction(s) - based on proper arrow sequence.
3. Destinations and mileages for features on or


accessed by the first trail.


4. Second trail route identification and its
direction(s) - again - based on proper arrow sequence.


5. Destinations and mileages for features on or
accessed by second trail.


Layout


Text lines and arrows for trails and destinations are
to be left justified first and then right justified, if
possible.


Do not align trail numbers and trail mileages in the
same column - offset mileage left or right under the
trail number.


Sign Size


Routed signs. Recommend up to 4 lines of text - do not
exceed 5 lines.


Reflectorized signs. Recommend up to 3 lines of text -
do not exceed 4 lines.


Road Signing


Guide signs on roads inform drivers of sites located
some distance ahead and provide reliable information
on distances to those destinations.


Signing Rules


1. Sign all junctions between a first destination
guide sign and the destination. It is important that
each successive sign along the road continue to carry
a destination until it is reached. Distances shall be
used when showing any destination.


2. After signing a user to a destination, exit destina-
tion should be provided at each decision point back to
the starting point.


3. Identify destinations named on guide signs.
4. Use only names and numbers that appear on the


most current visitor map.


Messages


1. Required:
Route identification (Route Markers) and its


direction(s).


2. Optional:
Point destinations and their associated mileages.


These can  include  recreation sites, geographic fea-
tures, junctions with other roads or trails, and admin-
istrative sites. Show mileages as fractions to the near-
est 1/4, 1/2  or 3/4 mile for destinations up to 1 mile.
After 1 mile, round to the nearest mile.


Abbreviate where message length causes excessive
sign length and where the abbreviation cannot be
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misunderstood. Use standard abbreviations found in
Chapter 2 of EM-7100-15.


Layout


Text lines and arrows for  destinations are to be left
justified first and then right justified if possible.


Sign Size


Reflectorized signs. Recommend up to 3 lines of text -
do not exceed 4 lines as a maximum.


Letter Size
Letter size is dependent on the speed of the traffic


type on the road or trail.  Use the following minimum
letter sizes when designing guide signs. The program
will default to 4" letters for roads and 1" letters for non-
motorized trails.


Maintenance Level 3, 4 and 5 roads:


More than 50 m.p.h. 6" letters
35 to 50 m.p.h. 5" letters
less than 35 m.p.h. 4" letters
20 m.p.h. and less 3" letters
within developed sites


Maintenance Level 2 roads:


More than 20 m.p.h. Same as above
20 m.p.h. and less 3" letters


Motorized trails:


More than 25 m.p.h. 3" letters
25 m.p.h. and less 2" letters


Non-Motorized trails:
All 1" letters


Arrows
Arrow placement on signs is extremely critical to the


functionality of the sign.  As a general rule, directional
arrows should be horizontal or vertical, but at irregu-
lar intersections, an oblique arrow may convey a
clearer indication of the direction to be followed. In
some cases, especially trail junctions, combinations of
arrows may be needed.  Arrow placement controls the
sequence first, then mileages.


Arrow and Mileage Sequence


Standard arrow sequence with mileages is as
follows:


1. Straight ahead (vertical) arrows, lowest mileage first.
2. Left arrows, lowest mileage first.
3. Right arrows, lowest mileage first


Arrows pointing straight ahead and to the left shall
be to the extreme left of the line of text, while arrows
pointing to the right shall be to the extreme right of the
text.  These principles and guidelines are illustrated in
Figure 2.1.


Figure 2.1.—Standard Arrow Placement


Special Cases


Trail signs require that the trail route identification
and its  direction(s) be signed first and then the
destinations associated with that trail.  “L” junctions
will require combinations of arrows that are an excep-
tion to the standard rules.  These are illustrated in
Figures 2.2 and 2.3.


Figure 2.2. Right  “L” Junction—This sign requires that the
destination to the right be signed before signing the trail leg and
destinations to the left (use the override left arrow in the
program).


Figure 2.3. Left “L” Junction—This sign requires that the
vertical arrow be placed on the right (use the override up arrow
in the program) and if signing a straight ahead destination, the
up arrow will be under the left arrow.
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Mileage Layout


There are three options for displaying mileage on
signs:


a. Mileage for up and left directions may be aligned
in the same column with the right  arrows as shown
below.  Hint - use the mileage right justify option in
the Right Arrow selection.


b. All mileage may be placed in a single column
before the arrows on the right - use the mileage entry
boxes.


c.  Mileage may be entered with the text line. Re-
member - on trail signs - mileage is not to be in the
same column as the trail numbers.


COULEE TR. NO. 424


MIDDLE FK. TR. NO. 437


MIDDLE FORK TRHD.                  5


COULEE TR. NO. 424


MIDDLE FK. TR. NO. 437
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MIDDLE FORK RANCH                  5


COULEE TR. NO. 424
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3. Getting Started ________________________________________________


Downloading the Program


The sign-sizing program is designed to run on the Forest Service IBM 615 using Forest Service protocols for
accessing files in a predetermined directory structure.


Installation instructions and program files are available on the Region 1 Web site (Library - Software -
Distribution - Engineering).  The sign sizing program, a PC Windows application, is on the IBM 615 mainframe
in two folders (j:/files/office/engineer/sign_siz and j:/fsapps/fsprod/engineering/sign_sizing).  Executing the instal-
lation procedure from the web site requires a Database Administrator and an IBM compatible  PC, not a “dumb
terminal.”  Once the folders and data files are installed on the  PC, the user can adjust settings and create a
shortcut.  The program is then ready to run.


Adjusting the Settings


In order for this program to be viewed properly, the computer settings may need to be adjusted.


• Go to the START button on the lower left of the pop up bar at the bottom of the screen.
• Click on SETTINGS, then click on CONTROL PANEL.
• Double click on the DISPLAY Icon.
• Select the SETTINGS folder.
• Change the FONT SIZE from large fonts to small fonts.
• Change the Display Area from 1280 x 1024 to 1024 x 768.
• Click on OK.  Windows will restart.


The settings may be changed back after completion of your sign sizing session or left as is.  Most of the IBM
operations will run with these settings,  with the exception of ORACLE Forms in Exceed.


Creating the Shortcut


• Go to folder where SIGN.EXE is located using WINDOWS EXPLORER. Select START Button, then
PROGRAMS.  j:\fsapps\fsprod\engineering\sign_sizing


• Right click on SIGN.EXE.  Select “Create Shortcut” from the menu.  There will be a message: “Windows cannot
create a shortcut here. Do you want shortcut to be placed on the desktop Y/N?”  Select “Y”.   This will create
a new entry “Shortcut to Sign.exe” in your DESKTOP folder.


• Still using EXPLORER go to C:\WINDOWS\DESKTOP (not all Forest Service IBMs have this - if you don’t
just go to the desktop).  Highlight SHORTCUT TO SIGN.EXE.  Right click on RENAME and change the name
to  “SIGN_DESIGN”.  Right click again and select “Cut”.


• Still using EXPLORER go to C:\WINDOWS\START MENU\PROGRAMS and activate this folder.  Right
click on the mouse on the RIGHT side of the EXPLORER screen.  Select “Paste” from the Menu.  Your Sign
Design shortcut  should appear.


• Test that SIGN_DESIGN will appear by selecting START from your bottom task bar.  Follow the menu
through PROGRAMS and see if SIGN_DESIGN appears.


Accessing the Program


To access the executable program on your PC, press the START  button on the lower left of the pop up bar at
the bottom of the screen.  Go to PROGRAMS and select the program name from the list of available applications.
Click on the name and the program will open to the main Sign Design Screen.


Using the Sign Sizing Program


Screen Layout


The sign sizing program consists of the following four screens:
• The Sign Design Screen
• The Calculation Screen
• The View Screen
• The Info Screen
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The Sign Design Screen


The Sign Design Screen is the main entry screen for the program.  It contains menu bars, text and mileage entry
blocks, arrow select buttons, and other miscellaneous buttons needed for the operation of the program.  These are
shown below.


Figure 3.1—The Sign Design Screen


Program Button Bar


The Program Button Bar contains buttons which provide specific program functions.  Some of these buttons will
move to the view or calculation screens that are related to the Sign Design Screen.
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Text Entry Blocks


This area allows the user to enter the lines of text with the appropriate messages for the sign.


Mileage Entry Blocks


This area allows the user to enter mileage with the appropriate text for the sign.


Left and Right Arrow Buttons


The Left and Right Arrow Buttons allow the user to select the placement of arrows with the appropriate lines
of text.  The selection of arrows is dependent on the correct arrow sequence and on any arrows previously selected.
Depending on the choices made, the available sequence of arrows will change.  In addition, on the right side, a
choice is available for mileages to be entered in the same column as the right arrows. ( Note: When using the
override arrows, the “O” will not print on the final printout.)


Left Sequence Right Sequence
None None


<^ Up/Left Combination ^> Up/Right Combination
^ Up Arrow O^ Override Up Arrow  (“L” Junction only)
\ Angled Left Arrow  / Angled Right Arrow
< Left Arrow > Right Arrow
O< Override Left Arrow Mileage Right Justify


Calculation Screen


The calculation screen displays all the measurements for the sign message and the final dimensions including
all margins.  These measurements are explained in detail in Exercise 1.


Figure 3.2—The Calculation Screen


^ COULEE TR. NO. 424
< MIDDLE FK. TR. NO. 437    >
< MIDDLE FORK TRHD.         5
MIDDLE FORK RANCH       5 >


^ COULEE TR. NO. 424         total: 17.5025
3.0   6.0   2.9   3.1   2.4 text = 17.5


< MIDDLE FK. TR. NO. 437  >    total: 23.7275
3.0   5.9   2.9   2.9   3.1   2.4 text = 20.18 sp= 0.55 sp= 1.0 ar= 2.0


< MIDDLE FORK TRHD.    5    total: 23.7325
3.0   5.9   4.3   3.9   text= 17.12 sp=3.61 sp=2.45 ar=0.55


MIDDLE FORK RANCH    5 >    total: 24.2850
5.9   4.3   4.2   text= 14.49 sp= 6.25 num=0.55 sp= 1.0 ar= 2.0


The size of the sign is: 29 by 11   Letter Size: 1.0
Sign Handbook Number: TD-4-1
Recommended number of sign posts: 1
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View Screen


The View Screen shows a precise view of the final layout, including columns for mileages and arrows.


Figure 3.3—The View Screen
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Info Screen


Additional information may be added about the sign, its location, color,  material, cost, etc., on the Info Screen.
This information is optional, however, the screen should be viewed in order for the print routine to work correctly.


Figure 3.4—The Information Screen
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4. Exercises ____________________________________________________


Exercise 1—Designing a New Sign


Step 1 From the Sign Design Screen, select the NEW Button from the Program Button Bar.  The
program will assign a sequential sign number to the sign being designed.  The current sign
number is displayed at the bottom of the Sign Design Screen.


Step 2 Select ROAD or TRAIL Button.  Road sign will default to 4 inch letters. Trail sign will
default to 1 inch letters. Letter size is shown  in inches to the right of the LETTER SIZE Button.
Road or Trail selection will default to the one last used.


Step 3 Select LETTER SIZE Button if desired size is different from default value.  Double click to
make selection from scrolling numbers.


Step 4 Begin at first line of text entry blocks.  Type in sign messages - capital letters only.  Press
ENTER after typing each line of text on the sign.  The screen allows for 5 lines of text.  If
additional lines of text are needed, press ENTER after the fifth line to activate the MORE
LINES Button in the lower left of the screen.  Press button and enter text. Press Done to
return to main screen.  A total of 10 lines can be designed on a sign.
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Step 5 Left Arrow Selections:  First select the LEFT ARROW Buttons on the left side of the entry
screen for each line of text needing a left arrow.  An Arrow Dialog box will appear. Double Click
on the appropriate selection.  Arrow symbols will be displayed below the Arrow Buttons.


Step 6 Right Arrow Selections:  After entering the left arrows, select  the RIGHT ARROW
Buttons on the right side of the entry screen using the mouse.  Exception: when at trail “L”
junctions as described in Chapter 2, select both left and right arrows on the first line before
proceeding with next line.  Depending on the sign design, right arrows may be aligned under
the text of the longest line or past the text of the longest line.  Select the Right Side Arrows
PAST TEXT or WITH TEXT option at the bottom right of the screen.


Arrow 1


Arrow 2


View Adjustment
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Current Sign Number: 1 Right Side
Arrows


Old CalcInfoViewSaveNew DonePrint
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Step 7a Mileages with Right Arrows:  Mileages for up and left destinations may be aligned in the
same column with the right arrows. Select the RIGHT ARROW Button on the right side of
the entry screen for line 3 using the mouse. (Notice that when the Right Arrow Dialog box
appears, there are limited arrow options due to the fact that the right arrow was selected in
line 2. This selection eliminated the Up/Right , Override Up and Slanted Arrows from further
selection as this would violate the arrow sequence rules.)


Step 7b Select the Mileage Right Justify option from the Right Arrow Dialog Box. The user is asked
to “Enter the mileage you wish to right justify.” Press ENTER after inputting the mileage
figure.  The number will appear in the space below the Right Arrow Button.
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Step 8 Mileages before Right Arrows:  Mileages for all destinations may be aligned in a single
column before the right arrows. Select the MILEAGE ENTRY BLOCK on the right side of
the entry screen for line 4.  Type in the mileage figure and press ENTER.
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Step 9 Mileages with text:  Mileages for any destination may be entered with the line of text. Use
the character “@” for spacing the mileage number over to its placement in the line of text.
These characters will not show when printing.  Remember - on trail signs - mileage is not to
be in the same column as the trail numbers.  Note that in this example, line 4 does not have
a left arrow and will be left justified under the arrows in the previous lines.  Therefore
additional space was required to avoid placing the mileage figure under the trail numbers.
The View Screen will show this adjustment.
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Step 10 Calculation Screen:  After completing the sign message, arrows and mileages, select the
CALC Button from the Program Button Bar. This will calculate all the measurements for
the sign message and determine the final dimensions with all margins.  Calculations are
carried out to four decimal places although only the first is shown on the dimension lines.
Therefore, the total may be higher than the sum of the individual numbers using only the one
decimal place.  Click anywhere on the Calculation Screen to return to the Sign Design Screen.
The calculation must be performed before printing.


^ COULEE TR. NO. 424
< MIDDLE FK. TR. NO. 437    >
< MIDDLE FORK TRHD.         5
MIDDLE FORK RANCH       5 >


^ COULEE TR. NO. 424         total: 17.5025
3.0   6.0   2.9   3.1   2.4 text = 17.5


< MIDDLE FK. TR. NO. 437  >    total: 23.7275
3.0   5.9   2.9   2.9   3.1   2.4 text = 20.18  sp= 0.55 sp= 1.0 ar= 2.0


< MIDDLE FORK TRHD.    5    total: 23.7325
3.0   5.9   4.3   3.9   text= 17.12 sp=3.61 sp=2.45 ar=0.55


MIDDLE FORK RANCH    5 >    total: 24.2850
5.9   4.3   4.2   text= 14.49 sp= 6.25 num=0.55 sp= 1.0 ar= 2.0


The size of the sign is: 29 by 11   Letter Size: 1.0
Sign Handbook Number: TD-4-1
Recommended number of sign posts: 1
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Understanding dimensioning is important in designing signs.  Using the Program Conventions in Chapter 1, lets
look at some of the line measurements in detail. This sign has 1-inch letters so all calculations are based on trail
conventions for 1-inch letters.


For further study, refer to the “Standard Alphabets for Highway Signs”, FHWA, 1966 Edition, page 26, which lists
all of the letter and numeral widths and space requirements used in the above calculations.


Line 4:� MIDDLE FORK RANCH     5 >       total 24.2850
                         5.9          4.3         4.2   text= 14.49  sp 6.25  number 0.55  sp= 1.0  ar= 2.0


Line 1:� ^ COULEE TR. NO. 424         total 17.5025
�� 3.0     6.0      2.9  3.1    2.4            text= 17.5


The width of the vertical arrow is 1inch.
The space to "COULEE" is 2.0 inches
for a total of 3.0.


The word "COULEE" is 5.0175 inches.
The space to "TR." is 1.0 inches
for a rounded total of 6.0.


The word "TR." is 1.9425 inches.
The space to "NO." is 1.0 inches
for a rounded total of 2.9.


The word "NO." is 2.105 inches.
The space to "424" is 1.0 inches
for a rounded total of 3.1.


The number "424" is 2.4375 inches.


Total text length is 17.4995 inches.


The horizontal arrow
is 2.0 inches.


The space between the
number and the arrow
is 1.0 inches.


The number "5" is 0.55 inches.


The space between the end
of text and the mileage
is 6.25 inches.


The word "RANCH" is
4.24 inches.


The word "FORK" is 3.3475 inches.
The space to "RANCH" is 1.0 inches
for a rounded total of 4.3.


The word "MIDDLE" is 4.8975 inches.
The space to "FORK." is 1.0 inches
for a rounded total of 5.9.


Total line length.







17
USDA Forest Service Gen. Tech. Rep. RMRS-GTR-40WWW. 1999
Sign Sizing Program—Version 1.00—Rev. 7/99


 Step 11 View Screen:  After calculating all the measurements and final dimensions for the sign,
select the VIEW button from the Program Button Bar for a precise view of the final layout.
Readjust or change the message as necessary until the desired result is obtained.  If the right
arrows or mileage column appear too close to or too far from the text, the view may be adjusted
without affecting the measurements.  Double click on  the VIEW ADJUSTMENT button in
the lower right side of the screen and double click on the number selected from the scrolling
list of values.   Minus numbers will move the mileage and arrow columns closer to the text;
positive numbers will move them farther away from the text.  Click on VIEW to see the results
again.  Click anywhere on the screen to return to the Sign Design Screen.
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Step 12 Info Screen:  After the sign is designed, additional information may be added about the sign
including  its location and material.  Select the INFO Button  from the Program Button Bar
and enter any of the desired optional information.  Use ENTER to move through the fields.
Sign Color has a list of values.  Use ENTER or single click on the “.f.”to activate the list and
double click on the selected color.  Click on the RETURN Button to move back to the Sign
Design Screen.  The Info Screen must be activated to print.
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1


14.00
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Step 13 After completing the sign design, select the SAVE Button from the Program Button Bar.
This will commit the sign to the file and make it available for future use.


Step 14 To print the sign, select the PRINT Button from the Program Button Bar.  A sample print
layout is shown in Figure 4.1 on page 20.  Remember - Info and Calculation Screens must
have been activated in order to print.


Step 15 If all sign designs are completed, select the DONE  button  from the Program Button Bar
to exit the program.


Step 16 To do another sign, go back to Step 1.  Road or Trail selection and letter size will default to the
one used for the previous sign.


Arrow 1


Arrow 2


View Adjustment


Ltr Size


Road Trail


1.00


Current Sign Number: 1 Right Side
Arrows


Old CalcInfoViewSaveNew DonePrint


Arrow 3


Arrow 4


Arrow 5


0  Past Text
0  With Text


More Lines


Arrow 1


Arrow 2


Arrow 3


Arrow 4


Arrow 5


COULEE TR .NO. 424


MIDDLE FK. TR. NO. 437


MIDDLE FORK TRHD.


<


<
<


>MIDDLE FORK RANCH


>


Step 13


5


5


Step 14 Step 15







20
USDA Forest Service Gen. Tech. Rep. RMRS-GTR-40WWW. 1999
Sign Sizing Program—Version 1.00—Rev. 7/99


SIGN SIZING PROGRAM 10/20/98


Coulee Trail Number 424    T/R:  Trail Internal Sign #:


Letter Size:    1:00    Sign Handbook Number: TD-4-1           1


Color: Routed black legend on natural bkgrnd


Substrate: White oak


Mount on right side of trail
Use 4x4 treated wood post
Mount 5 feet above trail tread
Use vandal proof hardware


^ COULEE TR. NO. 424


< MIDDLE FK. TR. NO. 437     >


< MIDDLE FORK TRHD.          5


MIDDLE FORK RANCH        5 >


Sign Size:    11 by 28        Square Ft: 2.15


Number of sign posts: 1


Cost/Panel: 29.96    Panels: 1    Total Cost: 29.96    DMS


Text:  17.5


Text:  20.2


Text:  17.1


Text:  14.5


Figure 4.1—The Print Layout
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Exercise 2—Modifying an Existing Sign


Step 1 Select the OLD Button from Program Button Bar.  The program will search for an existing
sign under three options.


Step 1a Option 1: Name/Number Search. The program will search for the sign based on the
information contained within the Road/Trail Name and Number field in the INFO
Screen.  Any number of signs may be assigned the same identifier and the search will locate
all of the signs.  Enter the parameters of the search criteria and press ENTER.


Step 1b Option 2: Internal Number.  The program provides a sequential numbered list of all the
signs contained in the file along with the first line of text. Double click on the selected sign from
the scrolling field.


Step 1c Option 3: Next Sign. The program will select the sign that follows the existing sign being
viewed.


Step 2 Make any desired changes to any of the sign fields.  Use the same steps for designing a new
sign. Press CALC before viewing even if no changes are made.  Changes may be saved to the
existing file or as a new sign.
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The U.S. Department of Agriculture (USDA) prohibits discrimination in all its
programs and activities on the basis of race, color, national origin, gender, religion,
age, disability, political beliefs, sexual orientation, and marital or familial status.
(Not all prohibited bases apply to all programs.) Persons with disabilities who
require alternative means for communication of program information (Braille, large
print, audiotape, etc.) should contact USDA’s TARGET Center at 202-720-2600
(voice and TDD).


To file a complaint of discrimination, write USDA, Director, Office of Civil Rights,
Room 326-W, Whitten Building, 14th and Independence Avenue, SW, Washington,
DC 20250-9410 or call 202-720-5964 (voice or TDD). USDA is an equal opportu-
nity provider and employer.


ROCKY  MOUNTAIN  RESEARCH  STATION
RMRS


The Rocky Mountain Research Station develops scientific informa-
tion and technology to improve management, protection, and use of
the forests and rangelands. Research is designed to meet the needs
of National Forest managers, Federal and State agencies, public and
private organizations, academic institutions, industry, and individuals.


Studies accelerate solutions to problems involving ecosystems,
range, forests, water, recreation, fire, resource inventory, land recla-
mation, community sustainability, forest engineering technology,
multiple use economics, wildlife and fish habitat, and forest insects
and diseases. Studies are conducted cooperatively, and applications
may be found worldwide.


Research Locations


Flagstaff, Arizona Reno, Nevada
Fort Collins, Colorado* Albuquerque, New Mexico
Boise, Idaho Rapid City, South Dakota
Moscow, Idaho Logan, Utah
Bozeman, Montana Ogden, Utah
Missoula, Montana Provo, Utah
Lincoln, Nebraska Laramie, Wyoming


*Station Headquarters, 240 West Prospect Road, Fort Collins, CO 80526
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The Dynamics of Lead-Screw
Drives: Low-Order Modeling and
Experiments
The closed-loop performance of a lead-screw drive is usually limited by a resonan
which the carriage oscillates in the direction of motion as the screw undergoes lon
dinal and torsional deformation. In this paper, we develop a model of lead-screw sy
dynamics that accounts for the distributed inertia of the screw and the compliance
damping of the thrust bearings, nut, and coupling. The distributed-parameter model o
lead-screw drive system is reduced to a low-order model using a Galerkin procedure
verified by experiments performed on a pair of ball-screw systems. The model is fou
accurately predict the presence of a finite right-half plane zero in the transfer func
from motor torque to carriage position. A viscoelastic damper incorporated into on
the lead-screw support bearings is shown to give rise to significant, deterministic dam
in the system transfer functions.@DOI: 10.1115/1.1771690#
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1 Introduction
Lead-screw drives are often used in high-performance line


motion systems because they provide a transmission with a
tively high stiffness and an inherent drive reduction. Low-frictio
ball or roller screws provide acceptably smooth motion for ma
applications because of elastic averaging among many ball
rollers in simultaneous contact, and they are readily preloade
have no backlash. One disadvantage of a lead-screw is tha
rotary inertia of the screw makes it difficult to achieve high a
celerations using a motor of a given size. A second, and
poorly understood, limitation on the dynamic performance o
lead-screw drive arises from a resonance in which the carr
oscillates in the direction of motion as the screw undergoes
gitudinal and torsional deformation.


If feedback is taken from a sensor attached to the motor,
rotation of the motor can usually be controlled very rapidly a
precisely. But the carriage position is unknown, and it can dev
from that desired due to quasi-static effects~such as form errors o
thermal expansion! as well as resonant response of the driv
Moreover, no matter how high the bandwidth of motor control,
carriage response rolls off rapidly after the first drive resonanc
instead feedback is taken from the carriage position, the qu
static errors can be eliminated, but the controller bandwidth
limited in practice to be significantly smaller than the frequency
the first drive resonance. In this paper, we develop a model of
dynamics of a lead-screw drive system that correctly accounts
the distributed inertia of the screw but is simple enough to use
simultaneous design of the mechanical system and controller


1.1 Background
Several researchers have studied the effect of control strate


on the performance of lead-screw systems. Chen and Tlusty@1#
study the effects of feedback from motor and carriage posit
Tlusty @2# provides a discussion of various control strategies
positional servomechanisms and suggests various measures
as feed-forward compensation and accelerometric feedback
improving the performance of lead-screw drives. Smith@3# con-
siders lead-screws systems with motor-position feedback and
ploys a finite-element model to study the higher-order~predomi-
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nantly torsional! modes of vibration. Smith et al.@4# implement
adaptive control techniques to enhance the performance of a
chine tool axis. Lim et al.@5# implement a torsional displacemen
feedback algorithm and an estimation method for torsional d
placement to reduce the error in the position of anXY table driven
by motors via ball-screws.


In this paper, we develop a model for the first resonance o
lead-screw drive of the configuration sketched in Fig. 1. It cons
of a screw constrained to the machine base by means of ro
bearings and driven by a motor via a flexible coupling. The nu
mounted to the carriage which is constrained to move axially
linear bearings. The end of the screw nearest the drive moto
axially constrained to the base by means of a thrust bearing.


During operation of the mechanism, friction between the scr
and the nut generates significant heat, leading to a tempera
rise and thermal expansion in the screw. To accommodate
expansion, the screw is often allowed to slide freely in the ax
direction at the support bearing farthest from the motor. Thus,
entire thrust load is transmitted to the base through the se
combination of the elements between the motor-side thrust b
ings and the carriage. Because the compliance of the screw
creases with increasing length, the frequency of the resonanc
such a system decreases to its lowest value when the carriage
the end farthest from the motor.


In heavy machine tools it is sometimes practical to constrain
screw by thrust bearings at both ends and pre-stretch the s
during assembly by large enough a displacement that some
sion is maintained even when the screw becomes hot. Such
tems exhibit relatively high resonant frequencies and small th
mal errors. But the required preload is often so high that
requires relatively large thrust bearings and results in signific
warping of the machine base. Nayfeh@6# and Nayfeh and Slocum
@7# propose that a viscoelastic element be inserted into the
path at the thrust bearing farthest from the motor. Such a
coelastic damper can be made compliant enough that the req
pre-loading displacement is attained with relatively small loa
while still giving rise to significant damping in the system.


1.2 Approach. Damping plays a key role in determining th
effects of resonance on closed-loop performance@8#. Most of the
damping in machines arises at material interfaces and is diffi
to model from first principles@9–11#. This damping is often mod-
eled as ‘‘structural’’ or ‘‘hysteretic’’ and introduced into a
frequency-domain model by assigning complex-valued stiffnes
to lossy elements of a system~e.g., Nashif et al.@12#!. In this
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paper, we develop a model of the system in the frequency dom
so that hysteretic damping can be incorporated by use of a c
plex stiffness to describe the bearings or nut. We then obtain
equivalent viscously damped model suitable for prediction of
transient response and design of controllers.


We begin by writing second-order wave equations in the f
quency domain for the longitudinal and torsional dynamics of
screw along with boundary conditions that take into account
compliance~and possible damping! of the bearings and the nu
We argue that unless the effective inertia of the screw is m
larger than that of the carriage and motor, the mode shape as
ated with the first resonance will be close to the shape obta
from quasi-static deformation of the system. A Galerkin proced
based on this mode shape yields a consistent mass matrix
reduced-order model with the rotation of the motor and position
the carriage as coordinates. Next, for light damping, we us
perturbation expansion to determine approximations to the op
loop poles of the system and thence derive an equivalent se
time-domain equations.


Finally, we verify the model against measurements perform
on a pair of ball-screw drives. Modal tests yield experimenta
the mode shape associated with the axial drive resonance.
surements of transfer functions from motor torque to both mo
rotation and carriage position provide a direct comparison w
the model. We find generally good agreement between the ex
ment and model~with and without a viscoelastic damper!, con-
firming that the model is suitable for prediction of the response
the system over the frequency range of interest. As predicted
the model, we find that a non-minimum phase zero in the tran
function from motor torque to carriage position arises from
distributed inertia of the screw.


2 Modeling
Consider steady harmonic vibration of the lead-screw dr


shown in Fig. 1 at a frequencyv, where the vibratory displace
ment of the carriage is given by Re(uc(v)ejvt) and the angle of
rotation of the motor is given by Re(um(v)ejvt). The complex vari-
ablesuc(v) and um(v) each represent the magnitude and ph
of the motion as a function of the frequencyv. The displacement
and angle of twist of the screw vary along the length of the sc
and hence are written as Re(u(x,v)ejvt) and Re(u(x,v)ejvt).


2.1 Distributed-Parameter Model. The longitudinal dis-
placementu(x,v) and angle of rotationu(x,v) of the screw are
each governed by a second-order wave equation. Neglecting
effect of the threads on the cross-sectional properties of the sc
we write


Eu9~x,v!1rv2u~x,v!50 and Gu9~x,v!1rv2u~x,v!50
(1)


where the primes denote partial differentiation with respect tox, r
is the density of the screw, andE and G are, respectively, its
extensional and shear moduli.


Fig. 1 Sketch of a ball-screw drive
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2.1.1 End Conditions. At the end of the screw nearest th
motor ~at x50), the longitudinal force must match the longitud
nal force in the thrust bearing. Ifkb1 represents the combine
longitudinal stiffness of the thrust bearing and its housing, t
condition takes the form


EAu8~0,v!5kb1u~0,v! (2)


whereA is the average cross-sectional area of the screw and
prime denotes partial differentiation with respect tox. Similarly,
denoting the effective stiffness at the end farthest from the mo
askb2 , we have


EAu8~L,v!5kb2u~L,v! (3)


The value ofkb2 can be set to zero if the screw is axially unr
strained at this end.


At x5L, the twisting moment on the screw must vanish. Th
condition takes the formu8(L,v)50. At x50, the twisting mo-
ment in the screw must match that in the coupling. Denoting
torsional stiffness of the coupling between the motor and screw
kc , we relate the rotation at the end of the screw to the rotat
um(v) of the motor by


GJu8~0,v!5kc@u~0,v!2um~v!# (4)


whereJ is the~average! second polar moment of the cross-secti
of the screw.


2.1.2 Conditions at the Nut.If the carriage~more precisely,
the nut! is located at a positionx5xc along the length of the
screw and the interface between the nut and the screw is perf
rigid, the carriage displacementuc would be obtained from the
screw’s longitudinal displacement plus its angle of twist times
drive ratio:


uc~v!5u~xc ,v!1u~xc ,v!
,


2p
(5)


where, is the lead of the screw~i.e., the distance by which the
thread advances in one rotation!. But often, the interface betwee
the screw and the nut as well as the means by which the nu
mounted to the carriage have appreciable compliance. We de
the axial stiffnesskn of the nut as the ratio of the axial forceFn
developed in the screw and the resulting displacementuc(v) of
the carriage if the screw is restrained from displacement or r
tion at xc .


The axial force and the torque developed in the screw are g
by the combination of the forces and torques on the portions of
screw to the left and to the right of the nut according to


Fn5EA@u8~xc
1 ,v!2u8~xc


2 ,v!# (6)


Making use of this expression, we rewrite the kinematic relatio
ship ~5! as


uc~v!5u~xc ,v!1
EA


kn
@u8~xc


2 ,v!2u8~xc
1 ,v!#1


,


2p
u~xc ,v!


(7)


which is the desired equation relating the displacement of
carriage to the displacement and rotation of the screw atxc .


2.1.3 Motor and Carriage. The motor armature is subject t
the twisting momentkc@u(0,v)2um(v)# imposed by the screw
on the coupling in addition to the actuation torqueTm(v) and an
effective viscous damping torquej vCmum(v). The equation of
motion of the motor armature therefore takes the form


~2v2Jm1 j vCm1kc!um~v!5Tm1kcu~0,v! (8)


whereJm is the rotary inertia of the motor armature.
The carriage is subject to the force exerted by the screw on


nut in addition to a disturbance forceFc(v) and an effective
viscous damping forcej vCcuc(v). We therefore write

JUNE 2004, Vol. 126 Õ 389
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~2v2mc1 j vCc1kn!uc~v!5Fc~v!1knFu~xc ,v!


1u~xc ,v!
,


2pG (9)


wheremc is the mass of the carriage.


2.2 Lumped-Parameter Approximation. Longitudinal
waves in the screw travel at a speed of (E/r)1/2. If the frequency
of motion v is much lower than the time that it takes for such
wave to travel the length of the screw~that is, if vL!(E/r)1/2),
the inertia terms in~1! are small and longitudinal wave propag
tion in the screw can be neglected. Under this condition, the
placementu(x,v) of the screw varies approximately linearly wit
x on each portion of the screw between the nut and the th
bearings~as sketched in Fig. 2! over the frequency range of inter
est. Likewise, if the shear modulus of the screw isG, torsional
waves travel at a speed of (G/r)1/2 and torsional waves can b
neglected ifvL!(G/r)1/2. Under this condition,u(x,v) varies
approximately linearly withx on the portion of the screw betwee
the nut and the motor and is constant on the remainder of
screw.


In Section 2.2.1, we neglect the inertia of the system and
amine the deformation obtained if the carriage is subjected
longitudinal displacementuc(v) and the motor is subjected to
rotationum(v). That is, we consider what happens at very sm
v, where the longitudinal and torsional deformation of the scr
appear as shown in Fig. 2. Then, in Section 2.2.2, we perfor
Galerkin approximation based on the quasi-static deformatio
obtain a low-order model with the motor rotation and carria
displacement as coordinates.


2.2.1 Quasi-Static Displacements.Let us now impose a
quasi-static~slowly varying! carriage displacementuc(v) and
motor rotationum(v) by means of a longitudinal forceF exerted
on the carriage and a torque2F,/2p exerted on the motor. The
forces and displacements are related by


F5ktFuc~v!2um~v!
,


2pG (10)


wherekt is the total stiffness of the system~which we obtain later!
and we have neglected the inertia effects. We wish to solve for
quasi-static displacement of the system, which takes the f


Fig. 2 Quasi-static displacement
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given in Fig. 2, so we need only solve foru(x,v) andu(x,v) at
the location of the nut and at the ends of the screw.


Making use of Eq.~4! and the piecewise-linear dependence ou
on x, we write the angular displacements atx50 andxc in terms
of uc(v) andum(v) as


S u~0,v!2um~v!


u~xc ,v!2um~v! D5S 1/kc


1/k tc
D kt,


2p Fuc~v!2um~v!
,


2pG
(11)


where


k tc5
1


kc
1


xc


GJ
(12)


That is, the angle of twist of the screw relative to the motor
governed by the serial compliances 1/kc and xc /GJ of the cou-
pling and screw, respectively.


To obtain similar expressions for the longitudinal displacem
at x50, xc , andL, we find it convenient to introduce terms for th
stiffness of the screw and thrust bearings to the left and to
right of the nut. Making use of~2! and~3!, we write them, respec-
tively, as


k15S xc


EA
1


1


kb1
D 21


and k25S L2xc


EA
1


1


kb2
D 21


(13)


Noting that the total forceF given by Eq.~10! is divided among
the portions of the screw to the left and right of the nut, we wr
the longitudinal displacements as


S u~0,v!


u~xc ,v!


u~L,v!
D 5S k2 /kb1


1
k1 /kb2


D kt


k11k2
Fuc~v!2um~v!


,


2pG (14)


Finally, we combine the second row of Eq.~11!, the middle row
of Eq. ~14!, and Eq.~10! to obtain an expression for the tota
stiffnesskt :


kt5F 1


k11k2
1


1


kn
1S ,


2p D 2S 1


kc
1


xc


GJD G
21


(15)


The termk11k2 represents the total axial stiffness of the scre
and thrust bearings, which acts in series with~i.e., is subject to the
same force as! the nut of stiffnesskn . The first two terms in this
expression therefore represent the total longitudinal stiffness
the screw, which acts in series with the total torsional stiffness
the screw multiplied by the square of the drive ratio,/2p.


2.2.2 Dynamic Equations.Based on the discussion given i
Section 2.2, the solution of the wave equations given by Eq.~1!
coupled with Eqs.~8! and ~9! can be approximated by the quas
static shape shown in Fig. 2 provided that the frequency of mo
v is well below (E/rL2)1/2 and (G/rL2)1/2. We perform this ap-
proximation by minimizing the error in a Galerkin-type~e.g.,@9#!
weighted residualR of the form


R5um~v!@~2v2Jm1 j vCm1kc!um~v!2Tm2kcu~0,v!#


1uc~v!F ~2v2mc1 j vCc1kn!uc~v!2Fc2knS u~xc ,v!


1u~xc ,v!
,


2p D G2E
0


L


u~x,v!@Eu9~x,v!1rv2u~x,v!#dx


2E
0


L


u~x,v!@Gu9~x,v!1rv2u~x,v!#dx (16)


If the motor rotationum(v) is an approximate solution to Eq.~8!
governing the dynamics of the motor, the first line of this expr
sion represents the error in satisfying Eq.~8! weighted byum(v).
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The second, third, and fourth lines are similarly formed weigh
residuals for the carriage, longitudinal motion of the screw, a
torsional motion of the screw.


Because the measurable inputs and outputs of the system a
the motor and carriage, their displacementsuc(v) andum(v) are
convenient generalized coordinates for the model. We there
substitute the quasi-static solution in terms ofuc(v) and um(v)
given by Eqs.~11!, ~14!, and Fig. 2 into the residual given by Eq
~16! and set]R/]uc and ]R/]um to zero, which yields a set o
equations that minimize the residual of the dynamic equati
over all possible quasi-static deformations. These equations ca
written in the familiar second-order form


~2v2M1 j vC1K !S um~v!


uc~v! D5S Fm


Fc
D (17)


where we have introduced an equivalent motor displacemenum
5(,/2p)um and an equivalent motor forceFm5(2p/,)Tm .


2.2.3 Mass Matrix. Introducing the notationn52p/, for
the system drive ratio, we write the mass matrixM in the form


M5Fm11 m12


m12 m22
G5Fn2~Jm1J1!1m n2J122m


n2J122m n2J21m1mc
G (18)


The termm, which appears in each of the four elements of t
mass matrix, is the effective longitudinal inertia of the screw. I
given by


m5rAS kt


k11k2
D 2Fxc


3 S 11
k1


kb1
1


k1
2


kb1
2 D 1


L2xc


3 S 11
k2


kb2
1


k2
2


kb2
2 D G
(19)


whereA is the average cross-sectional area of the screw. If
motor is locked, the factorkt /(k11k2) is the ratio of the longitu-
dinal displacement of the screw atxc to that of the carriage and
the terms within the brackets give the contributions to the ine
from the segments of the screw to the left and to the right of
carriage. Often, the thrust bearing at the motor end can be m
much stiffer than the screw, so thatkb1@k1 and the coefficient of
xc approaches 1/3. In contrast, if the bearing farthest from
motor is allowed to slide axially,kb250 andk2 /kb251 so that
the associated coefficient becomes unity, meaning that all of
mass of the portion of the screw to the right of the carriage
comes associated with the motion of the screw atxc .


The upper left element of the mass matrix includes the ine
n2Jm of the motor as well as a contribution from the rotary iner
of the screw given byn2J1 where


J1


rJL
5S 12


kt


n2k tc
D 2H xc


3L F11S 12
kt


n2kc
D S 12


kt


n2k tc
D 21


1S 1


2
kt


n2kc
D 2S 12


kt


n2k tc
D 22G1S 12


xc


L D J (20)


and J is the average second polar moment of the screw. If
carriage position is locked, the factor (12kt /n2k tc) is the ratio of
the angular position of the screwu at x5xc to the angular position
um of the motor; likewise, (12kt /n2kc) is the ratio ofu at x
50 to um .


The lower right element of the mass matrix includes the ine
mc of the carriage as well as a contribution from the rotary ine
of the screw given byn2J2 where


J2


rJL
5S kt


n2k tc
D 2F xc


3L S 11
k tc


kc
1


k tc
2


kc
2 D 1S 12


xc


L D G (21)


The off-diagonal terms include components of the rotary inertia
the screw given byn2J12 where
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kc
S 1


2
2


kt


3n2kc
D2


kt


6n2kc
G1S 12


2xc


3L D S 1


2
kt


n2k tc
D J (22)


These expressions simplify considerably if the coupling and
are made to have very large torsional stiffnesses.


2.2.4 Stiffness and Damping Matrices.The Galerkin proce-
dure yields relatively simple damping and stiffness matrices:


C5Fn2Cm 0


0 Cc
G and K5ktF 1 21


21 1 G (23)


But most of the damping in the machine will arise from mater
interfaces, and is difficult to model from first principles@10,11#.
Many experiments show that the energy dissipated at mate
interfaces—or by viscoelastic materials—depends only mod
ately on the frequency of vibration; hence it is often incorpora
into a model as ‘‘hysteretic’’ or ‘‘structural’’ damping by augmen
tation of the stiffness with an imaginary part~e.g., Nashif et al.
@12,13#!. Such a model makes sense only in the frequency
main, but is useful for prediction of the damping associated w
resonances occurring in a given frequency range.


To incorporate hysteretic damping into the model, we repla
the real-valued stiffnesskt by a complex stiffness k̂t(1
1 j h sgnv) whereh is the loss factor associated with the tot
stiffnesskt . It can be computed by augmenting with a compl
part any of the component stiffnesses in the expression fokt
given by Eq.~15!.


2.2.5 Approximate Open-Loop Poles.If the system is lightly
damped, approximate expressions for the open-loop poles~eigen-
values! of this fourth-order system with complex stiffness can
obtained from a perturbation expansion. That is, ifvCc /kt ,
vn2Cm /kt and h are of ordere, we seek approximations to th
poles in the from 0,2s, and2sd6 j vd , wheres andsd are of
order e. Substituting these expressions into the characteri
equation and equating terms of like orders ofe, we obtain


s5
n2Cm1Cc


n2~Jm1rJL!1mc
(24)


This real-valued pole is associated with motion of the syst
without deformation of the screw. Hence its value is given by
ratio of the damping and inertia associated with this ‘‘rigid-bod
motion. The longitudinal resonance of the ball-screw system
characterized by the poles2sd6 j vd where


vd
25 k̂t


n2~Jm1rJL!1mc


m11m222m12
2 (25)


and


sd5
1


2 F n2Cm~m221m12!
21Cc~m111m12!


2


@n2~Jm1rJL!1mc#
2~m11m222m12


2 !
1hvdG (26)


wherem11, m22, andm12 are the elements of the mass matrix
indicated in Eq.~18!.


2.2.6 Equivalent Viscous Model.All modeling in this paper
thus far has been done in the frequency domain in order to in
porate hysteretic damping in a consistent manner. But the trans
response of a system is most easily obtained from a time-dom
model. Having obtained~approximate! expressions for the open
loop poles of the system, we can write a model with only visco
damping that has the same approximate poles as the system
hysteretic damping:


M S üm~ t !
üc~ t ! D1CeS u̇m~ t !


u̇c~ t ! D1KeS um~ t !
uc~ t ! D5S f m~ t !


f c~ t ! D (27)
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where


Ce5C1
h k̂t


vd
S 1 21


21 1 D and Ke5 k̂tS 1 21


21 1 D (28)


The matricesM andC are given by Eqs.~18! and~23! andvd is
as defined in Eq.~25!. A perturbation expansion for light dampin
~like that described in the previous section! yields the same ap
proximate open-loop poles as given by Eqs.~24!–~26!.


Using Eqs.~18!–~22! and~27!, we write the collocated transfe
function ~from the equivalent motor torque to motor rotation! as


Gp1~s!5
Um~s!


Fm~s!
5


m22s
21~Cc1hkt /vd!s1 k̂t


D~s!
(29)


where D(s)5det@Ms21Ces1Ke# is the characteristic polyno
mial of the equivalent system. The pair of complex zeros in t
transfer function correspond to vibration of the carriage when
motor is locked. The non-collocated transfer function~from
equivalent motor torque to carriage position! is given by


Gp2~s!5
Uc~s!


Fm~s!
5


2m12s
21~hkt /vd!s1 k̂t


D~s!
(30)


The non-minimum phase~i.e., right-half plane! zero that appears
in this transfer function places a limitation on the closed-lo
performance that can be achieved~e.g.,@14,15#!.


3 Experiments
In this section, we detail measurements made on two ball-sc


drives. The ‘‘small stage’’ shown in Fig. 3 moves a carriage
mass 25 kg through a travel of 360 mm, whereas the ‘‘large sta
shown in Fig. 7 moves a carriage whose mass is 80 kg throu
travel of 915 mm. For each of the two stages, we measure
transfer functions from motor torque to carriage position and co
pare the results with those predicted by the model. For the la
stage, we also compare the dynamics with and without a dam
inserted at the end of the screw farthest from the motor. In a
tion, we perform a set of modal tests on the large stage to de
mine the mode shape associated with the measured resonan


3.1 Small Stage. The ball-screw stage shown in Fig. 3 has
travel of approximately 360 mm. The important details of its co
struction are given in Table 1 and the details of its design
construction are given by Hochmuth@16#. The motor~Aerotech
model BM200@17#! is attached to the screw by means of a dis
type coupling@18# as shown in Fig. 4. The screw is constrained
a pair of 45-deg-angular contact bearings at the end neares
motor and allowed to slide axially at the end farthest from
motor. The expected stiffness from this bearing pair is 140 N/mm,
but the pillow block that holds these two bearings is attached
the base using only two machine screws over a narrow con


Fig. 3 Photograph of the small ball-screw stage showing the
machine base, carriage, and motor
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area~see Fig. 4!. Using a dial indicator to measure the displac
ment of the end of the screw under a known applied force, we fi
that the total stiffnesskb1 is in fact 51 N/mm.


Using this value along with the numbers given in Table 1, w
predict the axial resonance to occur at 194 Hz and the n
minimum phase zero to occur at 975 Hz. It is difficult to predi
the damping in such a system from first principles, but based
experience we expect the system to exhibit a loss factor of ab
0.02 ~equivalent to a viscous damping ratioz of 0.01!. We there-
fore set bothCc and Cm to zero and simply associate this los
factor with the overall stiffness of the screw when generating
transfer function plotted in Fig. 6.


3.1.1 Transfer Functions.The transfer function from motor
torque to carriage position is measured by exciting the motor w
a sinusoidal torque and measuring the response from the lin
encoder. A schematic of the experimental setup is shown in


Fig. 4 Photograph of the small ball-screw stage showing the
carriage, screw, bearing block, and coupling


Fig. 5 Schematic of sine-sweep experiments. The signals
x „t …, y „t …, and u d„t … are the power amplifier input, DAC output,
and swept sine disturbance, respectively. The required transfer
function is Y„s …ÕX„s …


Table 1 Important parameters of ball-screw drive shown in
Fig. 3


Ball-screw average diameter~d! 16.0 mm
Ball-screw lead~,! 5.08 mm
Ball-screw length between bearing supports~L! 406.4 mm
Ball-screw material steel
Ball-nut stiffness (Kn) 260 N/mm
Combined bearing and housing stiffness (kb1)


~measured!
51 N/mm


Torsional stiffness of coupling (kc) 693 N•m
Motor inertia (Jm) 7.831025 kg•m2


Carriage Mass (mc) 25 kg
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Fig. 5. The stage is set up under closed-loop control using a
based DSP board~dSPACE DS1103@19#!, and a disturbance sig
nal is input to the system at a summing junction formed at
input terminal of the power amplifier of the motor. An HP35670
signal analyzer is used to generate a sinusoidal disturbance,
sure the input and output signals, and determine their rela
magnitude and phase.


The resulting transfer function agrees well with that predic
by the model, as shown in Fig. 6. The measured loss factor
the resonance frequency associated with the axial resonanc
0.02 and 180 Hz, respectively. The non-minimum phase z
causes the magnitude of the response to roll off slowly~at 240
rather than260 db per decade! at high frequencies with a phas
of 2360 deg. Its effect is clearly evident when the measured
predicted transfer functions are compared to that which would
predicted by neglecting it, plotted as a dotted line in Fig. 6.


3.2 Large Stage. A second set of experiments were co
ducted on the test stand shown in Figs. 7 and 8. It include
ball-screw with lead and diameter of 25.4 mm and length 11
mm ~Table 2!. The base is a weldment with internal constrain
layer dampers as detailed by Varanasi@20#. A carriage whose mas


Fig. 6 Measured and predicted transfer function from motor
torque to linear encoder for the stage of Fig. 3: measured „solid
line …, predicted „dashed line …, and predicted if the non-
minimum-phase zero is neglected „dotted line …


Fig. 7 Photograph of the large ball-screw stage
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PC-


he
A


ea-
tive


ed
and


are
ero


e
nd
be


-
s a
00
d


is approximately 80 kg is mounted on Schneeberger MRD25@21#
roller guides and clamped to the ball-nut. The bearing suppor
the motor end consists of four 60-deg angular contact bear
mounted back to back. A brushless servomotor~Aerotech BM500
@17#! is attached to the screw by means of a bellows-type coup
~Gam KM12 @22#!.


3.2.1 Transfer Functions.The system is set up initially with
screw allowed to slide axially in the bearings farthest from t
motor and the carriage near the end of its travel (xc5813 mm).
Assuming a loss factor of 0.02 for the drive, we plot the predic
transfer functions from motor torque to motor rotation in Fig.
and from motor torque to carriage position in Fig. 10. These ag
closely with the measured data, taken by using feedback fro
motor encoder and a linear encoder, respectively.


Next, we install a viscoelastic damper at the thrust bearing
thest from the motor by inserting a thin washer of EAR-C10
@23# damping material in series with four angular-contact be
ings. The screw is preloaded in tension against these bearings
because the damping washer is relatively complaint, thermal
pansion of the screw leads to only a small decrease in the te
preload of the screw. The expected complex stiffness of the
coelastic washer~denotedkv in Fig. 2! is 40(11 j sgnv) N/mm.
Using this value, we expect to attain a loss factor of 0.18, a
obtain from measurement a loss factor of 0.14. The predicted
measured transfer functions are shown in Figs. 11 and 12 and


Fig. 8 Drawing of the large ball-screw stage showing mea-
surement positions for modal experiment


Table 2 Important parameters of ball-screw stage shown in
Fig. 7


Ball-screw average diameter~d! 25.4 mm
Ball-screw lead~,! 25.4 mm
Ball-screw length between bearing supports~L! 1100 mm
Ball-screw material steel
Ball-nut stiffness (kn) 3000 N/mm
Bearing stiffness (kb1) 6000 N/mm
Torsional stiffness of coupling (kc) 6800 N•m
Motor inertia (Jm) 13.931025 kg•m2


Carriage Mass (mc) 80 kg
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results are summarized in Table 3. According to the model,
non-minimum phase zero should appear at approximately 1
Hz, but our measurements become obscured by quantizatio
rors at frequencies above about 450 Hz as the magnitude o
response rolls off.


Comparison of the predicted and measured responses s
that the resonant frequencies are overestimated by as much a
in the worst case. This may be attributed to various complian
and inertias which are neglected in our calculations, such as t
arising from flexure of the base or contact of the bearing blo
and the base.


3.2.2 Modal Tests. In Fig. 8, we show the location of the
excitation and measurement positions employed in modal tes
the machine. An electromagnetic shaker is used to apply a ran
excitation close to point number 3 via a force transducer~PCB
208B @24#!. The response is measured using a triaxial acceler
eter~PCB 356B08@24#! at each of the 24 points shown in Fig.
The points 1 through 4 are located on the four corners of
carriage, 5 through 8 on the motor-side bearing block, an
through 16 on the linear guide surfaces of the machine base


Fig. 9 Measured „solid line … and predicted „dashed line … collo-
cated transfer functions of the large stage without viscoelastic
damper


Fig. 10 Measured „solid line … and predicted „dashed line … non-
collocated transfer functions of the large stage without vis-
coelastic damper
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the screw itself, the measurement points 17 through 24 are ch
to be diametrically opposite in order to capture the stretching
twisting motion of the screw. The force sensor and the acceler
eter are connected to a signal analyzer~HP35670A! to obtain the
force-to-acceleration transfer functions, from which the reson
frequencies, damping ratios, and mode shapes are extracted


In Fig. 13, we show~in plan view! a series of snapshots of th
first flexible mode of the system starting from the undeform
position. From the figure, we see that this mode correspond
axial motion of the carriage accompanied by stretch and twis
the screw, in agreement with the model. The measured reso
frequency and damping ratio closely match those obtained f
the sine-sweep experiments.


Fig. 11 Measured „solid line … and predicted „dashed line … col-
located transfer function of the large stage with a viscoelastic
damper installed


Fig. 12 Measured „solid line … and predicted „dashed line … non-
collocated transfer function of the large stage with a viscoelas-
tic damper installed


Table 3 Predicted and measured resonance frequencies and
loss factors from sine-sweep experiments


predicted measured


freq ~Hz! h freq ~Hz! h


free end 360 0.02 349 0.04
damped end 400 0.18 382 0.14

Transactions of the ASME
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4 Conclusion
The closed-loop performance of lead-screw drive system


limited by a drive resonance in which kinetic energy is stored
the carriage, motor, and screw; potential energy is stored in
screw, bearings, and nut; and energy is dissipated primaril
material interfaces in the bearings, nut, or bolted joints. For m
designs, this resonance is associated with a mode shape in w
the torsional and extensional strains in the screw are unif
along the portions of the screw between thrust bearings and
We parameterize this shape by the displacements of the moto
carriage, and use it in a Galerkin procedure to derive a redu
order model of the lead-screw system. Energy dissipation is
counted for in the model by both hysteretic and viscous damp


For light damping, a perturbation expansion yields simple f
mulas for the open-loop poles of the system, from which we
tain an equivalent viscously damped model and the transfer fu
tions from motor torque to motor rotation and carriage positi
Experiments conducted on a pair of ball-screw stages confirm
the model accurately predicts the open-loop transfer functio
including the location of a non-minimum-phase zero in the tra
fer function from motor torque to carriage position.


Fig. 13 Measured axial mode shape of the large ball-screw
test stand at 349 Hz with loss factor of 0.04. The figure shows
snapshots of the mode starting from undeformed position. The
small squares indicate measurement locations.
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The impact of the drive resonance on performance is stron
influenced by the damping in the system. The energy dissipate
traditional materials of construction~such as steel, cast iron, o
aluminum! is usually negligible compared to that dissipated
microslip in bearings and joints. This damping is difficult to pr
dict and often varies with the temperature and state of lubrica
in a machine. A viscoelastic damper incorporated into one of
thrust bearings that support a lead-screw provides predictable
relatively high damping without the need for very high prelo
forces.


The model presented in this paper forms the basis for a de
procedure for high-performance drives operated with feedb
control @20,25#. Unless packaging constraints are severe, it is u
ally possible to choose the thrust bearings, ball nut, coupling,
their associated mounts to be much stiffer than the screw its
this produces a relatively stiff drive and allows a considera
simplification in the terms that appear in the mass and stiffn
matrices. Next, a viscoelastic damper is chosen to produc
known loss factor in the drive resonance. Along with the imp
tant mechanical design parameters such as the lead and dia
of the screw, a controller of a given form can be parameteri
with reasonable constraints. Finally, the combined set of par
eters can be optimized to maximize desired performance m
sures, such as the closed-loop bandwidth or settling time.
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Encoder Feedback Devices:  Basics for Motion Control Engineers
From Battlebots to the Mars Rover, large construction vehicles to semiconduc-


tor manufacturing equipment, wherever there is motion, an encoder is sure to be 


found. Encoders may not be as glamorous as the products they go in, but they are 


critical in today’s complex and sophisticated motion control systems. The number 


of applications that require encoders are very large and can be quite different from 


each other, and as a result, the types and styles of encoders available are just as 


numerous. It can be quite daunting for the design engineer to choose just the right 


encoder for their application. This paper looks at some of the features that can be 


specified for an encoder and how that will determine where it can best be used.


Mechanical Configuration
Encoders can be split into one of two mechanical 


configurations: linear or rotary. As the name suggests, 


the linear encoder measures linear motion or speed. 


Typical linear applications are the control of linear 


motors or X-Y tables such as those found on vertical 


CNC mills. They are also commonly found in measure-


ment instruments such as metrology instruments or 


digital calipers. A rotary encoder, on the other hand, 


is used to measure rotation; some typical examples 


are on a motor shaft for speed control or on a PV 


panel for solar tracking. This paper will focus on the 


more common type: the rotary encoder.


Within rotary encoders, there are further basic dif-


ferentiations on mechanical configurations, which 


are primarily a function of the end application of the 


encoder. There are two primary categories: industrial 


and motor feedback automation. Industrial encoders 


are used for rugged and extreme working conditions 


found in heavy manufacturing conditions. Extreme 


temperatures, significant vibration, dirt and debris 


are some of the challenges that these encoders 


have to survive on a daily basis. As a result, industrial 


encoders tend to be big and solidly built to withstand 


the tough environment. 


Motor feedback encoders are typically presented in 


two further distinctions, encoders with bearings, and 


modular encoders which use an existing bearing set 


like is found on the tail shaft of a servo motor. The 


determining factor of which motor feedback encoder 


to utilize is a function of the stability of the shaft/


bearings to which the encoder is attached. Motor 


feedback encoders with bearings are typically utilized 


when the application shaft has a significant amount 


of axial or radial run out. This style of encoder will in-


corporate some sort of flexible member, either a flex-


ible shaft coupling or flexible body mount member, 


to allow mechanical compliance with the application 


shaft irregularities and run out. 


Modular encoders rely on a mechanically stable ap-


plication shaft as the shaft is responsible for holding 


a rotating code wheel in a precise location relative 


to the encoder’s sensing element, as is the case 


with a tail shaft of a high quality servo motor. Motor 


manufacturers put a considerable amount of effort 


in designing a motor with a very stable shaft/bearing 


assembly which in turn allows them to provide a high 


performance motor. Modular encoders take advan-


tage of the stable motor tail shaft assembly provided 


by manufacturers and are assembled from compo-


nents supplied by the encoder manufacturer to the 


tail shaft and motor end bell.


The primary difference between the two motor 


feedback encoders is that the modular encoder 


requires the user to supply labor for assembly to the 


application shaft. However, the modular design does 


not add the expense of the mechanical components 


associated with an extra set of bearings in a motor US Digital EC35 Commutational Kit Encoder
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Optical and Magnetic Encoders
Linear and rotary encoders may use optical or mag-


netic to sense movement. Optical encoders are more 


common and provide higher accuracy and resolu-


tion. Magnetic encoders have an advantage in that 


they do not need to be in as tightly controlled of an 


environment as optical encoders, and can be used 


in certain environments that have higher humidity, 


dust, et cetera. Magnetic encoders may also operate 


in various fluid environments.


Optical encoders use an optical sensor to detect light 


that is transmitted through or reflected from a disk 


(also known as a code wheel) whose pattern has both 


transparent and nontransparent lines. When the light 


is received by the sensor, the encoder puts out a high 


signal and conversely when the light is blocked by a 


line on the code wheel, the sensor puts out a low sig-


nal. So with a known pattern on the disk, the distance 


moved or speed of movement can be measured by 


the encoder.


Magnetic encoders use magnetic code wheels where 


magnetic poles are separated according to the 


resolution required. A magnetic sensor detects the 


change in the magnetic field and produces digital 


pulse trains from the encoder. Magnetic encoders 


use less power than their optical counterparts but 


struggle to provide the same resolution or positional 


accuracy of an optical encoder due to inherent non-


linearities in the magnetic field.


feedback encoder. If the user is able to apply a modu-


lar encoder they will have the most cost effective mo-


tor feedback solution. In both cases, motor feedback 


encoders are generally less environmentally sealed 


when compared to the industrial style encoder.


US Digital S4 Miniature Optical Shaft Encoder (left) and 
E4P  OEM Miniature Optical Kit Encoder (right)


US Digital E5 Optical Kit Encoder 
(cover removed)


US Digital MA3 Miniature Absolute Magnetic Shaft Encoder (foreground)
US Digital MAE3 Absolute Magnetic Kit Encoder (background)


US Digital HD25 Industrial Rugged 
Metal Optical Encoder


An example of when a magnetic encoder is applied in 


place of an optical encoder is when there is a chance 


for an optical disk to become “fogged” as moisture 


condenses on the code wheel. Consider an applica-


tion where the encoder is held at a very low tempera-


ture and then the ambient temperature quickly in-


creases.  In most cases this quick temperature change 


causes condensation on all surfaces of the encoder, 


including the optical code wheel. When the code 


wheel surface collects droplets of moisture, the light 


transfer of the code wheel image to the optical sen-


sor becomes disrupted and a false or missing signal 


may occur on the output.  With a magnetic encoder 


design, condensation of moisture is not an issue with 


the rotating magnet and magnetic sensor.


5


6


6


5
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Absolute versus Incremental
One of the basic classifications used for encoders is 


whether their architecture is absolute or incremen-


tal in design. This refers to the type of output the 


encoder emits. An incremental encoder uses the 


lines on the code wheel to output a digital pulse train 


that corresponds to the sensor detecting light and 


dark regions. Typically incremental optical sensors 


use multiple sensing elements separated by various 


mechanical degrees  and simple analog to digital 


electronics to ultimately produce two phase shifted 


output pulse trains (commonly referred to as channel 


A and channel B). The speed of rotation can be de-


duced from the frequency of these pulse trains while 


direction of rotation is derived from the phase differ-


ence between A and B. Many times an encoder offers 


a third output called the index. The code wheel has a 


second optical channel with a specific optical pattern 


designed to give a once per rotation pulse, index, 


which is often used as a known absolute position dur-


ing the rotation of the encoder code wheel.


Incremental encoders are very useful for both posi-


tion and speed control, as the pulses are very simple 


to process. The drawback to incremental encoders 


is that anytime power is lost, the true position of the 


mechanical system will be lost as well. In this case the 


mechanical system will need to be reset to known 


initial location and restarted. This process is com-


monly called homing the system. In some applications, 


this type of recalibration process is not possible, or is 


very expensive. An example would be semiconductor 


manufacturing equipment, where the machines have 


very tight positional tolerances. After a power loss 


event, the machines require the ability to continue 


from the exact at the moment power was lost, with-


out performing a recalibration procedure. In such 


situations, absolute encoders are necessary. 


An absolute encoder differs from an incremental 


encoder in that it outputs a position word that 


corresponds to a specific angle of shaft rotation, as 


opposed to the incremental encoder series of pulses 


that must be counted to define position. The absolute 


position word is defined as a number of bits (10 bits, 


12 bits, et cetera) that will determine the resolution 


granularity of the encoder over its rotation. The code 


wheel of an optical absolute encoder consists of an 


optical pattern that has a specific pattern for each ad-


dress or bit of resolution over the rotation of the code 


wheel. A multi-turn absolute encoder is a variant that 


also has the ability to provide not only positional 


information over one rotation of the encoder shaft, 


but also has the ability to count turns to give absolute 


positional information over multiple turns of the 


encoder shaft. Once again the absolute encoder turns 


are defined as a number of bits: 10 bits, 12 bits, et 


cetera. The total available resolution of a multi-turn 


absolute encoder is the sum of the number of single 


turn bits plus the turns counting bits. For instance, a 


10 bit single turn resolution with 12 bit turns counting 


resolution absolute encoder will yield 22 total bits of 


resolution over 4096 turns of the shaft.


As mentioned previously, an absolute encoder com-


municates a word that defines its position commonly 


over a serial bus. There are a number of industrial 


serial communication protocols that are used today 


with absolute encoders such as Modbus, CANOpen, 


and Profibus. The design engineer will have to choose 


what is best for the application. As a result of the 


added complexities, absolute encoders are more 


expensive than incremental, but they are also much 


better suited for critical positional control situations.


Encoder Accuracy and Resolution
Ultimately, the encoder gives the motion controller 


information about the velocity and/or position of a 


rotating shaft or linear motion. The encoder must 


provide position information plus or minus a specific 


accuracy. Defining the accuracy of an encoder is 


the most commonly misunderstood aspect of an 


encoder. Often an encoder with higher resolution 


is specified thinking that more lines on a disk will 


provide more positional accuracy. This is incorrect, as 


accuracy and resolution of an encoder are not con-


nected in any way. 


The accuracy of an encoder is primarily defined 


by the precision at which the code information is 


placed on the disk and how concentric the disk pat-


tern rotates with respect to the encoder’s sensing 


element. Encoder accuracy is specified in units of arc-


minutes or arc-seconds. For example: a low resolution 
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incremental encoder of 100 lines per revolution will 


just as accurately report 180 degrees as an encoder 


with 10,000 lines per revolution if they both share 


the same positional accuracy specification. The high 


resolution encoder can just break the steps between 


0 and 180 degrees into finer increments. 


Another way to understand the difference between 


accuracy and resolution is to think of encoders as a 


form of analog to digital converter. They convert the 


analog value of mechanical shaft position to a digital 


form, and like their electronic A to D cousins, it isn’t 


enough to simply specify resolution.  The accuracy 


of a traditional electronic A to D is usually specified 


with two terms: integral nonlinearity, and differential 


nonlinearity.  


Differential nonlinearity is the amount by which adja-


cent codes differ from each other and is directly tied 


to resolution; it has to be less than one bit, or else the 


resolution has been over-specified (a 12 bit encoder 


with a differential non-linearity of 2 bits is really an 11 


bit encoder).  With encoders, differential nonlinearity 


corresponds to the monotonicity of the encoder out-


put codes.  For an incremental encoder this is almost 


never a problem: if the encoder has 1000 lines on the 


disk you will get 1000 pulses out of the encoder.


Integral non-linearity is a measure of how much the 


actual response of the converter departs from the 


ideal response of a perfect converter; most electronic 


A to D’s have a bow-shaped error curve relative to a 


line drawn from zero to maximum input value.  How-


ever, integral nonlinearity is more elusive to pin down 


in the world of encoders.  It won’t be found on most 


data sheets, though it still exists, usually as a sine 


wave shaped error curve.  The major cause of integral 


nonlinearity in encoders is the concentricity error be-


tween the code wheel and encoder sensing element.  


There often is a set screw that secures the code wheel 


hub to the shaft; this, combined with the clearance 


necessary to slip the hub onto the shaft, gives rise 


to a very slight eccentricity of motion relative to the 


encoder’s disk pattern detection system. This ec-


centricity of motion means that the distance of the 


sensor from the axis of rotation is not constant: it is at 


a maximum at one position on the disk, and a mini-


mum 180 degrees distant.  Thus the amount of rotary 


motion necessary to produce a one-count change 


at one angular position of an eccentric code wheel 


may be different from the amount of rotary motion at 


another point, simply because the radii may be differ-


ent.  The typical result is that on half the disk (the half 


where the radius is small) the increments of motion 


corresponding to each count of change are too large, 


while on the other half of the disk (the half with the 


longer radius) the increments of motion are too small.  


This gives rise to the above-mentioned sine-shaped 


error curve.


Fortunately, there is an equation that describes the 


worst case integral non-linearity error in terms of 


optical radius and eccentricity:


Where INL is maximum integral nonlinearity in arc 


minutes, TIR is the total indicated run out of the pat-


tern on the code wheel, and OR is the nominal optical 


radius (the radial distance at which the encoder 


senses the code wheel pattern). Notice that this 


calculation is completely independent of the chosen 


disk resolution; therefore, selecting a higher resolu-


tion disk simply does not increase accuracy.  The only 


means to improve the accuracy error is to reduce TIR 


run out and/or increase the optical radius.


Conclusion
Encoders are available in many mechanical and 


functional versions. Understanding some of the basic 


considerations of an encoder will allow a system de-


signer to properly select an encoder that will provide 


accurate information and performance over the life of 


their application.
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About US Digital


US Digital designs and 
manufactures motion 
control components for 
OEM manufacturers as well 
as end users.  


Motion control building 
blocks include absolute and 
incremental magnetic and 
optical encoders, inclinom-
eters, interfaces, drives, and 
more.  


With complete manufactur-
ing capabilities in-house, 
custom and standard prod-
ucts are delivered within 
1-2 working days.  


US Digital is located in Van-
couver, Washington, and 
recently celebrated their 
30th anniversary in the mo-
tion control industry.


INL (worst case) = 60 sin-1 TIR
OR








Index Vendor PN Vendor Qty Unit Cost Total Cost Acquired?


0 1 2 3
1 Forest Sign Maker ASSY 1 -- --


2 Foundation ASSY 1 -- --


3 Work Surface ASSY 1 -- --


4 460-001 Maple Board, 1 x 8 x 6' Home Depot 4 5.47 21.88 Y


5 460-007 Poplar Board, 1 x 8 x 6' Home Depot 4 8.87 35.48 Y


6 460-005, 460-006 Hard Stop Strips, 5/8" x 3/4" x R/L Home Depot 10 0.97 9.70 Y


7 24063 17-piece Universal T-Track Kit Rockler 1 31.99 31.99 Y


8 20054 Rockler 4 ft. Universal T-Track Rockler 6 25.99 155.94 Y


9 53685 Rockler Small Featherboard Rockler 1 16.99 16.99 Y


10 Scrap maple and high-density rubber, for clamps 2 -- --


11 91732A726 #10-32, Heli-Coil Thread Insert, .475L, Pack of 10 McMaster 1 4.98 4.98 Y


12 92141A011 #10-32, Flat Washer, 18-8, Pack of 100 McMaster 1 2.33 2.33 Y


13 91831A411 #10-32, Nylon-Insert Locknut, 18-8, Pack of 100 McMaster 1 6.28 6.28 Y


14 90251A256 #10-32, Set Screw, Thread Locking Nylon Patch, 18-8, .375L, Pack of 25 McMaster 1 15.81 15.81 Y


15 93705A266 #10-32, SHCP, Thread Locking Nylon Patch, 18-8, .75L, Pack of 25 McMaster 1 6.04 6.04 Y


16 92141A029 1/4-20, Flat Washer, 18-8, Pack of 100 McMaster 1 3.37 3.37 Y


17 91831A029 1/4-20, Nylon-Insert Locknut, 18-8, Pack of 50 McMaster 1 4.69 4.69 Y


18 90251A535 1/4-20, Set Screw, Thread Locking Nylon Patch, 18-8, .375L, Pack of 10 McMaster 1 7.34 Y


19 92196A542 1/4-20, Socket Head Cap Screw (SHCP), 18-8, 1"L, Pack of 50 McMaster 1 10.47 10.47 Y


20 61422 ACME 1/2" - 8 TPI Lead Screw, 5' Long Roton 2 44.60 89.20 Y


21 2938T2 Bronze Flange Bearing, .25 ID, SAE 863 Super Oilite McMaster 2 0.73 1.46 Y


22 2938T13 Bronze Flange Bearing, .5 ID, SAE 863 Super Oilite McMaster 2 0.80 1.60 Y


23 9236S014-R1-SP DC Gearmotor Pittman 1 175.19 175.19 Y


24 6741K410 Emergency Shutoff Switch McMaster 1 32.76 32.76 Y


25 6741K55 Emergency Shutoff Switch Panel McMaster 1 7.96 7.96 Y


26 6061K85 Guide Rod, 1" OD, 60in CUT TO LENGTH McMaster 2 68.66 137.32 Y


27 9861T826 Helical Flexible Shaft Coupling, 1/2" to 1/4" McMaster 2 49.03 98.06 Y


28 H5-32-NE-S Incremental Shaft Encoder, 32 CPR USDigital 1 92.95 92.95 Y


29


460-003, 460-004, 


460-012, 460-013, 


460-018, 460-019 Machined Panel, 6061, Flat Bar, 0.5"x5"x4' OnlineMetals 2 50.90 101.80 Y


30 6261K172 Roller Chain ANSI #35, 4' Loop McMaster 1 3.90 3.90 Y


31 2500T16 Roller Chain Sprocket w/ Hardened Teeth, #35 Chain, 14 Teeth, 1/2" Bore McMaster 2 13.11 26.22 Y


32 9414T11 Set Screw Shaft Collar, 1/2" ID, Black Oxide Steel McMaster 2 18.68 37.36 Y


33 460-002, 460-023 Side Aluminum Angle Bar, 6061, Angle Bar, 2"x2"x0.1875", Length 5' OnlineMetals 2 18.52 37.04 Y


34 92320A179 Spacer, 1/4" Screw Size, 1/2" OD, 18-8, 1.4375in L McMaster 4 6.81 27.24 Y


35 7332K110 Spring Loaded Chain Tensioner, #35, 13-19lbs Tension McMaster 1 53.71 53.71 Y


36 47065T202 T-Slot 4-hole Floor Mounting Bracket, 1" T-Slot McMaster 4 12.93 51.72 Y


37 47065T147 T-Slot Dual End-Feed Fasteners, 1" T-Slot Extrusion, Pack of 4 McMaster 7 4.29 30.03 Y


38 47065T142 T-Slot Single End-Feed Fastener, 1" T-Slot, Pack of 4 McMaster 2 2.30 4.60 Y


39 47065T102 T-Slot Single Extrusion Struts, 3' McMaster 2 11.53 23.06 Y


40 47065T175 T-Slot Single Extrusion, 90° Bracket McMaster 8 4.56 36.48 Y


41 47065T101 T-Slot Single Extrusion, Single 1", 5' McMaster 2 17.75 35.50 Y


42 47065T182 T-Slot Tee, Single, 5-Hole, for 1" Extrusion McMaster 4 7.58 30.32 Y


460-008 Motor Mounting Plate, 6061 AL, Flat Bar, 0.25" x 2.5", Random Length OnlineMetals 1 3.57 3.57 Y


42


460-029, 460-031, 


461-032 Steel Sheetmetal, Gauge 12 Ace Hardware 1 0.00 Y


43 Gantry ASSY 1 -- --


Assembly Level







44 91732A726 #10-32, Heli-Coil Thread Insert, .475L, Pack of 10 McMaster 2 4.98 9.96 Y


45 93705A268 #10-32, SHCP, Thread Locking Nylon Patch, 18-8, 1.0L, Pack of 25 McMaster 2 6.46 12.92 Y


46 92036 ACME 1/2" - 8 TPI Bronze Sleeve Nut Roton 2 24.77 49.54 Y


47 60896 ACME 3/8" - 8 TPI (STUB) ACME Lead Screw Roton 3 8.58 25.74 Y


48 2938T2 Bronze Flange Bearing, .25 ID, SAE 863 Super Oilite McMaster 2 0.73 1.46 Y


49 460-016 Cable Routing Shelf, 6061, Angle Bar, 2"x2"x0.1875", Length 3' OnlineMetals 1 13.15 13.15 Y


50


8975K52, 460-020, 


460-015 Custom Bearing/Nut Housings, Aluminum Stock 1"x1.5"x2' McMaster 1 27.95 27.95 Y


51 9236S014-R1-SP DC Gearmotor Pittman 1 175.19 175.19 Y


52 6061K64 Guide Rod, .75in OD, 36"L McMaster 2 31.13 62.26 Y


53 9861T615 Helical Flexible Shaft Coupling, 3/8" to 1/4" McMaster 2 38.63 77.26 Y


54 Horizontal Members, 6061, Flat Bar, 0.5"x5"x3' OnlineMetals 2 42.94 85.88 Y


55 H5-32-NE-S Incremental Shaft Encoder, 32 CPR USDigital 1 92.95 92.95 Y


56 9338T110 Linear Bearings w/ Housing, 1" ID McMaster 2 183.90 367.80 Y


57 47065T176 Vertical Member Angle Bracket McMaster 4 5.96 23.84 Y


58 Z-Module ASSY 1 -- --


59 91732A725 #10-32, Heli-Coil Thread Insert, .380L, Pack of 10 McMaster 2 4.32 8.64 Y


60 93705A266 #10-32, SHCP, Thread Locking Nylon Patch, 18-8, .75L, Pack of 25 McMaster 1 6.04 6.04 Y


61 91248 ACME 3/8"x8 (STUB) Bronze Sleeve Nut Roton 1 24.98 24.98 Y


62 60896 ACME 3/8"x8 (STUB) Lead Screw, 12" Long Roton 1 8.58 8.58 Y


63 2938T2 Bronze Flange Bearing, .25 ID, SAE 863 Super Oilite McMaster 2 0.73 1.46 Y


64 9236S014-R1-SP DC Gearmotor Pittman 1 175.19 175.19 Y


65 6061K102 Guide Rod, .375 OD, 8"L McMaster 2 4.60 9.20 Y


66 9861T615 Helical Flexible Shaft Coupling, 3/8" to 1/4" McMaster 2 38.63 77.26 Y


67 H5-32-NE-S Incremental Shaft Encoder, 32 CPR USDigital 1 92.95 92.95 Y


68 9338T3 Linear Bearings w/ Housing, .75" ID McMaster 2 66.60 133.20 Y


69 460-017 Vertical Mounting Plate, 6061, Flat Bar, 0.375"x5", Random Length (10-12") OnlineMetals 1 10.71 10.71 Y


70 Cutter ASSY 1 -- --


71 93705A266 #10-32, SHCP, Thread Locking Nylon Patch, 18-8, .75L, Pack of 25 McMaster 1 6.04 6.04 Y


72 91248 ACME 3/8"x8 (STUB) Bronze Sleeve Nut Roton 1 24.98 24.98 Y


73 Bosch Colt Router Home Depot 1 102.48 102.48 Y


74 6255K32 Linear Bearings w/ Housing, .375" ID McMaster 2 42.02 84.04 Y


75 PVC, Pipe Size 2in, 2 ft. Home Depot 1 4.32 4.32 Y


76 PVC, Pipe Size 2in, 90° Elbow Home Depot 1 0.95 0.95 Y


77 PVC, Pipe Size 2in, 45° Elbow McMaster 1 2.14 2.14 Y


78 460-030 Router Mount, 6061, Angle Bar, 6"x6"x.375", Random Length (10-12") OnlineMetals 1 26.68 26.68 Y


461-033 Adapter Plate, 6061 AL, Flat Bar, 0.25" x 5", Random Length (10-12") OnlineMetals 1 7.14 7.14 Y


79 Electronics ASSY 1 -- --


80 R62-CBR20-00W 20 Amp Commercial Duplex Power Outlet - White Home Depot 1 2.99 2.99 Y


81 Base Plate, 6061, Flat Bar, 0.25" x 6", 2ft Length OnlineMetals 1 18.32 18.32 Y


82 2453 Current Sensor Breakout, ACS711EX, 31A Pololu 3 3.95 11.85 Y


83 9600K88 Grommet, 1/2" Panel, Pack of 10 McMaster 1 12.66 12.66 Y


84 9600K54 Grommet, 1/4" Panel, Pack of 50 McMaster 1 10.24 10.24 Y


85 Hypo-Type Solvent Cement Applicator, Small BD-25/2 TAP Plastic 1 3.50 3.50 Y Hypo Applicator


86 Acrylic Solvent Cement, 4 oz Can TAP Plastic 1 6.80 6.80 Y Cement


87 2102220 Jameco Power Supply, Switching, AC-DC 336W, Single 24V Output Jameco 1 79.95 79.95 Y Power Supply


88 94639A149 Nylon Spacer, #2, 1/4" Long, Pack of 25 McMaster 1 7.54 7.54 Y


89 94639A620 Nylon Spacer, #4, 1/4" Long, Pack of 100 McMaster 1 7.51 7.51 Y


90 1601 PiTFT Touchscreen Adafruit 1 34.95 34.95 Y Touchscreen


91 1914 Raspberry Pi B+ Version 1 Adafruit 1 39.95 39.95 Y Raspberry Pi B+


92 7676 Right Angle Power Cord, 18 AWG, 6' Monoprice 1 2.02 2.02 Y Power Cord







93 5279 Right Angle Extension Cord, 18 AWG, 6' Monoprice 1 1.91 1.91 Y Extension Cord


94 1294 SD/Micro SD Memory Card (8GB SDHC) Adafruit 1 11.95 11.95 Y SD Card


95 Q212-ND AC Connector, C14, 15A Digikey 2 0.79 1.58 Y


96 Q2F3X014B-ND Heat Shrink Tubing, 1/4" ID, BLK, 3:1 Shrink, 4' Digikey 2 1.18 2.36 Y


97 CC1758-ND Solid State Relay, 280VAC/10A, 3-32VDC Digikey 1 32.20 32.20 Y SSR


98 A98517-ND Terminal Block, 5 Circuit, 10 Position Digikey 1 3.60 3.60 Y


99 918K-ND Terminal Ring Lug Digikey 25 0.17 4.25 Y


100 1195-3448-ND Ribbon Cable, Female to Female, 2x13 pins, 200mm Digikey 1 13.22 13.22 Y


101 A3011-ND Connector, Female to Female, 1x2 Digikey 5 1.34 6.70 Y


102 A3008-ND Connector, Crimp Digikey 10 0.42 4.20 Y


103 91075A775 Standoff, 18-8, #10-32, 0.75in Long McMaster 4 3.92 15.68 Y


104 92825A142 Spacer, LDPE Black, 1/4 ID, 4in, Pack of 5 McMaster 1 9.45 9.45 Y


105 501 USB Port Power Supply Adafruit 1 5.95 5.95 Y USB Power Supply


106 592 USB-B / MicroUSB-B Cable, 3ft Adafruit 1 2.95 2.95 Y USB/MiniUSB Cable


107 7779K63 Miniature Snap-Acting Lever Switch McMaster 6 2.93 17.58 Y


108 Impact Cover ASSY 1 -- --


109 14649 Continuous Hinge, 1-1/16in x 12in Bright Nickel Home Depot 1 5.97 5.97 Y


110 Clear Acrylic Sheet, 30" x 36" x .22" Home Depot 1 54.97 54.97 Y


111 Custom Microcontroller Board ASSY (Courtesy D. Chan) 1 100.00 100.00 Y


3830.68 TOTAL
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ATmega128A


8-bit Microcontroller with 128Kbytes
In-System Programmable Flash


DATASHEET SUMMARY


Features


High-performance, Low-power Atmel® AVR® 8-bit Microcontroller
Advanced RISC Architecture
̶ 133 Powerful Instructions – Most Single Clock Cycle Execution
̶ 32 × 8 General Purpose Working Registers + Peripheral Control Registers
̶ Fully Static Operation
̶ Up to 16MHz Throughput at 16MIPS
̶ On-chip 2-cycle Multiplier


High Endurance Non-volatile Memory segments
̶ 128Kbytes of In-System Self-programmable Flash program memory
̶ 4Kbytes EEPROM
̶ 4Kbytes Internal SRAM
̶ Write/Erase cycles: 10,000 Flash/100,000 EEPROM
̶ Data retention: 20 years at 85°C/100 years at 25°C(1)


̶ Optional Boot Code Section with Independent Lock Bits
• In-System Programming by On-chip Boot Program
• True Read-While-Write Operation


̶ Up to 64 Kbytes Optional External Memory Space
̶ Programming Lock for Software Security
̶ SPI Interface for In-System Programming


JTAG (IEEE std. 1149.1 Compliant) Interface
̶ Boundary-scan Capabilities According to the JTAG Standard
̶ Extensive On-chip Debug Support
̶ Programming of Flash, EEPROM, Fuses and Lock Bits through the JTAG 


Interface
Peripheral Features
̶ Two 8-bit Timer/Counters with Separate Prescalers and Compare Modes
̶ Two Expanded 16-bit Timer/Counters with Separate Prescaler, Compare Mode 


and Capture Mode
̶ Real Time Counter with Separate Oscillator
̶ Two 8-bit PWM Channels
̶ 6 PWM Channels with Programmable Resolution from 2 to 16 Bits
̶ Output Compare Modulator
̶ 8-channel, 10-bit ADC


• 8 Single-ended Channels
• 7 Differential Channels
• 2 Differential Channels with Programmable Gain at 1x, 10x, or 200x


̶ Byte-oriented Two-wire Serial Interface
̶ Dual Programmable Serial USARTs
̶ Master/Slave SPI Serial Interface

Atmel-8151IS-8-bit-AVR-ATmega128A_Datasheet Summary-08/2014







̶ Programmable Watchdog Timer with On-chip Oscillator
̶ On-chip Analog Comparator


Special Microcontroller Features
̶ Power-on Reset and Programmable Brown-out Detection
̶ Internal Calibrated RC Oscillator
̶ External and Internal Interrupt Sources
̶ Six Sleep Modes: Idle, ADC Noise Reduction, Power-save, Power-down, Standby, and Extended Standby
̶ Software Selectable Clock Frequency
̶ ATmega103 Compatibility Mode Selected by a Fuse
̶ Global Pull-up Disable


I/O and Packages
̶ 53 Programmable I/O Lines
̶ 64-lead TQFP and 64-pad QFN/MLF


Operating Voltages
̶ 2.7V - 5.5V 


Speed Grades
̶ 0 - 16MHz

 2ATmega 128A [DATASHEET]
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1. Pin Configurations


Figure 1-1. Pinout ATmega128A


Note: The Pinout figure applies to both TQFP and MLF packages. The bottom pad under the QFN/MLF package should 
be soldered to ground.


2. Overview
The Atmel®AVR®ATmega128A is a low-power CMOS 8-bit microcontroller based on the AVR enhanced RISC 
architecture. By executing powerful instructions in a single clock cycle, the ATmega128A achieves throughputs 
approaching 1MIPS per MHz allowing the system designer to optimize power consumption versus processing 
speed.
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2.1 Block Diagram


Figure 2-1. Block Diagram


The Atmel®AVR® core combines a rich instruction set with 32 general purpose working registers. All the 32 
registers are directly connected to the Arithmetic Logic Unit (ALU), allowing two independent registers to be 
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accessed in one single instruction executed in one clock cycle. The resulting architecture is more code efficient 
while achieving throughputs up to ten times faster than conventional CISC microcontrollers.


The ATmega128A provides the following features: 128 Kbytes of In-System Programmable Flash with Read-
While-Write capabilities, 4 Kbytes EEPROM, 4 Kbytes SRAM, 53 general purpose I/O lines, 32 general purpose 
working registers, Real Time Counter (RTC), four flexible Timer/Counters with compare modes and PWM, 2 
USARTs, a byte oriented Two-wire Serial Interface, an 8-channel, 10-bit ADC with optional differential input 
stage with programmable gain, programmable Watchdog Timer with Internal Oscillator, an SPI serial port, IEEE 
std. 1149.1 compliant JTAG test interface, also used for accessing the On-chip Debug system and 
programming and six software selectable power saving modes. The Idle mode stops the CPU while allowing the 
SRAM, Timer/Counters, SPI port, and interrupt system to continue functioning. The Power-down mode saves 
the register contents but freezes the Oscillator, disabling all other chip functions until the next interrupt or 
Hardware Reset. In Power-save mode, the asynchronous timer continues to run, allowing the user to maintain a 
timer base while the rest of the device is sleeping. The ADC Noise Reduction mode stops the CPU and all I/O 
modules except Asynchronous Timer and ADC, to minimize switching noise during ADC conversions. In 
Standby mode, the Crystal/Resonator Oscillator is running while the rest of the device is sleeping. This allows 
very fast start-up combined with low power consumption. In Extended Standby mode, both the main Oscillator 
and the Asynchronous Timer continue to run.


The device is manufactured using Atmel’s high-density nonvolatile memory technology. The On-chip ISP Flash 
allows the program memory to be reprogrammed in-system through an SPI serial interface, by a conventional 
nonvolatile memory programmer, or by an On-chip Boot program running on the AVR core. The boot program 
can use any interface to download the application program in the application Flash memory. Software in the 
Boot Flash section will continue to run while the Application Flash section is updated, providing true Read-
While-Write operation. By combining an 8-bit RISC CPU with In-System Self-Programmable Flash on a 
monolithic chip, the Atmel ATmega128A is a powerful microcontroller that provides a highly flexible and cost 
effective solution to many embedded control applications.


The ATmega128A AVR is supported with a full suite of program and system development tools including: C 
compilers, macro assemblers, program debugger/simulators, in-circuit emulators, and evaluation kits.


2.2 ATmega103 and ATmega128A Compatibility
The ATmega128A is a highly complex microcontroller where the number of I/O locations supersedes the 64 I/O 
locations reserved in the AVR instruction set. To ensure backward compatibility with the ATmega103, all I/O 
locations present in ATmega103 have the same location in ATmega128A. Most additional I/O locations are 
added in an Extended I/O space starting from $60 to $FF, (that is, in the ATmega103 internal RAM space). 
These locations can be reached by using LD/LDS/LDD and ST/STS/STD instructions only, not by using IN and 
OUT instructions. The relocation of the internal RAM space may still be a problem for ATmega103 users. Also, 
the increased number of interrupt vectors might be a problem if the code uses absolute addresses. To solve 
these problems, an ATmega103 compatibility mode can be selected by programming the fuse M103C. In this 
mode, none of the functions in the Extended I/O space are in use, so the internal RAM is located as in 
ATmega103. Also, the Extended Interrupt vectors are removed.


The Atmel®AVR®ATmega128A is 100% pin compatible with ATmega103, and can replace the ATmega103 on 
current Printed Circuit Boards. The application note “Replacing ATmega103 by ATmega128A” describes what 
the user should be aware of replacing the ATmega103 by an ATmega128A.


2.2.1 ATmega103 Compatibility Mode


By programming the M103C fuse, the ATmega128A will be compatible with the ATmega103 regards to RAM, 
I/O pins and interrupt vectors as described above. However, some new features in ATmega128A are not 
available in this compatibility mode, these features are listed below:
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One USART instead of two, Asynchronous mode only. Only the eight least significant bits of the Baud 
Rate Register is available.
One 16 bits Timer/Counter with two compare registers instead of two 16-bit Timer/Counters with three 
compare registers.
Two-wire serial interface is not supported.
Port C is output only.
Port G serves alternate functions only (not a general I/O port).
Port F serves as digital input only in addition to analog input to the ADC.
Boot Loader capabilities is not supported.
It is not possible to adjust the frequency of the internal calibrated RC Oscillator.
The External Memory Interface can not release any Address pins for general I/O, neither configure 
different wait-states to different External Memory Address sections.
In addition, there are some other minor differences to make it more compatible to ATmega103:
Only EXTRF and PORF exists in MCUCSR.
Timed sequence not required for Watchdog Time-out change.
External Interrupt pins 3 - 0 serve as level interrupt only.
USART has no FIFO buffer, so data overrun comes earlier.


Unused I/O bits in ATmega103 should be written to 0 to ensure same operation in ATmega128A.


2.3 Pin Descriptions


2.3.1 VCC


Digital supply voltage.


2.3.2 GND


Ground.


2.3.3 Port A (PA7:PA0)


Port A is an 8-bit bi-directional I/O port with internal pull-up resistors (selected for each bit). The Port A output 
buffers have symmetrical drive characteristics with both high sink and source capability. As inputs, Port A pins 
that are externally pulled low will source current if the pull-up resistors are activated. The Port A pins are tri-
stated when a reset condition becomes active, even if the clock is not running.


Port A also serves the functions of various special features of the ATmega128A as listed on page 71.


2.3.4 Port B (PB7:PB0)


Port B is an 8-bit bi-directional I/O port with internal pull-up resistors (selected for each bit). The Port B output 
buffers have symmetrical drive characteristics with both high sink and source capability. As inputs, Port B pins 
that are externally pulled low will source current if the pull-up resistors are activated. The Port B pins are tri-
stated when a reset condition becomes active, even if the clock is not running.


Port B also serves the functions of various special features of the ATmega128A as listed on page 72.


2.3.5 Port C (PC7:PC0)


Port C is an 8-bit bi-directional I/O port with internal pull-up resistors (selected for each bit). The Port C output 
buffers have symmetrical drive characteristics with both high sink and source capability. As inputs, Port C pins 
that are externally pulled low will source current if the pull-up resistors are activated. The Port C pins are tri-
stated when a reset condition becomes active, even if the clock is not running.
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Port C also serves the functions of special features of the ATmega128A as listed on page 74. In ATmega103 
compatibility mode, Port C is output only, and the port C pins are not tri-stated when a reset condition becomes 
active.
Note: The Atmel®AVR® ATmega128A is by default shipped in ATmega103 compatibility mode. Thus, if the parts are not 


programmed before they are put on the PCB, PORTC will be output during first power up, and until the ATmega103 
compatibility mode is disabled.


2.3.6 Port D (PD7:PD0)


Port D is an 8-bit bi-directional I/O port with internal pull-up resistors (selected for each bit). The Port D output 
buffers have symmetrical drive characteristics with both high sink and source capability. As inputs, Port D pins 
that are externally pulled low will source current if the pull-up resistors are activated. The Port D pins are tri-
stated when a reset condition becomes active, even if the clock is not running.


Port D also serves the functions of various special features of the ATmega128A as listed on page 76. 


2.3.7 Port E (PE7:PE0)


Port E is an 8-bit bi-directional I/O port with internal pull-up resistors (selected for each bit). The Port E output 
buffers have symmetrical drive characteristics with both high sink and source capability. As inputs, Port E pins 
that are externally pulled low will source current if the pull-up resistors are activated. The Port E pins are tri-
stated when a reset condition becomes active, even if the clock is not running.


Port E also serves the functions of various special features of the ATmega128A as listed on page 78. 


2.3.8 Port F (PF7:PF0)


Port F serves as the analog inputs to the A/D Converter.


Port F also serves as an 8-bit bi-directional I/O port, if the A/D Converter is not used. Port pins can provide 
internal pull-up resistors (selected for each bit). The Port F output buffers have symmetrical drive characteristics 
with both high sink and source capability. As inputs, Port F pins that are externally pulled low will source current 
if the pull-up resistors are activated. The Port F pins are tri-stated when a reset condition becomes active, even 
if the clock is not running. If the JTAG interface is enabled, the pull-up resistors on pins PF7(TDI), PF5(TMS), 
and PF4(TCK) will be activated even if a Reset occurs.


The TDO pin is tri-stated unless TAP states that shift out data are entered.


Port F also serves the functions of the JTAG interface.


In ATmega103 compatibility mode, Port F is an input Port only.


2.3.9 Port G (PG4:PG0)


Port G is a 5-bit bi-directional I/O port with internal pull-up resistors (selected for each bit). The Port G output 
buffers have symmetrical drive characteristics with both high sink and source capability. As inputs, Port G pins 
that are externally pulled low will source current if the pull-up resistors are activated. The Port G pins are tri-
stated when a reset condition becomes active, even if the clock is not running.


Port G also serves the functions of various special features.


The port G pins are tri-stated when a reset condition becomes active, even if the clock is not running.


In Atmel®AVR®ATmega103 compatibility mode, these pins only serves as strobes signals to the external 
memory as well as input to the 32kHz Oscillator, and the pins are initialized to PG0 = 1, PG1 = 1, and PG2 = 0 
asynchronously when a reset condition becomes active, even if the clock is not running. PG3 and PG4 are 
oscillator pins.
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2.3.10 RESET


Reset input. A low level on this pin for longer than the minimum pulse length will generate a reset, even if the 
clock is not running. The minimum pulse length is given in “System and Reset Characteristics” on page 306. 
Shorter pulses are not guaranteed to generate a reset.


2.3.11 XTAL1


Input to the inverting Oscillator amplifier and input to the internal clock operating circuit.


2.3.12 XTAL2


Output from the inverting Oscillator amplifier.


2.3.13 AVCC


AVCC is the supply voltage pin for Port F and the A/D Converter. It should be externally connected to VCC, even 
if the ADC is not used. If the ADC is used, it should be connected to VCC through a low-pass filter. 


2.3.14 AREF


AREF is the analog reference pin for the A/D Converter.


2.3.15 PEN


PEN is a programming enable pin for the SPI Serial Programming mode, and is internally pulled high. By 
holding this pin low during a Power-on Reset, the device will enter the SPI Serial Programming mode. PEN has 
no function during normal operation.
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3. Resources
A comprehensive set of development tools, application notes, and datasheets are available for download on 
http://www.atmel.com/avr.
Note: 1.


4. Data Retention
Reliability Qualification results show that the projected data retention failure rate is much less than 1 PPM over 
20 years at 85°C or 100 years at 25°C.


5. About Code Examples
This datasheet contains simple code examples that briefly show how to use various parts of the device. These 
code examples assume that the part specific header file is included before compilation. Be aware that not all C 
compiler vendors include bit definitions in the header files and interrupt handling in C is compiler dependent. 
Please confirm with the C compiler documentation for more details.


For I/O registers located in extended I/O map, “IN”, “OUT”, “SBIS”, “SBIC”, “CBI”, and “SBI” instructions must be 
replaced with instructions that allow access to extended I/O. Typically “LDS” and “STS” combined with “SBRS”, 
“SBRC”, “SBR”, and “CBR”.
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6. Register Summary  
Address Name Bit 7 Bit 6 Bit 5 Bit 4 Bit 3 Bit 2 Bit 1 Bit 0 Page


($FF) Reserved – – – – – – – –
: Reserved – – – – – – – –


($9E) Reserved – – – – – – – –
($9D) UCSR1C – UMSEL1 UPM11 UPM10 USBS1 UCSZ11 UCSZ10 UCPOL1 186
($9C) UDR1 USART1 I/O Data Register 184
($9B) UCSR1A RXC1 TXC1 UDRE1 FE1 DOR1 UPE1 U2X1 MPCM1 184
($9A) UCSR1B RXCIE1 TXCIE1 UDRIE1 RXEN1 TXEN1 UCSZ12 RXB81 TXB81 185
($99) UBRR1L USART1 Baud Rate Register Low 188
($98) UBRR1H – – – – USART1 Baud Rate Register High 188
($97) Reserved – – – – – – – –
($96) Reserved – – – – – – – –
($95) UCSR0C – UMSEL0 UPM01 UPM00 USBS0 UCSZ01 UCSZ00 UCPOL0 186
($94) Reserved – – – – – – – –
($93) Reserved – – – – – – – –
($92) Reserved – – – – – – – –
($91) Reserved – – – – – – – –
($90) UBRR0H – – – – USART0 Baud Rate Register High 188
($8F) Reserved – – – – – – – –
($8E) Reserved – – – – – – – –
($8D) Reserved – – – – – – – –
($8C) TCCR3C FOC3A FOC3B FOC3C – – – – – 134
($8B) TCCR3A COM3A1 COM3A0 COM3B1 COM3B0 COM3C1 COM3C0 WGM31 WGM30 130
 ($8A) TCCR3B ICNC3 ICES3 – WGM33 WGM32 CS32 CS31 CS30 132
($89) TCNT3H Timer/Counter3 – Counter Register High Byte 134
 ($88) TCNT3L Timer/Counter3 – Counter Register Low Byte 134
 ($87) OCR3AH Timer/Counter3 – Output Compare Register A High Byte 135
($86) OCR3AL Timer/Counter3 – Output Compare Register A Low Byte 135
($85) OCR3BH Timer/Counter3 – Output Compare Register B High Byte 135
($84) OCR3BL Timer/Counter3 – Output Compare Register B Low Byte 135
($83) OCR3CH Timer/Counter3 – Output Compare Register C High Byte 135
($82) OCR3CL Timer/Counter3 – Output Compare Register C Low Byte 135
($81) ICR3H Timer/Counter3 – Input Capture Register High Byte 136
($80) ICR3L Timer/Counter3 – Input Capture Register Low Byte 136
($7F) Reserved – – – – – – – –
($7E) Reserved – – – – – – – –
($7D) ETIMSK – – TICIE3 OCIE3A OCIE3B TOIE3 OCIE3C OCIE1C 137
 ($7C) ETIFR – – ICF3 OCF3A OCF3B TOV3 OCF3C OCF1C 138
($7B) Reserved – – – – – – – –
($7A) TCCR1C FOC1A FOC1B FOC1C – – – – – 133
($79) OCR1CH Timer/Counter1 – Output Compare Register C High Byte 135
($78) OCR1CL Timer/Counter1 – Output Compare Register C Low Byte 135
($77) Reserved – – – – – – – –
($76) Reserved – – – – – – – –
($75) Reserved – – – – – – – –
($74) TWCR TWINT TWEA TWSTA TWSTO TWWC TWEN – TWIE 214
($73) TWDR  Two-wire Serial Interface Data Register 216
($72) TWAR TWA6 TWA5 TWA4 TWA3 TWA2 TWA1 TWA0 TWGCE 216
($71) TWSR TWS7 TWS6 TWS5 TWS4 TWS3 – TWPS1 TWPS0 215
($70) TWBR Two-wire Serial Interface Bit Rate Register 214
($6F) OSCCAL Oscillator Calibration Register 45
($6E) Reserved – – – – – – – –
($6D) XMCRA – SRL2 SRL1 SRL0 SRW01 SRW00 SRW11 35
($6C) XMCRB XMBK – – – – XMM2 XMM1 XMM0 36
($6B) Reserved – – – – – – – –
($6A) EICRA ISC31 ISC30 ISC21 ISC20 ISC11 ISC10 ISC01 ISC00 88
($69) Reserved – – – – – – – –
($68) SPMCSR SPMIE RWWSB – RWWSRE BLBSET PGWRT PGERS SPMEN 272
($67) Reserved – – – – – – – –
($66) Reserved – – – – – – – –
($65) PORTG – – – PORTG4 PORTG3 PORTG2 PORTG1 PORTG0 87
($64) DDRG – – – DDG4 DDG3 DDG2 DDG1 DDG0 87
($63) PING – – – PING4 PING3 PING2 PING1 PING0 87
($62) PORTF PORTF7 PORTF6 PORTF5 PORTF4 PORTF3 PORTF2 PORTF1 PORTF0 86
($61) DDRF DDF7 DDF6 DDF5 DDF4 DDF3 DDF2 DDF1 DDF0 86
($60) Reserved – – – – – – – –
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$3F ($5F) SREG I T H S V N Z C 11
$3E ($5E) SPH SP15 SP14 SP13 SP12 SP11 SP10 SP9 SP8 14
$3D ($5D) SPL SP7 SP6 SP5 SP4 SP3 SP2 SP1 SP0 14
$3C ($5C) XDIV XDIVEN XDIV6 XDIV5 XDIV4 XDIV3 XDIV2 XDIV1 XDIV0 39
$3B ($5B) RAMPZ – – – – – – – RAMPZ0 15
$3A ($5A) EICRB ISC71 ISC70 ISC61 ISC60 ISC51 ISC50 ISC41 ISC40 89
$39 ($59) EIMSK INT7 INT6 INT5 INT4 INT3 INT2 INT1 INT0 90
$38 ($58) EIFR INTF7 INTF6 INTF5 INTF4 INTF3 INTF INTF1 INTF0 90
$37 ($57) TIMSK OCIE2 TOIE2 TICIE1 OCIE1A OCIE1B TOIE1 OCIE0 TOIE0 107, 136, 155
$36 ($56) TIFR OCF2 TOV2 ICF1 OCF1A OCF1B TOV1 OCF0 TOV0 107, 138, 155
$35 ($55) MCUCR SRE SRW10 SE SM1 SM0 SM2 IVSEL IVCE 34, 50, 63 
$34 ($54) MCUCSR JTD – – JTRF WDRF BORF EXTRF PORF 56, 243
$33 ($53) TCCR0 FOC0 WGM00 COM01 COM00 WGM01 CS02 CS01 CS00 104
$32 ($52) TCNT0  Timer/Counter0 (8 Bit) 106
$31 ($51) OCR0  Timer/Counter0 Output Compare Register 106
$30 ($50) ASSR – – – – AS0 TCN0UB OCR0UB TCR0UB 106
$2F ($4F) TCCR1A COM1A1 COM1A0 COM1B1 COM1B0 COM1C1 COM1C0 WGM11 WGM10 130
$2E ($4E) TCCR1B ICNC1 ICES1 – WGM13 WGM12 CS12 CS11 CS10 132
$2D ($4D) TCNT1H Timer/Counter1 – Counter Register High Byte 134
$2C ($4C) TCNT1L Timer/Counter1 – Counter Register Low Byte 134
$2B ($4B) OCR1AH Timer/Counter1 – Output Compare Register A High Byte 135
$2A ($4A) OCR1AL Timer/Counter1 – Output Compare Register A Low Byte 135
$29 ($49) OCR1BH Timer/Counter1 – Output Compare Register B High Byte 135
$28 ($48) OCR1BL Timer/Counter1 – Output Compare Register B Low Byte 135
$27 ($47) ICR1H Timer/Counter1 – Input Capture Register High Byte 136
$26 ($46) ICR1L Timer/Counter1 – Input Capture Register Low Byte 136
$25 ($45) TCCR2 FOC2 WGM20 COM21 COM20 WGM21 CS22 CS21 CS20 152
$24 ($44) TCNT2 Timer/Counter2 (8 Bit) 155
$23 ($43) OCR2 Timer/Counter2 Output Compare Register 155
$22 ($42) OCDR IDRD/OCDR7 OCDR6 OCDR5 OCDR4 OCDR3 OCDR2 OCDR1 OCDR0 260
$21 ($41) WDTCR – – – WDCE WDE WDP2 WDP1 WDP0 57
$20 ($40) SFIOR TSM – – – ACME PUD PSR0 PSR321 84, 108, 141, 218
$1F ($3F) EEARH – – – – EEPROM Address Register High 31
$1E ($3E) EEARL EEPROM Address Register Low Byte 31
$1D ($3D) EEDR EEPROM Data Register 31
$1C ($3C) EECR – – – – EERIE EEMWE EEWE EERE 31
$1B ($3B) PORTA PORTA7 PORTA6 PORTA5 PORTA4 PORTA3 PORTA2 PORTA1 PORTA0 84
$1A ($3A) DDRA DDA7 DDA6 DDA5 DDA4 DDA3 DDA2 DDA1 DDA0 84
$19 ($39) PINA PINA7 PINA6 PINA5 PINA4 PINA3 PINA2 PINA1 PINA0 84
$18 ($38) PORTB PORTB7 PORTB6 PORTB5 PORTB4 PORTB3 PORTB2 PORTB1 PORTB0 85
$17 ($37) DDRB DDB7 DDB6 DDB5 DDB4 DDB3 DDB2 DDB1 DDB0 85
$16 ($36) PINB PINB7 PINB6 PINB5 PINB4 PINB3 PINB2 PINB1 PINB0 85
$15 ($35) PORTC PORTC7 PORTC6 PORTC5 PORTC4 PORTC3 PORTC2 PORTC1 PORTC0 85
$14 ($34) DDRC DDC7 DDC6 DDC5 DDC4 DDC3 DDC2 DDC1 DDC0 85
$13 ($33) PINC PINC7 PINC6 PINC5 PINC4 PINC3 PINC2 PINC1 PINC0 85
$12 ($32) PORTD PORTD7 PORTD6 PORTD5 PORTD4 PORTD3 PORTD2 PORTD1 PORTD0 85
$11 ($31) DDRD DDD7 DDD6 DDD5 DDD4 DDD3 DDD2 DDD1 DDD0 86
$10 ($30) PIND PIND7 PIND6 PIND5 PIND4 PIND3 PIND2 PIND1 PIND0 86
$0F ($2F) SPDR  SPI Data Register 166
$0E ($2E) SPSR SPIF WCOL – – – – – SPI2X 165
$0D ($2D) SPCR SPIE SPE DORD MSTR CPOL CPHA SPR1 SPR0 164
$0C ($2C) UDR0  USART0 I/O Data Register 184
$0B ($2B) UCSR0A RXC0 TXC0 UDRE0 FE0 DOR0 UPE0 U2X0 MPCM0 184
$0A ($2A) UCSR0B RXCIE0 TXCIE0 UDRIE0 RXEN0 TXEN0 UCSZ02 RXB80 TXB80 185
$09 ($29) UBRR0L  USART0 Baud Rate Register Low 188
$08 ($28) ACSR ACD ACBG ACO ACI ACIE ACIC ACIS1 ACIS0 218
$07 ($27) ADMUX REFS1 REFS0 ADLAR MUX4 MUX3 MUX2 MUX1 MUX0 232
$06 ($26) ADCSRA ADEN ADSC ADFR ADIF ADIE ADPS2 ADPS1 ADPS0 234
$05 ($25) ADCH ADC Data Register High Byte  235
$04 ($24) ADCL ADC Data Register Low byte 235
$03 ($23) PORTE PORTE7 PORTE6 PORTE5 PORTE4 PORTE3 PORTE2 PORTE1 PORTE0 86
$02 ($22) DDRE DDE7 DDE6 DDE5 DDE4 DDE3 DDE2 DDE1 DDE0 86
$01 ($21) PINE PINE7 PINE6 PINE5 PINE4 PINE3 PINE2 PINE1 PINE0 86
$00 ($20) PINF PINF7 PINF6 PINF5 PINF4 PINF3 PINF2 PINF1 PINF0 86


6. Register Summary  (Continued)
Address Name Bit 7 Bit 6 Bit 5 Bit 4 Bit 3 Bit 2 Bit 1 Bit 0 Page
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Notes: 1. For compatibility with future devices, reserved bits should be written to zero if accessed. Reserved I/O memory 
addresses should never be written.


2. Some of the status flags are cleared by writing a logical one to them. Note that the CBI and SBI instructions will operate 
on all bits in the I/O register, writing a one back into any flag read as set, thus clearing the flag. The CBI and SBI 
instructions work with registers $00 to $1F only.
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7. Instruction Set Summary  
Mnemonics Operands Description Operation Flags #Clocks


ARITHMETIC AND LOGIC INSTRUCTIONS
ADD Rd, Rr Add two Registers Rd ← Rd + Rr Z,C,N,V,H 1
ADC Rd, Rr Add with Carry two Registers Rd ← Rd + Rr + C Z,C,N,V,H 1
ADIW Rdl,K Add Immediate to Word Rdh:Rdl ← Rdh:Rdl + K Z,C,N,V,S 2
SUB Rd, Rr Subtract two Registers Rd ← Rd - Rr Z,C,N,V,H 1
SUBI Rd, K Subtract Constant from Register Rd ← Rd - K Z,C,N,V,H 1
SBC Rd, Rr Subtract with Carry two Registers Rd ← Rd - Rr - C Z,C,N,V,H 1
SBCI Rd, K Subtract with Carry Constant from Reg. Rd ← Rd - K - C Z,C,N,V,H 1
SBIW Rdl,K Subtract Immediate from Word Rdh:Rdl ← Rdh:Rdl - K Z,C,N,V,S 2
AND Rd, Rr Logical AND Registers Rd ← Rd • Rr Z,N,V 1
ANDI Rd, K Logical AND Register and Constant Rd ← Rd • K Z,N,V 1
OR Rd, Rr Logical OR Registers Rd ← Rd v Rr Z,N,V 1
ORI Rd, K Logical OR Register and Constant Rd ← Rd v K Z,N,V 1
EOR Rd, Rr Exclusive OR Registers Rd ← Rd ⊕ Rr Z,N,V 1
COM Rd One’s Complement Rd ← $FF − Rd Z,C,N,V 1
NEG Rd Two’s Complement Rd ← $00 − Rd Z,C,N,V,H 1
SBR Rd,K Set Bit(s) in Register Rd ← Rd v K Z,N,V 1
CBR Rd,K Clear Bit(s) in Register Rd ← Rd • ($FF - K) Z,N,V 1
INC Rd Increment Rd ← Rd + 1 Z,N,V 1
DEC Rd Decrement Rd ← Rd − 1 Z,N,V 1
TST Rd Test for Zero or Minus Rd ← Rd • Rd Z,N,V 1
CLR Rd Clear Register Rd  ← Rd ⊕ Rd Z,N,V 1
SER Rd Set Register Rd ← $FF None 1
MUL Rd, Rr Multiply Unsigned R1:R0 ← Rd x Rr Z,C 2
MULS Rd, Rr Multiply Signed R1:R0 ← Rd x Rr Z,C 2
MULSU Rd, Rr Multiply Signed with Unsigned R1:R0 ← Rd x Rr Z,C 2
FMUL Rd, Rr Fractional Multiply Unsigned R1:R0 ← (Rd x Rr) << 1 Z,C 2
FMULS Rd, Rr Fractional Multiply Signed R1:R0 ← (Rd x Rr) << 1 Z,C 2
FMULSU Rd, Rr Fractional Multiply Signed with Unsigned R1:R0 ← (Rd x Rr) << 1 Z,C 2
BRANCH INSTRUCTIONS
RJMP k Relative Jump PC ← PC + k  + 1 None 2
IJMP Indirect Jump to (Z) PC ← Z None 2
JMP k Direct Jump PC ← k None 3
RCALL k Relative Subroutine Call PC ← PC + k + 1 None 3
ICALL Indirect Call to (Z) PC ← Z None 3
CALL k Direct Subroutine Call PC ← k None 4
RET Subroutine Return PC ← STACK None 4
RETI Interrupt Return PC ← STACK I 4
CPSE Rd,Rr Compare, Skip if Equal if (Rd = Rr) PC ← PC + 2 or 3 None 1 / 2 / 3
CP Rd,Rr Compare Rd − Rr Z, N,V,C,H 1 
CPC Rd,Rr Compare with Carry Rd − Rr − C Z, N,V,C,H 1
CPI Rd,K Compare Register with Immediate Rd − K Z, N,V,C,H 1
SBRC Rr, b Skip if Bit in Register Cleared if (Rr(b)=0) PC ← PC + 2 or 3 None 1 / 2 / 3
SBRS Rr, b Skip if Bit in Register is Set if (Rr(b)=1) PC ← PC + 2 or 3 None 1 / 2 / 3
SBIC P, b Skip if Bit in I/O Register Cleared if (P(b)=0) PC ← PC + 2 or 3 None 1 / 2 / 3
SBIS P, b Skip if Bit in I/O Register is Set if (P(b)=1) PC ← PC + 2 or 3 None 1 / 2 / 3
BRBS s, k Branch if Status Flag Set if (SREG(s) = 1) then PC←PC+k + 1 None 1 / 2
BRBC s, k Branch if Status Flag Cleared if (SREG(s) = 0) then PC←PC+k + 1 None 1 / 2
BREQ  k Branch if Equal if (Z = 1) then PC ← PC + k + 1 None 1 / 2
BRNE  k Branch if Not Equal if (Z = 0) then PC ← PC + k + 1 None 1 / 2
BRCS  k Branch if Carry Set if (C = 1) then PC ← PC + k + 1 None 1 / 2
BRCC  k Branch if Carry Cleared if (C = 0) then PC ← PC + k + 1 None 1 / 2
BRSH  k Branch if Same or Higher if (C = 0) then PC ← PC + k + 1 None 1 / 2
BRLO  k Branch if Lower if (C = 1) then PC ← PC + k + 1 None 1 / 2
BRMI  k Branch if Minus if (N = 1) then PC ← PC + k + 1 None 1 / 2
BRPL  k Branch if Plus if (N = 0) then PC ← PC + k + 1 None 1 / 2
BRGE  k Branch if Greater or Equal, Signed if (N ⊕ V= 0) then PC ← PC + k + 1 None 1 / 2
BRLT  k Branch if Less Than Zero, Signed if (N ⊕ V= 1) then PC ← PC + k + 1 None 1 / 2
BRHS  k Branch if Half Carry Flag Set if (H = 1) then PC ← PC + k + 1 None 1 / 2
BRHC  k Branch if Half Carry Flag Cleared if (H = 0) then PC ← PC + k + 1 None 1 / 2
BRTS  k Branch if T Flag Set if (T = 1) then PC ← PC + k  + 1 None 1 / 2
BRTC  k Branch if T Flag Cleared if (T = 0) then PC ← PC + k + 1 None 1 / 2
BRVS  k Branch if Overflow Flag is Set if (V = 1) then PC ← PC + k + 1 None 1 / 2
BRVC  k Branch if Overflow Flag is Cleared if (V = 0) then PC ← PC + k + 1 None 1 / 2
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Mnemonics Operands Description Operation Flags #Clocks


BRIE  k Branch if Interrupt Enabled if ( I = 1) then PC ← PC + k + 1 None 1 / 2
BRID  k Branch if Interrupt Disabled if ( I = 0) then PC ← PC + k + 1 None 1 / 2
DATA TRANSFER INSTRUCTIONS
MOV Rd, Rr Move Between Registers Rd ← Rr None 1
MOVW Rd, Rr Copy Register Word Rd+1:Rd ← Rr+1:Rr None 1
LDI Rd, K Load Immediate Rd  ← K None 1
LD Rd, X Load Indirect Rd ← (X) None 2
LD Rd, X+ Load Indirect and Post-Inc. Rd ← (X), X ← X + 1 None 2
LD Rd, - X Load Indirect and Pre-Dec. X ← X - 1, Rd ← (X) None 2
LD Rd, Y Load Indirect Rd ← (Y) None 2
LD Rd, Y+ Load Indirect and Post-Inc. Rd ← (Y), Y ← Y + 1 None 2
LD Rd, - Y Load Indirect and Pre-Dec. Y ← Y - 1, Rd ← (Y) None 2
LDD Rd,Y+q Load Indirect with Displacement Rd ← (Y + q) None 2
LD Rd, Z Load Indirect Rd ← (Z) None 2
LD Rd, Z+ Load Indirect and Post-Inc. Rd ← (Z), Z ← Z+1 None 2
LD Rd, -Z Load Indirect and Pre-Dec. Z ← Z - 1, Rd ← (Z) None 2
LDD Rd, Z+q Load Indirect with Displacement Rd ← (Z + q) None 2
LDS Rd, k Load Direct from SRAM Rd  ← (k) None 2
ST X, Rr Store Indirect (X) ← Rr None 2
ST X+, Rr Store Indirect and Post-Inc. (X) ← Rr, X ← X + 1 None 2
ST - X, Rr Store Indirect and Pre-Dec. X ← X - 1, (X) ← Rr None 2
ST Y, Rr Store Indirect (Y) ← Rr None 2
ST Y+, Rr Store Indirect and Post-Inc. (Y) ← Rr, Y ← Y + 1 None 2
ST - Y, Rr Store Indirect and Pre-Dec. Y ← Y - 1, (Y) ← Rr None 2
STD Y+q,Rr Store Indirect with Displacement (Y + q) ← Rr None 2
ST Z, Rr Store Indirect (Z) ← Rr None 2
ST Z+, Rr Store Indirect and Post-Inc. (Z) ← Rr, Z ← Z + 1 None 2
ST -Z, Rr Store Indirect and Pre-Dec. Z ← Z - 1, (Z) ← Rr None 2
STD Z+q,Rr Store Indirect with Displacement (Z + q) ← Rr None 2
STS k, Rr Store Direct to SRAM (k) ← Rr None 2
LPM Load Program Memory R0 ← (Z) None 3
LPM Rd, Z Load Program Memory Rd ← (Z) None 3
LPM Rd, Z+ Load Program Memory and Post-Inc Rd ← (Z), Z ← Z+1 None 3
ELPM Extended Load Program Memory R0 ← (RAMPZ:Z) None 3
ELPM Rd, Z Extended Load Program Memory Rd ← (RAMPZ:Z) None 3
ELPM Rd, Z+ Extended Load Program Memory and Post-Inc Rd ← (RAMPZ:Z), RAMPZ:Z ← RAMPZ:Z+1 None 3
SPM Store Program Memory (Z) ← R1:R0 None -
IN Rd, P In Port Rd ← P None 1
OUT P, Rr Out Port P ← Rr None 1
PUSH Rr Push Register on Stack STACK ← Rr None 2
POP Rd Pop Register from Stack Rd ← STACK None 2
BIT AND BIT-TEST INSTRUCTIONS
SBI P,b Set Bit in I/O Register I/O(P,b) ← 1 None 2
CBI P,b Clear Bit in I/O Register I/O(P,b) ← 0 None 2
LSL Rd Logical Shift Left Rd(n+1) ← Rd(n), Rd(0) ← 0 Z,C,N,V 1
LSR Rd Logical Shift Right Rd(n) ← Rd(n+1), Rd(7) ← 0 Z,C,N,V 1
ROL Rd Rotate Left Through Carry Rd(0)←C,Rd(n+1)← Rd(n),C←Rd(7) Z,C,N,V 1
ROR Rd Rotate Right Through Carry Rd(7)←C,Rd(n)← Rd(n+1),C←Rd(0) Z,C,N,V 1
ASR Rd Arithmetic Shift Right Rd(n) ← Rd(n+1), n=0:6 Z,C,N,V 1
SWAP Rd Swap Nibbles Rd(3:0)←Rd(7:4),Rd(7:4)←Rd(3:0) None 1
BSET s Flag Set SREG(s) ← 1 SREG(s) 1
BCLR s Flag Clear SREG(s) ← 0 SREG(s) 1
BST Rr, b Bit Store from Register to T T ← Rr(b) T 1
BLD Rd, b Bit load from T to Register Rd(b) ← T None 1
SEC Set Carry C ← 1 C 1
CLC Clear Carry C ← 0 C 1
SEN Set Negative Flag N ← 1 N 1
CLN Clear Negative Flag N ← 0 N 1
SEZ Set Zero Flag Z ← 1 Z 1
CLZ Clear Zero Flag Z ← 0 Z 1
SEI Global Interrupt Enable I ← 1 I 1
CLI Global Interrupt Disable I ← 0 I 1
SES Set Signed Test Flag S ← 1 S 1
CLS Clear Signed Test Flag S ← 0 S 1


Mnemonics Operands Description Operation Flags #Clocks


SEV Set Twos Complement Overflow. V ← 1 V 1


7. Instruction Set Summary  (Continued)
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CLV Clear Twos Complement Overflow V ← 0 V 1
SET Set T in SREG T ← 1 T 1
CLT Clear T in SREG T ← 0 T 1
SEH Set Half Carry Flag in SREG H ← 1 H 1
CLH Clear Half Carry Flag in SREG H ← 0 H 1
MCU CONTROL INSTRUCTIONS
NOP No Operation None 1
SLEEP Sleep (see specific descr. for Sleep function) None 1
WDR Watchdog Reset (see specific descr. for WDR/timer) None 1
BREAK Break For On-chip Debug Only None N/A


7. Instruction Set Summary  (Continued)
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8. Ordering Information


8.1 ATmega128A


Notes: 1. The device can also be supplied in wafer form. Please contact your local Atmel sales office for detailed ordering 
information and minimum quantities.


2. Pb-free packaging complies to the European Directive for Restriction of Hazardous Substances (RoHS directive). Also 
Halide free and fully Green.


3. Tape & Reel


Speed (MHz) Power Supply Ordering Code(2) Package(1) Operation Range


16 2.7V - 5.5V


ATmega128A-AU
ATmega128A-AUR(3)


ATmega128A-MU
ATmega128A-MUR(3)


64A
64A
64M1
64M1


Industrial
(-40oC to 85oC)


Package Type


64A 64-lead, 14 × 14 × 1.0 mm, Thin Profile Plastic Quad Flat Package (TQFP)


64M1 64-pad, 9 × 9 × 1.0 mm, Quad Flat No-Lead/Micro Lead Frame Package (QFN/MLF)
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9. Packaging Information


9.1 64A


  2325 Orchard Parkway
  San Jose, CA  95131


TITLE DRAWING NO. REV.  


64A, 64-lead, 14 x 14mm Body Size, 1.0mm Body Thickness,
0.8mm Lead Pitch, Thin Profile Plastic Quad Flat Package (TQFP) 


C64A


2010-10-20


PIN 1 IDENTIFIER


0°~7°


PIN 1 


L


C


A1 A2 A


D1


D


e


E1 E


B


COMMON DIMENSIONS
(Unit of measure = mm)


SYMBOL MIN NOM MAX NOTE


Notes:
     1.This package conforms to JEDEC reference MS-026, Variation AEB. 
 2. Dimensions D1 and E1 do not include mold protrusion.  Allowable 
  protrusion is 0.25mm per side. Dimensions D1 and E1 are maximum 
  plastic body size dimensions including mold mismatch.
 3. Lead coplanarity is 0.10mm maximum.


 A – – 1.20


 A1 0.05 – 0.15


 A2  0.95 1.00 1.05           


 D 15.75 16.00 16.25


 D1 13.90 14.00 14.10 Note 2


 E 15.75 16.00 16.25


 E1 13.90 14.00 14.10 Note 2


 B           0.30 – 0.45


 C 0.09 – 0.20


 L 0.45 –  0.75


 e  0.80 TYP
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9.2 64M1


  2325 Orchard Parkway
  San Jose, CA  95131


TITLE DRAWING NO. REV.  
64M1, 64-pad, 9 x 9 x 1.0 mm Body, Lead Pitch 0.50 mm, 


 H64M1


2010-10-19


COMMON DIMENSIONS
(Unit of Measure = mm)


SYMBOL MIN NOM MAX NOTE


 A 0.80 0.90 1.00


 A1 – 0.02 0.05


 b 0.18 0.25 0.30


 D 


 D2 5.20 5.40 5.60


8.90 9.00 9.10


8.90 9.00 9.10 E  


 E2 5.20 5.40 5.60


 e  0.50 BSC


L 0.35 0.40 0.45 


Notes:


  1. JEDEC Standard MO-220, (SAW Singulation) Fig. 1, VMMD.
  2. Dimension and tolerance conform to ASMEY14.5M-1994.


TOP VIEW


SIDE VIEW


BOTTOM VIEW


D


E


Marked Pin# 1 ID


SEATING PLANE


A1


C


A


C0.08


1
2
3


K 1.25 1.40 1.55


E2


D2


b e


Pin #1 Corner
L


Pin #1 
Triangle


Pin #1 
Chamfer
(C 0.30)


Option A


Option B


Pin #1 
Notch
(0.20 R)


Option C


K


K


5.40 mm Exposed Pad, Micro Lead Frame Package (MLF) 
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10. Errata
The revision letter in this section refers to the revision of the ATmega128A device.


10.1 ATmega128A Rev. U
• First Analog Comparator conversion may be delayed
• Interrupts may be lost when writing the timer registers in the asynchronous timer
• Stabilizing time needed when changing XDIV Register
• Stabilizing time needed when changing OSCCAL Register
• IDCODE masks data from TDI input
• Reading EEPROM by using ST or STS to set EERE bit triggers unexpected interrupt request


1. First Analog Comparator conversion may be delayed
If the device is powered by a slow rising VCC, the first Analog Comparator conversion will take longer than 
expected on some devices.


Problem Fix/Workaround
When the device has been powered or reset, disable then enable the Analog Comparator before the first 
conversion.


2. Interrupts may be lost when writing the timer registers in the asynchronous timer
The interrupt will be lost if a timer register that is synchronous timer clock is written when the 
asynchronous Timer/Counter register (TCNTx) is 0x00.


Problem Fix/Workaround
Always check that the asynchronous Timer/Counter register neither have the value 0xFF nor 0x00 before 
writing to the asynchronous Timer Control Register (TCCRx), asynchronous Timer Counter Register 
(TCNTx), or asynchronous Output Compare Register (OCRx).


3. Stabilizing time needed when changing XDIV Register
After increasing the source clock frequency more than 2% with settings in the XDIV register, the device 
may execute some of the subsequent instructions incorrectly.


Problem Fix / Workaround
The NOP instruction will always be executed correctly also right after a frequency change. Thus, the next 
8 instructions after the change should be NOP instructions. To ensure this, follow this procedure:


1.Clear the I bit in the SREG Register.


2.Set the new pre-scaling factor in XDIV register.


3.Execute 8 NOP instructions 


4.Set the I bit in SREG


This will ensure that all subsequent instructions will execute correctly.


Assembly Code Example:


CLI               ; clear global interrupt enable
OUT  XDIV, temp   ; set new prescale value
NOP               ; no operation
NOP               ; no operation
NOP               ; no operation
NOP               ; no operation
NOP               ; no operation
NOP               ; no operation
NOP               ; no operation
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NOP               ; no operation
SEI               ; set global interrupt enable


4. Stabilizing time needed when changing OSCCAL Register
After increasing the source clock frequency more than 2% with settings in the OSCCAL register, the 
device may execute some of the subsequent instructions incorrectly.


Problem Fix / Workaround
The behavior follows errata number 3., and the same Fix / Workaround is applicable on this errata.


5. IDCODE masks data from TDI input
The JTAG instruction IDCODE is not working correctly. Data to succeeding devices are replaced by all-
ones during Update-DR.


Problem Fix / Workaround
̶ If ATmega128A is the only device in the scan chain, the problem is not visible.
̶ Select the Device ID Register of the ATmega128A by issuing the IDCODE instruction or by entering 


the Test-Logic-Reset state of the TAP controller to read out the contents of its Device ID Register 
and possibly data from succeeding devices of the scan chain. Issue the BYPASS instruction to the 
ATmega128A while reading the Device ID Registers of preceding devices of the boundary scan 
chain.


̶ If the Device IDs of all devices in the boundary scan chain must be captured simultaneously, the 
ATmega128A must be the fist device in the chain.


6. Reading EEPROM by using ST or STS to set EERE bit triggers unexpected interrupt request.
Reading EEPROM by using the ST or STS command to set the EERE bit in the EECR register triggers an 
unexpected EEPROM interrupt request.


Problem Fix / Workaround
Always use OUT or SBI to set EERE in EECR.
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11. Datasheet Revision History
Please note that the referring page numbers in this section are referred to this document. The referring revision 
in this section are referring to the document revision.


11.1 Rev. 8151I – 08/2014


11.2 Rev. 8151H – 02/11


11.3 Rev. 8151G – 07/10


11.4 Rev. 8151F – 06/10


11.5 Rev. 8151E – 02/10


1. Updated with new template from 2014_050


2. Added values for 2.7V BOD levels in Table 27-3 on page 306.


1. Editing update according to the Atmel new style guide. No more space between the numbers 
and their units.


2. Updated the last page.


1. Updated the table note of Table 27-3 on page 306. The test is performed using BODLEVEL=0 
and BODLEVEL=1


1. Inserted cross reference in “Minimizing Power Consumption” on page 48


2. Updated Technical Terminology according to Atmel standard


3. Note 6 and Note 7 below “Two-wire Serial Bus Requirements” on page 307 have been removed


4. The text in “Bit 6 – TXCIEn: TX Complete Interrupt Enable” on page 185 has been corrected by 
adding an “n”


1. Updated “Receiving Frames with 9 Data Bits” on page 177. The C code updated.


2. Updated “Packaging Information” on page 17.


3. Updated “Performing Page Erase by SPM” on page 267.
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11.6 Rev. 8151D – 07/09


11.7 Rev. 8151C – 05/09


11.8 Rev. 8151B – 03/09


11.9 Rev. 8151A – 08/08


1. Updated “Errata” on page 19.


2. Updated the last page with Atmel’s new addresses.


1. Updated “Errata” on page 19. ATmega128A Rev. U.


1. Updated view of “Typical Characteristics” on page 320.


2. Editorial updates.


1. Initial revision. (Based on the ATmega128/L datasheet 2467R-AVR-06/08)


Changes done compared to the ATmega128/L datasheet 2467R-AVR-06/08:


- Updated “Stack Pointer” on page 14 description.


- “Power Management and Sleep Modes” on page 46 is reorganized.


- All Electrical characteristics is moved to “Electrical Characteristics” on page 303.


- Output Low Voltage (VOL) and Reset Pull-up Resistor (RRST) limits updated in “DC 
Characteristics” on page 303.


- Register descriptions are moved to sub sections at the end of each chapter.


- New graphics in “Typical Characteristics” on page 320.


- New “Ordering Information” on page 16.
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Features and Benefits
▪ No external sense resistor required; single package solution
▪ Reduced Power Loss:
▫ 0.6 mΩ internal conductor resistance on EX package
▫ 1.2 mΩ internal conductor resistance on LC package


▪ Economical low- and high-side current sensing
▪ Output voltage proportional to AC or DC currents 
▪ ±12.5 A and ±25 A full scale sensing ranges on LC package
▪ ±15.5 A and ±31 A full scale sensing ranges on EX package
▪ Overcurrent F̄̄  Ā̄  Ū̄  L̄̄  T̄̄   trips and latches at 100% of full-scale current
▪ Low-noise analog signal path
▪ 100 kHz bandwidth
▪ Small footprint, low-profile SOIC8 and QFN packages
▪ 3.0 to 5.5 V, single supply operation 
▪ Integrated electrostatic shield for output stability
▪ Factory-trimmed for accuracy
▪ Extremely stable output offset voltage
▪ Zero magnetic hysteresis
▪ Ratiometric output from supply voltage


Description
The Allegro™ ACS711 provides economical and precise 
solutions for AC or DC current sensing in <100 V audio, 
communications systems, and white goods. The device package 
allows for easy implementation by the customer. Typical 
applications include circuit protection, current monitoring, 
and motor and inverter control.


The device consists of a linear Hall sensor circuit with a copper 
conduction path located near the surface of the die. Applied 
current flowing through this copper conduction path generates 
a magnetic field which is sensed by the integrated Hall IC 
and converted into a proportional voltage. Device accuracy is 
optimized through the close proximity of the magnetic signal 
to the Hall transducer.


The output of the device has a positive slope proportional to 
the current flow from IP+ to IP–  (pins 1 and 2, to pins 3 and 
4).  The internal resistance of this conductive path is 0.6 mΩ 
for the EX package, and 1.2 mΩ for the LC package, providing 
a non-intrusive measurement interface that saves power in 
applications that require energy efficiency.


The ACS711 is optimized for low-side current sensing 
applications, although the terminals of the conductive path 
are electrically isolated from the sensor IC leads, providing 
sufficient internal creepage and clearance dimensions for a 
low AC or DC working voltage applications. The thickness 


IP+
IP+


IP–
IP–


IP


GND


ACS711


+3.3 V


VIOUT


VCC CBYP
0.1 μF


CLOAD
RPU


FAULT


ACS711


ACS711A-DS, Rev. 2


Hall Effect Linear Current Sensor with Overcurrent 
Fault Output for <100 V Isolation Applications


Continued on the next page…


Approximate Scale 1:1


Packages:


Typical Application


8-pin SOICN
with internally fused path


(LC package)


12-contact QFN
3 mm × 3 mm × 0.75 mm


(EX package)


Application 1. The ACS711 outputs an analog signal, VIOUT , that varies linearly with the 
bi-directional AC or DC primary current, IP , within the range specified. The F̄̄  ̄A  ̄U ¯̄L̄  ̄T̄     pin trips 
when IP reaches ±100% of its full-scale current.
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Absolute Maximum Ratings
Characteristic Symbol Notes Rating Units


Supply Voltage VCC 7 V


Reverse Supply Voltage VRCC –0.1 V


Output Voltage VIOUT 7 V


Reverse Output Voltage VRIOUT –0.1 V


Working Voltage for Basic Isolation VWORKING Voltage applied between pins 1-4 and 5-8 100 VAC peak 
or VDC


F̄̄  ̄A  ̄U ¯̄L̄  ̄T̄    Pin Voltage VFAULT 7 V


Overcurrent Transient Tolerance IPOC 1 pulse, 100 ms 100 A


Nominal Operating Ambient Temperature TA
Range E –40 to 85 ºC


Range K –40 to 125 ºC


Maximum Junction Temperature TJ(max) 165 ºC


Storage Temperature Tstg –65 to 170 ºC


Selection Guide


Part Number TA 
(°C)


Optimized Accuracy 
Range, IP


(A)


Sensitivity2, 
Sens (Typ) 


(mV/A)
Package Packing1


ACS711ELCTR-12AB-T –40 to 85
 ±12.5 110


8-pin SOICN 3000 pieces/reel
ACS711KLCTR-12AB-T –40 to 125


ACS711ELCTR-25AB-T –40 to 85
 ±25 55


ACS711KLCTR-25AB-T –40 to 125


ACS711EEXLT-15AB-T3 –40 to 85
 ±15.5 90


12-contact QFN with 
fused current loop 1500 pieces/reel


ACS711KEXLT-15AB-T3 –40 to 125


ACS711EEXLT-31AB-T3 –40 to 85
 ±31 45


ACS711KEXLT-31AB-T3 –40 to 125
1Contact Allegro for additional packing options.
2Sensitivity measured with VCC = 3.3 V.
3QFN package not qualified for automotive applications.


of the copper conductor allows survival of the device at up to 5× 
overcurrent conditions.


The ACS711 is provided in small, surface mount packages: SOIC8 
and QFN12. The leadframe is plated with 100% matte tin, which 
is compatible with standard lead (Pb) free printed circuit board 


assembly processes. Internally, the device is Pb-free, except for 
flip-chip high-temperature Pb-based solder balls, currently exempt 
from RoHS. The device is fully calibrated prior to shipment from 
the factory.


Description (continued)
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Terminal List Table


Name
Number


Description
EX LC


GND 5 5 Signal ground terminal


F̄̄  ̄A  ̄U ¯̄L̄  ̄T̄    6 6 Overcurrent fault; active low


IP– 3 and 4 3 and 4 Terminals for current being sensed; fused internally


IP+ 1 and 2 1 and 2 Terminals for current being sensed; fused internally


NC 7, 8, 9, 10 – No connection


VCC 12 8 Device power supply terminal


VIOUT 11 7 Analog output signal


Functional Block Diagram


Pin-out Diagrams


LC PackageEX Package
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COMMON OPERATING CHARACTERISTICS Valid across the full range of TA  for the LC package and at TA  = 25°C for the EX package, 
VCC = 3.3 V, unless otherwise specified


Characteristic Symbol Test Conditions Min. Typ. Max. Units
ELECTRICAL CHARACTERISTICS


Supply Voltage1 VCC 3 3.3 5.5 V


Supply Current ICC VCC = 3.3 V, output open – 4 5.5 mA


Output Capacitance Load CLOAD VIOUT to GND – – 1 nF


Output Resistive Load RLOAD VIOUT to GND 15 – – kΩ


Primary Conductor 
Resistance RIP


EX package – 0.6 – mΩ


LC package, TA = 25°C – 1.2 – mΩ


VIOUT Rise Time tr IP = IPMAX, TA = 25°C, COUT = open – 3.5 – μs


Propagation Delay Time tPROP IP = IP(max), TA = 25°C, COUT = open – 1.2 – μs


Response Time tRESPONSE IP = IP(max), TA = 25°C, COUT = open – 4.6 – μs


Internal Bandwidth2 BWI –3 dB, TA = 25°C – 100 – kHz


Nonlinearity ELIN Over full range of IP – ±1 – %


Symmetry ESYM Apply full scale IP – 100 – %


VIOUT Saturation Voltages
VIOH


VCC – 
0.3 – – V


VIOL – – 0.3 V


Quiescent Output Voltage VIOUT(Q) IP = 0 A, TA = 25°C – VCC / 2 – V


Power-On Time tPO
Output reaches 90% of steady-state level, TA = 25°C,
20 A present on primary conductor – 35 – μs


F̄̄  ̄A  ̄U ¯̄L̄  ̄T̄    Pin Characteristics
F̄̄  ̄A  ̄U ¯̄L̄  ̄T̄    Operating Point IFAULT – ± 1 x IP – A


F̄̄  ̄A  ̄U ¯̄L̄  ̄T̄    Output Pullup 
Resistor RPU 1 – – kΩ


F̄̄  ̄A  ̄U ¯̄L̄  ̄T̄    Output Voltage
VOH – VCC– 


0.3 – V


VOL RPU = 1 kΩ – 0.3 – V


F̄̄  ̄A  ̄U ¯̄L̄  ̄T̄     Response Time tFAULT Measured from | IP | > | IFAULT | to VFAULT ≤ VOL – 1.3 – μs


VCC Off Voltage Level for 
Fault Reset3 VCCFR – – 200 mV


VCC Off Duration for 
Fault Reset3 tCCFR 100 – – μs


1Devices are programmed for maximum accuracy at 3.3 V VCC levels. The device contains ratiometry circuits that accurately alter the 0 A Output 
Voltage and Sensitivity level of the device in proportion to the applied VCC level.  However, as a result of minor nonlinearities in the ratiometry circuit 
additional output error will result when VCC varies from the 3.3 V VCC level. Customers that plan to operate the device from a 5 V regulated supply 
should contact their local Allegro sales representative regarding expected device accuracy levels under these bias conditions.
2Calculated using the formula BWI = 0.35 / tr.
3After the F̄̄  ̄A  ̄U ¯̄L̄  ̄T̄     pin is latched low, the only way to reset it is through a power-off and power-on cycle on the VCC pin. For fault reset, VCC must stay 
below VCCFR for a period greater than tCCFR before settling to the normal operation voltage (3 to 5.5 V).







Hall Effect Linear Current Sensor with Overcurrent 
Fault Output for < 100 V Isolation ApplicationsACS711


5Allegro MicroSystems, LLC
115 Northeast Cutoff
Worcester, Massachusetts 01615-0036 U.S.A.
1.508.853.5000; www.allegromicro.com


x12AB PERFORMANCE CHARACTERISTICS for LC package and E Temperature Range1
 TA = 25°C and VCC = 3.3 V, unless otherwise specified


Characteristic Symbol Test Conditions Min. Typ. Max. Units
Optimized Accuracy Range IP –12.5 – 12.5 A


Sensitivity Sens
Over full range of IP – 110 – mV/A
Full scale of IP applied for 5 ms, TA = –40°C to 25°C – 110 – mV/A
Full scale of IP applied for 5 ms, TA = 25°C to 85°C – 110 – mV/A


Noise2 VNOISE TA = 25 °C, no external low pass filter on VIOUT – 11 – mV


Electrical Offset Voltage
VOE(TA) IP = 0 A, TA = 25°C – ±5 – mV


VOE(TOP)HT IP = 0 A, TA = 25°C to 85°C – ±40 – mV
VOE(TOP)LT IP = 0 A, TA = –40°C to 25°C   – ±50 – mV


Total Output Error3 ETOT IP = ±12.5 A,TA = –40°C to 85°C – ±5 – %
1See Characteristic Performance Data for parameter distributions over temperature.
2±3 sigma noise voltage.
3Percentage of IP, with IP = ±12.5 A.


x12AB PERFORMANCE CHARACTERISTICS for LC package and K Temperature Range1
TA = 25°C and VCC = 3.3 V, unless otherwise specified


Characteristic Symbol Test Conditions Min. Typ. Max. Units
Optimized Accuracy Range IP –12.5 – 12.5 A


Sensitivity Sens
Over full range of IP – 110 – mV/A
Full scale of IP applied for 5 ms, TA = –40°C to 25°C – 110 – mV/A
Full scale of IP applied for 5 ms, TA = 25°C to 125°C – 110 – mV/A


Noise2 VNOISE TA = 25 °C, no external low pass filter on VIOUT – 11 – mV


Electrical Offset Voltage
VOE(TA) IP = 0 A, TA = 25°C – ±5 – mV


VOE(TOP)HT IP = 0 A, TA = 25°C to 125°C – ±40 – mV
VOE(TOP)LT IP = 0 A, TA = –40°C to 25°C   – ±50 – mV


Total Output Error3 ETOT IP = ±12.5 A,TA = –40°C to 125°C – ±5 – %
1See Characteristic Performance Data for parameter distributions over temperature.
2±3 sigma noise voltage.
3Percentage of IP, with IP = ±12.5 A.


x15AB PERFORMANCE CHARACTERISTICS1
 TA = 25°C and VCC = 3.3 V, unless otherwise specified


Characteristic Symbol Test Conditions Min. Typ. Max. Units
Optimized Accuracy Range IP –15.5 – 15.5 A
Sensitivity Sens Across full range of IP – 90 – mV/A
Noise2 VNOISE No external low pass filter on VIOUT – 11 – mV


Electrical Offset Voltage
VOE(TA) IP = 0 A – ±5 – mV


VOE(TOP)HT IP = 0 A, TA = 25°C to TA(max) – ±40 – mV
VOE(TOP)LT IP = 0 A, TA = –40°C to 25°C   – ±50 – mV


Total Output Error3 ETOT IP = ±12.5 A,TA = –40°C to TA(max) – ±5 – %
1See Characteristic Performance Data for parameter distributions across the full temperature range.
2±3 sigma noise voltage.
3Percentage of IP, with IP = ±15.5 A.
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x25AB PERFORMANCE CHARACTERISTICS for LC package and K Temperature Range1
TA = 25°C and VCC = 3.3 V, unless otherwise specified


Characteristic Symbol Test Conditions Min. Typ. Max. Units
Optimized Accuracy Range IP –25 – 25 A


Sensitivity Sens
Over full range of IP – 55 – mV/A
Full scale of IP applied for 5 ms, TA = –40°C to 25°C – 55 – mV/A
Full scale of IP applied for 5 ms, TA = 25°C to 125°C – 55 – mV/A


Noise2 VNOISE TA = 25 °C, no external low pass filter on VIOUT – 8 – mV


Electrical Offset Voltage
VOE(TA) IP = 0 A, TA = 25°C – ±5 – mV


VOE(TOP)HT IP = 0 A, TA = 25°C to 125°C – ±30 – mV
VOE(TOP)LT IP = 0 A, TA = –40°C to 25°C   – ±35 – mV


Total Output Error3 ETOT IP =±25 A, TA = –40°C to 125°C – ±4 – %
1See Characteristic Performance Data for parameter distributions over temperature.
2±3 sigma noise voltage.
3Percentage of IP, with IP = ±25 A.


x25AB PERFORMANCE CHARACTERISTICS for for LC package and E Temperature Range1
TA = 25°C and VCC = 3.3 V, unless otherwise specified


Characteristic Symbol Test Conditions Min. Typ. Max. Units
Optimized Accuracy Range IP –25 – 25 A


Sensitivity Sens
Over full range of IP – 55 – mV/A
Full scale of IP applied for 5 ms, TA = –40°C to 25°C – 55 – mV/A
Full scale of IP applied for 5 ms, TA = 25°C to 85°C – 55 – mV/A


Noise2 VNOISE TA = 25 °C, no external low pass filter on VIOUT – 8 – mV


Electrical Offset Voltage
VOE(TA) IP = 0 A, TA = 25°C – ±5 – mV


VOE(TOP)HT IP = 0 A, TA = 25°C to 85°C – ±30 – mV
VOE(TOP)LT IP = 0 A, TA = –40°C to 25°C   – ±35 – mV


Total Output Error3 ETOT IP =±25 A, TA = –40°C to 85°C – ±4 – %
1See Characteristic Performance Data for parameter distributions over temperature.
2±3 sigma noise voltage.
3Percentage of IP, with IP = ±25 A.


x31AB PERFORMANCE CHARACTERISTICS1
TA = 25°C and VCC = 3.3 V, unless otherwise specified


Characteristic Symbol Test Conditions Min. Typ. Max. Units
Optimized Accuracy Range IP –31 – 31 A
Sensitivity Sens Across full range of IP – 45 – mV/A
Noise2 VNOISE No external low pass filter on VIOUT – 8 – mV


Electrical Offset Voltage
VOE(TA) IP = 0 A – ±5 – mV


VOE(TOP)HT IP = 0 A, TA = 25°C to TA(max) – ±30 – mV
VOE(TOP)LT IP = 0 A, TA = –40°C to 25°C   – ±35 – mV


Total Output Error3 ETOT IP =±25 A, TA = –40°C to TA(max) – ±4 – %
1See Characteristic Performance Data for parameter distributions across the full temperature range.
2±3 sigma noise voltage.
3Percentage of IP, with IP = ±31 A.
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Thermal Characteristics
Characteristic Symbol Test Conditions1 Value Units


Package Thermal Resistance, 
Junction to Lead RθJL


LC package, mounted on Allegro ASEK 711 evalua-
tion board 5 ºC/W


Package Thermal Resistance, 
Junction to Ambient2 RθJA


LC package, mounted on Allegro 85-0404 evaluation 
board, includes the power consumed by the board 23 ºC/W


EX package, mounted on Allegro 85-0528 evaluation 
board, includes the power consumed by the board 24 ºC/W


1Additional thermal information available on the Allegro website
2The Allegro evaluation board has 1500 mm2 of 2 oz. copper on each side, connected to pins 1 and 2, and to pins 3 and 4, with thermal vias 
connecting the layers. Performance values include the power consumed by the PCB. Further details on the board are available from the 
Frequently Asked Questions document on our website.
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Characteristic Performance Data
Data taken using the ACS711KLC-12A, VCC = 3.3 V
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Characteristic Performance Data
Data taken using the ACS711KLC-25A, VCC = 3.3 V


Accuracy Data


MeanTypical Maximum Limit Typical Minimum Limit
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Characteristic Performance Data
Data taken using the ACS711KLC-25A


Timing Data


IP (10 A/div.)


3.47 μs


VIOUT (0.5 V/div.)


t (2 μs/div.)


IP (10 A/div.) IP (10 A/div.)


VIOUT (0.5 V/div.)


Fault (2 V/div.)


t (2 μs/div.) t (2 μs/div.)


IP (10 A/div.)


VIOUT (0.5 V/div.)


t (2 μs/div.)


4.62 μs
1.28 μs


1.24 μs


Response Time


Propagation Delay Time


Fault Response


Rise Time
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Sensitivity (Sens). The change in sensor output in response to a 
1 A change through the primary conductor. The sensitivity is the 
product of the magnetic circuit sensitivity (G / A) and the linear 
IC amplifier gain (mV/G). The linear IC amplifier gain is pro-
grammed at the factory to optimize the sensitivity (mV/A) for the 
full-scale current of the device.


Noise (VNOISE). The product of the linear IC amplifier gain (mV) 
and the noise floor for the Allegro Hall effect linear IC. The noise 
floor is derived from the thermal and shot noise observed in Hall 
elements. Dividing the noise (mV) by the sensitivity (mV/A) pro-
vides the smallest current that the device is able to resolve.   


Linearity (ELIN). The degree to which the voltage output from 
the sensor varies in direct proportion to the primary current 
through its full-scale amplitude. Nonlinearity in the output can be 
attributed to the saturation of the flux concentrator approaching 
the full-scale current. The following equation is used to derive the 
linearity: 


100 1– [{ [ {VIOUT_full-scale amperes –  VIOUT(Q)Δ gain × % sat ( )
2 (VIOUT_half-scale amperes –   VIOUT(Q) )


where VIOUT_full-scale amperes = the output voltage (V) when the 
sensed current approximates full-scale ±IP .


Symmetry (ESYM).  The degree to which the absolute voltage 
output from the sensor varies in proportion to either a positive 
or negative full-scale primary current. The following formula is 
used to derive symmetry:


100
VIOUT_+ full-scale amperes –     VIOUT(Q)


VIOUT(Q) – VIOUT –full-scale amperes 
Quiescent output voltage (VIOUT(Q)). The output of the sensor 
when the primary current is zero.  For a unipolar supply voltage, 
it nominally remains at VCC ⁄ 2.  Thus, VCC = 3.3 V translates 
into VIOUT(Q) = 1.65 V. Variation in VIOUT(Q) can be attributed to 
the resolution of the Allegro linear IC quiescent voltage trim and 
thermal drift.


Electrical offset voltage (VOE). The deviation of the device out-
put from its ideal quiescent value of VCC / 2 due to nonmagnetic 
causes. To convert this voltage to amperes, divide by the device 
sensitivity, Sens. 


Accuracy (ETOT). The accuracy represents the maximum devia-
tion of the actual output from its ideal value.  This is also known 
as the total ouput error.  The accuracy is illustrated graphically in 
the output voltage versus current chart below.


Ratiometry. The ratiometric feature means that its 0 A output, 
VIOUT(Q), (nominally equal to VCC/2) and sensitivity, Sens, are 
proportional to its supply voltage, VCC . The following formula is 
used to derive the ratiometric change in 0 A output voltage,
VIOUT(Q)RAT (%):


The ratiometric change in sensitivity, SensRAT (%), is defined as:


Definitions of Accuracy Characteristics


100
VIOUT(Q)VCC / VIOUT(Q)3.3V


VCC / 3.3 V 


100
SensVCC / Sens3.3V
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Output Voltage versus Sensed Current
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25°C Only
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Definitions of Dynamic Response Characteristics


Primary Current


Transducer Output


90


10
0


I (%)


Rise Time, tr
t


Rise time (tr). The time interval between a) when the sensor 
reaches 10% of its full scale value, and b) when it reaches 90% 
of its full scale value. The rise time to a step response is used to 
derive the bandwidth of the current sensor, in which ƒ(–3 dB) = 
0.35 / tr. Both tr and tRESPONSE are detrimentally affected by eddy 
current losses observed in the conductive IC ground plane.


Power-On Time (tPO). When the supply is ramped to its operat-
ing voltage, the device requires a finite time to power its internal 
components before responding to an input magnetic field.
Power-On Time, tPO , is defined as the time it takes for the output 
voltage to settle within ±10% of its steady state value under an 
applied magnetic field, after the power supply has reached its 
minimum specified operating voltage, VCC(min), as shown in the 
chart at right.
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Application Information


Layout
To optimize thermal and electrical performance, the 
following features should be included in the printed 
circuit board:


• The primary leads should be connected to as much 
copper area as is available.


• The copper should be 2 oz. or heavier.


• Additional layers of the board should be used for 
conducting the primary current if possible, and 


should be connected using the arrangement of vias 
shown below.


• The two solder pads at the ends of the exposed pad 
loop should be placed directly on the copper trace 
that conducts the primary current.


• When using vias under exposed pads, such as with 
the EX package, using plugged vias prevents wicking 
of the solder from the pad into the via during reflow. 
Whether or not to use plugged vias should be evalu-
ated in the application.


Primary Current Trace


Via


Solder pads


Via under pad


Signal traces


Exposed pad loop


EX package
footprint


Primary Current Trace


Suggested Layout. EX package shown.
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Package LC, 8-pin SOIC


C
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SEATING PLANE


A Terminal #1 mark area


B


Reference land pattern layout (reference IPC7351 
SOIC127P600X175-8M);  all pads a minimum of 0.20 mm from all 
adjacent pads; adjust as necessary to meet application process 
requirements and PCB layout tolerances


B
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C
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8


Branding scale and appearance at supplier discretion
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1.04 REF


1.75 MAX


For Reference Only; not for tooling use (reference MS-012AA)
Dimensions in millimeters
Dimensions exclusive of mold flash, gate burrs, and dambar protrusions 
Exact case and lead configuration at supplier discretion within limits shown
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 N = Device part number
 T = Device temperature range
 P = Package Designator
 A = Amperage  
 L = Lot number
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Package EX, 12-Contact QFN
With Fused Sensed Current Loop
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For reference only, not for tooling use (reference JEDEC MO-220WEED
except for fused current path) 
Dimensions in millimeters
Exact case and lead configuration at supplier discretion within limits shown


C Reference land pattern layout (reference IPC7351 
QFN50P300X300X80-17W4M); 
All pads a minimum of 0.20 mm from all adjacent pads; adjust as 
necessary to meet application process requirements and PCB layout 
tolerances; when mounting on a multilayer PCB, thermal vias at the 
exposed thermal pad land can improve thermal dissipation (reference 
EIA/JEDEC Standard JESD51-5)
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    N = Device part number
    Y = Last two digits of year of manufacture
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permit improvements in the per for mance, reliability, or manufacturability of its products.  Before placing an order, the user is cautioned to verify that 
the information being relied upon is current.  
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Description
The H5 series ball bearing optical shaft encoder has a molded polycarbonate
housing and utilizes either a 5-pin or 10-pin finger-latching connector. This non-
contacting rotary to digital converter is designed to provide digital feedback
information.


The H5 is fully assembled with a brass shaft, two 1/4" ID by 1/2" OD heavy duty
ball bearings and a mounting plate. The mounting plate comes with 2 mounting
holes for screws #4 or smaller.


A secure connection to the H5 series encoder is made through a 5-pin (single-
ended versions) or 10-pin (differential versions) finger-latching connector (sold
separately). The mating connectors are available from US Digital with several
cable options and lengths.


For differential versions: the internal differential line driver (26C31) can source
and sink 20mA at TTL levels. The recommended receiver is industry standard
26C32. Maximum noise immunity is achieved when the differential receiver is


terminated with a 150 resistor in series with a .0047 F capacitor placed
across each differential pair. The capacitor simply conserves power; otherwise
power consumption would increase by approximately 20mA per pair, or 60mA for
3 pairs.


Features


Heavy duty ball bearings track up to 10,000 
RPM
2-channel quadrature, TTL squarewave 
outputs
Optional index (3rd channel)
Differential outputs available
Positive finger-latching connector
32 to 5000 cycles per revolution (CPR)
128 to 20000 pulses per revolution (PPR)
-25 to +100C operating temperature
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Mechanical Drawing


H5 Differential


Environmental


Parameter Value Units


Operating Temperature, CPR < 2000 -40 to 100 C


Operating Temperature, CPR  2000 -25 to 100 C


Vibration (5Hz to 2kHz) 20 G


Electrostatic Discharge, Human Body Model ± 4 kV


Mechanical
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Parameter Value


Max. Acceleration 100000 rad/sec²


Max. Shaft Speed 10000 rpm


Max. Shaft Torque 0.05 in-oz


Max. Shaft Loading 2 lbs.


Bearing Life life in millions of revs. = (90/P)³
where P = radial load in pounds.


Weight 
  Single-ended
  Differential


1.79 oz.
1.89 oz.


Max. Shaft Total Indicated Runout 0.006 in.


Moment of Inertia 0.001 oz-in-s²


Technical Bulletin TB1001 - Shaft and Bore Tolerances Download


Phase Relationship
B leads A for clockwise shaft rotation, and A leads B for counterclockwise rotation viewed from the shaft side of the encoder (see the 
EM1  page).


Single-ended Electrical
Specifications apply over entire operating temperature range.


Typical values are specified at Vcc = 5.0Vdc and 25 C.
For complete details, see the EM1 or EM2 product pages.


Parameter Min. Typ. Max. Units Conditions


Supply Voltage 4.5  5.0 5.5 V  


Supply Current   27 33 mA CPR < 500, no load 


  54 62 mA CPR   500 and < 2000, no load


  72 85 mA CPR   2000, no load


Low-level Output     0.5 V IOL = 8mA max., CPR < 2000


    0.5 V IOL = 5mA max., CPR   2000


  0.25   V no load, CPR   2000


High-level Output 2.0     V IOH = -8mA max. and CPR < 2000


2.0     V IOH = -5mA max. and CPR   2000


  4.8   V no load and CPR < 2000


  3.5   V no load and CPR   2000


Output Current Per Channel -8   8 mA CPR < 2000
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Parameter Min. Typ. Max. Units Conditions


-5   5 mA CPR   2000


Output Rise Time   110   nS CPR < 2000


  50   nS CPR   2000, ± 5mA load


Output Fall Time   100   nS CPR < 2000


  50   nS CPR   2000, ± 5mA load


Differential Electrical
Specifications apply over entire operating temperature range.


Typical values are specified at Vcc = 5.0Vdc and 25 C.
For complete details, see the EM1 product pages.


Parameter Min. Typ. Max. Units Conditions


Supply Voltage 4.5 5.0 5.5 V


Supply Current   29 36 mA CPR < 500, no load 


  57 65 mA CPR   500 and < 2000, no load


  73 88 mA CPR   2000, no load


Low-level Output   0.2 0.4 V IOL = 20mA max.


High-level Output 2.4 3.4   V IOH = -20mA max.


Differential Output Rise/Fall Time     15  nS  


Pin-out


5-pin Single-ended 10-pin Differential Standard


Pin Description Pin Description


1 Ground 1 Ground


2 Index 2 Ground


3 A channel 3 Index-


4 +5VDC power 4 Index+


5 B channel 5 A- channel


    6 A+ channel


    7 +5VDC power


    8 +5VDC power


    9 B- channel


    10 B+ channel
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Ordering Information


H5 -   -   -  


    CPR


32 = 


50 = 


96 = 


100 = 


192 = 


200 = 


250 = 


256 = 


360 = 


400 = 


500 = 


512 = 


540 = 


720 = 


900 = 


1000 = 


1024 = 


1250 = 


2000 = 


2048 = 


2500 = 


4000 = 


4096 = 


5000 = 


  Index


NE = No Index


IE = Index


  Output


S = Single-ended


D = Differential


Notes


Cables and connectors are not included and 
must be ordered separately.
US Digital warrants its products against defects 
in materials and workmanship for two years. 
See complete warranty for details.
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Base Pricing
Quantity Price


1 $92.95


5 $68.85


10 $59.80


   


For volume discounts, please contact us at sales@usdigital.com or 800.736.0194.


Add 22% per unit for CPR of , , , , or 
Add 20% per unit for Output of Differential 
Add 15% per unit for Index of IE or CPR greater than or equal to 1000.
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NOTES:


ALL DIMENSIONS IN INCHES.1.
FOREST SIGN MAKER IS SHOWN BELOW WITH BLANK SIGN CLAMPED ON WORK SURFACE.2.
ELECTRONICS IMPACT COVER ASSEMBLY MASKS THE ELECTRONICS SUBASSY - THE CONTENTS OF THE ELECTRONICS SUBASSY (ITEM NO. E) ARE NOT SHOWN.3.
CUSTOM CLAMPS (ITEM G) PART NUMBER IS 460-031.4.


G CUSTOM CLAMPS


F IMPACT COVER ASSY


E ELECTRONICS ASSY


D CUTTER ASSY


C MODULE (Z-AXIS) ASSY


B GANTRY (Y-AXIS) ASSY


A FOUNDATION (X-AXIS) ASSY


SUBASSY NO. DESCRIPTION
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NOTES (UNLESS OTHERWISE SPECIFIED):


ALL DIMENSIONS IN INCHES.1.
TOLERANCES:2.


X.X = .125
X.XX = .063
X.XXX = .031


MATERIAL: MAPLE HARDWOOD, .75 THK3.
MATERIAL: HIGH-DENSITY RUBBER, .125 THK4.
MATERIAL INTERFACE TO BE BONDED WITH J-B WELD EPOXY 8265-S OR  EQUIVALENT.5.
ARROW INDICATES DIRECTION OF WOOD GRAIN.6.
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EXPLODED VIEW


ITEM NO. QTY. PART NO. DESCRIPTION
1 1  460-001 SLOTTED WORK SURFACE
2 2  460-002 SIDE ANGLE BAR
3 1  460-003 LEFT PANEL
4 2  6061K65 GUIDE ROD, X-AXIS, 1" OD, 60" L
5 1  61422 DRIVING LEAD SCREW, 1/2" - .125 ACME, 56.25 L
6 1 61422 DRIVEN LEAD SCREW, 1/2" - .125 ACME, 56.75 L
7 2 47065T11 SIDE T-SLOTTED EXTRUSION, 55.75 L, TAPPED ENDS
8 8 47065T175 SIDE T-SLOTTED EXTRUSION BRACKET
9 4 47065T202 FOUNDATION MOUNTING FEET
10 2 9861T826 HELICAL FLEXIBLE SHAFT COUPLING
11 4 92320A918 DC GEARMOTOR SPACER
12 4 47065T182 SIDE T-SLOTTED EXTRUSION TEE BRACKET
13 2 2500T161 ROLLER CHAIN SPROCKET, #35, 14 TEETH, 1/2IN BORE
14 1 460-004 RIGHT PANEL
15 7 20054 UNIVERSAL T-TRACK, 48 L
16 1 460-024 LEFT HARD STOP, MAPLE, 5/8" X 3/4" X 27.5 L
17 1 460-025 TOP HARD STOP, MAPLE, 5/8" X 3/4" X 53.5 L
18 1 GM9236S014-R1-SP PITTMAN DC GEARMOTOR, 2" FRAME SIZE
19 1 460-026 SUPPORT WORK SURFACE
20 2 47065T110 STRUT T-SLOTTED EXTRUSION, 28" L
21 3 1677K12 BRONZE FLANGE BUSHING, SAE 863, 1/2" ID, 3/8" L
22 1 460-027 DC GEARMOTOR MOUNTING PLATE
23 1 7332K11 ROLLER CHAIN PRING TENSIONER
24 1 H5-32-NE-S US DIGITAL INCREMENTAL SHAFT ENCODER
25 1 2938T2 BRONZE FLANGE BUSHING, SAE 863, 1/4" ID, 3/8" L
26 1 6741K41 EMO SWITCH
27 1 9600K88 GROMMET, 1/2 IN PANEL, 3/8 IN ID
28 1 460-029 LIMIT SWITCH MOUNTING BRACKET
29 1  461-006 ELECTRONICS SUBASSEMBLY
30 1 460-031 LIMIT SWITCH MOUNTING BRACKET, ELECTRONICS SIDE
31 2 7779K63 MINI LIMIT SWITCH
32 1 9414T11 SET SCREW SHAFT COLLAR
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DETAIL A 
SCALE 1 : 1


NOTES (UNLESS OTHERWISE SPECIFIED):


ALL DIMENSIONS IN INCHES.1.
TOLERANCES:2.


X.X = .050
X.XX = .025
X.XXX = .010


MATERIAL: MAPLE HARDWOOD, 1 X 8 BOARDS, ACTUAL .75 X 7.25.3.
ARROW INDICATES DIRECTION OF WOOD GRAIN.4.
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DETAIL B 
SCALE 1 : 1


NOTES (UNLESS OTHERWISE SPECIFIED):


ALL DIMENSIONS IN INCHES.1.
TOLERANCES:2.


X.X = .050
X.XX = .025
X.XXX = .010


MATERIAL: POPLAR SOFTWOOD, 1 X 8 BOARDS, ACTUAL .75 X 7.25.3.
ARROW INDICATES DIRECTION OF WOOD GRAIN.4.
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NOTES (UNLESS OTHERWISE SPECIFIED):


ALL DIMENSIONS IN INCHES.1.
TOLERANCES:2.


X.X = .050
X.XX = .025
X.XXX = .010


MATERIAL: 6061-T6 ALUMINUM ANGLE BAR, 2" X 2" LEG LENGTH.3.
FINISH: BRUSHED ALUMINUM, CLEANED SURFACE.4.
ALL HOLES TO BE FREE OF FINISH CALLED IN NOTE 4.5.
BREAK ALL EDGES 45° X .020 MAX.6.


DRILL SIZE NOTES:


.266 - USE 17/64" DRILL
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NOTES (UNLESS OTHERWISE SPECIFIED):


ALL DIMENSIONS IN INCHES.1.
TOLERANCES:2.


X.X = .050
X.XX = .025
X.XXX = .010


MATERIAL:  1/2" X 5" ALUMINUM FLAT BAR, 6061-T6 PER ASTM B221.3.
FINISH: BRUSHED ALUMINUM, CLEANED SURFACE.4.
ALL HOLES TO BE FREE OF FINISH CALLED IN NOTE 4.5.
BREAK ALL EDGES 45° X .020 MAX.6.
INSIDE TOOL RADIUS R.25 MAX.7.
3.2


FAO8.


DRILL SIZE NOTES:


.129 - USE 9/64" DRILL


.201 - USE 13/64" DRILL


.266 - USE 17/64" DRILL


.38   - USE 17/64", 3/8" DRILLS


.63   - USE 17/64", 1/2", 5/8" DRILLS
1.00 - USE 17/64", 1/2", 5/8", 27/32", 31/32", 1" DRILLS
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DRILL SIZE NOTES:


.129 - USE 9/64" DRILL


.201 - USE 13/64" DRILL


.266 - USE 17/64" DRILL


.50   - USE 17/64", 1/2" DRILLS


.63   - USE 17/64", 1/2", 5/8" DRILLS


.875 - USE 17/64", 1/2", 23/32", 27/32", 7/8" DRILLS
1.00 - USE 17/64", 1/2", 23/32", 27/32", 31/32", 1" DRILLS


NOTES (UNLESS OTHERWISE SPECIFIED):


ALL DIMENSIONS IN INCHES.1.
TOLERANCES:2.


X.X = .050
X.XX = .025
X.XXX = .010


MATERIAL:  1/2" X 5" ALUMINUM FLAT BAR, 6061-T6 PER ASTM B221.3.
FINISH: BRUSHED ALUMINUM, CLEANED SURFACE.4.
ALL HOLES TO BE FREE OF FINISH CALLED IN NOTE 4.5.
BREAK ALL EDGES 45° X .020 MAX.6.
INSIDE TOOL RADIUS R.25 MAX.7.
3.2
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NOTES (UNLESS OTHERWISE SPECIFIED):


ALL DIMENSIONS IN INCHES.1.
TOLERANCES:2.


X.X = .050
X.XX = .025
X.XXX = .010


MATERIAL:  1/2" X 5" ALUMINUM FLAT BAR, 6061-T6 3.
PER ASTM B221.
FINISH: BRUSHED ALUMINUM, CLEANED SURFACE.4.
ALL HOLES TO BE FREE OF FINISH CALLED IN NOTE 4.5.
BREAK ALL EDGES 45° X .020 MAX.6.
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NOTES (UNLESS OTHERWISE SPECIFIED):


ALL DIMENSIONS IN INCHES.1.
TOLERANCES:2.


X.X = .050
X.XX = .025
X.XXX = .010


MATERIAL:  STEEL SHEET METAL, 12 GAUGE, FLAT 3.
PATTERN SIZE: 1.50 X 2.52.
FINISH: BRUSHED ALUMINUM, CLEANED SURFACE.4.
BREAK ALL EDGES 45° X .020 MAX.5.


DRILL SIZE NOTES:


.201 - USE 13/64" DRILL
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NOTES (UNLESS OTHERWISE SPECIFIED):


ALL DIMENSIONS IN INCHES.1.
TOLERANCES:2.


X.X = .050
X.XX = .025
X.XXX = .010


MATERIAL:  STEEL SHEET METAL, 12 GAUGE, FLAT 3.
PATTERN SIZE: 1.50 X 2.03.
FINISH: BRUSHED ALUMINUM, CLEANED SURFACE.4.
BREAK ALL EDGES 45° X .020 MAX.5.
INSIDE TOOL RADIUS R.25 MAX.6.
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15 2 7779K63 MINI LIMIT SWITCH
14 4 47065T176 VERTICAL MEMBER ANGLE BRACKET
13 2 9861T615 HELICAL FLEXIBLE SHAFT COUPLING
12 2 9338T11 DOUBLE LINEAR BALL BEARING, SEAL, PILLOW BLOCK, 1" ID
11 2 2938T2 GEARMOTOR SHAFT BUSHING, SAE 863, 1/4" ID
10 2 460-014 SLEEVE NUT HOUSING, 1/2"
9 1 60896 ROTON LEAD SCREW, 3/8" - .125 ACME, 30.875 L
8 1 H5-32-NE-S INCREMENTAL SHAFT ENCODER
7 1 GM9236S014 DC GEARMOTOR, 2" FRAME SIZE
6 2 6061K64 GUIDE ROD (Y-AXIS), .75 OD, 36" L
5 1 460-013 GANTRY STIFFENER
4 1 460-012 BACK VERTICAL MEMBER
3 1 460-011 FRONT VERTICAL MEMBER
2 1 460-010 LOWER BRIDGE MEMBER
1 1 460-009 UPPER BRIDGE MEMBER
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TAP FOR #10-32 HELICOIL INSERT = 1.5 * DIA.
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DETAIL A 
SCALE 1 : 1


NOTES (UNLESS OTHERWISE SPECIFIED):


ALL DIMENSIONS IN INCHES.1.
TOLERANCES:2.


X.X = .050
X.XX = .025
X.XXX = .010


MATERIAL:  1/2" X 5" ALUMINUM FLAT BAR, 6061-T6 3.
PER ASTM B221.
FINISH: BRUSHED ALUMINUM, CLEANED SURFACE.4.
ALL HOLES TO BE FREE OF FINISH CALLED IN NOTE 4.5.
BREAK ALL EDGES 45° X .020 MAX.6.
INSIDE TOOL RADIUS R.25 MAX.7.
3.2


FAO8.
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NOTES (UNLESS OTHERWISE SPECIFIED):


ALL DIMENSIONS IN INCHES.1.
TOLERANCES:2.


X.X = .050
X.XX = .025
X.XXX = .010


MATERIAL:  1/2" X 5" ALUMINUM FLAT BAR, 6061-T6 PER ASTM B221.3.
FINISH: BRUSHED ALUMINUM, CLEANED SURFACE.4.
ALL HOLES TO BE FREE OF FINISH CALLED IN NOTE 4.5.
BREAK ALL EDGES 45° X .020 MAX.6.
INSIDE TOOL RADIUS R.25 MAX.7.
3.2


FAO.8.


DRILL SIZE NOTES:


.201 - USE 13/64" DRILL
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TAP FOR #10-32 HELICOIL INSERT = 2.0 * DIA.
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DETAIL B 
SCALE 1 : 1
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SECTION C-C 
SCALE 1 : 1


NOTES (UNLESS OTHERWISE SPECIFIED):


ALL DIMENSIONS IN INCHES.1.
TOLERANCES:2.


X.X = .050
X.XX = .025
X.XXX = .010


MATERIAL:  1/2" X 5" ALUMINUM FLAT BAR, 6061-T6 PER ASTM B221.3.
FINISH: BRUSHED ALUMINUM, CLEANED SURFACE.4.
ALL HOLES TO BE FREE OF FINISH CALLED IN NOTE 4.5.
BREAK ALL EDGES 45° X .020 MAX.6.
INSIDE TOOL RADIUS R.25 MAX.7.
3.2


FAO.8.


DRILL SIZE NOTES:


.201 - USE 13/64" DRILL


.38   - USE 17/64", 3/8" DRILLS


.75   - USE 17/64", 1/2", 21/32", 3/4" DRILLS
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TAP FOR #10-32 HELICOIL INSERT = 2.0 * DIA.
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SECTION E-E 
 


SCALE 2 : 1


NOTES (UNLESS OTHERWISE SPECIFIED):


ALL DIMENSIONS IN INCHES.1.
TOLERANCES:2.


X.X = .050
X.XX = .025
X.XXX = .010


MATERIAL:  1/2" X 5" ALUMINUM FLAT BAR, 6061-T6 3.
PER ASTM B221.
FINISH: BRUSHED ALUMINUM, CLEANED SURFACE.4.
ALL HOLES TO BE FREE OF FINISH CALLED IN NOTE 4.5.
BREAK ALL EDGES 45° X .020 MAX.6.
INSIDE TOOL RADIUS R.25 MAX.7.
3.2


FAO.8.
DRILL SIZE NOTES:


.201 - USE 13/64" DRILL


.38   - USE 17/64", 3/8" DRILLS


.75   - USE 17/64", 1/2", 21/32", 3/4" DRILLS
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NOTES (UNLESS OTHERWISE SPECIFIED):


ALL DIMENSIONS IN INCHES.1.
TOLERANCES:2.


X.X = .050
X.XX = .025
X.XXX = .010


MATERIAL:  2" x 2" ALUMINUM ANGLE BAR, 6061-T6 PER ASTM B221.3.
FINISH: BRUSHED ALUMINUM, CLEANED SURFACE.4.
ALL HOLES TO BE FREE OF FINISH CALLED IN NOTE 4.5.
BREAK ALL EDGES 45° X .020 MAX.6.
3.2


FAO.7.


DRILL SIZE NOTES:


.201 - USE 13/64" DRILL
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NOTES (UNLESS OTHERWISE SPECIFIED):


ALL DIMENSIONS IN INCHES.1.
TOLERANCES:2.


X.X = .050
X.XX = .025
X.XXX = .010


MATERIAL:  1" x 1.5" ALUMINUM BAR, 6061-T6 PER ASTM B221.3.
BREAK ALL EDGES 45° X .020 MAX.4.
INSIDE TOOL RADIUS R.125 MAX.5.
1.6
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DRILL SIZE NOTES:


.201 - USE 13/64" DRILL


.875 - USE 17/64", 1/2", 23/32", 27/32", 7/8" DRILLS
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ITEM NO. QTY. PART NUMBER DESCRIPTION


1 1 460-015 BACKPLATE


2 1 460-016 TOP SUPPORT PLATE


3 1 460-017 LOWER SUPPORT PLATE


4 2 6061K103 GUIDE ROD (Z-AXIS), 3/8" OD, 8 L


5 1 60896 ROTON LEAD SCREW, 3/8" - .125, 6 L


6 1 9338T3 LINEAR BALL BEARING, SEALED, PILLOW BLOCK, 3/4" ID


7 1 460-019 DELRIN SLEEVE BUSHING, 3/4"


8 1 460-018 SLEEVE NUT W/ HOUSING, 3/8"


9 1 GM9236SO14 DC GEARMOTOR, 2" FRAME SIZE


10 1 H5-32-NE-S INCREMENTAL SHAFT ENCODER


11 2 2938T2 BRONZE SHAFT BUSHING, SAE 863, 1/4" ID


12 2 9861T615 HELICAL FLEXIBLE SHAFT COUPLING


13 2 7779K63 MINI LIMIT SWITCH
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NOTES (UNLESS OTHERWISE SPECIFIED):


ALL DIMENSIONS IN INCHES.1.
TOLERANCES:2.


X.X = .050
X.XX = .025
X.XXX = .010


MATERIAL:  3/8" X 5" ALUMINUM FLAT BAR, 6061-T6 PER ASTM B221.3.
FINISH: BRUSHED ALUMINUM, CLEANED SURFACE.4.
ALL HOLES TO BE FREE OF FINISH CALLED IN NOTE 4.5.
BREAK ALL EDGES 45° X .020 MAX.6.
3.2


FAO.7.


DRILL SIZE NOTES:


.089 - USE 3/32" DRILL


.201 - USE 13/64" DRILL
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 0
 


 1
.0


0 


 4
.0


0 


 5
.0


0 


 0 
 2X .25 


 .50 


2X  .20 THRU
TAP FOR #10-32 HELICOIL INSERT = 2.0 * DIA.  0


 
 .2


5 


 4
.7


5 


 0 
 2X .25 


 .13 


SECTION AA-AA


NOTES (UNLESS OTHERWISE SPECIFIED):


ALL DIMENSIONS IN INCHES.1.
TOLERANCES:2.


X.X = .050
X.XX = .025
X.XXX = .010


MATERIAL:  1/2" X 5" ALUMINUM FLAT BAR, 6061-T6 PER ASTM B221.3.
FINISH: BRUSHED ALUMINUM, CLEANED SURFACE.4.
ALL HOLES TO BE FREE OF FINISH CALLED IN NOTE 4.5.
BREAK ALL EDGES 45° X .020 MAX.6.
INSIDE TOOL RADIUS R.25 MAX.7.
3.2


FAO.8.


DRILL SIZE NOTES:


.201 - USE 13/64" DRILL


.375 - USE 13/64", 11/32", 3/8"DRILLS
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SECTION AB-AB


NOTES (UNLESS OTHERWISE SPECIFIED):


ALL DIMENSIONS IN INCHES.1.
TOLERANCES:2.


X.X = .050
X.XX = .025
X.XXX = .010


MATERIAL:  1/2" X 5" ALUMINUM FLAT BAR, 6061-T6 PER ASTM B221.3.
FINISH: BRUSHED ALUMINUM, CLEANED SURFACE.4.
ALL HOLES TO BE FREE OF FINISH CALLED IN NOTE 4.5.
BREAK ALL EDGES 45° X .020 MAX.6.
INSIDE TOOL RADIUS R.25 MAX.7.
3.2


FAO.8.


DRILL SIZE NOTES:


.201 - USE 13/64" DRILL


.375 - USE 13/64", 11/32", 3/8"DRILLS
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NOTES (UNLESS OTHERWISE SPECIFIED):


ALL DIMENSIONS IN INCHES.1.
TOLERANCES:2.


X.X = .050
X.XX = .025
X.XXX = .010


MATERIAL:  1" x 1.5" ALUMINUM BAR, 6061-T6 PER ASTM B221.3.
BREAK ALL EDGES 45° X .020 MAX.4.
INSIDE TOOL RADIUS R.125 MAX.5.
1.6


FAO.6.


DRILL SIZE NOTES:


.201 - USE 13/64" DRILL
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12
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NOTE: ITEM 12 IS INTENDED TO BE USED FOR 
INSTALLATION PURPOSES ONLY, NOT TO BE FASTENED 
TO THE ASSEMBLY.


12 1 460-034 ROUTER BIT JIG
11 1 460-022 VACUUM ANGLE BRACKET
10 1 4880K594 VACUUM TUBING ELBOW, 90°
9 1 4880K36 VACUUM TUBING ELBOW, 45°
8 2 460-024 VACUUM TUBING
7 1 90891 ROUTER BIT, 1/4" SHANK, BALL TIP
6 1 PR20EVSK BOSCH COLT PALM ROUTER
5 1 460-018 SLEEVE NUT W/ HOUSING, 3/8"
4 1 6255K32 LINEAR BALL BEARING, SEALED, PILLOW BLOCK, 3/8" ID
3 1 460-023 DELRIN SLEEVE BUSHING, 3/8"
2 1 460-021 ROUTER MOUNT ADAPTER PLATE
1 1 460-020 ROUTER MOUNT ANGLE BAR
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DRILL SIZE NOTES:


.201 - USE 13/64" DRILL
1.06 - USE 1" HOLE SAW


NOTES (UNLESS OTHERWISE SPECIFIED):


ALL DIMENSIONS IN INCHES.1.
TOLERANCES:2.


X.X = .125
X.XX = .050
X.XXX = .025


MATERIAL: 6061-T6 ALUMINUM ANGLE BAR, 3/16" 3.
THICK, 6" X 6" LEG LENGTH.
FINISH: BRUSHED ALUMINUM, CLEANED SURFACE.4.
ALL HOLES TO BE FREE OF FINISH CALLED IN NOTE 4.5.
BREAK ALL EDGES 45° X .020 MAX.6.
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NOTES (UNLESS OTHERWISE SPECIFIED):


ALL DIMENSIONS IN INCHES.1.
TOLERANCES:2.


X.X = .125
X.XX = .050
X.XXX = .025


MATERIAL: 6061-T6 ALUMINUM FLAT BAR, .25 THICK3.
FINISH: BRUSHED ALUMINUM, CLEANED SURFACE.4.
ALL HOLES TO BE FREE OF FINISH CALLED IN NOTE 4.5.
BREAK ALL EDGES 45° X .020 MAX.6.
3.2
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PIPE SIZE 2", SCHEDULE 40


NOTES (UNLESS OTHERWISE SPECIFIED):


ALL DIMENSIONS IN INCHES.1.
TOLERANCES:2.


X.X = .050
X.XX = .025
X.XXX = .010
X.XX° = 1.0°


MATERIAL:  ABS TUBING3.
FINISH: NONE4.
BREAK ALL EDGES 45° X .020 MAX.5.
INSIDE TOOL RADIUS R.25 MAX.6.
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NOTES (UNLESS OTHERWISE SPECIFIED):


ALL DIMENSIONS IN INCHES.1.
TOLERANCES:2.


X.X = .050
X.XX = .025
X.XXX = .010
X.XX° = 1.0°


MATERIAL:  STEEL SHEET METAL, 16 GAUGE, FLAT 3.
PATTERN SIZE: 1.50 X 2.03.


FINISH: BRUSHED ALUMINUM, CLEANED SURFACE.4.
BREAK ALL EDGES 45° X .020 MAX.5.
INSIDE TOOL RADIUS R.25 MAX.6.
FINGER BREAK PART AT DIMENSION CALLOUT.7.
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NOTES (UNLESS OTHERWISE SPECIFIED):


ALL DIMENSIONS IN INCHES.1.
TOLERANCES:2.


X.X = .050
X.XX = .025
X.XXX = .010


MATERIAL:  1" x 1.5" ALUMINUM BAR, 6061-T6 PER ASTM B221.3.
BREAK ALL EDGES 45° X .020 MAX.4.
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EXPLODED VIEW


17 6 94639A464 NYLON SPACER, #2, .25 L
16 11 94639A201 NYLON SPACER, #4, .25 L
15 1 A98517-ND TERMINAL BLOCK
14 1 1601 PITFT TOUCHSCREEN
13 1 501 POWER PLUG ADAPTER, USB
12 1 9600K54 GROMMET, .25 THK PANEL
11 1 IEC320-C14 POWER PLUG, PANEL MOUNT
10 3 ASC711EX CURRENT SENSOR, -31A TO 31A
9 1 2102220 POWER SUPPLY, 336 W, 24 VDC
8 4 91075A174 STANDOFF, 18-8, #10-32, .75 L
7 1  CC1758-ND SOLID STATE RELAY, 250 V, 25 A
6 4 92825A142 SPACER, 1/4, 4 L
5 1 1914 RASPBERRY PI B+
4 1 R62-CBR20-00W DUPLEX OUTLET, 125 VAC, 15 A
3 1  MOTOR CONTROLLER BOARD
2 1 460-026 ELECTRONICS PANEL
1 1 460-025 ELECTRONICS BASEPLATE
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DRILL SIZE NOTES:


.089 - USE 3/32" DRILL


.129 - USE 1/8" DRILL


.201 - USE 13/64" DRILL


.266 - USE 17/64" DRILL 


.50   - USE 17/64", 1/2" DRILLS 


NOTES (UNLESS OTHERWISE SPECIFIED):


ALL DIMENSIONS IN INCHES.1.
TOLERANCES:2.


X.X = .050
X.XX = .025
X.XXX = .010


MATERIAL:  1/4" X 6" ALUMINUM FLAT BAR, 6061-T6 PER ASTM B221.3.
FINISH: BRUSHED ALUMINUM, CLEANED SURFACE.4.
ALL HOLES TO BE FREE OF FINISH CALLED IN NOTE 4.5.
BREAK ALL EDGES 45° X .020 MAX.6.
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NOTES (UNLESS OTHERWISE SPECIFIED):


ALL DIMENSIONS IN INCHES.1.
TOLERANCES:2.


X.X = .050
X.XX = .025
X.XXX = .010


MATERIAL:  CLEAR TRANSPARENT ACRYLIC SHEET, .22 THK3.
FINISH: CLEANED AND POLISHED EDGES.4.
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NOTES (UNLESS OTHERWISE SPECIFIED):


ALL DIMENSIONS IN INCHES.1.
MATERIAL:  CLEAR TRANSPARENT ACRYLIC SHEET, .22 THK, 19" X 9"2.
MATERIAL:  CLEAR TRANSPARENT ACRYLIC SHEET, .22 THK, 19" X 8"3.
MATERIAL:  CLEAR TRANSPARENT ACRYLIC SHEET, .22 THK, 8" X 8"4.
MATERIAL:  CLEAR TRANSPARENT ACRYLIC SHEET, .22 THK, 7" X 7"5.
FINISH: CLEANED AND POLISHED EDGES.6.
ALL HOLES TO BE FREE OF FINISH CALLED IN NOTE 4.7.
EDGES TO BE ADHERED USING ACRYLIC FREE FLOWING SOLVENT AND HYPO-APPLICATOR. 8.
DRAWING TO BE SAVED AS ADBOE ILLUSTRATOR FILE FOR USE ON LASER CUTTER. ALL VIEWS ARE DIGITALLY SCALED 1:1.9.


7 1 14649 CONTINUOUS HINGE, 12 IN


6 1 460-032 FILTER PLATE


5 1 460-031 FILTER SPACER


4 1 460-030 BACK IMPACT PANEL


3 1 460-029 FRONT IMPACT PANEL


2 1 460-028 RIGHT IMPACT PANEL


1 1 460-027 TOP IMPACT PANEL
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Universal AC input / Full range


Built-in active PFC function, PF>0.95


High efficiency up to 89% (typ.)


Protections: Short circuit / Overload / Over voltage / Over temperature


With DC OK signal output


5 years warranty


Withstand 300VAC surge input for 5 seconds


Built-in constant current limiting circuit


1U low profile 41mm


Built-in cooling fan ON-OFF control


Built-in remote sense function


SPECIFICATION


HRP-300-3.3 HRP-300-5 HRP-300-7.5 HRP-300-12 HRP-300-15 HRP-300-24 HRP-300-36 HRP-300-48MODEL


DC VOLTAGE


RATED CURRENT


CURRENT RANGE


RATED POWER


RIPPLE & NOISE (max.) Note.2


OUTPUT VOLTAGE ADJ. RANGE


VOLTAGE TOLERANCE Note.3


LINE REGULATION


LOAD REGULATION


SETUP, RISE TIME


HOLD UP TIME (Typ.)


VOLTAGE RANGE Note.5


FREQUENCY RANGE


POWER FACTOR (Typ.)


EFFICIENCY (Typ.)INPUT


ENVIRONMENT


INRUSH CURRENT (Typ.)


LEAKAGE CURRENT


OVER TEMPERATURE


SAFETY STANDARDS


HARMONIC CURRENT


EMI CONDUCTION & RADIATION


SAFETY &


EMS IMMUNITY


EMC
(Note 4)


WITHSTAND VOLTAGE


ISOLATION RESISTANCE


WORKING TEMP.


WORKING HUMIDITY


STORAGE TEMP., HUMIDITY


TEMP. COEFFICIENT


VIBRATION


MTBF


DIMENSIONOTHERS


NOTE


PACKING


OVERLOAD


OVER VOLTAGE
PROTECTION


AC CURRENT (Typ.)


3.3V 5V 7.5V 12V 15V 24V 36V 48V


60A 60A 40A 27A 22A 14A 9A 7A


0 ~ 60A 0 ~ 60A 0 ~ 40A 0 ~ 27A 0 ~ 22A 0 ~ 14A 0 ~ 9A 0 ~ 7A


198W 300W 300W 324W 330W 336W 324W 336W


80mVp-p 90mVp-p 100mVp-p 120mVp-p 150mVp-p 150mVp-p 250mVp-p 250mVp-p


2.8 ~ 3.8V 4.3 ~ 5.8V 6.8 ~ 9V 10.2 ~ 13.8V 13.5 ~ 18V 21.6 ~ 28.8V 28.8 ~ 39.6V 40.8 ~ 55.2V


2.5% 2.0% 2.0% 1.0% 1.0% 1.0% 1.0% 1.0%


0.5% 0.5% 0.5% 0.3% 0.3% 0.2% 0.2% 0.2%


1.0% 1.0% 1.0% 0.5% 0.5% 0.5% 0.5% 0.5%


1000ms, 50ms/230VAC          2500ms, 50ms/115VAC at full load


16ms/230VAC          16ms/115VAC at full load


85 ~ 264VAC          120 ~ 370VDC


47 ~ 63Hz


PF>0.95/230VAC          PF>0.99/115VAC at full load


6 ~ 7V 9.4 ~ 10.9V 14.4 ~ 16.8V 18.8 ~ 21.8V 30 ~ 34.8V 41.4 ~ 48.6V 57.6 ~ 67.2V


5A/115VAC        2.5A/230VAC


35A/115VAC          70A/230VAC


<1.2mA / 240VAC


105 ~ 135% rated output power


3.96 ~ 4.62V


Protection type : Constant current limiting, recovers automatically after fault condition is removed


Protection type : Shut down o/p voltage, re-power on to recover


Protection type : Shut down o/p voltage, recovers automatically after temperature goes down


UL60950-1, TUV EN60950-1 approved


Compliance to EN55022 (CISPR22) Class B


Compliance to EN61000-3-2,-3


Compliance to EN61000-4-2,3,4,5,6,8,11, ENV50204, EN55024, EN61000-6-2, heavy industry level,  criteria A


I/P-O/P:3KVAC     I/P-FG:1.5KVAC     O/P-FG:0.5KVAC


I/P-O/P, I/P-FG, O/P-FG:100M Ohms / 500VDC / 25 / 70% RH


-30 ~ +70 (Refer to output load derating curve)


20 ~ 90% RH non-condensing


-40 ~ +85 , 10 ~ 95% RH


0.03%/ (0 ~ 50 )


10 ~ 500Hz, 5G 10min./1cycle, 60min. each along X, Y, Z axes


176K hrs min.      MIL-HDBK-217F (25 )


199*105*41mm (L*W*H)


File Name:HRP-300-SPEC   2009-11-09


Features :


1. All parameters NOT specially mentioned are measured at 230VAC input, rated load and 25 of ambient temperature.
2. Ripple & noise are measured at 20MHz of bandwidth by using a 12" twisted pair-wire terminated with a 0.1uf & 47uf parallel capacitor.
3. Tolerance : includes set up tolerance, line regulation and load regulation.
4. The power supply is considered a component which will be installed into a final equipment. The final equipment must be re-confirmed that it still meets


EMC directives.
5. Derating may be needed under low input voltages. Please check the derating curve for more details.


HRP-300 ser ies300W Single Output with PFC Function


0.95Kg;15pcs/15.3Kg/0.69CUFT


80% 82% 86% 88% 88% 87% 88% 89%


DC OK SIGNAL PSU turns on : 3.3 ~ 5.6V ; PSU turns off : 0 ~ 1V
FUNCTION


100 5 for 3.3V,5V,7.5V ; 95 5 for others (TSW2: power dioddetect on heatsink of e)


90 5 (TSW1: detect on heatsink of power transistor)


FAN CONTROL (Typ.) Load 35 15% or RTH2 50 Fan on
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MODEL：HRP-300-24 


OUTPUT FUNCTION TEST 
NO TEST ITEM SPECIFICATION TEST CONDITION RESULT VERDICT 


1 RIPPLE & NOISE V1:  150 mVp-p (Max ) 
 


I/P: 230VAC 
O/P:FULL LOAD 
Ta:25℃ 


V1: 61.2 
 
 
 


mVp-p (Max ) 
 


P 


2 OUTPUT VOLTAGE 
ADJUST RANGE 


CH1: 21.6 V~ 28.8 V  I/P: 230 VAC 
I/P: 115 VAC 
O/P:MIN LOAD 
Ta:25℃ 


20.27 
20.25 


V~ 
V~ 


30.14 
30.13 


V/ 230 VAC 
V/ 115 VAC 


P 


3 OUTPUT VOLTAGE 
TOLERANCE 


V1: 1 %~ -1 % (Max) 
 


I/P: 100 VAC / 264 VAC 
O/P:FULL/  MIN  LOAD 
Ta:25℃ 


V1: 
 


0.26 
 


%~ 
 


-0.26 
 


% 
 


P 


4 LINE REGULATION V1: 0.2%~ -0.2 % (Max) 
 


I/P:  100 VAC ~ 264 VAC 
O/P:FULL LOAD 
Ta:25℃ 


V1: 
 


0.05 
 


%~ 
 


-0.05 
 


% 
 


P 


5 LOAD REGULATION V1: 0.5 %~ -0.5 % (Max) 
 


I/P: 230 VAC 
O/P:FULL ~MIN LOAD 
Ta:25℃ 


V1: 
 


0.26 
 


%~ 
 


-0.26 
 


% 
 


P 


6 SET UP TIME 
   


230VAC: 1000 ms (Max) I/P: 230 VAC 
I/P: 115 VAC 
O/P:FULL LOAD 
Ta:25℃ 


230VAC/ 152 ms 


P 115 VAC: 2500 ms (Max) 115VAC/ 350 ms 


7 RISE TIME  230VAC: 50 ms (Max) I/P: 230 VAC 
I/P: 115 VAC 
O/P:FULL LOAD 
Ta:25℃ 


230VAC/ 8.3 ms 


P 
115VAC: 50 ms (Max) 115VAC/ 8.3 ms 


8 HOLD UP TIME 230VAC: 16 ms (TYP) I/P: 230 VAC 
I/P: 115 VAC 
O/P:FULL LOAD 
Ta:25℃ 


230VAC/ 33 ms 


P 115VAC: 16 ms (TYP) 115VAC/ 21 ms 


9 OVER/UNDERSHOOT TEST      < +5% I/P: 230 VAC 
O/P:FULL LOAD 
Ta:25℃ 


TEST: <  5  % 
P 


10 DYNAMIC  LOAD V1: 2400 mVp-p I/P: 230 VAC 
O/P:FULL /Min LOAD 
   90%DUTY/1KHZ 
Ta:25℃ 


573 mVp-p 


P 
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INPUT FUNCTION TEST  
NO TEST ITEM SPECIFICATION TEST CONDITION RESULT VERDICT 


1 INPUT VOLTAGE RANGE 85VAC~264 VAC I/P:TESTING 
O/P:FULL LOAD 
Ta:25℃ 


      73 V~264V 


P 


I/P:  
 LOW-LINE-3V= 97 V 
 HIGH-LINE+15%=300 V 
 O/P:FULL/MIN LOAD 
 ON: 30 Sec . OFF: 30 Sec 10MIN 
 ( AC POWER ON/OFF NO DAMAGE ) 


TEST: OK 


2 INPUT FREQUENCY RANGE     47HZ ~63 HZ  
NO DAMAGE OSC 


I/P: 100 VAC ~ 264 VAC 
O/P:FULL~MIN LOAD 
Ta:25℃ 


TEST: OK 
P 


3 POWER FACTOR 0.95 / 230 VAC(TYP) I/P: 230 VAC 
I/P: 115 VAC 
O/P:FULL LOAD 
Ta:25℃ 


PF= 0.981 / 230 VAC 


P 0.99 / 115 VAC(TYP) PF= 1 / 115 VAC 


4 EFFICIENCY       87% (TYP) I/P: 230 VAC 
O/P:FULL LOAD 
Ta:25℃ 


        87.3 % 
P 


5 INPUT CURRENT 230V/ 2.5 A (TYP) I/P: 230 VAC      
I/P: 115 VAC 
O/P:FULL LOAD 
Ta:25℃ 


I = 1.7 A/ 230 VAC 


P 
115V/ 5 A (TYP) I = 3.45 A/ 115 VAC 


6 INRUSH CURRENT 230V/ 70 A (TYP) I/P: 230 VAC 
I/P: 115 VAC 
O/P:FULL LOAD 
Ta:25℃ 


I = 68 A/ 230 VAC 


P 
115V/ 35 A(TYP) I = 34 A/ 115 VAC 
COLD START 


7 LEAKAGE CURRENT < 1.2 mA / 240 VAC I/P: 264 VAC  
O/P:Min LOAD 
Ta:25℃ 


L-FG:  1 mA 
P N-FG:  0.6 mA 


 


PROTECTION FUNCTION TEST 
NO TEST ITEM SPECIFICATION TEST CONDITION RESULT VERDICT 


1 OVER LOAD PROTECTION 105 %~ 135 % I/P: 230 VAC 
I/P: 115 VAC 
O/P:TESTING 
Ta:25℃ 


     117%/ 230 VAC 
     117%/ 115 VAC 
Constant current limiting, recovers 
automatically after fault condition is 
removed 


P 


2 OVER VOLTAGE PROTECTION CH1: 30V~ 34.8V I/P: 230 VAC 
I/P: 115 VAC 
O/P:MIN LOAD 
Ta:25℃ 


    32.53 V/ 230 VAC 
    32.52 V/ 115 VAC 
Shut down Re- power ON 
 


P 


3 OVER TEMPERATURE PROTECTION SPEC: 
TSW1: 90 + 5℃ detect on 
heatsink of power transistor 
TSW2: 95 + 5℃ detect on O/P 
CHOCK 
 NO DAMAGE 


I/P: 230 VAC 
O/P:FULL LOAD 
  
 
 


   O.T.P. Active 
Shut down o/p voltage, recovers 
automatically after temperature 
goes down 


P 


4 SHORT PROTECTION SHORT EVERY OUTPUT 
1 HOUR  NO DAMAGE 


I/P: 264 VAC 
O/P:FULL LOAD 
Ta:25℃ 


NO DAMAGE 
Constant current limiting, recovers 
automatically after fault condition is 
removed 


P 
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CONTROL FUNCTION TEST 
NO TEST ITEM SPECIFICATION TEST CONDITION RESULT VERDICT 


1 DC OK SIGNAL PSU turn on : 3.3 ~ 5.6V ;  
PSU turn off : 0 ~ 1V 


I/P: 230 VAC 
O/P:FULL LOAD 
Ta:25℃ 


PSU turn on :  5.213   V  
PSU turn off :   0  V P 


2 REMOTE SENSE  >0.5V I/P: 230 VAC 
O/P:FULL LOAD 
Ta:25℃ 


>0.5 
P 


3 FAN ON/OFF control test ----- I/P: 230 VAC 
O/P:TESTING 
Ta:25℃ 


>    29.6  %LOAD FAN ON  
<    29.5  %LOAD FAN OFF P 


 


ENVIRONMENT TEST 
NO TEST ITEM SPECIFICATION TEST CONDITION RESULT VERDICT 


1 TEMPERATURE RISE TEST MODEL：HRP-300-24              
 1. ROOM AMBIENT  BURN-IN： 1   HRS  
        I/P： 230VAC  O/P： FULL LOAD  Ta= 31.8    ℃ 


 2. HIGH AMBIENT  BURN-IN：  5.5   HRS 
        I/P： 230VAC  O/P： FULL LOAD  Ta= 52.9    ℃ 
 


 
 


NO Position P/N 
  ROOM AMBIENT 


Ta=  31.8  ℃ 
HIGH AMBIENT 


Ta= 52.9   ℃ 
1 U1 FAN4801NY  54.1℃ 76.8℃ 


2 C5 100u/400V 105℃ 18*25 
KMG  


38.8℃ 62.0℃ 


3 Q1 IRFP460A 20A/500V  43.3℃ 65.8℃ 


4 D1 BYC8-600 8A/600V  42.1℃ 64.3℃ 


5 L3 TR838  40.1℃ 63.7℃ 


6 BD1 10A/800V SILICON 
US10KB80R  41.9℃ 63.7℃ 


7 Q101 FME-220B 20A/150V  51.6℃ 74.0℃ 


8 Q105 FME-220B 20A/150V  46.7℃ 67.4℃ 


9 T1 COIL TF1871   130℃ 79.8℃ 103.9℃ 


10 L100 TR844    155℃ 50.1℃ 74.2℃ 


11 C106 1000u/35V UL10Kh 12.5*25 
KY 34.1℃ 57.0℃ 


12 TSW1 ST-22  90℃ 44.2℃ 66.4℃ 


13 TSW2 ST-22  95℃ 54.3℃ 76.4℃ 


14 D22 SBYV26C 1A/600V  56.9℃ 80.9℃ 


P 


2 OVER LOAD BURN-IN TEST  NO DAMAGE 
1 HOUR ( MIN ) 


 I/P： 230 VAC 
 O/P：  111 ﹪LOAD 
 Ta：25℃ 


TEST：OK 
P 


3 LOW TEMPERATURE 
TURN ON TEST 


TURN ON AFTER  2  HOUR 
 


 I/P： 230 VAC 
 O/P：  100  ﹪LOAD 
 Ta=  -30  ℃ 


TEST：OK 


P 


4 HIGH HUMIDITY 
HIGH TEMPERATURE 
HIGH VOLTAGE 
TURN ON TEST 


AFTER 12  HOURS 
IN CHAMBER ON 
CONTROL     ℃ 
NO DAMAGE 


 I/P： 272 VAC 
 O/P：FULL LOAD 
 Ta=  49.9  ℃ 
 HUMIDITY=  95 %R.H 


TEST：OK 


P 


5 TEMPERATURE 
COEFFICIENT 


 + 0.03 %(0~50℃)  I/P： 230 VAC 
 O/P：FULL LOAD 


+  0.017   %(0~50℃) 
P 
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6 VIBRATION TEST 1 Carton & 1 Set   
(1) Waveform: Sine Wave 
(2) Frequency:10~500Hz 
(3) Sweep Time:10min/sweep cycle 
(4) Acceleration:5G 
(5) Test Time:1 hour in each axis (X.Y.Z) 
(6) Ta:25℃ 


TEST：OK 


P 
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SAFETY TEST 
NO TEST ITEM SPECIFICATION TEST CONDITION RESULT VERDICT 


1 WITHSTAND VOLTAGE I/P-O/P: 3 KVAC/min 
I/P-FG: 1.5 KVAC/min 
O/P-FG: 0.5 KVAC/min 


I/P-O/P: 3.6 KVAC/min 
I/P-FG: 1.8 KVAC/min 
O/P-FG: 0.6 KVAC/min 
Ta:25℃  


I/P-O/P: 6.54 mA 


P 
I/P-FG: 5.56 mA 


O/P-FG: 4.29 mA 
NO DAMAGE   


2 ISOLATION RESISTANCE I/P-O/P:500VDC>100MΩ 
I/P-FG: 500VDC>100MΩ 
O/P-FG:500VDC>100MΩ 


I/P-O/P:  500  VDC 
I/P-FG:  500  VDC 
O/P-FG:  500  VDC 
Ta:25℃/70%RH 


I/P-O/P: 25.4 GΩ 


P 
I/P-FG: 24.6 GΩ    
O/P-FG: 22.7 GΩ 


NO DAMAGE 


3 GROUNDING CONTINUITY FG(PE) TO CHASSIS 
OR TRACE <  100  mΩ 


      40 A / 2min 
Ta:25℃ / 70%RH 


13 mΩ 
P 


4 APPROVAL  TUV: Certificate NO ：R 50156798 
UL: File NO ：E183223 P 


 
E.M.C TEST 


NO TEST ITEM SPECIFICATION TEST CONDITION RESULT VERDICT 
1 HARMONIC EN61000-3-2 


CLASS A 
CLASS D 


I/P: 230 VAC/50HZ 
O/P:FULL LOAD 
Ta:25℃ 


PASS 
 P 


2 CONDUCTION EN55022  
CLASS B 


I/P: 230 VAC (50HZ) 
O/P:FULL/50% LOAD 
Ta:25℃ 


PASS  
Test by certified Lab P 


3 RADIATION EN55022  
CLASS B 


I/P: 230 VAC (50HZ) 
O/P:FULL LOAD 
Ta:25℃ 


PASS  
Test by certified Lab P 


4 E.S.D EN61000-4-2 
INDUSTRY 
AIR:8KV / Contact:4KV 


I/P: 230 VAC/50HZ 
O/P:FULL LOAD 
Ta:25℃ 
 


CRITERIA  A 
 


P 


5 E.F.T EN61000-4-4 
INDUSTRY 
  INPUT: 2KV 


I/P: 230 VAC/50HZ 
O/P:FULL LOAD 
Ta:25℃ 
 


CRITERIA  A 
 


P 


6 SURGE IEC61000-4-5 
INDUSTRY 
  L-N :2KV 
  L,N-PE:4KV 


I/P: 230 VAC/50HZ 
O/P:FULL LOAD 
Ta:25℃ 
 


CRITERIA  A 
 


P 


7 Test by certified Lab ＆ Test Report Prepare 


 


M.T.B.F & LIFE CYCLE CALCULATION 
NO TEST ITEM SPECIFICATION TEST CONDITION RESULT VERDICT 


1 CAPACITOR 
LIFE CYCLE 


HRP-300-24:SUPPOSE  C106  IS THE MOST CRITICAL COMPONENT 
I/P： 230VAC   O/P：FULL LOAD  Ta= 25   ℃  LIFE TIME= 2632336.2       HRS 
I/P： 230VAC   O/P：FULL LOAD  Ta= 50   ℃  LIFE TIME= 410763.6        HRS 


P 


2 MTBF MIL-HDBK-217F NOTICES2 PARTS COUNT 
TOTAL FAILURE RATE: 176K  HRS 


P 
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COMPONENT STRESS TEST 
NO TEST ITEM SPECIFICATION TEST CONDITION RESULT VERDICT 


1 Power Transistor 
( D to S) or (C to E) Peak Voltage 


Q4  Rated 
2SK4106  : 12A/500V 


I/P:High-Line +3V = 267 V 
O/P: (1)Full Load Turn on 
    (2) Output Short   
Ta:25℃ 


 


(1) 472 V 


P 
(2) 438 V 


2 Diode Peak Voltage Q101   Rated 
FME-220B : 20A/150V 
 
 
 
Q104   Rated 
FME-220B : 20A/150V 


I/P:High-Line +3V = 267 V 
O/P: (1)Full Load Turn on 
    (2)Output Short 
Ta:25℃ 


(1) 150 V 


P 


(2) 
 
 
 
(1) 
(2) 
 


138 
 
 
 


149 
146 


V 
 
 
 
V 
V 


3 Input  Capacitor Voltage C5   Rated 
100u/400V 105℃  
PEAK 450V      


I/P:High-Line +3V = 267 V 
O/P: (1)Full Load Turn on /Off 
    (2) Min load Turn on /Off 


(3)Full Load /Min load Change 
Ta:25℃ 


(1) 369.9 V 


P 


(2) 374 V 
(3) 371.9 V 


4 Control IC Voltage Test U1    Rated 
FAN4801NY:9.3V~ 30V 


I/P:High-Line +3V = 267 V 
O/P: (1)Full Load Turn on /Off 
    (2) Min load Turn on /Off 


(3)Full Load /Min load Change  
Ta:25℃ 


 


(1) 15.917 V 


P 


(2)  13.371 V 
(3)  13.371 V 


5 P.F.C Transistor 
( D to S) or (C to E) Peak Voltage 


Q1  Rated 
IRFP460A  :20A/500V 


I/P:High-Line +3V = 267 V 
O/P: (1)Full Load Turn on 
    (2) Output Short   
Ta:25℃ 


 


(1) 
(2) 


494 
392 


V 
V 


P 


                                                                  
DATE SAMPLE TEST RESULT TESTER APPROVAL 


2009/4/29 RD SAMPLE PASS SANFORD SU VINCENT TSENG 


2009/6/12 PRODUCT SAMPLE 
W0905B34 PASS SANFORD SU VINCENT TSENG 


2009/9/1 PRODUCT SAMPLE 
W0908B05 PASS SANFORD SU VINCENT TSENG 


                                                                      2003/12/12  A50-F023       












September 2013  Rev 8 1/33


33


VNH3SP30-E


Automotive fully integrated H-bridge motor driver


Features


■ Output current: 30A


■ 5V logic level compatible inputs


■ Undervoltage and overvoltage shutdown


■ Overvoltage clamp


■ Thermal shut down


■ Cross-conduction protection


■ Linear current limiter


■ Very low standby power consumption


■ PWM operation up to 10 kHz


■ Protection against loss of ground and loss of 
VCC 


■ Package: ECOPACK® 


Description
The VNH3SP30-E is a full-bridge motor driver 
intended for a wide range of automotive 
applications. The device incorporates a dual 
monolithic high-side driver (HSD) and two low-
side switches. The HSD switch is designed using 
STMicroelectronics proprietary VIPower™ M0-3 
technology that efficiently integrates a true Power 
MOSFET with an intelligent signal/protection 
circuit on the same die. 


The low-side switches are vertical MOSFETs 
manufactured using STMicroelectronics 
proprietary EHD (“STripFET™”) process.The 
three circuits are assembled in a MultiPowerSO-
30 package on electrically isolated lead frames. 
This package, specifically designed for the harsh 
automotive environment, offers improved thermal 
performance thanks to exposed die pads. 
Moreover, its fully symmetrical mechanical design 
provides superior manufacturability at board level. 
The input signals INA and INB can directly 
interface with the microcontroller to select the 
motor direction and the brake condition. Pins 
DIAGA/ENA or DIAGB/ENB, when connected to an 
external pull-up resistor, enable one leg of the 
bridge. They also provide a feedback digital 
diagnostic signal. The normal condition operation 
is explained in The speed of the motor can be 
controlled in all possible conditions by the PWM 
up to kHz. In all cases, a low level state on the 
PWM pin will turn off both the LSA and LSB 


switches. When PWM rises to a high level, LSA or 
LSB turn on again depending on the input pin 
state.


Type RDS(on) Iout Vccmax


VNH3SP30-E
45mmax 
per leg)


30A 40V


MultiPowerSO-30™ 


Table 1. Device summary


Package
Order codes


Tube Tape & reel


MultiPowerSO-30 VNH3SP30-E  VNH3SP30TR-E


www.st.com



http://www.st.com





Contents VNH3SP30-E


2/33  


Contents


1 Block diagram and pins description . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5


2 Electrical specifications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8


2.1 Absolute maximum ratings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8


2.2 Electrical characteristics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9


2.3 Electrical characteristics curves . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15


3 Application information  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20


3.1 Reverse battery protection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21


3.2 Open load detection in Off mode  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21


3.3 Test mode . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22


4 Package and PCB thermal data  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25


4.1 MultiPowerSO-30 thermal data  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25


4.1.1 Thermal calculation in clockwise and anti-clockwise operation in steady-
state mode 26


4.1.2 Thermal resistances definition
(values according to the PCB heatsink area) . . . . . . . . . . . . . . . . . . . . . 26


4.1.3 Thermal calculation in transient mode . . . . . . . . . . . . . . . . . . . . . . . . . . 26


4.1.4 Single pulse thermal impedance definition
(values according to the PCB heatsink area) . . . . . . . . . . . . . . . . . . . . . 26


5 Package and packing information . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29


5.1 ECOPACK® packages . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29


5.2 MultiPowerSO-30 package mechanical data  . . . . . . . . . . . . . . . . . . . . . . 29


5.3 Packing information  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31


6 Revision history  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32







VNH3SP30-E List of tables


3/33


List of tables


Table 1. Device summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
Table 2. Block description. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
Table 3. Pin definitions and functions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
Table 4. Pin functions description. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
Table 5. Absolute maximum ratings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
Table 6. Power  section  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
Table 7. Logic inputs (INA, INB, ENA, ENB)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
Table 8. PWM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
Table 9. Switching (VCC = 13V, RLOAD = 1.1, unless otherwise specified) . . . . . . . . . . . . . . . . . . 10
Table 10. Protection and diagnostic . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
Table 11. Truth table in normal operating conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
Table 12. Truth table in fault conditions (detected on OUTA). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
Table 13. Electrical transient requirements  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
Table 14. Thermal calculation in clockwise and anti-clockwise operation in steady-state mode . . . . 26
Table 15. Thermal parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
Table 16. MultiPowerSO-30 mechanical data  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
Table 17. Document revision history  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32







List of figures VNH3SP30-E


4/33  


List of figures


Figure 1. Block diagram . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
Figure 2. Configuration diagram (top view) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
Figure 3. Current and voltage conventions  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
Figure 4. Definition of the delay times measurement  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
Figure 5. Definition of the low side switching times . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
Figure 6. Definition of the high side switching times  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
Figure 7. On state supply current. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
Figure 8. Off state supply current. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
Figure 9. High level input current . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
Figure 10. Input clamp voltage. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
Figure 11. Input high level voltage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
Figure 12. Input low level voltage  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
Figure 13. Input hysteresis voltage  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
Figure 14. High level enable pin current  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
Figure 15. Delay time during change of operation mode . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
Figure 16. Enable clamp voltage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
Figure 17. High level enable voltage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
Figure 18. Low level enable voltage  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
Figure 19. PWM high level voltage  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
Figure 20. PWM low level voltage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
Figure 21. PWM high level current. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
Figure 22. Overvoltage shutdown  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
Figure 23. Undervoltage shutdown  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
Figure 24. Current limitation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
Figure 25. On state high side resistance vs Tcase  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
Figure 26. On state low side resistance vs Tcase . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
Figure 27. On state high side resistance vs Vcc . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
Figure 28. On state low side resistance vs Vcc . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
Figure 29. Output voltage rise time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
Figure 30. Output voltage fall time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
Figure 31. Enable output low level voltage  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
Figure 32. ON state leg resistance  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
Figure 33. Typical application circuit for DC to 10 kHz PWM operation short circuit protection  . . . . . 20
Figure 34. Half-bridge configuration. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
Figure 35. Multi-motors configuration  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
Figure 36. Waveforms in full bridge operation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
Figure 37. Waveforms in full bridge operation (continued)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
Figure 38. MultiPowerSO-30™ PC board . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
Figure 39. Chipset configuration  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
Figure 40. Auto and mutual Rthj-amb vs PCB copper area in open box free air condition . . . . . . . . . 25
Figure 41. MultiPowerSO-30 HSD thermal impedance junction ambient single pulse  . . . . . . . . . . . . 27
Figure 42. MultiPowerSO-30 LSD thermal impedance junction ambient single pulse . . . . . . . . . . . . . 27
Figure 43. Thermal fitting model of an H-bridge in MultiPowerSO-30 . . . . . . . . . . . . . . . . . . . . . . . . . 28
Figure 44. MultiPowerSO-30 package outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
Figure 45. MultiPowerSO-30 suggested pad layout  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
Figure 46. MultiPowerSO-30 tube shipment (no suffix)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
Figure 47. MultiPowerSO-30 tape and reel shipment (suffix “TR”)  . . . . . . . . . . . . . . . . . . . . . . . . . . . 31







VNH3SP30-E Block diagram and pins description


5/33


1 Block diagram and pins description


Figure 1. Block diagram


         


Table 2. Block description


Name Description


Logic control
Allows the turn-on and the turn-off of the high side and the low side switches 
according to the truth table


Overvoltage + 
undervoltage


Shuts down the device outside the range [5.5V..36V] for the battery voltage


High side and low 
side clamp voltage


Protects the high side and the low side switches from the high voltage on the 
battery line in all configurations for the motor


High side and low 
side driver


Drives the gate of the concerned switch to allow a proper RDS(on) for the leg of 
the bridge


Linear current limiter
Limits the motor current by reducing the high side switch gate-source voltage 
when short-circuit to ground occurs


Overtemperature 
protection


In case of short-circuit with the increase of the junction’s temperature, shuts 
down the concerned high side to prevent its degradation and to protect the die


Fault detection
Signals an abnormal behavior of the switches in the half-bridge A or B by 
pulling low the concerned ENx/DIAGx pin
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Figure 2. Configuration diagram (top view) 


         


Table 3. Pin definitions and functions


Pin No Symbol Function


1, 25, 30 OUTA, Heat Slug3 Source of high side switch A / Drain of low side switch A


2, 4, 7, 9, 12, 
14, 17, 22, 24, 
29


NC Not connected


3, 13, 23 VCC, Heat Slug1 Drain of high side switches and power supply voltage


6 ENA/DIAGA Status of high side and low side switches A; open drain output


5 INA Clockwise input


8 PWM PWM input


11 INB Counter clockwise input


10 ENB/DIAGB Status of high side and low side switches B; open drain output


15, 16, 21 OUTB, Heat Slug2 Source of high side switch B / Drain of low side switch B


26, 27, 28 GNDA Source of low side switch A(1)


1. GNDA and GNDB must be externally connected together.


18, 19, 20 GNDB Source of low side switch B(1)
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Table 4. Pin functions description


Name Description


VCC Battery connection


GNDA, GNDB Power grounds; must always be externally connected together


OUTA, OUTB Power connections to the motor


INA, INB


Voltage controlled input pins with hysteresis, CMOS compatible. These two pins 
control the state of the bridge in normal operation according to the truth table (brake 
to VCC, brake to GND, clockwise and counterclockwise).


PWM
Voltage controlled input pin with hysteresis, CMOS compatible. Gates of low side 
FETs are modulated by the PWM signal during their ON phase allowing speed 
control of the motor.


ENA/DIAGA, 
ENB/DIAGB


Open drain bidirectional logic pins. These pins must be connected to an external pull 
up resistor. When externally pulled low, they disable half-bridge A or B. In case of 
fault detection (thermal shutdown of a high side FET or excessive ON state voltage 
drop across a low side FET), these pins are pulled low by the device (see truth table 
in fault condition).
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2 Electrical specifications


Figure 3. Current and voltage conventions


2.1 Absolute maximum ratings


Table 5. Absolute maximum ratings


Symbol Parameter Value Unit


Vcc Supply voltage -0.3...40 V


Imax1 Maximum output current (continuous) 30
A


IR Reverse output current (continuous) -30


IIN Input current (INA and INB pins) 10


mAIEN Enable input current (DIAGA/ENA and DIAGB/ENB pins) 10


Ipw PWM input current 10


VESD


Electrostatic discharge (R = 1.5k, C = 100pF)


– logic pins
– output pins: OUTA, OUTB, VCC


4
5


kV
kV


Tj Junction operating temperature Internally limited


°CTc Case operating temperature -40 to 150


TSTG Storage temperature -55 to 150 
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2.2 Electrical characteristics
Vcc = 9V up to 18V; -40°C < Tj < 150°C, unless otherwise specified.


          


Table 6. Power  section 


Symbol Parameter Test Conditions Min Typ  Max Unit


VCC
Operating supply 
voltage


5.5 36 V


IS Supply current


Off state: 


INA = INB = PWM = 0; Tj = 25°C; VCC = 13V


INA = INB = PWM = 0


20 30


40


µA


µA


On state:


INA or INB = 5V, no PWM 15 mA


RONHS
Static high side 
resistance


IOUT = 12A; Tj = 25°C


IOUT = 12A; Tj = -40 to 150°C


23 30


60
m


RONLS
Static low side 
resistance


IOUT = 12A; Tj = 25°C


IOUT = 12A; Tj = -40 to 150°C


11 15


30


Vf


High side free-
wheeling diode 
forward voltage


If = 12 A 0.8 1.1 V


IL(off)


High side off state 
output current
(per channel)


Tj = 25°C; VOUTX = ENX = 0V; VCC = 13V


Tj = 125°C; VOUTX = ENX = 0V; VCC = 13V


3


5
µA


Table 7. Logic inputs (INA, INB, ENA, ENB)


Symbol Parameter Test conditions Min Typ  Max Unit


VIL Input low level voltage
Normal operation (DIAGX/ENX pin acts 
as an input pin)


1.5


V


VIH Input high level voltage 3.25


VIHYST Input hysteresis voltage 0.5


VICL Input clamp voltage
IIN = 1mA 6 6.8 8


IIN = -1mA -1 -0.7 -0.3


IINL Input low current VIN = 1.5V 1
µA


IINH Input high current VIN = 3.25V 10


VDIAG
Enable output low level 
voltage


Fault operation (DIAGX/ENX pin acts as 
an output pin); IEN = 1mA


0.4 V
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Table 8. PWM


Symbol Parameter Test Conditions Min Typ Max Unit


Vpwl PWM low level voltage 1.5 V


Ipwl
PWM low level pin 
current


Vpw = 1.5V 1 µA


Vpwh PWM high level voltage 3.25 V


Ipwh
PWM high level pin 
current


Vpw = 3.25V 10 µA


Vpwhhyst PWM hysteresis voltage 0.5


V
Vpwcl PWM clamp voltage


Ipw = 1mA VCC + 0.3 VCC + 0.7 VCC + 1


Ipw = -1mA -5 -3.5 -2


Vpwtest
Test mode PWM pin 
voltage


-3.5 -2 -0.5 V


Ipwtest
Test mode PWM pin 
current


VIN = -2 V -2000 -500 µA


Table 9. Switching (VCC = 13V, RLOAD = 1.1, unless otherwise specified)


Symbol Parameter Test Conditions Min Typ Max Unit


f PWM frequency 0 10 kHz


td(on) Turn-on delay time
Input rise time < 1µs
(see Figure 6)


100 300


µs


td(off) Turn-off delay time
Input rise time < 1µs
(see Figure 6)


85 255


tr Rise time (see Figure 5) 1.5 3


tf Fall time (see Figure 5) 2 5


tDEL
Delay time during change 
of operating mode


(see Figure 4) 600 1800


Table 10. Protection and diagnostic


Symbol Parameter Test Conditions Min Typ Max Unit


VUSD Undervoltage shut-down 5.5
V


VOV Overvoltage shut-down 36 43


ILIM Current limitation 30 45 A


TTSD Thermal shut-down temperature VIN = 3.25V 150 170 200


°CTTR Thermal reset temperature 135


THYST Thermal hysteresis 7 15
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Figure 4. Definition of the delay times measurement 


Figure 5. Definition of the low side switching times
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Figure 6. Definition of the high side switching times
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Note: Notice that saturation detection on the low side power MOSFET is possible only if the 
impedance of the short-circuit from the output to the battery is less than 100m when the 
device is supplied with a battery voltage of 13.5V.


Table 11. Truth table in normal operating conditions


INA INB DIAGA/ENA DIAGB/ENB OUTA OUTB Operating mode


1
1


1 1


H
H Brake to VCC


0 L Clockwise (CW)


0
1


L
H Counterclockwise (CCW)


0 L Brake to GND


Table 12. Truth table in fault conditions (detected on OUTA)


INA INB DIAGA/ENA DIAGB/ENB OUTA OUTB


1
1


0


1


OPEN


H


0 L


0
1 H


0 L


X


X 0 OPEN


1
1


H


0 L


Fault Information Protection Action
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Table 13. Electrical transient requirements


ISO T/R - 7637/1


Test Pulse


Test Level


I


Test Level


II


Test Level


III


Test Level


IV


Test Levels


Delays and Impedance


1 -25V -50V -75V -100V 2ms, 10


2 +25V +50V +75V +100V 0.2ms, 10


3a -25V -50V -100V -150V
0.1µs, 50


3b +25V +50V +75V +100V


4 -4V -5V -6V -7V 100ms, 0.01


5 +26.5V +46.5V +66.5V +86.5V 400ms, 2


         


ISO T/R - 7637/1


Test Pulse
Test Levels 


Result I
Test Levels 


Result II
Test Levels 


Result III
Test Levels 
Result IV


1


C
C C C


2


3a


3b


4


5(1)


1. For load dump exceeding the above value a centralized suppressor must be adopted


E E E


         


Class Contents


C
All functions of the device are performed as designed after exposure to 
disturbance.


E
One or more functions of the device are not performed as designed after 
exposure to disturbance and cannot be returned to proper operation without 
replacing the device.
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2.3 Electrical characteristics curves


         


         


Figure 7. On state supply current Figure 8. Off state supply current


Figure 9. High level input current Figure 10. Input clamp voltage


Figure 11. Input high level voltage Figure 12. Input low level voltage
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Figure 13. Input hysteresis voltage Figure 14. High level enable pin current


Figure 15. Delay time during change of 
operation mode


Figure 16. Enable clamp voltage


Figure 17. High level enable voltage Figure 18. Low level enable voltage
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Figure 19. PWM high level voltage Figure 20. PWM low level voltage


Figure 21. PWM high level current Figure 22. Overvoltage shutdown


Figure 23. Undervoltage shutdown Figure 24. Current limitation







Electrical specifications VNH3SP30-E


18/33  


         


         


         


Figure 25. On state high side resistance vs 
Tcase


Figure 26. On state low side resistance vs 
Tcase


Figure 27. On state high side resistance vs 
Vcc


Figure 28. On state low side resistance vs Vcc


Figure 29. Output voltage rise time Figure 30. Output voltage fall time
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Figure 31. Enable output low level voltage Figure 32. ON state leg resistance
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3 Application information


In normal operating conditions the DIAGX/ENX pin is considered as an input pin by the 
device. This pin must be externally pulled high.


PWM pin usage: In all cases, a “0” on the PWM pin will turn off both LSA and LSB switches. 
When PWM rises back to “1”, LSA or LSB turn on again depending on the input pin state.


Figure 33. Typical application circuit for DC to 10 kHz PWM operation short circuit 
protection


Note: The value of the blocking capacitor (C) depends on the application conditions and defines voltage and 
current ripple onto supply line at PWM operation. Stored energy of the motor inductance may fly back 
into the blocking capacitor, if the bridge driver goes into tri-state. This causes a hazardous overvoltage 
if the capacitor is not big enough. As basic orientation, 500µF per 10A load current is recommended.


In case of a fault condition the DIAGX/ENX pin is considered as an output pin by the device.


The fault conditions are: 


● overtemperature on one or both high sides


● short to battery condition on the output (saturation detection on the low side power 
MOSFET)


µC
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Possible origins of fault conditions may be:


● OUTA is shorted to ground  overtemperature detection on high side A.


● OUTA is shorted to VCC  low side power MOSFET saturation detection(a).


When a fault condition is detected, the user can know which power element is in fault by 
monitoring the INA, INB, DIAGA/ENA and DIAGB/ENB pins. 


In any case, when a fault is detected, the faulty leg of the bridge is latched off. To turn on the 
respective output (OUTX) again, the input signal must rise from low to high level.


3.1 Reverse battery protection
Three possible solutions can be considered:


1. a Schottky diode D connected to VCC pin


2. an N-channel MOSFET connected to the GND pin (see Figure 33: Typical application 
circuit for DC to 10 kHz PWM operation short circuit protection on page 20


3. a P-channel MOSFET connected to the VCC pin


The device sustains no more than -30A in reverse battery conditions because of the two 
body diodes of the power MOSFETs. Additionally, in reverse battery condition the I/Os of 
VNH3SP30-E will be pulled down to the VCC line (approximately -1.5V). A series resistor 
must be inserted to limit the current sunk from the microcontroller I/Os. If IRmax is the 
maximum target reverse current through µC I/Os, the series resistor is:


3.2 Open load detection in Off mode


It is possible for the microcontroller to detect an open load condition by adding a simply


resistor (for example, 10k ohm) between one of the outputs of the bridge (for example,


OUTB) and one microcontroller input. A possible sequence of inputs and enable signals is


the following: INA = 1, INB = X, ENA = 1, ENB = 0.


●   normal condition: OUTA = H and OUTB = H


●   open load condition: OUTA = H and OUTB = L: In this case the OUTB pin is internally 
pulled down to GND. This condition is detected on OUTB pin by the microcontroller as 
an open load fault.


a. An internal operational amplifier compares the Drain-Source MOSFET voltage with the internal reference (2.7V 
Typ.). The relevant low side power MOS is switched off when its Drain-Source voltage exceeds the reference 
voltage.


R
VIOs VCC–


IRmax
---------------------------------=
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3.3 Test mode
The PWM pin can be used to test the load connection between two half-bridges. In the Test 
mode (Vpwm = -2V) the internal power MOS gate drivers are disabled. The INA or INB inputs 
can be used to turn on the high side A or B, respectively, in order to connect one side of the 
load at VCC voltage. The check of the voltage on the other side of the load can be used to 
verify the continuity of the load connection. In case of load disconnection, the DIADX/ENX 


pin corresponding to the faulty output is pulled down.


Figure 34. Half-bridge configuration


Note: The VNH3SP30-E can be used as a high power half-bridge driver achieving an On 
resistance per leg of 22.5m. 


Figure 35. Multi-motors configuration


Note: The VNH3SP30-E can easily be designed in multi-motors driving applications such as seat 
positioning systems where only one motor must be driven at a time. DIAGX/ENX pins allow 
to put unused half-bridges in high impedance. 
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Figure 36. Waveforms in full bridge operation
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Figure 37. Waveforms in full bridge operation (continued)
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4 Package and PCB thermal data


4.1 MultiPowerSO-30 thermal data


Figure 38. MultiPowerSO-30™ PC board


Note: Layout condition of Rth and Zth measurements (PCB FR4 area = 58mm x 58mm, PCB 
thickness = 2mm, Cu thickness = 35m, Copper areas: from minimum pad layout to 
16cm2).


Figure 39. Chipset configuration


Figure 40. Auto and mutual Rthj-amb vs PCB copper area in open box free air 
condition
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4.1.1 Thermal calculation in clockwise and anti-clockwise operation in 
steady-state mode
         


4.1.2 Thermal resistances definition
(values according to the PCB heatsink area)


RthHS = RthHSA = RthHSB = High Side Chip Thermal Resistance Junction to Ambient (HSA or 
HSB in ON state)


RthLS = RthLSA = RthLSB = Low Side Chip Thermal Resistance Junction to Ambient


RthHSLS = RthHSALSB = RthHSBLSA = Mutual Thermal Resistance Junction to Ambient 
between High Side and Low Side Chips


RthLSLS = RthLSALSB = Mutual Thermal Resistance Junction to Ambient between Low Side 
Chips


4.1.3 Thermal calculation in transient mode(b)


TjHSAB = ZthHS x PdHSAB + ZthHSLS x (PdLSA + PdLSB) + Tamb


TjLSA = ZthHSLS x PdHSAB + ZthLS x PdLSA + ZthLSLS x PdLSB + Tamb


TjLSB = ZthHSLS x PdHSAB + ZthLSLS x PdLSA + ZthLS x PdLSB + Tamb


4.1.4 Single pulse thermal impedance definition
(values according to the PCB heatsink area)


ZthHS = High Side Chip Thermal Impedance Junction to Ambient


ZthLS = ZthLSA = ZthLSB = Low Side Chip Thermal Impedance Junction to Ambient


ZthHSLS = ZthHSABLSA = ZthHSABLSB = Mutual Thermal Impedance Junction to Ambient 
between High Side and Low Side Chips


ZthLSLS = ZthLSALSB = Mutual Thermal Impedance Junction to Ambient between Low Side 
Chips


Table 14. Thermal calculation in clockwise and anti-clockwise operation in steady-
state mode


HSA HSB LSA LSB TjHSAB TjLSA TjLSB


ON OFF OFF ON
PdHSA x RthHS + PdLSB 
x RthHSLS + Tamb


PdHSA x RthHSLS + 
PdLSB x RthLSLS + Tamb


PdHSA x RthHSLS + PdLSB 
x RthLS + Tamb


OFF ON ON OFF
PdHSB x RthHS + PdLSA 
x RthHSLS + Tamb


PdHSB x RthHSLS + 
PdLSA x RthLS + Tamb


PdHSB x RthHSLS + PdLSA 
x RthLSLS + Tamb


b.  Calculation is valid in any dynamic operating condition. Pd values set by user.
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Equation 1: pulse calculation formula


         


Figure 41. MultiPowerSO-30 HSD thermal impedance junction ambient single pulse


Figure 42. MultiPowerSO-30 LSD thermal impedance junction ambient single pulse
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Figure 43. Thermal fitting model of an H-bridge in MultiPowerSO-30


         


Table 15. Thermal parameters(1)


1. The blank space means that the value is the same as the previous one.


Area/island (cm2) Footprint 4 8 16


R1 = R7 (°C/W) 0.05


R2 = R8 (°C/W) 0.3


R3 (°C/W) 0.5


R4 (°C/W) 1.3


R5 (°C/W) 14


R6 (°C/W) 44.7 39.1 31.6 23.7


R9 = R10= R15= R16 (°C/W) 0.6


R11 = R17 (°C/W) 0.8


R12 = R18 (°C/W) 1.5


R13 = R19 (°C/W) 20


R14 = R20 (°C/W) 46.9 36.1 30.4 20.8


R21 = R22 = R23 (°C/W) 115


C1 = C7 = C9 = C15 (W.s/°C) 0.001


C2 = C8 (W.s/°C) 0.005


C3  = (W.s/°C) 0.02


C4 = C13 = C19 (W.s/°C) 0.3


C5 (W.s/°C) 0.6


C6 (W.s/°C) 5 7 9 11


C10 = C11= C16 = C17 (W.s/°C) 0.003


C12 = C18 (W.s/°C) 0.075


C14 = C20 (W.s/°C) 2.5 3.5 4.5 5.5
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5 Package and packing information


5.1 ECOPACK® packages
In order to meet environmental requirements, ST offers these devices in ECOPACK® 
packages. These packages have a Lead-free second-level interconnect. The category of 
Second-Level Interconnect is marked on the package and on the inner box label, in 
compliance with JEDEC Standard JESD97.


The maximum ratings related to soldering conditions are also marked on the inner box label.
ECOPACK is an ST trademark. ECOPACK specifications are available at: www.st.com.


5.2 MultiPowerSO-30 package mechanical data


Figure 44. MultiPowerSO-30 package outline
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Figure 45. MultiPowerSO-30 suggested pad layout


Table 16. MultiPowerSO-30 mechanical data


Symbol
Millimeters


Min Typ Max


A 2.35


A2 1.85 2.25


A3 0 0.1


B 0.42 0.58


C 0.23 0.32


D 17.1 17.2 17.3


E 18.85 19.15


E1 15.9 16 16.1


e 1


F1 5.55 6.05


F2 4.6 5.1


F3 9.6 10.1


L 0.8 1.15


N 10deg


S 0deg 7deg
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5.3 Packing information
Note: The devices can be packed in tube or tape and reel shipments (see the Device summary on 


page 1 for packaging quantities).


Figure 46. MultiPowerSO-30 tube shipment (no suffix)  


Figure 47. MultiPowerSO-30 tape and reel shipment (suffix “TR”)


A


BC


Dimension mm


Tube length (± 0.5) 532
A 3.82
B 23.6
C (± 0.13) 0.8


Reel dimensions


Dimension mm


A (max) 330
B (min) 1.5
C (± 0.2) 13
D (min) 20.2
G (+ 2 / -0) 32
N (min) 100
T (max) 38.4


Top
cover
tape


Start


No componentsNo components Components


500 mm min
500 mm min


Empty components pockets


User direction of feed


Tape dimensions


According to Electronic Industries 
Association (EIA) Standard 481 rev. A, Feb 
1986


Description Dimension mm


Tape width W 32
Tape Hole Spacing P0 (± 0.1) 4
Component Spacing P 24
Hole Diameter D (± 0.1/-0) 1.5
Hole Diameter D1 (min) 2
Hole Position F (± 0.1) 14.2


End
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6 Revision history


         


Table 17. Document revision history


Date Revision Description of changes


Aug-2004 1
Initial release of lead-free version based on the VNH3SP30 datasheet 
(May 2004 - Rev.1) 


Aug- 2005 2 Modified figure 5


20-Dec-2006 3


Document converted into new ST corporate template.


Changed document title .


Changed features on page 1 to add ECOPACK® package.
Added section 1: device block description on page 5.


Added section 2: pinout description on page 6.


Added section 3: maximum ratings on page 8.
Added section 4: electrical characteristics on page 9.


Added “low” and “high” to parameters for IINL and IINH in Table 6 on 
page 9.
Added section 5: Waveforms and truth table on page 12.


Changed first of two fault conditions in section 5 on page 12.


Inserted note in Figure 4 on page 12.
Added vertical limitation line to left side arrow of tD(off) to Figure 7 on 
page 17.
Added section 6: thermal data on page 26.


Added section 7: package characteristics on page 30.


Added section 8: packaging information on page 32.
Updated disclaimer (last page) to include a mention about the use of


ST products in automotive applications.


20-Jun-2007 4


Document reformatted.


Changed Table 6: Power  section on page 9 : supply current and static 
resistance values.


Added Table 7: Logic inputs (INA, INB, ENA, ENB) on page 9 : VDIAG 


ROW .


Deleted Enable (Logic I/O pin) Table.


13-Sep-2007 5 Updated Table 2: Block description on page 5.


15-Nov-2007 6
Corrected Figure 34 note : changed On resistance per leg from 9.5 
mto 22.5 m.


06-Feb-2008 7 Corrected Heat Slug numbers in Table 3: Pin definitions and functions.


24-Sep-2013 8 Updated disclaimer.
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Please Read Carefully:


Information in this document is provided solely in connection with ST products. STMicroelectronics NV and its subsidiaries (“ST”) reserve the
right to make changes, corrections, modifications or improvements, to this document, and the products and services described herein at any
time, without notice.


All ST products are sold pursuant to ST’s terms and conditions of sale.
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Product Name Raspberry Pi Model B+


Product Description The Raspberry Pi Model B+ incorporates a number of enhancements 
and new features. Improved power consumption, increased 
connectivity and greater IO are among the improvements to this 
powerful, small and lightweight ARM based computer. 


Specifications 


Chip  Broadcom BCM2835 SoC


Core architecture ARM11


CPU  700 MHz Low Power ARM1176JZFS Applications Processor


GPU  Dual Core VideoCore IV® Multimedia Co-Processor


Provides Open GL ES 2.0, hardware-accelerated OpenVG, and 
1080p30 H.264 high-profile decode


Capable of 1Gpixel/s, 1.5Gtexel/s or 24GFLOPs with texture filtering 
and DMA infrastructure


Memory  512MB SDRAM


Operating System Boots from Micro SD card, running a version of the Linux operating 
system


Dimensions 85 x 56 x 17mm


Power Micro USB socket 5V, 2A


Connectors: 


Ethernet  10/100 BaseT Ethernet socket


Video Output HDMI (rev 1.3 & 1.4)


Composite RCA (PAL and NTSC)


Audio Output  3.5mm jack, HDMI 


USB  4 x USB 2.0 Connector


GPIO Connector 40-pin 2.54 mm (100 mil) expansion header: 2x20 strip


Providing 27 GPIO pins as well as +3.3 V, +5 V and GND supply lines


Camera Connector 15-pin MIPI Camera Serial Interface (CSI-2)


JTAG  Not populated


Display Connector  Display Serial Interface (DSI) 15 way flat flex cable connector 
with two data lanes and a clock lane


Memory Card Slot SDIO


MODEL B+
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ALUMINUM JIG TRACKS Universal T-Track 
2’ - 22104, 3’ - 26420, 


Miter Track 
Bench Dog T-Loc Track 
Bench Dog Dual Track 


4’ - 20054
3’ - 63018
3’ - 25471
3’ - 23880


 


APPLICATION: 
Universal T-Track boasts a unique stacked-slot 
design that allows you to attach any accessory with 
1/4" T-bolts, 5/16" T-bolts, or 1/4" Hex-bolts. 
Available in two foot, three foot, or four foot lengths. 


Miter Track allows you to incorporate capability for 
a standard rectangular miter bar or miter gauge in 
your project. Available in three foot lengths. 


T-Loc Track takes all the features of Universal T-
Track and adds a tail piece for convenient 
attachment to the top or side of a fence. Available 
in three foot lengths. 


Dual Track combines the features of Universal T-
Track with a side-by-side Miter Track, and adds 
capability for T-type miter bars as well. Available in 
three foot lengths. 


FEATURES: 
• All tracks are made of aluminum for strength and 


durability. Universal T-Track and Miter Track are 
blue; T-Loc and Dual Track are silver. 


• Universal T-Track is pre-drilled with holes for #6 
flat head screws, centered in the track, and 
equally spaced on 4” centers along the length of 
the track. The 2’ track has six holes; the 3’ track 
has nine holes, and the 4’ track has twelve holes. 


• Miter Track is predrilled with four holes for #6 flat 
head screws.  The holes are centered in the 
track. The middle holes are on 12” centers, and 
the end holes are 10-1/2” on center from the 
middle holes.  


• T-Loc Track is not pre-drilled for mounting. 
• Dual Track is pre-drilled with five holes for #8 flat-


head screws. The holes are centered in the miter 
track portion of the track, with one hole centered 
in the length of the track and the additional holes 
on 8-1/2” center to center intervals. 


• Mounting screws are not included with any of the 
tracks. 
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� GENERAL INFORMATION


Item Contents Unit/Note


Module area (W × H) 2


Active area (W×H) 43.2×57.6 mm2


Number of Dots 240(RGB)×320 /
Pixel pitch(W × H) 0.18 × 0.18 mm2


DriverIC                                             ILI9341                                                                                /
Colors                                                 65K/262K                                                                              /
Backlight Type                                  4 LEDs                                                                                /
Module Power consumption               220                                                                                     mw
InterfaceType                                      CPU/RGB                                                                              /
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LCD type TFT/TRANSMISSIVE/POSITIVE /


Input voltage 2.8 V


Weight                                                24.16                                                                                    g


MODULE NO.:   MI0283QT-11


Viewing direction                             6:00 O’Clock


Ver 1.2


Note 1:Viewing direction for best image quality is different from TFT definition, there is a 180 degree shift. 


Note 2 : RoHS compliant;


Note 3: LCM weight tolerance: ± 5%  .


With/Without TSP With TSP /


Gray scale inversion direction 12:00 O’Clock
50.2×69.3 mm×4.0
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MODULE NO.:   MI0283QT-11


� EXTERNAL DIMENSIONS


Ver 1.2







�ABSOLUTE MAXIMUM RATINGS
Parameter Symbol Min Max Unit


Power supply voltage                         VCI                         -0.3                       4.6                    V
Logic signal voltage                        VDDI                      -0.3                     4.6                     V


°C
°C


°C) RH


�ELECTRICAL CHARACTERISTICS
DC CHARACTERISTICS


Parameter Symbol Min Typ Max Unit
Power supply voltage                                 VCI                          2.5                 2.8                3.3                           V


Inputvoltage'H'level                                    VIH                      0.7VDDI             -              VDDI             V
Inputvoltage'L'level                                  VIL                        VSS                  -          0.3VDDI           V
Outputvoltage'H'level                                 VOH                    0.8VDDI              -              VDDI             V
Outputvoltage'L'leve                                  VOL                        VSS0                -           0.2VDDI            V


� BACKLIGHT CHARACTERISTICS
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Operatingtemperature                     Top                          -20                        70
Storagetemperature                      TST                         -30                        80


Humidity RH -
90%(Max60


Logic signalI/O voltage                              VDDI                      1.65               2.8                 3.3                        V


Note: 
1: Display full white. Backlight on state. 
2: IC on standby mode. 
3: the default voltage is 2.8V, for N lights in series, the power is that the current multiply N. 


 
 
 
 


Item 
 


Symbol  
Condition


 
Min 


 
Typ


 
Max 


 
Unit 


 
Note 


 
Supply voltage 


 
Vf If=80mA - 3.2 3.4  


V  


 
Supply current 


 
- 


 
- 


 
- - 


 
- 


 
mA  


 
Reverse voltage 


 
Vr  


- 
 


- 
 


- 
 


- 
 


V  


 
Normal 


 
Ipn  80  


- 
 
 


Forward 
current  


Dimming 
 


Ipd 


 
 


4-chip 
Parallel    


 


 
 


mA 


 


 
 1


 


 
Reverse Current 


 
Ir 


 
- 


 
- 


 
- 


 
- 


 
µA  


 
Uniformity Bp 


 
80%     


 
X 0.270 


 
- 0.315 


 
-  


 
 


Color coordinate*  
Y 


 
If=80mA


0.270 
 


- 0.315 
 


-  
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White LED CIRCUIT DIAGRAM: 


NOTE: 
1 The LED ‘s driver mode needs to be constant current mode. 


 Permanent damage to  the  device  may  occur if maximum  values are  exceeded  or 
reverse voltage is  loaded  .Functional  operation  should  be  restricted  to  the  conditions  
described  under normal operating conditions. 
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�ELECTRO-OPTICAL CHARACTERISTICS
Item Symbol Condition Min Typ Max Unit Remark Note


Response time Tr +Tf - 25              30              ms           Fig.1              4
Contrastratio                       Cr                                       -              500             -                --- FIG 2. 1


Luminance uniformity δ WHITE 80            90.8             -               % FIG 2. 3
Surface Luminance Lv


θ=0°
∅=0°


Ta=25�
150           240             -             cd/m2 FIG 2. 2


∅ = 90° -                70              -               deg FIG 3.
∅ = 270° FIG 3.
∅ = 0° -                70              -               deg FIG 3.


Viewing angle range θ


∅ = 180° FIG 3.


6


Red x                                    -            0.6368          -
Red y                                    -            0.3329          -


Green x                                  -            0.3397          -
Green y                                  -            0.6138          -
Blue x                                   -            0.1433           -
Blue y                                   -             0.0807          -


White x                                  -             0.2886           -


CIE (x, y) chromaticity


White y 


θ=0°
∅=0°


Ta=25�


  -             0.3194           -


FIG 2. 5


Note 1. Contrast Ratio(CR) is defined mathematically as For more information see FIG 2.:
Average Surface Luminance with all white pixels (P 1,P2, P 3,P4, P5)
Average Surface Luminance with all black pixels (P1, P2, P 3,P4, P5)


Note 2. Surface luminance is the LCD surface from the surface with all pixels displaying white. For more
information see FIG 2. 


Lv = Average Surface Luminance with all white pixels (P1, P2, P 3,P4, P5)


Note 3. The uniformity in surface luminance , δ WHITE is determined by measuring luminance at each test position 1
through 5, and then dividing the maximum luminance of 5 points luminance by minimum luminance of 5 points
luminance. For more information see FIG 2.


Minimum Surface Luminance with all white pixels (P1, P2, P 3,P4, P5)
Maximum Surface Luminance with all white pixels (P1, P2, P 3,P4, P5)


Note 4. Response time is the time required for the display to transition from White to black(Rise Time, Tr) and from
black to white(Decay Time, Tf). For additional information see FIG 1. The test equipment is Autronic-Melchers’s
ConoScope. Series


Note 5. CIE (x, y) chromaticity,The x,y value is determined by measuring luminance at each test position 1 through
5,and then make average value


Contrast Ratio =


δ WHITE =
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Note 6. Viewing angle is the angle at which the contrast ratio is greater than 2. For TFT module the conrast ratio is
greater than 10. The angles are determined for the horizontal or x axis and the vertical or y axis with respect to the z
axis which is normal to the LCD surface. For more information see FIG 3.


Note 7. For Viewing angle and response time testing, the testing data is base on Autronic-Melchers’s ConoScope. Series
Instruments. For contrast ratio, Surface Luminance, Luminance uniformity,CIE The test data is base on TOPCON’s
BM-5 photo detector.


Note 8. For TFT module, Gray scale reverse occurs in the direction of panel viewing angle.


-                57              -               deg


-                70              -               deg


NTSC Ratio


Contrastratio                       Cr                                       -              500             -                --


S                                         55            67                 -               %
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FIG.1. The definition of Response Time


FIG.2. Measuring method for Contrast ratio,surface luminance, Luminance uniformity �CIE (x, y) chromaticity


FIG.3. The definition of viewing angle


A : 5 mm
B : 5 mm
H,V : Active Area
Light spot size ∅=5mm, 500mm distance from the
LCD surface to detector lens
measurement instrument is TOPCON’s luminance
meter BM-5
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� INTERFACE DESCRIPTION
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Pin No. Symbol I/O Function


1 LEDK I Cathode for LED backlighting


2 LEDA1 I Anode No.1 for LED backlighting


3 LEDA2 I Anode No.2 for LED backlighting


4 LEDA3 I Anode No.3 for LED backlighting


5 LEDA4 I Anode No.4 for LED backlighting


6 IM0 I


Select Interface Mode ;Note17 IM1 I
8 IM2 I
9 IM3 I


10 RESET I Reset pin


11 VSYNC IO Frame Synchronizing Signal For RGB Interface


12 HSYNC IO Line Synchronizing Signal For RGB Interface


13 DOTCLK IO Dot Clock Signal For RGB Interface


14 DE IO Data Enable Signal For RGB Interface


15


|


32


DB17


|


DB0


IO DATA BUS


33 SDO IO Serial Output Signal


34 SDI IO Serial Input Signal


35 RD IO Read execution control pin


36 WRX(D/CX) IO Write execution control pin ; Serial Register select s Signal


37 D/CX(SCL) IO Register select signal; Serial Interface Clock


38 CSX IO Chip Select Signal


39 TE IO Tearing effect out pin synchronize MPU to frame writng


40 VDDI P Power Supply to the interface pins ,provide with 2.8V


41 VDDI P Power Supply to the interface pins ,provide with 2.8V


42 VCI P Logic power ,provide with 2.8V


43 GND G Ground


44 X+ O Touch panel output


45 Y+ O Touch panel output


46 X- O Touch panel output


47 Y- O Touch panel output


48 GND O Ground


49 GND O Ground


50 GND - Ground


Ver 1.2
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MODULE NO.:   MI0283QT-11


NOTE1:


Ver 1.2







 
�APPLICATION NOTES
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1.1 Interface Timing Chart
 


Note: Please refer to ILITEK’s   ILI9341 data sheet for more details. 
ILITEK’s   ILI9341   INTERFACE PROTOCOL Inter 80 system CPU interface 


 


 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


tast


D/CX


CSX


WRX


D[17:0]
(Write)


RDX


D[17:0]
(Read)


tcs


twrl


tcsf


twrh


twc


taht


tdst tdht


tast trcs / trcsfm


trc / trcfm


trdl / trdlfm


trdh / trdhfm


taht


trat / tratfm trodh


tchw tchw


 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 
 


Signal 
Symbo


l 
Parameter min max Unit Description 


tast Address setup time  0 - ns  
DCX 


taht Address hold time (Write/Read)  0 - ns  
tchw CSX “H” pulse width 0 - ns  
tcs Chip Select setup time (Write)  15 - ns  
trcs Chip Select setup time (Read ID)  45 - ns  


trcsfm Chip Select setup time (Read FM) 355 - ns  


CSX 


tcsf Chip Select Wait time (Write/Read)  10 - ns  
twc Write cycle  66 - ns  
twrh Write Control pulse H duration   15 - ns  WRX 


twrl Write Control pulse L duration   15 - ns  
trcfm Read Cycle (FM) 450 - ns  


trdhfm Read Control H duration (FM) 90 - ns  RDX (FM) 


trdlfm Read Control L duration (FM) 355 - ns  
trc Read cycle (ID) 160 - ns  


trdh Read Control pulse H duration   90 - ns  RDX (ID) 


trdl Read Control pulse L duration   45 - ns  
tdst Write data setup time  10 - ns 
tdht Write data hold time  10 - ns 
trat Read access time  - 40 ns 


tratfm Read access time - 340 ns 


D[17:0], 
D[17:10]&D[8:1], 
D[17:10],  
D[17:9]  


trod Read output disable time  20 80 ns 


For maximum CL=30pF 
For minimum CL=8pF  


Note: Ta = -30 to 70 °C, VDDI=1.65V to 3.3V, VCI=2.5V to 3.3V, VSS=0V. 
� tr�15ns


70%


30%


70%


30%


tf�15ns
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INSTRUCTION DESCRIPTION(ILITEK’s   ILI9341


Regulative Command Set 


Command Function D/CX RDX WRX D17-8 D7 D6 D5 D4 D3 D2 D1 D0 Hex 


No Operation 0 1 ↑ XX 0 0 0 0 0 0 0 0 00h 


Software Reset 0 1 ↑ XX 0 0 0 0 0 0 0 1 01h 


0 1 ↑ XX 0 0 0 0 0 1 0 0 04h 


1 ↑ 1 XX X X X X X X X X XX 


1 ↑ 1 XX ID1 [7:0] XX 


1 ↑ 1 XX ID2 [7:0] XX 


Read Display Identification 


Information 


1 ↑ 1 XX ID3 [7:0] XX 


0 1 ↑ XX 0 0 0 0 1 0 0 1 09h 


1 ↑ 1 XX X X X X X X X X XX 


1 ↑ 1 XX D [31:25] X 00 


1 ↑ 1 XX X D [22:20] D [19:16] 61 


1 ↑ 1 XX X X X X X D [10:8] 00 


Read Display Status 


1 ↑ 1 XX D [7:5] X X X X X 00 


0 1 ↑ XX 0 0 0 0 1 0 1 0 0Ah 


1 ↑ 1 XX X X X X X X X X XX Read Display Power Mode 


1 ↑ 1 XX D [7:2] 0 0 08 


0 1 ↑ XX 0 0 0 0 1 0 1 1 0Bh 


1 ↑ 1 XX X X X X X X X X XX Read Display MADCTL 


1 ↑ 1 XX D [7:2] 0 0 00 


0 1 ↑ XX 0 0 0 0 1 1 0 0 0Ch 


1 ↑ 1 XX X X X X X X X X XX Read Display Pixel Format 


1 ↑ 1 XX RIM DPI [2:0] X DBI [2:0] 06 


0 1 ↑ XX 0 0 0 0 1 1 0 1 0Dh 


1 ↑ 1 XX X X X X X X X X XX Read Display Image Format 


1 ↑ 1 XX X X X X X D [2:0] 00 


0 1 ↑ XX 0 0 0 0 1 1 1 0 0Eh 


1 ↑ 1 XX X X X X X X X X XX Read Display Signal Mode 


1 ↑ 1 XX D [7:2] 0 0 00 


0 1 ↑ XX 0 0 0 0 1 1 1 1 0Fh 


1 ↑ 1 XX X X X X X X X X XX 
Read Display Self-Diagnostic 


Result 
1 ↑ 1 XX D [7:6] X X X X X X 00 


Enter Sleep Mode 0 1 ↑ XX 0 0 0 1 0 0 0 0 10h 


Sleep OUT 0 1 ↑ XX 0 0 0 1 0 0 0 1 11h 


Partial Mode ON 0 1 ↑ XX 0 0 0 1 0 0 1 0 12h 


Normal Display Mode ON 0 1 ↑ XX 0 0 0 1 0 0 1 1 13h 


Display Inversion OFF 0 1 ↑ XX 0 0 1 0 0 0 0 0 20h 


Display Inversion ON 0 1 ↑ XX 0 0 1 0 0 0 0 1 21h 


0 1 ↑ XX 0 0 1 0 0 1 1 0 26h 
Gamma Set 


1 1 ↑ XX GC [7:0] 01 


Display OFF 0 1 ↑ XX 0 0 1 0 1 0 0 0 28h 


Display ON 0 1 ↑ XX 0 0 1 0 1 0 0 1 29h 


0 1 ↑ XX 0 0 1 0 1 0 1 0 2Ah 


1 1 ↑ XX SC [15:8] XX 


1 1 ↑ XX SC [7:0] XX 


1 1 ↑ XX EC [15:8] XX 


Column Address Set 


1 1 ↑ XX EC [7:0] XX 


0 1 ↑ XX 0 0 1 0 1 0 1 1 2Bh 


1 1 ↑ XX SP [15:8] XX 


1 1 ↑ XX SP [7:0] XX 


1 1 ↑ XX EP [15:8] XX 


Page Address Set 


1 1 ↑ XX EP [7:0] XX 
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0 1 ↑ XX 0 0 1 0 1 1 0 0 2Ch 
Memory Write 


1 1 ↑ D [17:0] XX 


0 1 ↑ XX 0 0 1 0 1 1 0 1 2Dh 


1 ↑ 1 XX   R00 [5:0] XX 


1 ↑ 1 XX   Rnn [5:0] XX 


1 ↑ 1 XX   R31 [5:0] XX 


1 ↑ 1 XX   G00 [5:0] XX 


1 ↑ 1 XX   Gnn [5:0] XX 


1 ↑ 1 XX   G64 [5:0] XX 


1 ↑ 1 XX   B00 [5:0] XX 


1 ↑ 1 XX   Bnn [5:0] XX 


Color SET 


1 ↑ 1 XX   B31 [5:0] XX 


0 1 ↑ XX 0 0 1 0 1 1 1 0 2Eh 


1 ↑ 1 XX X X X X X X X X XX Memory Read 


1 ↑ 1 D [17:0] XX 


0 1 ↑ XX 0 0 1 1 0 0 0 0 30h 


1 1 ↑ XX SR [15:8] 00 


1 1 ↑ XX SR [7:0] 00 


1 1 ↑ XX ER [15:8] 01 


Partial Area 


1 1 ↑ XX ER [7:0] 3F 


0 1 ↑ XX 0 0 1 1 0 0 1 1 33h 


1 1 ↑ XX TFA [15:8] 00 


1 1 ↑ XX TFA [7:0] 00 


1 1 ↑ XX VSA [15:8] 01 


1 1 ↑ XX VSA [7:0] 40 


1 1 ↑ XX BFA [15:8] 00 


Vertical Scrolling Definition 


1 1 ↑ XX BFA [7:0] 00 


Tearing Effect Line OFF 0 1 ↑ XX 0 0 1 1 0 1 0 0 34h 


0 1 ↑ XX 0 0 1 1 0 1 0 1 35h 
Tearing Effect Line ON 


1 1 ↑ XX X X X X X X X M 00 


0 1 ↑ XX 0 0 1 1 0 1 1 0 36h 
Memory Access Control 


1 1 ↑ XX MY MX MV ML BGR MH X X 00 


0 1 ↑ XX 0 0 1 1 0 1 1 1 37h 


1 1 ↑ XX VSP [15:8] 00 Vertical Scrolling Start Address 


1 1 ↑ XX VSP [7:0] 00 


Idle Mode OFF 0 1 ↑ XX 0 0 1 1 1 0 0 0 38h 


Idle Mode ON 0 1 ↑ XX 0 0 1 1 1 0 0 1 39h 


0 1 ↑ XX 0 0 1 1 1 0 1 0 3Ah 
Pixel Format Set 


1 1 ↑ XX X DPI [2:0] X DBI [2:0] 66 


0 1 ↑ XX 0 0 1 1 1 1 0 0 3Ch 
Write Memory Continue 


1 1 ↑ D [17:0] XX 


0 1 ↑ XX 0 0 1 1 1 1 1 0 3Eh 


1 ↑ 1 XX X X X X X X X X XX Read Memory Continue 


1 ↑ 1 D [17:0] XX 


0 1 ↑ XX 0 1 0 0 0 1 0 0 44h 


1 1 ↑ XX X X X X X X X STS [8] 00 Set Tear Scanline 


1 1 ↑ XX STS [7:0] 00 


0 1 ↑ XX 0 1 0 0 0 1 0 1 45h 


1 ↑ 1 XX X X X X X X X X XX 


1 ↑ 1 XX X X X X X X GTS [9:8] 00 
Get Scanline 


1 ↑ 1 XX GTS [7:0] 00 


0 1 ↑ XX 0 1 0 1 0 0 0 1 51h 
Write Display Brightness 


1 1 ↑ XX DBV [7:0] 00
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 0 1 ↑ XX 0 1 0 1 0 0 1 0 52h 


1 ↑ 1 XX X X X X X X X X XX Read Display Brightness 


1 ↑ 1 XX DBV [7:0] 00 


0 1 ↑ XX 0 1 0 1 0 0 1 1 53h 
Write CTRL Display 


1 1 ↑ XX X X BCTRL X DD BL X X 00 


0 1 ↑ XX 0 1 0 1 0 1 0 0 54h 


1 ↑ 1 XX X X X X X X X X XX Read CTRL Display 


1 ↑ 1 XX X X BCTRL X DD BL X X 00 


0 1 ↑ XX 0 1 0 1 0 1 0 1 55h Write Content Adaptive 
Brightness Control 1 1 ↑ XX X X X X X X C [1:0] 00 


0 1 ↑ XX 0 1 0 1 0 1 1 0 56h 


1 ↑ 1 XX X X X X X X X X XX 
Read Content Adaptive 


Brightness Control 
1 ↑ 1 XX X X X X X X C [1:0] 00 


0 1 ↑ XX 0 1 0 1 1 1 1 0 5Eh Write CABC Minimum 
Brightness 1 1 ↑ XX CMB [7:0] 00 


0 1 ↑ XX 0 1 0 1 0 1 1 1 5Fh 


1 ↑ 1 XX X X X X X X X X XX 
Read CABC Minimum 


Brightness 
1 ↑ 1 XX CMB [7:0] 00 


0 1 ↑ XX 1 1 0 1 1 0 1 0 DAh 


1 ↑ 1 XX X X X X X X X X XX Read ID1 


1 ↑ 1 XX Module’s Manufacture [7:0] XX 


0 1 ↑ XX 1 1 0 1 1 0 1 1 DBh 


1 ↑ 1 XX X X X X X X X X XX Read ID2 


1 ↑ 1 XX LCD Module / Driver Version [7:0] XX 


0 1 ↑ XX 1 1 0 1 1 1 0 0 DCh 


1 ↑ 1 XX X X X X X X X X XX Read ID3 


1 ↑ 1 XX LCD Module / Driver ID [7:0] XX 


 


Extended Command Set 


Command Function D/CX RDX WRX D17-8 D7 D6 D5 D4 D3 D2 D1 D0 Hex 


0 1 ↑ XX 1 0 1 1 0 0 0 0 B0h RGB Interface 


Signal Control 1 1 ↑ XX ByPass_MODE RCM [1:0] X VSPL HSPL DPL EPL 40 


0 1 ↑ XX 1 0 1 1 0 0 0 1 B1h 


1 1 ↑ XX X X X X X X DIVA [1:0] 00 
Frame Control 


(In Normal Mode) 
1 1 ↑ XX X X X RTNA [4:0] 1B 


0 1 ↑ XX 1 0 1 1 0 0 1 0 B2h 


1 1 ↑ XX X X X X X X DIVB [1:0] 00 
Frame Control 


(In Idle Mode) 
1 1 ↑ XX X X X RTNB [4:0] 1B 


0 1 ↑ XX 1 0 1 1 0 0 1 1 B3h 


1 1 ↑ XX X X X X X X DIVC [1:0] 00 
Frame Control 


(In Partial Mode) 
1 1 ↑ XX X X X RTNC [4:0] 1B 


0 1 ↑ XX 1 0 1 1 0 1 0 0 B4h 
Display Inversion Control 


1 1 ↑ XX X X X X X NLA NLB NLC 02 


0 1 ↑ XX 1 0 1 1 0 1 0 1 B5h 


1 1 ↑ XX 0 VFP [6:0] 02 


1 1 ↑ XX 0 VBP [6:0] 02 


1 1 ↑ XX 0 0 0 HFP [4:0] 0A 


Blanking Porch Control 


1 1 ↑ XX 0 0 0 HBP [4:0] 14 
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0 1 ↑ XX 1 0 1 1 0 1 1 0 B6h 


1 1 ↑ XX X X X X PTG [1:0] PT [1:0] 0A 


1 1 ↑ XX REV GS SS SM ISC [3:0] 82 


1 1 ↑ XX X X NL [5:0] 27 


Display Function Control 


1 1 ↑ XX X X PCDIV [5:0] XX 


0 1 ↑ XX 1 0 1 1 0 1 1 1 B7h 
Entry Mode Set 


1 1 ↑ XX X X X X DSTB GON DTE GAS 07 


0 1 ↑ XX 1 0 1 1 1 0 0 0 B8h 


1 1 ↑ XX X X X X X X X X XX Backlight Control 1 


1 1 ↑ XX X X X X TH_UI [3:0] 04 


0 1 ↑ XX 1 0 1 1 1 0 0 1 B9h 


1 1 ↑ XX X X X X X X X X XX Backlight Control 2 


1 1 ↑ XX TH_MV [3:0] TH_ST [3:0] B8 


0 1 ↑ XX 1 0 1 1 1 0 1 0 BAh 


1 1 ↑ XX X X X X X X X X XX Backlight Control 3 


1 1 ↑ XX X X X X DTH_UI [3:0] 04 


0 1 ↑ XX 1 0 1 1 1 0 1 1 BBh 


1 1 ↑ XX X X X X X X X X XX Backlight Control 4 


1 1 ↑ XX DTH_MV [3:0] DTH_ST [3:0] C9 


0 1 ↑ XX 1 0 1 1 1 1 0 0 BCh 


1 1 ↑ XX X X X X X X X X XX Backlight Control 5 


1 1 ↑ XX DIM2 [3:0] X DIM1 [2:0] 44 


0 1 ↑ XX 1 0 1 1 1 1 1 0 BEh 
Backlight Control 7 


1 1 ↑ XX PWM_DIV [7:0] 0F 


0 1 ↑ XX 1 0 1 1 1 1 1 1 BFh 
Backlight Control 8 


1 1 ↑ XX X X X X X LEDONR LEDONPOL LEDPWMOPL 00 


0 1 ↑ XX 1 1 0 0 0 0 0 0 C0h 
Power Control 1 


1 1 ↑ XX X X VRH [5:0] 26 


0 1 ↑ XX 1 1 0 0 0 0 0 1 C1h 
Power Control 2 


1 1 ↑ XX X X X X X BT [2:0] 00 


0 1 ↑ XX 1 1 0 0 0 1 0 1 C5h 


1 1 ↑ XX X VMH [6:0] 31 VCOM Control 1 


1 1 ↑ XX X VML [6:0] 3C 


0 1 ↑ XX 1 1 0 0 0 1 1 1 C7h 
VCOM Control 2 


1 1 ↑ XX nVM VMF [6:0] C0 


0 1 ↑ XX 1 1 0 1 0 0 0 0 D0h 


1 1 ↑ XX X X X X X PGM_ADR [2:0] 00 NV Memory Write 


1 1 ↑ XX PGM_DATA [7:0] XX 


0 1 ↑ XX 1 1 0 1 0 0 0 1 D1h 


1 1 ↑ XX KEY [23:16] 55 


1 1 ↑ XX KEY [15:8] AA 
NV Memory Protection Key 


1 1 ↑ XX KEY [7:0] 66 


0 1 ↑ XX 1 1 0 1 0 0 1 0 D2h 


1 ↑ 1 XX X X X X X X X X XX 


1 ↑ 1 XX X ID2_CNT [2:0] X ID1_CNT [2:0] XX 
NV Memory Status Read 


1 ↑ 1 XX BUSY VMF_CNT [2:0] X ID3_CNT [2:0] XX 
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0 ↑ 1 XX 1 1 0 1 0 0 1 1 D3h 


1 ↑ 1 XX X X X X X X X X XX 


1 ↑ 1 XX 0 0 0 0 0 0 0 0 00 


1 ↑ 1 XX 1 0 0 1 0 0 1 1 93 


Read ID4 


1 ↑ 1 XX 0 1 0 0 0 0 0 1 41 


0 1 ↑ XX 1 1 1 0 0 0 0 0 E0h 


1 1 ↑ XX X X X X VP0 [3:0] 08 


1 1 ↑ XX X X VP1 [5:0] 0E 


1 1 ↑ XX X X VP2 [5:0] 12 


1 1 ↑ XX X X X X VP4 [3:0] 05 


1 1 ↑ XX X X X VP6 [4:0] 03 


1 1 ↑ XX X X X X VP13 [3:0] 09 


1 1 ↑ XX X VP20 [6:0] 47 


1 1 ↑ XX VP36 [3:0] VP27 [3:0] 86 


1 1 ↑ XX X VP43 [6:0] 2B 


1 1 ↑ XX X X X X VP50 [3:0] 0B 


1 1 ↑ XX X X X VP57 [4:0] 04 


1 1 ↑ XX X X X X VP59 [3:0] 00 


1 1 ↑ XX X X VP61 [5:0] 00 


1 1 ↑ XX X X VP62 [5:0] 00 


Positive Gamma 


Correction 


1 1 ↑ XX X X X X VP63 [3:0] 00 


0 1 ↑ XX 1 1 1 0 0 0 0 1 E1h 


1 1 ↑ XX X X X X VN0 [3:0] 08 


1 1 ↑ XX X X VN1 [5:0] 1A 


1 1 ↑ XX X X VN2 [5:0] 20 


1 1 ↑ XX X X X X VN4 [3:0] 07 


1 1 ↑ XX X X X VN6 [4:0] 0E 


1 1 ↑ XX X X X X VN13 [3:0] 05 


1 1 ↑ XX X VN20 [6:0] 3A 


1 1 ↑ XX VN36 [3:0] VN27 [3:0] 8A 


1 1 ↑ XX X VN43 [6:0] 40 


1 1 ↑ XX X X X X VN50 [3:0] 04 


1 1 ↑ XX X X X VN57 [4:0] 18 


1 1 ↑ XX X X X X VN59 [3:0] 0F 


1 1 ↑ XX X X VN61 [5:0] 3F 


1 1 ↑ XX X X VN62 [5:0] 3F 


Negative Gamma 


Correction 


1 1 ↑ XX X X X X VN63 [3:0] 0F 


Digital Gamma Control 1 0 1 ↑ XX 1 1 1 0 0 0 1 0 E2h 


1st Parameter 1 1 ↑ XX RCA0 [3:0] BCA0 [3:0] XX 


: 1 1 ↑ XX RCAx [3:0] BCAx [3:0] XX 


16th Parameter 1 1 ↑ XX RCA15 [3:0] BCA15 [3:0] XX 


Digital Gamma Control 2 0 1 ↑ XX 1 1 1 0 0 0 1 1 E3h 


1st Parameter 1 1 ↑ XX RFA0 [3:0] BFA0 [3:0] XX 


: 1 1 ↑ XX RFAx [3:0] BFAx [3:0] XX 


64th Parameter 1 1 ↑ XX RFA63 [3:0] BFA63 [3:0] XX 


0 1 ↑ XX 1 1 1 1 0 1 1 0 F6h 


1 1 ↑ XX MY_EOR MX_EOR MV_EOR X BGR_EOR X X WEMODE 01 


1 1 ↑ XX X X EPF [1:0] X X MDT [1:0] 00 
Interface Control 


1 1 ↑ XX X X ENDIAN X DM [1:0] RM RIM 00 


Note 1: Undefined commands are treated as NOP (00h) command. 


Note 2: B0 to D9 and DE to FF are for factory use of display supplier. USER can decide if these commands are   
available or they are treated as NOP (00h) commands before shipping to USER. Default value is NOP 


 
 
 
 
 
 
 
  


 
 
 
 


(00h). 
Note 3: Commands 10h, 12h, 13h, 26h, 28h, 29h, 30h, 36h (Bit B4 only), 38h and 39h are updated during 


V-SYNC when ILI9341 is in Sleep OUT mode to avoid abnormal visual effects. During Sleep IN mode, 
these commands are updated immediately. Read status (09h), Read display power mode (0Ah), Read 
display MADCTL (0Bh), Read display pixel format (0Ch), Read display image mode (0Dh), Read display 
signal mode (0Eh) and Read display self diagnostic result (0Fh) of these commands are updated 
immediately both in Sleep IN mode and Sleep OUT mode. 
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code void INIT() 
{ 
 
     write_cmd(0x01);  //software reset 
    delay(5); 
    write_cmd(0x28);   // display off    
//--------------------------------------------------------- 
    write_cmd(0xcf);   
       write_data16(0x00,0x00);  
    write_data16(0x00,0x83); 
    write_data16(0x00,0x30);  
     
     write_cmd(0xed);   
       write_data16(0x00,0x64);  
    write_data16(0x00,0x03); 
    write_data16(0x00,0x12);  
    write_data16(0x00,0x81); 
     
    write_cmd(0xe8);   
       write_data16(0x00,0x85);  
    write_data16(0x00,0x01); 
    write_data16(0x00,0x79);  
 
    write_cmd(0xcb);   
       write_data16(0x00,0x39);  
    write_data16(0x00,0x2c); 
    write_data16(0x00,0x00);  
    write_data16(0x00,0x34); 
    write_data16(0x00,0x02);  
 
    write_cmd(0xf7);   
       write_data16(0x00,0x20);  
 
    write_cmd(0xea);   
       write_data16(0x00,0x00);  
    write_data16(0x00,0x00);   
 
       
           
//------------power control------------------------------ 
       write_cmd(0xc0);  //power control 
       write_data16(0x00,0x26);         
      
       write_cmd(0xc1);  //power control 
       write_data16(0x00,0x11); 
//--------------VCOM  --------- 
       write_cmd(0xc5);  //vcom control         
   write_data16(0x00,0x35);//35 
      write_data16(0x00,0x3e);//3E   
 
    write_cmd(0xc7);  //vcom control 
       write_data16(0x00,0xbe); // 0x94 
//------------memory access control------------------------     
       write_cmd(0x36);   // memory access control 
       write_data16(0x00,0x48); //0048    my,mx,mv,ml,BGR,mh,0.0 
 
    write_cmd(0x3a);   // pixel format set 
       write_data16(0x00,0x55);//16bit /pixel 
//----------------- frame rate------------------------------       
       write_cmd(0xb1);   //  frame rate 
       write_data16(0x00,0x00); 
       write_data16(0x00,0x1B);  //70 
        
//----------------Gamma---------------------------------       
       write_cmd(0xf2);  // 3Gamma Function Disable 
       write_data16(0x00,0x08);  
       
       write_cmd(0x26); 
       write_data16(0x00,0x01); //  gamma set 4 gamma curve 01/02/04/08 
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           write_cmd(0xE0);  //positive gamma correction 
           write_data16(0x00,0x1f); 
           write_data16(0x00,0x1a); 
           write_data16(0x00,0x18); 
           write_data16(0x00,0x0a); 
           write_data16(0x00,0x0f); 
           write_data16(0x00,0x06); 
           write_data16(0x00,0x45); 
           write_data16(0x00,0x87); 
           write_data16(0x00,0x32); 
           write_data16(0x00,0x0a); 
           write_data16(0x00,0x07); 
           write_data16(0x00,0x02); 
           write_data16(0x00,0x07); 
           write_data16(0x00,0x05); 
           write_data16(0x00,0x00); 
          
           write_cmd(0xE1);  //negamma correction 
           write_data16(0x00,0x00); 
           write_data16(0x00,0x25); 
           write_data16(0x00,0x27); 
           write_data16(0x00,0x05); 
           write_data16(0x00,0x10); 
           write_data16(0x00,0x09); 
           write_data16(0x00,0x3a); 
           write_data16(0x00,0x78); 
           write_data16(0x00,0x4d); 
           write_data16(0x00,0x05); 
           write_data16(0x00,0x18); 
           write_data16(0x00,0x0d); 
           write_data16(0x00,0x38); 
           write_data16(0x00,0x3a); 
           write_data16(0x00,0x1f); 
//--------------ddram --------------------- 
     write_cmd(0x2a);    // column set 
       write_data16(0x00,0x00);   
      write_data16(0x00,0x00);   
      write_data16(0x00,0x00);   
      write_data16(0x00,0xEF);   
     
        write_cmd(0x2b);   // page address set 
    write_data16(0x00,0x00);   
      write_data16(0x00,0x00);   
      write_data16(0x00,0x01);   
      write_data16(0x00,0x3F);         
        
     // write_cmd(0x34);   // tearing effect off 
      //write_cmd(0x35);   // tearing effect on       
       
       //write_cmd(0xb4);   // display inversion   
       //write_data16(0x00,0x00);        
      
       write_cmd(0xb7);  //entry mode set 
       write_data16(0x00,0x07); 
//-----------------display--------------------- 
       write_cmd(0xb6);   //  display function control    
       write_data16(0x00,0x0a); 
       write_data16(0x00,0x82);     
    write_data16(0x00,0x27); 
       write_data16(0x00,0x00); 
  
        write_cmd(0x11);  //sleep out    
       delay(100); 
         write_cmd(0x29);   // display on   
   delay(100);          
      write_cmd(0x2c);   //memory write  
} 
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� RELIABILITY TEST


No. Test Item Test Condition Inspection after test
1 High Temperature Storage 80�2�/96 hours
2 Low Temperature Storage -30�2�/96 hours
3 High Temperature Operating 70�2�/96 hours
4 Low Temperature Operating -20�2�/96 hours
5 Temperature Cycle -30�2�~25~80�2��10cycles
6 Damp Proof Test 60��5��90%RH/96 hours


7 Vibration Test


Frequency�10Hz~55Hz~10Hz
Amplitude�1.5mm,
X�Y�Z direction for total 3hours
(Packing condition)


8


Drooping test


Drop to the ground from 1m height, one
time, every side of carton.
(Packing condition)


9
ESD test


Voltage:±8KV R: 330Ω C: 150pF
Air discharge, 10time


10


Hitting test


1,000,000 times in the same point,
Hitting pad: tip R3.75 mm,Silicone
rubber, Hardness:40 deg.; Load: 2.45N;
Hitting speed: Twice/sec; Electric load:
None;
Test area should be at 1.8 mm inside of
insulation.


11


Pen sliding durability test


100, 000 times minimum
Hitting pad: tip R0.8 mm Plastic pen;
Load: 1.47N; Sliding speed: 60 mm/sec;
Electric load: None
Test area should be at 1.8 mm inside of
insulation.


Inspection after 2~4hours
storage at room
temperature, the sample
shall be free from defects:
1.Air bubble in the LCD;
2.Sealleak;
3.Non-display;
4.missing segments;
5.Glass crack;
6.Current Idd is twice
higher than initial value.
7. The surface shall be free
from damage.
8.Linearity must be no
more than 1.5% by the
linearity tester.
9..The Electric charact
eristics requirements shall
be satisfied.


Remark:
1.The test samples should be applied to only one test item.
2.Sample size for each test item is 5~10pcs.
3.For Damp Proof Test, Pure water(Resistance�10MΩ) should be used.
4.In case of malfunction defect caused by ESD damage, if it would be recovered to normal state after resetting, it
would be judge as a good part.
5.EL evaluation should be excepted from reliability test with humidity and temperature: Some defects such as
black spot/blemish can happen by natural chemical reaction with humidity and Fluorescence EL has.
6.Failure Judgment Criterion: Basic Specification, Electrical Characteristic, Mechanical Characteristic, Optical
Characteristic.
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� INSPECTION CRITERION 


OUTGOING QUALITY STANDARD PAGE 1 OF 7


TITLE:FUNCTIONAL TEST & INSPECTION CRITERIA


This specification is made to be used as the standard acceptance/rejection criteria for Color mobile
phone LCM with touch panel.
1 Sample plan


Sampling plan according to GB/T2828.1-2003/ISO 2859-1�1999 and ANSI/ASQC Z1.4-1993,
normal level 2 and based on:


Major defect: AQL 0.65
Minor defect: AQL 1.5


2. Inspection condition
Viewing distance for cosmetic inspection is about 30cm with bare eyes, and under an


environment of 20~40W light intensity, all directions for inspecting the sample should be within
45	against perpendicular line.
3. Definition of inspection zone in LCD.


Zone A: character/Digit area
Zone B: viewing area except Zone A (ZoneA+ZoneB=minimum Viewing area)
Zone C: Outside viewing area (invisible area after assembly in customer’s product)
Fig.1 Inspection zones in an LCD.
Note: As a general rule, visual defects in Zone C are permissible, when it is no trouble for


quality and assembly of customer’s product.


CBA
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OUTGOING QUALITY STANDARD PAGE 2 OF 7


TITLE:FUNCTIONAL TEST & INSPECTION CRITERIA


4. Inspection standards
4.1 Major Defect


Item
No


Items to be
inspected Inspection Standard Classification


of defects


4.1.1
All


functional
defects


1) No display
2) Display abnormally
3) Missing vertical�horizontal segment
4) Short circuit
5) Back-light no lighting, flickering and abnormal lighting.


4.1.2 Missing Missing component


4.1.3 Outline
dimension Overall outline dimension beyond the drawing is not allowed.


4.1.4 linearity No more than 1.5%


Major


4.2 Cosmetic Defect
Item
No


Items to be
inspected Inspection Standard Classification


of defects


For dark/white spot, size
is defined y


as 
=
2


)( yx + x
Clear Spots


Black and
white Spot
defect


Pinhole,


Foreign
Particle,


polarizer Dirt


1.


Acceptable QtyZone
Size(mm) A B C



�0.1 Ignore


0.10�
�0.15 2


0.15�
�0.20 1


0.20�
 0


Ignore


Minor


4.2.1


Clear Spots


TP Dirt


2.


Acceptable QtyZone
Size(mm) A B C



�0.1 Ignore


0.10�
�0.15 3


0.15�
�0.25 2


0.25�
 0


Ignore


Minor
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OUTGOING QUALITY STANDARD PAGE 3 OF 7


TITLE: FUNCTIONAL TEST & INSPECTION CRITERIA


Dim Spots


Circle
shaped and
dim edged


defects


3.


Acceptable Qty2. Zone
Size(mm) A B C



�0.2 Ignore


0.20�
�0.40 2


0.40�
�0.60 1


0.60�
 0


Ignore


Minor


4.2 Cosmetic Defect
Item
No


Items to be
inspected Inspection Standard Classification


of defects


Line defect
Black line,
White line,
Foreign
material on
polarizer


size(mm) Acceptable Qty


zone
L(Length) W(Width)


A B C


Ignore W�0.02 Ignore


L�3.0 0.02�W�0.03 2


L�2.0 0.03�W�0.05 1


0.05�W Define as spot
defect


Ignore


4.2.2


Foreign
material on
TP film


The line can be seen after mobile phone in the operating
condition:


size(mm) Acceptable Qty


zone
L(Length) W(Width)


A B C


Ignore W�0.03 Ignore


L�5.0 0.03�W�
0.05


3


0.05�W Define as spot defect


Ignore


Minor


If the scratch can be seen after mobile phone cover
assembling or in the operating condition, judge by the line
defect of 4.2.2.
If the scratch can be seen only in non-operating condition or
some special angle, judge by the following.
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OUTGOING QUALITY STANDARD PAGE 4 OF 7


TITLE:FUNCTIONAL TEST & INSPECTION CRITERIA


4.2.3


Dim line
defect


Polarizer
scratch
TP film
scratch


Size(mm) Acceptable Qty


Zone
L(Length) W(Width)


A B C


Ignore W�0.03 Ignore


5.0�L�10.0 0.03�W�0.05 2


L�5.0 0.05�W�0.08 1


0.08�W 0


Ignore


Minor


4.2.4
Polarize


Air bubble


Air bubbles between glass & polarizer


Acceptable Qty2. Zone
Size(mm) A B C



�0.2 Ignore


0.20�
�0.30 2


0.30�
�0.50 1


0.50�
 0


Ignore


Minor


4.3. Cosmetic Defect


Item
No


Items to be
inspected Inspection Standard Classification


of defects
(i) Chips on corner
A:LCD Glass defect


Notes: S=contact pad length
Chips on the corner of terminal shall not be allowed to extend into
the ITO pad or expose perimeter seal.


X Y Z


�2.0 �S Disregard


Minor
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OUTGOING QUALITY STANDARD PAGE 5 OF 7


TITLE:FUNCTIONAL TEST & INSPECTION CRITERIA


B:TP Glass defect


X(mm) Y(mm) Z(mm)


�3.0 �3.0 Disregard


(ii)Usual surface cracks
A:LCD Glass defect


B:TP Glass defect


X Y Z


�3.0 <Inner border line of the seal Disregard


X(mm) Y(mm) Z(mm)


�6.0 �2.0 Disregard


Minor


4.3.5 Glass
defect


(iii) Crack
Cracks tend to break are not allowed.


Major
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OUTGOING QUALITY STANDARD PAGE 6 OF 7


TITLE:FUNCTIONAL TEST & INSPECTION CRITERIA


4.4 Parts Defect


Item
No


Items to be
inspected Inspection Standard Classification


of defects


4.4.1 Parts
contraposition


1Not allow IC and FPC/heat-seal lead width is more than 50%
beyond lead pattern.
2Not allow chip or solder component is off center more than
50% of the pad outline.


4.4.2
SMT


According to the <Acceptability of electronic assemblies>
IPC-A-610C class 2 standard. Component missing or function
defect are Major defect, the others are Minor defect.


Major
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OUTGOING QUALITY STANDARD PAGE 7 OF 7


TITLE: FUNCTIONAL TEST & INSPECTION CRITERIA


4.4.3
TP Defect


1 Pattern font�
Pattern fonts are clear and symmetrical�pattern fonts filter lightly
are allowed; The fort line is not allow to thinner or thicker than
1/3of normal size, and swing is not more than 0.1mm. the line is
smooth and not broken.


2The wing forward in the side of Visual Area�


The length of wing forward inside of the Visual Area: n�0.2mm�


Not excess 3 point�and the distanceD≥20mm�


3Film impression:With operation, must be invisibility.


4Touch panel knob�if writing function normally,it could be
allowed.


5 Newton ring
Without operation, the color circle of Regularity or Non-regularity
from the normal or slope angle of view.
1Regularity� The area of the newton ring is less than 1/3 area
of the touch panel; and no character affected and line distorted
after touch panel lightening. It’s ok.
2 Non-regularity � The area of the Newton ring is less than
the 1/2 area of touch panel with lightening. And no character
affected and line


Minor
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� PRECAUTIONS FOR USING LCD MODULES
Handing Precautions


(1) The display panel is made of glass and polarizer. As glass is fragile. It tends to become or chipped during
handling especially on the edges. Please avoid dropping or jarring. Do not subject it to a mechanical shock by dropping it
or impact.


(2) If the display panel is damaged and the liquid crystal substance leaks out, be sure not to get any in your mouth.
If the substance contacts your skin or clothes, wash it off using soap and water.


(3) Do not apply excessive force to the display surface or the adjoining areas since this may cause the color tone to
vary. Do not touch the display with bare hands. This will stain the display area and degraded insulation between
terminals (some cosmetics are determined to the polarizer).


(4) The polarizer covering the display surface of the LCD module is soft and easily scratched. Handle this polarizer
carefully. Do not touch, push or rub the exposed polarizers with anything harder than an HB pencil lead (glass, tweezers,
etc.). Do not put or attach anything on the display area to avoid leaving marks on. Condensation on the surface and
contact with terminals due to cold will damage, stain or dirty the polarizer. After products are tested at low temperature
they must be warmed up in a container before coming is contacting with room temperature air.


(5) If the display surface becomes contaminated, breathe on the surface and gently wipe it with a soft
dry cloth. If it is heavily contaminated, moisten cloth with one of the following solvents


- Isopropyl alcohol
- Ethyl alcohol


Do not scrub hard to avoid damaging the display surface.
(6) Solvents other than those above-mentioned may damage the polarizer. Especially, do not use the following.


- Water
- Ketone
- Aromatic solvents


Wipe off saliva or water drops immediately, contact with water over a long period of time may cause deformation or
color fading. Avoid contacting oil and fats.


(7) Exercise care to minimize corrosion of the electrode. Corrosion of the electrodes is accelerated by water droplets,
moisture condensation or a current flow in a high-humidity environment.


(8) Install the LCD Module by using the mounting holes. When mounting the LCD module make sure it is free of
twisting, warping and distortion. In particular, do not forcibly pull or bend the I/O cable or the backlight cable.


(9) Do not attempt to disassemble or process the LCD module.
(10) NC terminal should be open. Do not connect anything.
(11) If the logic circuit power is off, do not apply the input signals.
(12) Electro-Static Discharge Control�Since this module uses a CMOS LSI, the same careful attention should be


paid to electrostatic discharge as for an ordinary CMOS IC. To prevent destruction of the elements by static electricity,
be careful to maintain an optimum work environment.


- Before remove LCM from its packing case or incorporating it into a set, be sure the module and your body
have the same electric potential. Be sure to ground the body when handling the LCD modules.


- Tools required for assembling, such as soldering irons, must be properly grounded. make certain the AC
power source for the soldering iron does not leak. When using an electric screwdriver to attach LCM, the screwdriver
should be of ground potentiality to minimize as much as possible any transmission of electromagnetic waves produced
sparks coming from the commutator of the motor.


- To reduce the amount of static electricity generated, do not conduct assembling and other work under dry
conditions. To reduce the generation of static electricity be careful that the air in the work is not too dried. A relative
humidity of 50%-60% is recommended. As far as possible make the electric potential of your work clothes and that of
the work bench the ground potential


- The LCD module is coated with a film to protect the display surface. Exercise care when
peeling off this protective film since static electricity may be generated


�13�Since LCM has been assembled and adjusted with a high degree of precision, avoid applying excessive
shocks to the module or making any alterations or modifications to it.


- Do not alter, modify or change the shape of the tab on the metal frame.
- Do not make extra holes on the printed circuit board, modify its shape or change the positions of components to be


attached.
- Do not damage or modify the pattern writing on the printed circuit board.
- Absolutely do not modify the zebra rubber strip (conductive rubber) or heat seal connector.
- Except for soldering the interface, do not make any alterations or modifications with a soldering iron.
- Do not drop, bend or twist LCM.
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Handling precaution for LCM
LCM is easy to be damaged. Please note below and be careful for handling.
Correct handling:


Incorrect handling:


As above picture, please handle with anti-static gloves around LCM edges.


Please don’t hold the surface of panel.


Please don’t touch IC directly. Please don’t stack LCM.


Please don’t hold the surface of IC. Please don’t operate with sharp stick such as
pens.


Please don’t stretch interface of output, such
as FPC cable.
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Storage Precautions
When storing the LCD modules, the following precaution is necessary.
(1) Store them in a sealed polyethylene bag. If properly sealed, there is no need for the dessicant.
(2) Store them in a dark place. Do not expose to sunlight or fluorescent light, keep the temperature between 0°C and


35°C, and keep the relative humidity between 40%RH and 60%RH.
(3) The polarizer surface should not come in contact with any other objects. (We advise you to store them in the


anti-static electricity container in which they were shipped.
Others


Liquid crystals solidify under low temperature (below the storage temperature range) leading to defective
orientation or the generation of air bubbles (black or white). Air bubbles may also be generated if the module is subject
to a low temperature.


If the LCD modules have been operating for a long time showing the same display patterns, the display patterns
may remain on the screen as ghost images and a slight contrast irregularity may also appear. A normal operating status
can be regained by suspending use for some time. It should be noted that this phenomenon does not adversely affect
performance reliability.


To minimize the performance degradation of the LCD modules resulting from destruction caused by static
electricity etc., exercise care to avoid holding the following sections when handling the modules.


- Exposed area of the printed circuit board.
-Terminal electrode sections.


 


P.30 MULTI-INNO TECHNOLOGY CO.,LTD.


MODULE NO.:   MI0283QT-11 Ver 1.2







� USING LCD MODULES
Installing LCD Modules


The hole in the printed circuit board is used to fix LCM as shown in the picture below. Attend to the following items
when installing the LCM.


(1) Cover the surface with a transparent protective plate to protect the polarizer and LC cell.


(2) When assembling the LCM into other equipment, the spacer to the bit between the LCM and the fitting plate
should have enough height to avoid causing stress to the module surface, refer to the individual specifications for
measurements. The measurement tolerance should be ±0.1mm.
Precaution for assemble the module with BTB connector:


Please note the position of the male and female connector position, don’t assemble or assemble like the method
which the following picture shows


Precaution for soldering the LCM


Manual soldering Machine drag soldering Machine press soldering


No RoHS
product


290°C ~350°C.
Time : 3-5S.


330°C ~350°C.
Speed : 4-8 mm/s.


300°C ~330°C.
Time : 3-6S.
Press: 0.8~1.2Mpa


RoHS
product


340°C ~370°C.
Time : 3-5S.


350°C ~370°C.
Time : 4-8 mm/s.


330°C ~360°C.
Time : 3-6S.
Press: 0.8~1.2Mpa
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(1) If soldering flux is used, be sure to remove any remaining flux after finishing to soldering operation. (This does
not apply in the case of a non-halogen type of flux.) It is recommended that you protect the LCD surface with a cover
during soldering to prevent any damage due to flux spatters.


(2) When soldering the electroluminescent panel and PC board, the panel and board should not be detached more
than three times. This maximum number is determined by the temperature and time conditions mentioned above, though
there may be some variance depending on the temperature of the soldering iron.


(3) When remove the electroluminescent panel from the PC board, be sure the solder has completely
melted, the soldered pad on the PC board could be damaged.
Precautions for Operation


(1) Viewing angle varies with the change of liquid crystal driving voltage (VLCD). Adjust VLCD to show the best
contrast.


(2) It is an indispensable condition to drive LCD's within the specified voltage limit since the higher voltage then
the limit cause the shorter LCD life. An electrochemical reaction due to direct current causes LCD's undesirable
deterioration, so that the use of direct current drive should be avoided.


(3) Response time will be extremely delayed at lower temperature than the operating temperature range and on the
other hand at higher temperature LCD's show dark color in them. However those phenomena do not mean malfunction
or out of order with LCD's, Which will come back in the specified operating temperature.


(4) If the display area is pushed hard during operation, the display will become abnormal. However, it will return to
normal if it is turned off and then back on.


(5) A slight dew depositing on terminals is a cause for electro-chemical reaction resulting in terminal open circuit.
Usage under the maximum operating temperature, 50%RH or less is required.


(6) Input logic voltage before apply analog high voltage such as LCD driving voltage when power on. Remove
analog high voltage before logic voltage when power off the module. Input each signal after the positive/negative voltage
becomes stable.


(7) Please keep the temperature within specified range for use and storage. Polarization degradation, bubble
generation or polarizer peel-off may occur with high temperature and high humidity.
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Safety
(1) It is recommended to crush damaged or unnecessary LCDs into pieces and wash them off with solvents such as


acetone and ethanol, which should later be burned.
(2) If any liquid leaks out of a damaged glass cell and comes in contact with the hands, wash off


thoroughly with soap and water.
Limited Warranty


Return LCM under warranty
No warranty can be granted if the precautions stated above have been disregarded. The typical examples of


violations are :
- Broken LCD glass.
- PCB eyelet is damaged or modified.
- PCB conductors damaged.
- Circuit modified in any way, including addition of components.
- PCB tampered with by grinding, engraving or painting varnish.
- Soldering to or modifying the bezel in any manner.


Module repairs will be invoiced to the customer upon mutual agreement. Modules must be returned with sufficient
description of the failures or defects. Any connectors or cable installed by the customer must be removed completely
without damaging the PCB eyelet, conductors and terminals.


� PRIOR CONSULT MATTER
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1.�For Multi-Inno standard products, we keep the right to change material, process ... for improving
 the product property without notice on our customer. 


For OEM products, if any change needed which may affect the product property, we will consult with �
our customer in advance. 


2. If you have special requirement about reliability condition, please let us know before you start the test 
on our samples. 


 Unless agreed between and customer, Multi-Inno will replace or repair any of its LCD modules which 
are found to be functionally defective when inspected in accordance with LCD acceptance standards 
(copies available upon request) for a period of one year from date of production. Cosmetic/visual defects must be 
returned to within  90  days  of  shipment.  Confirmation  of  such  date  shall  be  based  on  data  code  on  product.  
The  warranty liability of limited to repair and/or replacement on the terms set forth above.  will not 
be responsible  for any subsequent or consequential events. 
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  Semiconductor Components Industries, LLC, 2002


January, 2002 – Rev. 8
1 Publication Order Number:


LM317M/D


LM317M


500 mA Adjustable Output,
Positive Voltage Regulator


The LM317M is an adjustable three–terminal positive voltage
regulator capable of supplying in excess of 500 mA over an output
voltage range of 1.2 V to 37 V. This voltage regulator is exceptionally
easy to use and requires only two external resistors to set the output
voltage. Further, it employs internal current  limiting, thermal
shutdown and safe area compensation, making it essentially blow–out
proof.


The LM317M serves a wide variety of applications including local,
on–card regulation. This device also makes an especially simple
adjustable switching regulator, a programmable output regulator, or by
connecting a fixed resistor between the adjustment and output, the
LM317M can be used as a precision current regulator.
• Output Current in Excess of 500 mA


• Output Adjustable between 1.2 V and 37 V


• Internal Thermal Overload Protection


• Internal Short Circuit Current Limiting


• Output Transistor Safe–Area Compensation


• Floating Operation for High Voltage Applications


• Eliminates Stocking Many Fixed Voltages


Figure 1. Simplified Application


�* = Cin is required if regulator is located an appreciable distance from power supply filter.
** = CO is not needed for stability, however, it does improve transient response.


Since IAdj is controlled to less than 100 µA, the error associated with this
term is negligible in most applications.


LM317M


Vin Vout


R1
240


R2


Adjust
IAdj


*
Cin
0.1µF


**
+ CO


1.0µF


Vin Vout


Vout � 1.25�� �V���1 � R2
R1
�� IAdj��R2


TO–220AB
T SUFFIX


CASE 221A


1
2


3


PIN ASSIGNMENT


1


2


3 Vin


Adjust


Vout
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ORDERING INFORMATION


See detailed ordering and shipping information in the package
dimensions section on page 10 of this data sheet.


1
2


3


1


3


Heatsink Surface (shown as terminal 4 in
case outline drawing) is connected to Pin 2.


SOT–223
ST SUFFIX
CASE 318E


DPAK
DT SUFFIX
CASE 369A


Heatsink surface
connected to Pin 2


2
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MAXIMUM RATINGS (TA = 25°C, unless otherwise noted.)


Rating Symbol Value Unit


Input–Output Voltage Differential VI–VO 40 Vdc


Power Dissipation (Package Limitation) (Note 1)
Plastic Package, T Suffix, Case 221A


TA = 25°C
Thermal Resistance, Junction–to–Air
Thermal Resistance, Junction–to–Case


Plastic Package, DT Suffix, Case 369A
TA = 25°C


Thermal Resistance, Junction–to–Air
Thermal Resistance, Junction–to–Case


Plastic Package, ST Suffix, Case 318E
TA = 25°C


Thermal Resistance, Junction–to–Air
Thermal Resistance, Junction–to–Case


PD
θJA
θJC


PD
θJA
θJC


PD
θJA
θJC


Internally Limited
70
5.0


Internally Limited
92
5.0


Internally Limited
245
15


°C/W
°C/W


°C/W
°C/W


°C/W
°C/W


Operating Junction Temperature Range TJ –40 to +125 °C


Storage Temperature Range Tstg –65 to +150 °C


ELECTRICAL CHARACTERISTICS (VI–VO = 5.0 V; IO = 0.1 A, TJ = Tlow to Thigh [Note 2], unless otherwise noted.)


Characteristics Figure Symbol Min Typ Max Unit


Line Regulation (Note 3)
TA = 25°C, 3.0 V ≤ VI–VO ≤ 40 V


3 Regline – 0.01 0.04 %/V


Load Regulation (Note 3)
TA = 25°C, 10 mA ≤ IO ≤ 0.5 A


VO ≤ 5.0 V
VO ≥ 5.0 V


4 Regload


–
–


5.0
0.1


25
0.5


mV
% VO


Adjustment Pin Current 5 IAdj – 50 100 µA


Adjustment Pin Current Change
2.5 V ≤ VI–VO ≤ 40 V, 10 mA ≤ IL ≤ 0.5 A, PD ≤ Pmax


3,4 ∆IAdj – 0.2 5.0 µA


Reference Voltage 
3.0 V ≤ VI–VO ≤ 40 V, 10 mA ≤ IO ≤ 0.5 A, PD ≤ Pmax:


5 Vref
1.200 1.250 1.300


V


Line Regulation (Note 3)
3.0 V ≤ VI–VO ≤ 40 V


3 Regline – 0.02 0.07 %/V


Load Regulation (Note 3)
10 mA ≤ IO ≤ 0.5 A


VO ≤ 5.0 V
VO ≥ 5.0 V


4 Regload


–
–


20
0.3


70
1.5


mV
% VO


Temperature Stability (Tlow ≤ TJ ≤ Thigh) 5 TS – 0.7 – % VO


Minimum Load Current to Maintain Regulation
(VI–VO = 40 V)


5 ILmin – 3.5 10 mA


Maximum Output Current
VI–VO ≤ 15 V, PD ≤ Pmax
VI–VO = 40 V, PD ≤ Pmax, TA = 25°C


5 Imax
0.5
0.15


0.9
0.25


–
–


A


RMS Noise, % of VO
TA= 25°C, 10 Hz ≤ f ≤ 10 kHz


– N – 0.003 – % VO


Ripple Rejection, VO = 10 V, f = 120 Hz (Note 4)
Without CAdj
CAdj = 10 µF


6 RR
–
66


65
80


–
–


dB


Long–Term Stability, TJ = Thigh (Note 5)
TA= 25°C for Endpoint Measurements


5 S – 0.3 1.0 %/1.0 k
Hrs.


1. Figure 25 provides thermal resistance versus pc board pad size.
2. Tlow to Thigh = 0° to +125°C for LM317M Tlow to Thigh = –�40° to +125°C for LM317MB
3. Load and line regulation are specified at constant junction temperature. Changes in VO due to heating effects must be taken into account


separately. Pulse testing with low duty cycle is used.
4. CAdj, when used, is connected between the adjustment pin and ground.
5. Since Long–Term Stability cannot be measured on each device before shipment, this specification is an engineering estimate of average


stability from lot to lot.
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Figure 2. Representative Schematic Diagram
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*�Pulse Testing Required:
��1% Duty Cycle is suggested.


Line Regulation (%/V) =
VOH - VOL


x 100
*


VCC


VIH


VIL Vin Vout


VOH


VOL


RL


+


1.0µFCO


240
1%


R1
Adjust


R2
1%


Cin 0.1µF


LM317M


IAdj


Figure 3. Line Regulation and ∆IAdj /Line Test Circuit


VOL


*�Pulse Testing Required:
��1% Duty Cycle is suggested.


Load Regulation (mV) = VO (min Load) -VO (max Load)


Load Regulation (% VO) =
VO (min Load) - VO (max Load)


X 100
VO (min Load)


VO (max Load)


LM317M


Cin 0.1µF


Adjust


R2


1%


CO 1.0µF


+
*


RL


(max Load)
RL


(min Load)


Vout


R1
240
1%


Vin Vin


IAdj


IL


Figure 4. Load Regulation and ∆IAdj /Load Test Circuit


VO (min Load)
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*Pulse Testing Required:
1% Duty Cycle is suggested.


LM317M
Vin Vout


Adjust


R1
240
1%


+
1µFCO


RL


Cin


R2
1%


To Calculate R2:
Vout = ISET R2 + 1.250 V
Assume ISET = 5.25 mA


IL


IAdj


ISET


Vref


VO


VI


0.1µF


Figure 5. Standard Test Circuit


LM317M


Vin Vout Vout = 10 V


RL


Cin 0.1µF


Adjust R1
240
1%


D1 *


1N4002


CO


+
1.0µF


24V


14V


R2
1.65K
1%


CAdj 10µF
+


�*�D1 Discharges CAdj if Output is Shorted to Ground.
**CAdj provides an AC ground to the adjust pin.


f = 120 Hz


VO


**


Figure 6. Ripple Rejection Test Circuit
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Figure 7. Load Regulation Figure 8. Ripple Rejection


Figure 9. Current Limit Figure 10. Dropout Voltage


Figure 11. Minimum Operating Current Figure 12. Ripple Rejection versus Frequency
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Figure 13. Temperature Stability Figure 14. Adjustment Pin Current


Figure 15. Line Regulation Figure 16. Output Noise


Figure 17. Line Transient Response
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Figure 18. Load Transient Response
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APPLICATIONS INFORMATION


Basic Circuit Operation
The LM317M is a three–terminal floating regulator. In


operation, the LM317M develops and maintains a nominal
1.25 V reference (Vref) between its output and adjustment
terminals. This reference voltage is converted to a
programming current (IPROG) by R1 (see Figure 19), and this
constant current flows through R2 to ground. The regulated
output voltage is given by:


Vout � Vref�1 �
R2
R1
�� IAdjR2


Since the current from the terminal (IAdj) represents an
error term in the equation, the LM317M was designed to
control IAdj to less than 100 µA and keep it constant. To do
this, all quiescent operating current is returned to the output
terminal. This imposes the requirement for a minimum load
current. If the load current is less than this minimum, the
output voltage will rise.


Since the LM317M is a floating regulator, it is only the
voltage differential across the circuit which is important to
performance, and operation at high voltages with respect to
ground is possible.


+


Vref
Adjust


Vin Vout


LM317M


R1


IPROG


Vout


R2


IAdj


Vref = 1.25 V Typical


Figure 19. Basic Circuit Configuration


Load Regulation
The LM317M is capable of providing extremely good


load regulation, but a few precautions are needed to obtain
maximum performance. For best performance, the
programming resistor (R1) should be connected as close to
the regulator as possible to minimize line drops which
effectively appear in series with the reference, thereby
degrading regulation. The ground end of R2 can be returned
near the load ground to provide remote ground sensing and
improve load regulation.


External Capacitors
A  0.1 µF disc or 1.0 µF  tantalum  input  bypass capacitor


(Cin) is recommended to reduce the sensitivity to input line
impedance.


The adjustment terminal may be bypassed to ground to
improve ripple rejection. This capacitor (CAdj) prevents
ripple from being amplified as the output voltage is
increased. A 10µF capacitor should improve ripple
rejection about 15 dB at 120 Hz in a 10 V application.


Although the LM317M is stable with no output
capacitance, like any feedback circuit, certain values of
external capacitance can cause excessive ringing. An output
capacitance (CO) in the form of a 1.0 µF tantalum or 25 µF
aluminum electrolytic capacitor on the output swamps this
effect and insures stability.


Protection Diodes
When external capacitors are used with any IC regulator


it is sometimes necessary to add protection diodes to prevent
the capacitors from discharging through low current points
into the regulator.


Figure 20 shows the LM317M with the recommended
protection diodes for output voltages in excess of 25 V or
high capacitance values (CO > 25 µF, CAdj > 5.0 µF). Diode
D1 prevents CO from discharging thru the IC during an input
short circuit. Diode D2 protects against capacitor CAdj
discharging through the IC during an output short circuit.
The combination of diodes D1 and D2 prevents CAdj from
discharging through the IC during an input short circuit.


D1


Vin


Cin


1N4002


LM317M


Vout


R1


+


COD2


R2 CAdj


1N4002
Adjust


Vout


Figure 20. Voltage Regulator with
Protection Diodes
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Figure 21. Adjustable Current Limiter Figure 22. 5 V Electronic Shutdown Regulator


Figure 23. Slow Turn–On Regulator Figure 24. Current Regulator
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Vout R1
VO


1.25k


Adjust


IO


D2
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R2


500
* To provide current limiting of  IO
��to the system ground, the source of
��the current limiting diode must be tied to
�� a negative voltage below - 7.25 V.


R2 ≥
Vref


R1 =
VSS*


D1
1N914


VO < POV + 1.25 V + VSS
ILmin - IP < IO < 500 mA - IP
As shown O < IO < 495 mA


+
10µF
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240 1N4001
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Adjust


MPS2907R2


50k


Vin


D1


1N4002
Vout


120


Adjust


720


+
1.0µF


MPS2222


1.0k


TTL
Control


LM317M


Minimum Vout = 1.25 V


D1 protects the device during an input short circuit.


LM317MVin
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Adjust IAdj
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Figure 25. DPAK Thermal Resistance and Maximum
Power Dissipation versus P.C.B. Copper Length


Figure 26. SOT–223 Thermal Resistance and Maximum
Power Dissipation versus P.C.B. Copper Length
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ORDERING INFORMATION


Device Operating Temperature Range Package Shipping


LM317MT TJ = 0°C to 125°C TO–220 50 units/rail


LM317MDT TJ = 0°C to 125°C DPAK 75 units/rail


LM317MDTRK TJ = 0°C to 125°C DPAK 2500 units/Tape & Reel


LM317MSTT3 TJ = 0°C to 125°C SOT–223 4000 units/Tape & Reel


LM317MBT TJ = –40°C to 125°C TO–220 50 units/rail


LM317MBDT TJ = –40°C to 125°C DPAK 75 units/rail


LM317MBDTRK TJ = –40°C to 125°C DPAK 2500 units/Tape & Reel


LM317MBSTT3 TJ = –40°C to 125°C SOT–223 4000 units/Tape & Reel
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PACKAGE DIMENSIONS


T SUFFIX
PLASTIC PACKAGE


CASE 221A–09
ISSUE AA


NOTES:
1. DIMENSIONING AND TOLERANCING PER ANSI


Y14.5M, 1982.
2. CONTROLLING DIMENSION: INCH.
3. DIMENSION Z DEFINES A ZONE WHERE ALL


BODY AND LEAD IRREGULARITIES ARE
ALLOWED.


DIM MIN MAX MIN MAX


MILLIMETERSINCHES


A 0.570 0.620 14.48 15.75


B 0.380 0.405 9.66 10.28


C 0.160 0.190 4.07 4.82


D 0.025 0.035 0.64 0.88


F 0.142 0.147 3.61 3.73


G 0.095 0.105 2.42 2.66


H 0.110 0.155 2.80 3.93


J 0.018 0.025 0.46 0.64


K 0.500 0.562 12.70 14.27


L 0.045 0.060 1.15 1.52


N 0.190 0.210 4.83 5.33


Q 0.100 0.120 2.54 3.04


R 0.080 0.110 2.04 2.79


S 0.045 0.055 1.15 1.39


T 0.235 0.255 5.97 6.47


U 0.000 0.050 0.00 1.27


V 0.045 --- 1.15 ---


Z --- 0.080 --- 2.04


B


Q


H


Z


L


V


G


N


A


K


F


1 2 3


4


D


SEATING
PLANE–T–


C
ST


U


R


J


(SOT–223)
ST SUFFIX


PLASTIC PACKAGE
CASE 318E–04


ISSUE K


S


F
A


B


D


G
L


4


1 2 3


M
K


J


DIM


A


MIN MAX MIN MAX


MILLIMETERS


0.249 0.263 6.30 6.70


INCHES


B 0.130 0.145 3.30 3.70


C 0.060 0.068 1.50 1.75


D 0.024 0.035 0.60 0.89


F 0.115 0.126 2.90 3.20


G 0.087 0.094 2.20 2.40


H 0.0008 0.0040 0.020 0.100


J 0.009 0.014 0.24 0.35


K 0.060 0.078 1.50 2.00


L 0.033 0.041 0.85 1.05


M 0  10  0  10  


S 0.264 0.287 6.70 7.30


NOTES:
1. DIMENSIONING AND TOLERANCING PER ANSI


Y14.5M, 1982.
2. CONTROLLING DIMENSION: INCH.


� � � �
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PACKAGE DIMENSIONS


(DPAK)
DT SUFFIX


PLASTIC PACKAGE
CASE 369A–13


ISSUE AB


D


A


K


B


RV


S


F
L


G


2 PL


M0.13 (0.005) T


E


C


U


J


H


–T– SEATING
PLANE


Z


DIM MIN MAX MIN MAX


MILLIMETERSINCHES


A 0.235 0.250 5.97 6.35


B 0.250 0.265 6.35 6.73


C 0.086 0.094 2.19 2.38


D 0.027 0.035 0.69 0.88


E 0.033 0.040 0.84 1.01


F 0.037 0.047 0.94 1.19


G 0.180 BSC 4.58 BSC


H 0.034 0.040 0.87 1.01


J 0.018 0.023 0.46 0.58


K 0.102 0.114 2.60 2.89


L 0.090 BSC 2.29 BSC


R 0.175 0.215 4.45 5.46


S 0.020 0.050 0.51 1.27


U 0.020 --- 0.51 ---


V 0.030 0.050 0.77 1.27


Z 0.138 --- 3.51 ---


NOTES:
1. DIMENSIONING AND TOLERANCING PER ANSI


Y14.5M, 1982.
2. CONTROLLING DIMENSION: INCH.


1 2 3


4
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Guide Rod Sizing ENGR-460 Victor Espinosa 


Problem 
The Forest Sign Maker design has progressed sufficiently in SolidWorks in order to yield accurate 
estimations of the guide rod lengths for all three axes of motion. These lengths are Lx = 56 in, Ly = 32 in, 
Lz = 7 in, rounded up to the nearest integer for simplicity and to maintain a conservative design. The 
corresponding subassemblies are attached to the hardened steel guide rods via pillow block mounted 
linear ball bearings. The guide rods must also be stiff enough to resist sag and maintain router accuracy, 
hence a maximum rod deflection of δ = 0.125 in.  
 
Schematic 
 


 
Figure 1. Subassembly layout of the Forest Sign Maker. The foundation is red, the gantry is yellow, the module is green, and the 
cutter is blue. The foundation controls the x-axis motion, the gantry controls the y-axis motion, and the module controls the z-
axis motion.  


Assumptions (All Axes of Motion) 
1. Weight and tension of vacuum hose is negligible and does not load the guide rod or bearings. 
2. The cutting resistive force, F, exerted on the router bit can be modeled as a static load. 
3. Fmax through regular grain is 15 lbf. 
4. F is directly proportional to grain density 
5. Knots in softwood are comparable in density with hardwood, which is approximately 5x denser 


than softwood. 
6. Fmax through knots is 75 lbf. 
7. Fmax can be exerted on all axes at once as worst case scenario. 
8. The lead screw nuts completely resist axial forces on their respective subassembly. 
9. Guide rod supports are fixed-fixed since they are fastened in the AL plate via set screws. 







Guide Rod Sizing ENGR-460 Victor Espinosa 


Free Body Diagram – X-Axis Motion 
 
Red = Bearing Forces 
Blue = Cutting Forces 
Purple = Weight 
Green = Lead Screw Forces 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Analysis 
See the attached Engineering Equation Solver (EES) file for the analysis required to determine the 
appropriate design X-Axis guide rod diameter, Dx. 
 
Results 
After running the EES simulation, the design guide rod diameter for the x-axis came out to be Dx = 0.83 
in. However, it is unreasonable to design the system for a shaft diameter of that size because that is not 
a standard hardened steel shaft size. To maintain a conservative factor of safety, an x-axis guide rod 
diameter of Dx = 1.0 in will be used. 
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EES Ver. 9.699: #552: For use by Mech. Engin. Students and Faculty at Cal Poly


Cal Poly Forest Friends


Victor Espinosa


Appendix F


-------------------------------------------------------------------------------------------------------------------------------------------------------------------


X-Axis Guide Rod Diameter Sizing


-------------------------------------------------------------------------------------------------------------------------------------------------------------------


Static analysis parameters extracted from SolidWorks.


The cutting forces were approximated using studies posted in the peer-reviewed journal BioResources. 


The objective is to use statics and deflection limits to size the diameter of the rod.


Forces


Fx   =  75   [lbf]


Fy   =  75   [lbf]


Fz   =  75   [lbf]


Weights


W gantry   =  50   [lbf]


W x   =  12   [lbf]


Lengths (Mirrored, so LAF = LBF)


Lx   =  56   [in]


LAB,y   =  27.125   [in]


LAF,x   =  3.5   [in]


LAF,y   =  
LAB,y


2
[in]


LAF,z   =  7   [in]


LAW,y   =  LAF,y [in]


Newton's Second Law of Motion - Solve for reaction forces acting on guide rod.


Forces in the X-Axis


Fx,net   =  0


Fx,net   =  Fx  + P  + P


Moment about the X-Axis at Point A


MA,x,net   =  0


MA,x,net   =  LAF,y  · Fz  + LAW,y  · W gantry  – LAB,y  · Bz  – LAF,z  · Fy


Moment about the X-Axis at Point B







File:GuideRodSizing_X.EES 2/15/2015 3:22:06 PM  Page 2
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MB,x,net   =  0


MB,x,net   =  LAB,y  · Az  – LAF,y  · Fz  – LAW,y  · W gantry  – LAF,z  · Fy


Forces in the Y-Axis


Fy,net   =  0


Fy,net   =  Fy  + Ay  + By


Ay   =  By


Moment about the Y-Axis at Point A


MA,y,net   =  0


MA,y,net   =  MA,y  + MB,y  + LAF,z  · Fx  + LAF,x  · Fz


MA,y   =  MB,y


Moment about the Z-Axis at Point A


MA,z,net   =  0


MA,z,net   =  MA,z  + MB,z  + LAF,x  · Fy  + LAF,y  · Fx


MA,z   =  MB,z


Maximum Radial Force on X-Axis Guide Rod


RA   =  Ay
2


 + Az
2


RB   =  By
2


 + Bz
2


Rmax   =  Max RA , RB


Maximum Moment Normal to X-Axis Guide Rod


Mmax   =  Max MA,y , MA,z


Stiffness Calculations (Max Deflection cannot exceed 0.125in)


Maximum Deflection due to radial load and weight


Esteel   =  3 x 10
7
  [lbf/in2]


d   =  0.125   [in]


d   =  
Rmax


192
 + 


W x


384
 · 


Lx
3


Esteel


p  · 
Dx


4


64
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SOLUTION


Unit Settings: Eng F psia mass deg


Ay  = -37.5 [lbf] Az  = 81.85 [lbf]


By  = -37.5 [lbf] Bz  = 43.15 [lbf]


d  = 0.125 [in] Dx  = 0.8311 [in]Dx  = 0.8311 [in]


Esteel  = 3.000E+07 [lbf/in2] Fx  = 75 [lbf]


Fx,net  = 0 [lbf] Fy  = 75 [lbf]


Fy,net  = 0 [lbf] Fz  = 75 [lbf]


LAB,y  = 27.13 [in] LAF,x  = 3.5 [in]


LAF,y  = 13.56 [in] LAF,z  = 7 [in]


LAW,y = 13.56 [in] Lx  = 56 [in]


MA,x,net  = 0 [in-lbf] MA,y  = -393.7 [in-lbf]


MA,y,net  = 0 [in-lbf] MA,z  = -639.8 [in-lbf]


MA,z,net  = 0 [in-lbf] MB,x,net  = 0 [in-lbf]


MB,y  = -393.7 [in-lbf] MB,z  = -639.8 [in-lbf]


Mmax = 639.8 [in-lbf] P  = -37.5 [lbf]


RA  = 90.04 [lbf] RB  = 57.16 [lbf]


Rmax  = 90.04 [lbf] Wgantry  = 50 [lbf]


Wx  = 12 [lbf]


No unit problems were detected.







Free Body Diagram – Y-Axis Motion 
 
Red = Bearing Forces 
Blue = Cutting Forces 
Purple = Weight 
Green = Lead Screw Forces 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Analysis 
Refer to the following EES file for the analysis required to determine the appropriate design Y-Axis guide 
rod diameter, Dy. 
 
Results 
After running the EES simulation, the design guide rod diameter for the x-axis came out to be Dy = 0.49 
in, which is very close to the standard size of ½”. However, to maintain a conservative factor of safety, a 
y-axis guide rod diameter of Dy = 0.75 in will be used. 
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Cal Poly Forest Friends


Victor Espinosa


Appendix F


-------------------------------------------------------------------------------------------------------------------------------------------------------------------


Y-Axis Guide Rod Diameter Sizing


-------------------------------------------------------------------------------------------------------------------------------------------------------------------


Static analysis parameters extracted from SolidWorks.


The cutting forces were approximated using studies posted in the peer-reviewed journal BioResources. 


The objective is to use statics and deflection limits to size the diameter of the rod.


Forces


Fx   =  75   [lbf]


Fy   =  75   [lbf]


Fz   =  75   [lbf]


Weights


W module   =  12   [lbf]


W y   =  4.1   [lbf]


Lengths


Ly   =  32   [in]


LAB,z   =  4   [in]


LAF,x   =  5   [in]


LAF,z   =  8   [in]


LBF,z   =  LAF,z  – LAB,z


LAW,x   =  2.8   [in]


Newton's Second Law of Motion - Solve for reaction forces acting on guide rod.


Forces in the X-Axis


Fx,net   =  0


Fx,net   =  Fx  – Ax  – Bx


Moment about the Y-Axis at Point A


MA,y,net   =  0


MA,y,net   =  LAW,x  · W module  + LAF,x  · Fz  – LAF,z  · Fx  + LAB,z  · Bx


Forces in the X-Axis
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Fy,net   =  0


Fy,net   =  P  + Fy


Forces in the Z-Axis


Fz,net   =  0


Fz,net   =  Az  + Bz  – Fz


Az   =  Bz


Maximum Radial Force on X-Axis Guide Rod


RA   =  Ax
2


 + Az
2


RB   =  Bx
2


 + Bz
2


Rmax   =  Max RA , RB


Stiffness Calculations (Max Deflection cannot exceed 0.125in)


Maximum Deflection due to radial load and weight


Esteel   =  3 x 10
7
  [lbf/in2]


d   =  0.125   [in]


d   =  
Rmax


192
 + 


W y


384
 · 


Ly
3


Esteel


p  · 
Dy


4


64


SOLUTION


Unit Settings: Eng F psia mass deg


Ax  = 27.15 [lbf] Az  = 37.5 [lbf]


Bx  = 47.85 [lbf] Bz  = 37.5 [lbf]


d  = 0.125 [in] Dy  = 0.4913 [in]Dy  = 0.4913 [in]


Esteel  = 3.000E+07 [lbf/in2] Fx  = 75 [lbf]


Fx,net  = 0 [lbf] Fy  = 75 [lbf]


Fy,net  = 0 [lbf] Fz  = 75 [lbf]


Fz,net  = 0 [lbf] LAB,z  = 4 [in]


LAF,x  = 5 [in] LAF,z  = 8 [in]


LAW,x = 2.8 [in] LBF,z  = 4 [in]


Ly = 32 [in] MA,y,net  = 0 [in-lbf]


P  = -75 [lbf] RA  = 46.3 [lbf]


RB  = 60.79 [lbf] Rmax  = 60.79 [lbf]


Wmodule  = 12 [lbf] Wy = 4.1 [lbf]


No unit problems were detected.







Free Body Diagram – Z-Axis Motion 
 
Red = Bearing Forces 
Blue = Cutting Forces 
Purple = Weight 
Green = Lead Screw Forces 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Analysis 
See the attached Engineering Equation Solver (EES) file for the analysis required to determine the 
appropriate design Z-Axis guide rod diameter, Dz. 
 
Results 
After running the EES simulation, the design guide rod diameter for the x-axis came out to be Dz = 0.17 
in, which is very close to the standard size of 3/16”. However, to maintain a conservative factor of 
safety, a y-axis guide rod diameter of Dz = 0.375 in will be used. 
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Appendix F


-------------------------------------------------------------------------------------------------------------------------------------------------------------------


Z-Axis Guide Rod Diameter Sizing


-------------------------------------------------------------------------------------------------------------------------------------------------------------------


Static analysis parameters extracted from SolidWorks.


The cutting forces were approximated using studies posted in the peer-reviewed journal BioResources. 


The objective is to use statics and deflection limits to size the diameter of the rod.


Forces


Fx   =  75   [lbf]


Fy   =  75   [lbf]


Fz   =  75   [lbf]


Lengths


Lz   =  7   [in]


LAB,y   =  3   [in]


LAF,x   =  2.75   [in]


Newton's Second Law of Motion - Solve for reaction forces acting on guide rod.


Forces in the X-Axis


Fx,net   =  0


Fx,net   =  Fx  – Ax  – Bx


Moment about the Z-Axis at Point A


MA,z,net   =  0


MA,z,net   =  – LAB,y  · Bx  + LAF,x  · Fy


Forces in the Y-Axis


Fy,net   =  0


Fy,net   =  Fy  – Ay  – By


Ay   =  By


Maximum Radial Force on X-Axis Guide Rod


RA   =  Ax
2


 + Ay
2


RB   =  Bx
2


 + By
2
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Rmax   =  Max RA , RB


Stiffness Calculations (Max Deflection cannot exceed 0.125in)


Maximum Deflection due to radial load and weight


Esteel   =  3 x 10
7
  [lbf/in2]


d   =  0.125   [in]


d   =  Rmax  · 


Lz
3


192  · Esteel


p  · 
Dz


4


64


SOLUTION


Unit Settings: Eng F psia mass deg


Ax  = 6.25 [lbf] Ay  = 37.5 [lbf]


Bx  = 68.75 [lbf] By  = 37.5 [lbf]


d  = 0.125 [in] Dz  = 0.166 [in]Dz  = 0.166 [in]


Esteel  = 3.000E+07 [lbf/in2] Fx  = 75 [lbf]


Fx,net  = 0 [lbf] Fy  = 75 [lbf]


Fy,net  = 0 [lbf] Fz  = 75 [lbf]


LAB,y  = 3 [in] LAF,x  = 2.75 [in]


Lz = 7 [in] MA,z,net  = 0 [in-lbf]


RA  = 38.02 [lbf] RB  = 78.31 [lbf]


Rmax  = 78.31 [lbf]


No unit problems were detected.
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Plan Actual % Complete


Actual (beyond plan) % Complete (beyond plan)


 Period Highlight:#
PLAN PLAN ACTUAL ACTUAL PERCENT Weeks


TASK START DURATION START DURATIONCOMPLETE


1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36


Introduction to Sponsor 1 1 1 1 100%


Background Research 1 3 2 4 100%


Team Name/Logo 2 1 2 1 100%


Team Contract 2 1 2 1 100%


Project Requirements 3 2 3 7 100%


Brainstorming 5 4 6 4 100%


Selection 8 2 8 3 100%


Conceptual Design Report 8 4 9 3 100%


Conceptual Design Review 11 1 11 1 100%


Mechanical Design 15 2 10 6 100%


Simulation 19 1 19 1 100%


Document Critical Design 18 1 18 1 100%


Acquire Materials 19 2 21 5 100%


Fabrication 20 7 28 7 100%


Cable Routing 24 3 32 2 100%


UI Development 15 1 13 22 100%


File Translation 19 4 16 7 100%


Software Documentation 27 6 34 2 75%


Signal Processing 27 3 31 4 100%


Alpha Testing 30 1 29 3 100%


Beta Testing 31 2 32 2 75%


Document User Manual 32 3 35 1 100%


Analysis and Optimization 33 2 35 1 50%


Release and Ship 34 2 0%


Cal Poly Forest Friends Schedule


Start 9/29/2014 - End 6/05/2015
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Encoder Selection 
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Feed Speed Estimation 
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MOTOR SELECTION 


Problem 
It has been determined that a DC motor coupled to a gearbox will be the power source for the lead 


screw systems. In order to meet the performance requirements defined by the sponsor of the Forest 


Sign Maker, the DC motors that are selected must provide adequate continuous torque output at the 


desired feed speed velocity. The motor power dissipation must be determined as to facilitate motor 


driver selection. Since all three axes of motion use the same motor and lead screw configuration, the 


following analysis will use the x-axis as an example, see the schematic below. Finally, it is widely known 


that DC motors run most efficiently at high RPMs, however, the lead screws on the Forest Sign Maker 


should not rotate at such velocities. It is anticipated that a gearbox will be required, so motor selection 


will be limited to DC gearmotors. The gear ratio will be a result of motor selection, not design.  


Given 
 


Lead Screw 1/2 -8 TPI ACME Lead Screw 
Lead L = 0.125 in/rev 
Screw Outer Diameter D = 0.5 in 
Quantity of Lead Screws C = 2  
Mean Screw Diameter dm = 0.45 in  
Friction Factor (Steel on Bronze) µ = 0.4  
Forward Drive Efficiency η = 37%  
Axial Load Faxial = 75 lbf 
Radial Load Fradial = 90 lbf 


Gantry Mass M = 50 lbm  
Lead Screw Mass m = 3.1 lbm  
Feed Speed vfeed = 0.5 in/sec 
Acceleration Time tfeed = 0.1 sec 


 


Find 
Continuous Motor Torque, Tm  
Continuous Motor Power, Pm 


Assumptions 
1. The gear box attached to the DC motor operates at 100% efficiency. 


2. Loads are derived from estimated cutting forces due to knots, assures conservative approach. 


3. Misalignment between the lead screw and the sleeve nut will be accounted for via the radial 


force load, which was estimated assuming the guide rods were not present. 
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Schematic 
 


 


 


 


 


 


 


 


 


 


 


 


FIGURE 2. NORMAL TREE DEMONSTRATING THE SYSTEM DYNAMICS. 
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FIGURE 1. HIGH-LEVEL LAYOUT OF THE X-AXIS ACTUATION SCHEME. 
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Free Body Diagram and Kinetic Diagram 
 


 


 


 


 


Solution 
The first step is to apply Newton’s Second Law of Motion applied to the FBD shown above: 


∑ 𝑇𝑥 = 𝐽𝑡𝑜𝑡𝛼 


𝑇𝑚 − 𝑇𝑓 = 𝐽𝑡𝑜𝑡𝛼 


𝑇𝑚 = 𝐽𝑡𝑜𝑡𝛼 +
𝐹𝑡𝑜𝑡,𝑎𝑥𝑖𝑎𝑙𝐿


𝜂
 


Next, it is necessary to determine the total inertia of the lead screw and gantry mass system. The total 


inertia mass is comprised of the lead screw inertia and the gantry inertia reflected through the lead 


screw. 


𝐽𝑡𝑜𝑡 = 𝐽𝑠𝑐𝑟𝑒𝑤 + 𝐽𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑 


𝐽𝑠𝑐𝑟𝑒𝑤 = 𝐶 (
1


8
𝑚𝑑𝑚


2) 


𝐽𝑠𝑐𝑟𝑒𝑤 = (2) [
1


8
(3.1 𝑙𝑏𝑚)(0.45 𝑖𝑛)2] 


𝑱𝒔𝒄𝒓𝒆𝒘 = 𝟎. 𝟏𝟓𝟕 𝒍𝒃𝒎 − 𝒊𝒏𝟐 


 


𝐽𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑 = 𝑀𝐿2 


𝐽𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑 =
(50 𝑙𝑏𝑚)(0.125 𝑖𝑛


𝑟𝑒𝑣)
2


(2𝜋 𝑟𝑎𝑑
𝑟𝑒𝑣)


2  


𝑱𝒓𝒆𝒇𝒍𝒆𝒄𝒕𝒆𝒅 = 𝟎. 𝟎𝟐𝟎 𝒍𝒃𝒎 − 𝒊𝒏𝟐 


 


𝐽𝑡𝑜𝑡 = (0.157 𝑙𝑏𝑚 − 𝑖𝑛2) + (0.020 𝑙𝑏𝑚 − 𝑖𝑛2) 


𝑱𝒕𝒐𝒕 = 𝟎. 𝟏𝟕𝟕 𝒍𝒃𝒎 − 𝒊𝒏𝟐 


 


= 


FIGURE 3. FBD AND KD OF THE LEAD SCREW AND GANTRY MECHANISM DRIVEN BY THE MOTOR TORQUE. 


Tm Tf 


Jtotα 


+ 
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Now that the rotational inertia has been determined, we must quantify the maximum acceleration of 


the gantry mass. This can be solved by assuming constant acceleration bringing the gantry mass up to 


the feed speed within a small time frame, tfeed,  


𝛼 =
𝑎


𝐿
 


𝑎 =
𝑣𝑓𝑒𝑒𝑑


𝑡𝑓𝑒𝑒𝑑
 


𝛼 =
(0.5 𝑖𝑛


𝑠𝑒𝑐)(2𝜋 𝑟𝑎𝑑
𝑟𝑒𝑣)


(0.125 𝑖𝑛
𝑟𝑒𝑣)(0.1 𝑠𝑒𝑐)


 


𝜶 = 𝟐𝟓𝟏 
𝒓𝒂𝒅


𝒔𝒆𝒄𝟐
 


All that is left to be defined is the resistive torque due to friction. Courtesy of Pittman Motors: 


𝑇𝑓 =
𝐹𝑡𝑜𝑡,𝑎𝑥𝑖𝑎𝑙𝐿


𝜂
 


𝐹𝑡𝑜𝑡,𝑎𝑥𝑖𝑎𝑙 = 𝐹𝑎𝑥𝑖𝑎𝑙 + 𝜇𝐹𝑟𝑎𝑑𝑖𝑎𝑙 


𝐹𝑡𝑜𝑡,𝑎𝑥𝑖𝑎𝑙 = (75 𝑙𝑏𝑓) + (0.4)(90 𝑙𝑏𝑓) 


𝑭𝒕𝒐𝒕,𝒂𝒙𝒊𝒂𝒍 = 𝟏𝟏𝟏 𝒍𝒃𝒇 


𝑇𝑓 =
(111 𝑙𝑏𝑓)(0.125 𝑖𝑛


𝑟𝑒𝑣)


(0.37)(2𝜋 𝑟𝑎𝑑
𝑟𝑒𝑣)


 


𝑻𝒇 = 𝟓. 𝟗𝟕 𝒊𝒏 − 𝒍𝒃𝒇 


The first motor characteristic we must solve for is the total continuous motor output torque by using the 


values above: 


𝑇𝑚 = 𝐽𝑡𝑜𝑡𝛼 + 𝑇𝑓 


𝑇𝑚 = [(0.177 𝑙𝑏𝑚 − 𝑖𝑛2) (251 
𝑟𝑎𝑑


𝑠𝑒𝑐2) |
1 𝑓𝑡


12 𝑖𝑛
| |


1 𝑠𝑙𝑢𝑔


32.17 𝑙𝑏𝑚
| |


1 𝑙𝑏𝑓


1 𝑠𝑙𝑢𝑔−𝑓𝑡
𝑠𝑒𝑐2


|] + (5.97 𝑖𝑛 − 𝑙𝑏𝑓) 


𝑻𝒎 = 𝟔. 𝟎𝟖 𝒊𝒏 − 𝒍𝒃𝒇 


Lastly, we must determine the continuous motor power: 


𝑃𝑚 = 𝑇𝑚Ω𝑓𝑒𝑒𝑑  


𝑃𝑚 =
𝑇𝑚𝑣𝑓𝑒𝑒𝑑


𝐿
 


𝑃𝑚= =
(6.08 𝑖𝑛 − 𝑙𝑏𝑓)(0.5 𝑖𝑛


𝑠𝑒𝑐)(2𝜋 𝑟𝑎𝑑
𝑟𝑒𝑣)


(0.125 𝑖𝑛
𝑟𝑒𝑣)


|
1 𝑓𝑡


12 𝑖𝑛
| |


1 𝑊


0.7376 𝑓𝑡−𝑙𝑏𝑓
𝑠𝑒𝑐


| 


𝑷𝒎 = 𝟏𝟕. 𝟑 𝑾 
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After considering the desired low continuous output speed, and the calculated torque and power 


requirements, the Pittman Gearmotor GM9236S014-R1-SP was selected for the x-axis actuation. 


 


FIGURE 4. DATASHEET SNIPPET OF THE SELECTED DC GEARMOTOR GM9236S014-R1-SP. 


NOTE: The gearmotor above will be used for all axes due to similar loading between the axes, and for 


the relatively low cost of the motor. 
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Preliminary Controller Design 


Objective 
In order to execute system simulations, it is necessary to model the gantry subassembly dynamics by 
determining the open-loop transfer function: 
 


𝐺(𝑠) =
𝑋𝑔𝑎𝑛𝑡𝑟𝑦


𝑉𝑚


(𝑠) 


 
This allows the motor commands (motor voltages) to be adjusted in order to control the gantry position, 
which is measured in inches. With the open-loop transfer function determined, it will then be possible 
to close the loop and simulate the effects of a P-controller. If the performance specifications are not 
satisfied with a P-controller, then additional controller actions, such as integral or derivative gain, will be 
considered.  


Performance Criteria 
 


Feed Speed 0.5 in/sec 
Settling Time 1.0 sec 
Percent Overshoot 0 


Given 
 


Armature Inductance La = 2.6 mH 
Armature Resistance Ra = 2.49 Ω 
Armature Inertia Ja = 0.001 oz-in-sec2 
Armature Damping Da = oz-in/krpm 
Motor Torque Constant Kt = 6.49 oz-in/A 
Back EMF Constant Kb = 4.8 V/krpm 
Lead L = 0.125 in/rev 
Gear Reduction Ratio N = 5.9 
Load Inertia (See Motor Selection) JL = 0.177 lbm-in2 


Load Friction (See Motor Selection) Tf = 5.97 in-lbf 


Find 
 
Open-loop Transfer Function, G(s) 
P-Controller Gain, Kp 


Assumptions 
 


1. Armature inductance << Armature Resistance. 
2. Gearbox does not have an irreversibilities. 
3. No backlash in lead screw and sleeve nut connection. 
4. Friction is the only damping force contributed by the gantry load. 
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Schematics 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


Analysis 
Applying Kirchoff’s Voltage Law to the motor: 
 


𝑣𝑚 − 𝑅𝑎𝑖𝑎 − 𝐿𝑎


𝑑𝑖𝑎


𝑑𝑡
− 𝑣𝑏 = 0 


 
Solving for Vm after taking the Laplace Transform: 
 


𝑉𝑚 = 𝑅𝑎𝐼𝑎 + 𝐿𝑎𝑠𝐼𝑎 + 𝑉𝑏 


 


By applying the motor constants, Kt and Kb, it is possible to relate the motor voltage input to the rotor 
outputs, Tm and ϴm: 


𝐾𝑡 =
𝑇𝑚


𝐼𝑎
 


 


𝐾𝑏 =
𝑉𝑏


𝜔𝑚
 


FIGURE 1. ELECTRICAL SCHEMATIC OF THE MOTOR ARMATURE. 


FIGURE 2. MECHANICAL LUMPED PARAMETER DIAGRAM SHOWING TORQUE PATHWAY. 
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NOTE: ωm = sϴm (Laplace Transform) 


𝑅𝑎 (
𝑇𝑚


𝐾𝑡
) + 𝐿𝑎𝑠 (


𝑇𝑚


𝐾𝑡
) + 𝐾𝑏𝑠𝜃𝑚 = 𝑉𝑚 


 
(𝑹𝒂 + 𝑳𝒂𝒔)𝑻𝒎


𝑲𝒕
+ 𝑲𝒃𝒔𝜽𝒎 = 𝑽𝒎 


 
The bolded equation above describes a Single Input (Vm), Multiple-Output system (Tm, ϴm), or a SIMO 
system. Since closed-loop control theory that will be applied in this project only manages Single-Input, 
Single-Output (SISO) systems, we are required to reduce the equation to only one output. By analyzing 
the load and armature dynamics, a relationship between the motor torque, Tm, and the shaft position, 
ϴm, can be found. We begin with a free body diagram of the motor shaft, with the load inertia and 
damping reflected onto the shaft. 
 


Free Body Diagram and Kinetic Diagram 
 
 
 
 
 
 
 
 
 
 
 
 
We start by applying Newton’s Second Law to the system shown above: 
 


∑ 𝑇+ = 𝐽𝑡𝑜𝑡�̈�𝑚 


 


𝑇𝑚 − 𝑇𝑑 = 𝐽𝑡𝑜𝑡�̈�𝑚 
 


𝐽𝑡𝑜𝑡�̈�𝑚 + 𝐷𝑡𝑜𝑡�̇�𝑚 = 𝑇𝑚 
 
Taking the Laplace Transform: 


(𝑱𝒕𝒐𝒕𝒔𝟐 + 𝑫𝒕𝒐𝒕𝒔)𝜽𝒎(𝒔) = 𝑻𝒎(𝒔) 


 
Combining the two bolded equations above: 
 


(𝑅𝑎 + 𝐿𝑎𝑠)(𝐽𝑡𝑜𝑡𝑠2 + 𝐷𝑡𝑜𝑡𝑠)


𝐾𝑡
𝜃𝑚 + 𝐾𝑏𝑠𝜃𝑚 = 𝑉𝑚 


 


FIGURE 3.  GRAPHICAL REPRESENTATION OF NEWTON’S SECOND LAW OF MOTION. 
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Recall Assumption #1. If applied to the equation above, it is possible to neglect the Las term since it is 
much smaller compared to the armature resistance. This simplification reduces the order of the 
differential equation from three to two: 
 


[
𝑅𝑎𝐽𝑡𝑜𝑡


𝐾𝑡
𝑠2 +


𝑅𝑎𝐷𝑡𝑜𝑡 + 𝐾𝑡𝐾𝑏


𝐾𝑡
𝑠] 𝜃𝑚(𝑠) = 𝑉𝑚(𝑠) 


 
𝜃𝑚


𝑉𝑚


(𝑠) =
1


𝑅𝑎𝐽𝑡𝑜𝑡
𝐾𝑡


𝑠2 +
𝑅𝑎𝐷𝑡𝑜𝑡 + 𝐾𝑡𝐾𝑏


𝐾𝑡
𝑠


 


 


𝜃𝑚


𝑉𝑚


(𝑠) =


𝐾𝑡
𝑅𝑎𝐽𝑡𝑜𝑡


𝑠 [𝑠 +
1


𝐽𝑡𝑜𝑡
(𝐷𝑡𝑜𝑡 +


𝐾𝑡𝐾𝑏
𝑅𝑎


)]
 


 
Recall Assumption #3. The gantry mass position can be determined directly from the motor shaft angle 
since both the gear reduction ratio and the lead screw lead are known. 
 


𝑋𝑔𝑎𝑛𝑡𝑟𝑦 = 𝜃𝑚 (
𝐿


𝑁
) 


 
Solving for the final open-loop transfer function between the input motor voltage and the output gantry 
position: 
 


𝑮(𝒔) =
𝑿𝒈𝒂𝒏𝒕𝒓𝒚


𝑽𝒎


(𝒔) =


𝑲𝒕𝑳
𝑵𝑹𝒂𝑱𝒕𝒐𝒕


𝒔 [𝒔 +
𝟏


𝑱𝒕𝒐𝒕
(𝑫𝒕𝒐𝒕 +


𝑲𝒕𝑲𝒃
𝑹𝒂


)]
  [


𝒊𝒏


𝑽
] 


 
Despite its complexity, this transfer function is of the simplified form: 
 


𝐺(𝑠) =
𝐾


𝑠(𝑠 + 𝛼)
 


 
Where, 
 


𝐾 =
𝐾𝑡𝐿


𝑁𝑅𝑎𝐽𝑡𝑜𝑡
 


 


𝛼 =
1


𝐽𝑡𝑜𝑡
(𝐷𝑡𝑜𝑡 +


𝐾𝑡𝐾𝑏


𝑅𝑎
) 


 
This transfer function is of the second order, however, it is a Type 1 system due to the common Laplace 
variable s in the denominator.  
 
The next step in this analysis is to quantify both K and α. First, let’s determine the total shaft inertia. 
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𝐽𝑡𝑜𝑡 = 𝐽𝑎 + 𝐽𝐿 (
1


𝑁
)


2


 


 


𝐽𝑡𝑜𝑡 = (0.001 𝑜𝑧 − 𝑖𝑛 − 𝑠𝑒𝑐2) + [(0.177 𝑙𝑏𝑚 − 𝑖𝑛2) (
1


5.9
)


2


|
1 𝑠𝑙𝑢𝑔


32.17 𝑙𝑏𝑚
| |


1𝑙𝑏𝑓−𝑠𝑒𝑐2


𝑓𝑡


1 𝑠𝑙𝑢𝑔
| |


16 𝑜𝑧


1 𝑙𝑏𝑓
| |


1 𝑓𝑡


12 𝑖𝑛
|] 


 
 


𝑱𝒕𝒐𝒕 = 𝟎. 𝟎𝟎𝟏𝟐 𝒐𝒛 − 𝒊𝒏 − 𝒔𝒆𝒄𝟐 
 
The next parameter that is to be determined is the shaft damping, which is highly dependent on the 
friction within the system, see Assumption #4. Recall from the Motor Selection calculations that the 
friction torque was evaluated at the feed speed of the gantry. Using a rudimentary form of linear 
regression, an estimation for the load damping, DL, can be found: 
 


𝑇𝑓 = 𝐷𝐿�̇�𝑓𝑒𝑒𝑑 


 


𝐷𝐿 =
𝑇𝑓𝐿


𝑣𝑓𝑒𝑒𝑑
 


 


𝐷𝐿 =
(5.97 𝑖𝑛 − 𝑙𝑏𝑓)(0.125 𝑖𝑛


𝑟𝑒𝑣)


(0.5 𝑖𝑛
𝑠𝑒𝑐)(2𝜋 𝑟𝑎𝑑


𝑟𝑒𝑣)
|
16 𝑜𝑧


1 𝑙𝑏𝑓
| 


 


𝐷𝐿 = 3.80 
𝑜𝑧 − 𝑖𝑛


𝑟𝑎𝑑
𝑠𝑒𝑐


 


 
Solving for the total shaft damping: 


𝐷𝑡𝑜𝑡 = 𝐷𝑎 + 𝐷𝐿 (
1


𝑁
)


2


 


 


𝐷𝑡𝑜𝑡 = [(0.053 
𝑜𝑧 − 𝑖𝑛


𝑘𝑟𝑒𝑣
𝑚𝑖𝑛


) |
60 𝑠𝑒𝑐


1 𝑚𝑖𝑛
| |


1 𝑘𝑟𝑒𝑣


2000𝜋 𝑟𝑎𝑑
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𝑜𝑧 − 𝑖𝑛
𝑟𝑎𝑑
𝑠𝑒𝑐
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1


5.9
)


2


] 


 
𝑫𝒕𝒐𝒕 = 𝟎. 𝟏𝟏𝟎 𝒐𝒛 − 𝒊𝒏 − 𝒔𝒆𝒄 


 
Evaluating constants K and α: 
 


𝐾 =
𝐾𝑡𝐿


𝑁𝑅𝑎𝐽𝑡𝑜𝑡
 


 


𝐾 =
(6.49 𝑜𝑧−𝑖𝑛


𝐴 )(0.125 𝑖𝑛
𝑟𝑒𝑣)


(5.9)(2.49 Ω)(0.0012 𝑜𝑧 − 𝑖𝑛 − 𝑠𝑒𝑐2)
|


1 𝑟𝑒𝑣


2𝜋 𝑟𝑎𝑑
| 


 


𝑲 = 𝟕. 𝟑𝟐 
𝒊𝒏


𝑽 − 𝒔𝒆𝒄𝟐
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𝛼 =
1


𝐽𝑡𝑜𝑡
(𝐷𝑡𝑜𝑡 +


𝐾𝑡𝐾𝑏


𝑅𝑎
) 


 


𝛼 =
1


(0.0012 𝑜𝑧−𝑖𝑛−𝑠𝑒𝑐2)
[(0.110 𝑜𝑧 − 𝑖𝑛 − 𝑠𝑒𝑐) +


(6.49 𝑜𝑧−𝑖𝑛
𝐴 )(4.8 𝑉−𝑚𝑖𝑛


𝑘𝑟𝑒𝑣 )


(2.49 Ω)
|
60 𝑠𝑒𝑐


1 𝑚𝑖𝑛
| |


1 𝑘𝑟𝑒𝑣


2000𝜋 𝑟𝑎𝑑
|] 


 
𝜶 = 𝟏𝟗𝟏. 𝟐 𝒔𝒆𝒄−𝟏 


 
 
Evaluating the open-loop transfer function that relates gantry position to motor voltage inputs: 
 


𝑿𝒈𝒂𝒏𝒕𝒓𝒚


𝑽𝒎


(𝒔) =
𝟕. 𝟑𝟐


𝒔(𝒔 + 𝟏𝟗𝟏. 𝟐)
  [


𝒊𝒏


𝑽
] 


 
 
Using this transfer function, it will be possible to observe the open-loop performance via simulations in 
MatLab. The controller design will take place in the MatLab and Simulink code (see below). It is noticed 
that the α pole is very large in comparison to the integrator in the denominator, which may allow the 
model to be simplified further by arguing that the dynamics of the pole are too rapid to be noticed in 
the step response performance. By using the rltool() command in MatLab, the optimal controller can be 
found, see below. 
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Specification #1 Weight 


Specification Information:  


The engineering specification that is to be tested by the following procedure is the total system weight 
limit of 200 lb. This specification is not a hard requirement set by the customer, meaning that there is 
flexibility in the limit. The motivation for this specification comes from the fact that we will need to be 
able to lift the machine by hand and load it into a truck for transport to Paul McFarland’s work shed 
upon completion of the project.  


Determine: 


The objective of this test is to determine the actual weight of the system prior to transport. 


Materials: 


 Assembled Forest Sign Maker 


 Weight scale -- 400 lb capacity minimum, 1 lb resolution minimum, floor scale 


 Plywood board -- ¾” thickness minimum, 3’ x 6’ minimum 


 Bosch Colt Palm Router 


 Three people minimum 


 Flashlight (optional) 


Safety: 


Each must wear safety goggles, closed-toed shoes, long pants, and gloves during testing. 


Procedure: 


1. Gather all of the materials listed above. 
2. Use the wood router to cut out a viewing window according to the drawing found below. 
3. Assure test environment has ample room to prevent accidental injury, has little to no wind. 
4. Place the weight scale in the middle of a horizontal surface. 
5. Adjust the digital readout to pounds (lb) if possible. 
6. Place the plywood board on top of the weight scale so that the weight scale is located under the 


center of mass of the plywood board. Ensure that the viewing window that was previously cut is 
aligned with the digital readout of the weight scale. 


7. Tare the plywood board weight. If it is not possible, temporarily record the weight of the 
plywood board. 


8. Assure that the gantry is located in the middle of the x-axis travel, and that the z-module is 
located in the middle of the y-axis travel. The intention is to bring the centroid near the center 
of mass of the system, and facilitate weight measurement. 


9. With one person holding down the plywood board on the weight scale, the other two need to 
pick up the fully assembled Forest Sign Maker and place it on top of the plywood board such 
that the board remained balanced and level above the scale. 


10. Assure that there are not any points of contact between the plywood board and the surface on 
which the weight scale is supported. 







11. At equilibrium, record the weight of the fully assembled Forest Sign Maker, in lbs. If the weight 
scale calculates the weight in a different unit scheme, make sure to convert to lbs. before 
evaluating the test. 


12. Compare the measured weight to the weight limit of 200 lbs. 


Verdict: 


If the total weight of the Forest Sign Maker is less than 200 lb, then the test is passed. 


 







Specification #2 Width 


Specification Information:  


The engineering specification that is to be tested by the following procedure is the Forest Sign Maker 
overall width of 42 in. This specification is governed by the width of the workbench in Paul McFarland’s 
workshop on which the machine will be mounted, in addition to considering the recessed wall behind 
the workbench as well. 


Determine: 


The overall width of the Forest Sign Maker. 


Materials: 


 Assembled Forest Sign Maker 


 Measuring Tape, 6ft minimum length 


 Computer with SolidWorks, 2010 Version or later. 


Safety: 


Each person must wear safety goggles, closed-toed shoes, long pants, and gloves during testing. 


Procedure: 


NOTE: The following procedure has been divided into two phases. The first phase allows the tester to 
determine the actual, but inaccurate, Forest Sign Maker width. The second phase allows the tester to 
determine the model width very accurately. See the Verdict section for instructions on how to evaluate 
the test. 


 
1. Phase 1: Actual Measurement 
2. Gather the first two materials listed above. 
3. Place the Forest Sign Maker on a horizontal surface. 
4. Assure that the Forest Sign Maker is disconnected from a power source. 
5. From the right side of the gantry, lay the measuring tape along the cable shelf. Measure the 


maximum width of the gantry: from the encoder tip on the front of the Forest Sign Maker to the 
far tip of the y-axis motor on the back. 


6. Record the measured value in inches.  
7. Phase 2: Model Measurement 
8. Open the latest SolidWorks CAD model of the Forest Sign Maker assembly. The current filename 


is <CNC - ASSY_v3>. 
9. Using the Measure feature under the Tools dropdown menu, select both the top of the encoder 


and the tip of the y-axis motor.  
10. Record the measured value from the SolidWorks Measure window, in inches. 
11. Compare both recorded values of the maximum Forest Sign Maker width for agreement. If the 


two numbers are within 0.5 in of each other, then they agree. Upon agreement, the width found 
in Step 1 can be assumed to be sufficiently accurate and will be the value used for testing, see 
Verdict. 


 







Verdict: 


If the final width determined from Step 3 is less than the maximum allowable width of 42 in, then the 
test is passed. 
 







Specification #4 Height 


Specification Information:  


The engineering specification that is to be tested by the following procedure is the Forest Sign Maker 
overall height of 48 in. This specification is governed by the distance between the the workbench in Paul 
McFarland’s workshop on which the machine will be mounted and the workshop ceiling.  


Determine: 


The overall height of the Forest Sign Maker. 


Materials: 


 Assembled Forest Sign Maker 


 Measuring Tape, 6ft minimum length 


 Computer with SolidWorks, 2010 Version or later. 


Safety: 


Each person must wear safety goggles, closed-toed shoes, long pants, and gloves during testing. 


Procedure: 


NOTE: The following procedure has been divided into two phases. The first phase allows the tester to 
determine the actual, but inaccurate, Forest Sign Maker width. The second phase allows the tester to 
determine the model width very accurately. See the Verdict section for instructions on how to evaluate 
the test. 


 
1. Phase 1: Actual Measurement 
2. Gather the first two materials listed above. 
3. Place the Forest Sign Maker on a horizontal surface. 
4. Assure that the Forest Sign Maker is disconnected from a power source. 
5. Hold the measuring tape vertically, with the tip touching and the tape orthogonal to the 


horizontal surface. Measure the maximum height of the Forest Sign Maker, from the horizontal 
surface to the top of the z-axis motor.  


6. Record the measured value in inches.  
7. Phase 2: Model Measurement 
8. Open the latest SolidWorks CAD model of the Forest Sign Maker assembly. The current filename 


is <CNC - ASSY_v3>. 
9. Using the Measure feature under the Tools dropdown menu, select both the base of the 


mounting feet brackets and the tip of the z-axis motor.  
10. Record the measured value from the SolidWorks Measure window, in inches. 
11. Compare both recorded values of the maximum Forest Sign Maker width for agreement. If the 


two numbers are within 0.5 in of each other, then they agree. Upon agreement, the height 
found in Step 1 can be assumed to be sufficiently accurate and will be the value used for testing, 
see Verdict. 


 







Verdict: 


If the final height determined from Step 3 is less than the maximum allowable height of 48 in, then the 
test is passed. 
 







Specification #5 cost 


 


Specification Information: 


The engineering specification that is to be tested by the following procedure is cost of $3500. This 
specification is governed by the amount of money spent to purchase materials and for any labor costs if 
any. 


Determine: 


The total cost of the Forest Sign Maker. 


Materials: 


 Personal Computer with access to the Forest Sign Maker BOM 


Safety: 


Each person must not slouch when analyzing the cost of the Forest Sign Maker to ensure lower back 
injuries do not occur during testing.. 


Procedure: 


1. Assure that the Forest Sign Maker BOM is updated and accurate. 
2. Compare the total estimated cost for purchasing all components to the project budget. 


Verdict: 


If the total estimated cost is less that the project budget, then the test is passed. 
 







Specification #6 Sign Production Time 


Specification Information:  


The engineering specification that is to be tested by the following procedure is the maximum production 
time of two hours. The intent of this machine is to significantly expedite the sign production process, 
which means the faster the better, but at a minimum the machine must be capable of producing four 
signs per 8-hour work day.  


Determine: 


The maximum production time of the Forest Sign Maker. 


Materials: 


 Assembled Forest Sign Maker 


 Blank sign board, 2 ft x 4 ft 


 USB drive containing an exhaustive test file, intended to route every square inch of blank sign 
surface (except safety border, or the “no-go” zone) 


 Stopwatch 


Safety: 


Each person must wear safety goggles, closed-toed shoes, long pants, and gloves during testing. 


Procedure: 


1. Gather the required materials listed above. 
2. Assure that the Forest Sign Maker is on a horizontal surface, and that there is ample room to 


conduct the test.  
3. Insert the USB drive containing the exhaustive test file into the Raspberry Pi, and load the test 


file. 
4. Start the routing process, and begin the stopwatch 
5. Assure that the machine is operating safely during the routing process. 
6. Once the router has completed the routing process and has returned to its origin, stop the 


stopwatch and record the production time. 


Verdict: 


If the recorded production time of the exhaustive test file is less than the allowable production time of 
two hours, then the test is passed. 
 







Specification #7 Max Blank Size 


Specification Information:  


The engineering specification that is to be tested by the following procedure is the maximum blank sign 
board insert for the Forest Sign Maker. 


Determine: 


Maximum blank sign board insert for the Forest Sign Maker. 


Materials: 


 Blank sign board 


 Measuring tape that can measure up to 4ft 


 Table saw  


Safety: 


Each person must wear safety goggles, closed-toed shoes, long pants, and gloves during 
testing. 


Procedure: 


1. Gather the required materials listed below.  
2. Put the blank sign board with the width and height parallel to a horizontal surface.  
3. Using the measuring tape, measure the width of the board and make sure it does does not 


extend more than 4ft. 
4. Using the measuring tape, measure the height of the board and make sure it does does not 


extend more than 2ft. 
5. If the width or height extends longer than the maximum size (2ft x 4ft), use the table saw to cut 


off the excess wood. 
6. Repeat steps 3, 4, and 5 if necessary.  


Verdict:  


If the board is less than or equal to 2ft x 4ft, then the test is passed.  
 







Specification #8 positional accuracy 


Specification Information:  


The engineering specification that is to be tested by the following procedure is the router bit positional 
accuracy of +/- 1/16 in. This specification is governed by the letter location accuracy published in the 
USDA Forest Service trail signage guidelines.  


Determine: 


The positional accuracy of the Forest Sign Maker 


Materials: 


 Assembled Forest Sign Maker 


 Blank sign, 1 ft x 1 ft minimum, 2 ft x 4 ft maximum 


 USB drive containing dot test file 


 Dial calipers, or equivalent measuring device 


Safety: 


Each person must wear safety goggles, closed-toed shoes, long pants, and gloves during testing. 


Procedure: 


1. Gather the required materials listed above 
2. Assure that the Forest Sign Maker is on a horizontal surface, and that the blank sign is loaded 


and clamped securely.. 
3. Insert the USB drive into the Raspberry Pi and load the dot test file. This file commands the 


Forest Sign Maker to touch down on the blank sign and cut a matrix of dots.  
4. Start the dot test routing process. 
5. Assure that the machine is operating safely during the routing process. 
6. Once the router has completed the routing process and has returned to its origin, use the dial 


calipers to measure the centerpoint of each dot.  
7. Record the location of the dots in Cartesian coordinates, in inches. Recall, the origin of the 


Forest Sign Maker foundation is the intersection of the two inside surfaces of the top and left 
hard stops. 


8. Compare the actual location of each dot to the corresponding desired location. 


Verdict: 


If the difference between the actual and desired dot locations are within the positional tolerance range 
of 0.125 in, then the test is passed. 
 







Specification #9 cutting depth 


Specification Information:  


The engineering specification that is to be tested by the following procedure is the target cutting depth 
of 3/16 in. This specification is motivated by considering both the FS trail signage guidelines and the 
process by which Paul McFarland currently produces the trail signs. The FS guidelines recommend a 
routing depth of ⅛ in, however, Paul McFarland intends to plane the sign surface after routing, which 
will remove approximately 1/16 in off the top surface. Hence the target value of 3/16 in.  


Determine: 


The cutting depth of the Forest Sign Maker. 


Materials: 


 Test sign produced by the test of Specification #8, with the matrix of dots 


 Dial calipers 


Safety: 


Each person must wear closed-toed shoes and long pants during testing. 


Procedure: 


1. Place the dotted board on a horizontal surface. 
2. Assure that all debris has been cleaned out of each dot. 
3. Using the hole depth tang of the dial calipers, place the butt end on the board surface and 


plunge the tang into the dot.  
4. Assure that the tang touches the center point of the dot so that the calipers measure the 


deepest point of the dot. 
5. Record the dial caliper reading. 
6. Repeat Steps 3-5 for each dot. 
7. Determine the mean cutting depth of the dots, in inches. 


Verdict: 


If the average cutting depth of the dots on the dot test board is between ⅛ in and ¼ in, then the test is 
passed. 
 







Specification #10 Graphical User Interface 


Specification Information:  


The engineering specification that is to be tested by the following procedure is to have pictures and a 
visual representation of what the design of the board would look like.  


Determine: 


The graphical user interface is fully functional and error free.  


Materials: 


 Application that is used to design the board.  


 A Windows or Macintosh computer with Google Chrome or Mozilla Firefox installed. 


Safety: 


Each person must understand the basic principles of using a computer and knowing how to navigate a 
browser. 


Procedure: 


1. Locate the application and open it in a preferred browser. 
2. Next to “Height of Board:”, change the height of the board and make sure that the visual 


representation of the board is changed corresponding to the input of the height. 
3. Repeat step two and change the “Width of Board” and observe the changes. 
4. Click on “Add Text”, enter the appropriate width, height and text and make sure that the text is 


changed corresponding to the input.  
5. Change the font size to verify that it can be changed.  
6. Save the file to a local place that will be accessible in the future.  
7. Refresh the page, using the saved file, click on click on “Choose File” to load the saved file. The 


design should look exactly like what was created before the page was refreshed. 


Verdict: 


If all the above procedures are fully functional, then the test is passed.  
 







Specification #11 Local Operation 


Specification Information: 


The engineering specification that is to be tested by the following procedure is local operation. The 
designing process to produce sign design files does not require internet access. 


Determine: 


The design GUI to produce a design file does not require internet connection. 


Materials: 


 A computer running Google Chrome or Mozilla Firefox. 


Safety: 


Ensure the operator practices proper computer posture. 


Procedure: 


1. Ensure that the computer is not connected to the internet. If there is an ethernet port 
connected to the computer, unplug it. If there is a Wi-Fi adaptor on the computer, turn it off. 


2. Check that the computer is not connected to the internet by performing a web search on 
www.google.com and searching for “google”. If the page does not display search results, then 
continue to step 3. If the page does display results, re-check to see that the computer is not 
connected to the internet and try again. 


3. Open up the Sign Design .html file using Google Chrome or Mozilla Firefox. 
4. Set the height of the board to 24” 
5. Set the width of the board to 24” 
6. Set the height of the text to be 1” 
7. Create a line at the x-coordinate of 1”, the y-coordinate of 1” and the text as “TEST” 
8. Name your file as “TEST” 
9. Click on “Save As” and save the file 
10. Once complete, ensure that no errors have occurred and inspect that TEST.txt exists.  


Verdict: 


If TEST.txt exists, then this test passes. If not, the test fails. 
 



http://www.google.com/





Specification #12 Multi-Platform  


Specification Information:  


The engineering specification that is to be tested by the following procedure is cross-platform 
compatibility. This specification ensures that the Forest Sign Maker software works on Windows and 
Macintosh computers using the two most popular web browsers Google Chrome and Mozilla Firefox. 


Determine: 


The compatibility of the Forest Sign Software between different operating systems and different web 
browsers. 


Materials: 


 A Windows computer with Google Chrome and Mozilla Firefox installed. 


 A Macintosh computer with Google Chrome and Mozilla Firefox installed. 


Safety: 


Ensure the operator practices proper computer posture. 


Procedure: 


1. On a Windows computer, open the Sign Design software using Google Chrome. 
2. Input as board height to be 24” 
3. Input as board width to be 48” 
4. Input as text height to be 1” 
5. Create a new text line and input as the x-coordinate 1” and the y-coordinate 1” 
6. Type in “TEST” for the text field 
7. Create a new text line and input as the x-coordinate 1” and the y-coordinate 3” 
8. Type in “LINE 2” for the text field 
9. Type “TEST” into the “Save As” text field 
10. Click on “Save As” to generate and save a file into the current directory. 
11. Verify that the generated file exists and contains the following as its content: 


24 
48 
1 
1 
1 
TEST 
1 
3 
LINE 2 


12. Repeat steps 2-12 using Windows Mozilla Firefox, then Macintosh Google Chrome, then 
Macintosh Mozilla Firefox. 


Verdict:  


If all machine and web browser configurations contain the same content, then the specification is met. 







Specification #13 Toolpath Error 


Specification Information:  


The engineering specification that is to be tested by the following procedure is tool path errors. Tool 
path errors are incorrect letter paths or paths that extend outside of the board. Incorrect letter paths 
could result from an incorrectly designed base path or by bugs in scaling or positioning letters due to 
kerning or line spacing. Paths that extend outside of the board is never acceptable because those there 
is no substrate to cut into and the out-of-bounds cutting may interfere with a clamp. 


Determine:  


If the paths generated are correct and within board bounds. 


Materials: 


 A computer running the board design software. 


Safety: 


Ensure the operator practices proper computer posture. 


Procedure: 


1. Using a computer, open the Sign Design software. 
2. Set the board’s height to be 12” 
3. Set the board’s width to be 24” 
4. Set the text’s height to be 1” 
5. Create a text line with the x-coordinate at 1” and y-coordinate at 1” 
6. Type in “W” 20 times into the text field. 
7. Change the board’s width to be 12” 
8. An error should be alerted to the user that the text is located out of bounds. 


Verdict: 


If an error is displayed to the user that text is out of bounds of the board, then the specification is met. 
 







Specification #14 CNC Design Input 


Specification Information:  


The engineering specification that is to be tested by the following procedure is whether or not the CNC 
design interface buttons can reliably function with the presence of sawdust. Since the impact cover that 
protects the electronics is not sealed, there is a high likelihood that sawdust will collect on the 
electronics, so they must be able to function regardless. 


Determine: 


Whether or not the Forest Sign Maker user interface functions in the presence of sawdust. 


Materials: 


 Raspberry Pi B+ 


 PiTFT Touchscreen 


 USB power supply 


 USB-B/miniUSB cable 


 Approximately one spoonful of pure sawdust  


Safety: 


Each person must wear safety goggles, closed-toed shoes, long pants, and anti-static discharge devices 
during testing. 


Procedure: 


1. Connect the Raspberry Pi B+ and the PiTFT touchscreen to each other, as well as connect the 
Raspberry Pi to power via the USB power supply and USB-B/miniUSB cable.  


2. Load a test screen onto the touchscreen. This test screen can be any arbitrary display, however 
it suggested to program the test screen to generate series of buttons on the touchscreen that 
the tester must press.  


3. Take the spoonful of sawdust, and sprinkle it gently on the touchscreen while the test screen is 
loaded. Do not completely coat the devices in sawdust. 


4. Wait for approximately five minutes to ensure that the mere presence of sawdust does not 
adversely affect the devices. 


5. After approximately five minutes have passed, begin to interact with the touchscreen. If the 
touchscreen simply has a series of buttons, press each one to ensure that the entire 
touchscreen functions properly. 


6. Disconnect the devices from the power supply and clean the test area.. 


Verdict: 


If the touchscreen functioned during the entire procedure, then the test is passed. 
 







Specification #15 Vacuum 


Specification Information:  


The engineering specification that is to be tested by the following procedure is vacuum capabilities. This 
specification measures the effectiveness of the attached vacuum in keeping the work surface clean from 
wood chips and sawdust. 


Determine: 


If the attached vacuum will vacuum at least 50% of the wood waste particles. 


Materials: 


 Forest Sign Maker 


 Attached Shop Vacuum 


 5 2’ x 4’ Blank Wooden Board 


Safety: 


Each person must wear safety goggles, closed-toed shoes, long pants, and gloves during testing. 


Procedure: 


1. The idea is to measure the weight of the collected wood particles in the vacuum versus the 
weight of wood particles on the work surface. Start by emptying the shop vacuum. 


2. Clear the Forest Sign Maker work surface then load a blank 2’ x 4’ board. 
3. Produce a sign design to accommodate a 2’ x 4’ board. 
4. Turn on the shop vacuum and use the Forest Sign Maker in cutting mode to produce a sign. 
5. When the board has finished being cut, turn off the Forest Sign Maker then empty the shop 


vacuum into a large black trash bag. 
6. Weigh the bag and record the weight. 
7. Using the shop vacuum again, manually vacuum any remaining wood particles on the work 


surface. 
8. Empty the shop vacuum again into another large black trash bag. 
9. Weigh the bag and record the weight. 
10. Repeat steps 2 - 9 for an additional four more times. 
11. Add each of the wood particle weights collected by the automated vacuum, and separately add 


each of the wood particle weights collected by hand. 


Verdict: 


If the sum of the weights of the wood particles automatically collected is greater than the sum of the 
weights of the wood particles manually collected, then the test passes. 
 







Specification #16 Slotted Bed 


Specification Information:  


The engineering specification that is to be tested by the following procedure is rigidity of the clamping 
mechanism of the Forest Sign Maker. This specification will ensure that the resistive forces generated 
when routing wood will not move the blank sign itself. For sufficient clamping rigidity, the board must 
not move more than 10% of the positional accuracy tolerance, or approximately 0.012 in maximum 
deflection. The idea for this test is to apply pulling forces to try to deflect the clamped blank sign while 
at maximum load. We can measure the force by using a fish scale.  


Determine: 


The maximum horizontal deflection of clamped sign. 


Materials: 


 Foundation subassembly of Forest Sign Maker 


 Blank sign, 2 ft x 4 ft 


 Fish scale 


 Rope 


 Eye screw 


 Two persons 


Safety: 


Each person must wear safety goggles, closed-toed shoes, long pants, and gloves during testing. 


Procedure: 


1. Fasten the eye screw to the blank sign, as close to the centerpoint as possible 
2. Clamp the blank sign onto the Foundation subassembly. 
3. Attach a fish scale to the eye screw, then attach a grip such as a rope to the other end of the fish 


scale. 
4. Manually pull on the rope until the fish scale reads a force of 75 pounds maintain that force for 


approximately four seconds.  
5. While one person is pulling on the rope perpendicular to and away from the top hard stop, a 


second person must measure the gap generated between the clamped blank sign and the top 
hardstop. 


6. Record the measured gap in inches. 
7. Reattach the fish scale to the eye screw again, redirecting it to be perpendicular to the left hard 


stop now repeat Steps 3-6. 


Verdict: 


If the Forest Sign Maker does not move more than 0.012 in during the test, then the device is securely 
mounted onto the workbench. The test is passed. 
 







Specification #18 Mounting Feature 


Specification Information:  


The engineering specification that is to be tested by the following procedure is the mounting feature. 
This specification ensures that the Forest Sign Maker is firmly planted on the workbench surface. 


Determine: 


If the CNC router is firmly held in place onto the work bench. 


Materials: 


 Assembled Forest Sign Maker 


 Secure wooden surface, ideally a wooden workbench  


 8x ⅜ -1.25 in lag screw 


 Wrench for lag screw 


Safety: 


Each person must wear safety goggles, closed-toed shoes, long pants, and gloves during testing. 


Procedure: 


1. Gather the required materials listed above. 
2. Place the assembled Forest Sign Maker onto the secure wooden surface. 
3. Assume that the two objects are stable on a horizontal surface. 
4. Install a lag screw in each of the eight mounting bracket holes to affix the Forest Sign Maker 


onto the wooden surface. 
5. Exercising great caution, agitate the Forest Sign Maker with gradually increasing force, while a 


second tester observes the screwed-down connections for separation. 
6. Record the observations. 


Verdict: 


If there is no separation in any of the four connections, then the mounting feature test is passed. 
 







Specification #19 Shutdown Time 


Specification Information:  


The engineering specification that is to be tested by the following procedure is the shutdown time of 0.5 
seconds. The specification ensures the safety of the operator and the machine in the event of an 
emergency. 


Determine: 


The shutdown time of the Forest Sign Maker. 


Materials: 


 Assembled Forest Sign Maker 


 Metal bar, approximately 5 in long 


 Stopwatch 


Safety: 


Each person must wear safety goggles, closed-toed shoes, long pants, and gloves during testing. 


Procedure: 


1. Gather the materials listed above. 
2. Start the Forest Sign Maker, and commence Calibration Mode. This mode will prompt the router 


to be moved in straight lines, reaching each corner of the foundation. 
3. Exercising extreme caution, while the gantry is moving from the origin towards the electronics 


region (in the positive x-direction) hold the metal bar lengthwise and place one end flush with 
the inside surface of the right endplate.  


4. Assure that the gantry will collide with the free end of the metal bar, without harming the 
tester. Once the two metals parts collide, the x-axis motor should begin to stall, drawing a 
dangerous amount of current, which should be immediately detected by the current sensors. 


5. Begin the stopwatch once the two metal parts collide, and stop the time once the power to the 
motor is disconnected. During operation, the PWM signal makes a high-pitched sound, so when 
that noise ceases, the motor is off. 


6. Record the shutdown time in seconds. 


Verdict: 


If the x-axis motor is shut down within 0.5 seconds, and if no damage has been made to Forest Sign 
Maker, then the test is passed. 
 







Specification #20 Electronic Temperature 


Specification Information:  


The engineering specification that is to be tested by the following procedure is the operating 
temperature of the electronics. To prevent overheating and the risk of component failure, the electronic 
temperature is to not exceed the common computer electronics temperature limit of 60°C. To minimize 
the number of blank signs consumed during testing, this test will be conducted on the same setup as the 
test for Specification #6 Sign Production Time. 


Determine: 


The continuous operating temperature of the electronics region. 


Materials: 


 See Materials for Specification #6 test plan 


 Thermometer 


Safety: 


Each person must wear safety goggles, closed-toed shoes, long pants, and gloves during 
testing. 


Procedure: 


1. While the Sign Production Time test is underway, insert the thermometer into the electronics 
region via the rear opening of the impact case. 


2. Assure that the tip of the thermometer does not come into contact with any of the electronic 
components to avoid the risk of short circuiting the components. 


3. Record the temperature of the electronics region each minute during the test, until the sign 
routing process is complete. 


4. Determine the steady state average electronics region temperature. 


Verdict: 


If the average steady state temperature is less than the specification limit of 60°C, then the test is 
passed. 
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Forest Sign Maker  ENGR-460 Victor Espinosa 


Vertical Wall Thickness 


Problem 
One of the primary requirements for the Forest Sign Maker is its accuracy requirement, and essential to 
accuracy is system rigidity. Along with sizing the guide rods appropriately for system accuracy, the 
vertical gantry walls need to be sized for sufficient stiffness. The critical load for the vertical gantry walls 
is the horizontal cutting force, so the thickness will be governed by the maximum horizontal cutting 
force. The material of the vertical wall is 6061-T6 aluminum flat bar. 


Given 
Maximum Horizontal Load Fx = 75 lbf 
Vertical Wall Height L = 9 in 
Maximum Allowable Deflection δmax = 0.040 in 
Modulus of Elasticity  EAL = 10 kpsi 
Vertical Wall Width w = 5 in 


Find 
Wall Thickness, t [in] 


Assumptions 
1. Vertical wall can be modeled as a cantilevered beam with perpendicular loading and fixed base. 
2. Allowable deflection is 33.3% of the accuracy tolerance, which is 0.125 in. 


 


Schematic 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  


TOP: 


Figure 1. Vertical Wall Modeled as Cantilevered Beam. 
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Solution 
The maximum deflection of a cantilevered beam with a fixed base can be modeled as follows: 
 


𝛿𝑚𝑎𝑥 =
𝐹𝑥𝐿3


3𝐸𝐴𝐿𝐼
 


 
The load, beam length, and modulus of elasticity are defined, however, the bending moment needs to 
be evaluated.  


𝐼 =
1


12
𝑤𝑡3 


 
Substituting this equation into the deflection formula, we get: 
 


𝛿𝑚𝑎𝑥 =
4𝐹𝑥𝐿3


𝐸𝐴𝐿𝑤𝑡3
 


 
Solving for the wall thickness: 
 


𝑡 = √
4𝐹𝑥𝐿3


𝐸𝐴𝐿𝑤𝛿𝑚𝑎𝑥


3


 


 


𝑡 = √
4(75 𝑙𝑏𝑓)(9 𝑖𝑛)3


(107 𝑙𝑏𝑓
𝑖𝑛2)(5 𝑖𝑛)(0.040 𝑖𝑛)


3
 


 
𝒕 = 𝟎. 𝟒𝟕𝟖 𝒊𝒏 


 
The appropriate aluminum plate thickness is then ½” nominal. See the Bill of Materials in Appendix D for 
verification of plate dimensions. 
 







