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Statement of Disclaimer
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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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Abstract

Scanning Tunneling Microscopy (STM) works by scanning a fine metal wire over a conductive sample
in order to image samples on the atomic level. The microscope uses a feedback loop with a PID controller
to maintain a constant tunneling current between the sample and the tip. In order to obtain clear imaging
at the atomic level, the microscope and the sample need to be isolated from external vibrations in a
vacuum chamber. The scope for this project is to build and test a single-stage vibration isolation system
that effectively attenuates the amplitude of external vibrations acting on the microscope. This document
summarizes the preliminary design process, including the customer interviews we performed, the background
research we collected about existing patents and designs, and the technical journal articles dealing with
this subject that we read. In addition, this project defines the final design along with manufacturing and
testing results to validate the design. The final design includes a final design description, design justification,
manufacturing results, as well as the testing plan and results. These sections serve to overview the process for
our final design selection and the results of the manufacturing and testing phases of the final design.
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1 Introduction

Scanning Tunneling Microscopes (STM) are used to obtain surface topography and have become a popular
measurement device in laboratories because they can perform a non-destructive surface analysis [1]. A tunnel-
ing current occurs when the tunneling tip is brought within less than 1 nm to a sample surface. The tunneling
current varies exponentially with gap distance, with a work function of 4eV, the tunneling current can increase
by a factor of 10 when the gap distance decreases by just 1 Å [2]. A scanner, which is typically made from a
piezo electric actuator, controls the tip-sample separation and must be controlled within an accuracy better
than 0.05 Å [2]. Considering this resolution and current sensitivity, it is important to keep the microscope stage
mechanically stable when ambient vibrations exceed this scale (which they often do). Therefore, a Vibration
Isolation System (VIS) is a critical component in a Scanning Tunneling Microscope (STM), as it needs to
attenuate the amplitude of ambient vibrations to within acceptable positional accuracy levels [3]. Although
many designs have been used to eliminate the effect of ambient vibration on samples (which are detailed in
the background section), we found the two main isolation systems used in STMs are: spring suspension with
eddy current dampening, or stacked metal plates with Viton damping between each plate.

Our senior project was a continuation of a master’s thesis, which could not be completed due to the
COVID-19 pandemic. The design employed a single stage VIS, which consisted of a housing enclosure with
Viton damping, a copper main stage suspended by stainless steel springs, and permanent magnets which damp
the copper main stage. Design and analysis for all three systems had been completed, however our group found
several opportunities to improve the design in all areas. Procurement as well as testing of the copper mass-
spring system was completed. Finite Element vibration analysis were been conducted on the housing with
Viton damping and a 6061-Aluminum tube has been purchased. Additionally, simulations had been conducted
to find magnetic flux density for permanent magnets and damping ratio as a function of gap distance.

Our goal for this project was to design, build, test, and integrate all subassemblies in the vibration isolation
system for use by the Cal Poly Chemistry Department’s Scanning Tunneling Microscope. This includes the
housing enclosure with Viton damping, copper mass-spring system, and magnetic damping system. This
report outlines our design process from our preliminary research and interviews with the sponsor through our
preliminary concept selection, final design, manufacturing and design verification.

2 Background

2.1 Sponsor Interviews

To better understand the needs of the sponsor and transfer knowledge from previous research and design
work, several meetings were conducted with the sponsors, Mr. Le and Dr. Scott. From these meetings, we
developed a list of the customers’ desired outcomes for the project. We also obtained more details about the
project requirements from Dr. Scott and CAD files from the VIS design in Mr. Le’s master’s thesis. To avoid
hampering our ideation process, we will treat Mr. Le’s design as a competing product in this SOW; however,
a copper stage, Al 6061 - T6 hollow tube for machining into the housing, and set of stainless-steel extension
springs have already been acquired and will need to be incorporated into our final design. A summary of the
customers’ needs and wants is provided in Table 1.

2.2 Existing Designs

Over the course of our research, we came across several different solutions to the problem of isolating sensitive
equipment from ambient vibrations. These can be broadly divided into two categories: passive systems and
active systems. Passive systems typically use some combination of mass, spring, and damper systems to filter
out and dampen vibrations at various frequencies. Active systems work on a similar principle to noise-canceling
headphones, generating vibrations out of phase with the ambient vibrations to cancel them out. Of the two,
passive systems are generally simpler, far less expensive, and more reliable, although active systems can react
better to changes in ambient frequency and are less constrained by the natural frequencies of materials. In
industrial or highly funded research applications, a combination of active and passive systems is often used.
Below is a summary of similar solutions from our research.

Minus K Technologies Negative Stiffness Isolator was a system developed by Minus K Technologies for use
with UCLA’s alternating current STM [4]. The system uses a negative stiffness system in combination with a
spring to achieve a very low stiffness without having to resort to an overly soft spring. Using this method, they
were able to achieve a natural frequency of 0.5 Hz and isolate frequencies above 0.7 Hz. While a system like
this would not be able to integrate with our vacuum chamber, this design highlights the potential usefulness
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Table 1: Customer needs and wants list.

Customer Needs Customer Wants

Build, test, and integrate vibration iso-
lation system (VIS) into STM by end of
spring 2021.

— Harmonic frequency of mass-spring
system below 2 Hz.

— Natural frequency of VIS as low as pos-
sible

— Harmonic frequency of structure over
200Hz

— Natural frequency of aluminum hous-
ing as high as possible

— Stage vibrations die out after around
10s(to avoid coupling stage with struc-
ture).

— Built, test and validate system theoret-
ically using FEA and experimentally us-
ing a shaker table

— Perform vibrational analysis of chem-
istry lab to identify target frequencies

— Ease of manipulating/ switching out
samples

— Ease of inserting/removing VIS from
vacuum chamber.

— Ability to view sample from top of vac-
uum chamber

— Focus on wobble mode of vibration of
the frame as this has been the most diffi-
cult to isolate.

— Place damping material in necessary
locations and test to show effects of
damped vs. undamped

— Mechanism to adjust distance between
permanent magnets and conductive stage
to change damping ratio

— Test damping ratio of magnetic damp-
ing system
— Needs to fit inside vacuum chamber
and function within high vacuum system
(HVS)

of negative stiffness systems in our design. A schematic of the negative stiffness isolation system is shown in
Figure 1.

A thermally compensated tube scanner has been constructed and successfully tested [Variable-temperature
scanning tunneling microscope] which employs two concentric piezoelectric tubes which account for thermal
expansion/contraction and inertial sample translation. This design eliminates vibration isolation systems.
Samples were taken in at room temperature and in a liquid-helium Dewar and notable images were obtained
of graphite. Another design developed by the Center for Research and Advanced Studies of the National
Polytechnic Institute incorporates a series of stacked metal plates [5]. Between each metal plate, the designers
sandwiched a particular rubber material with desirable stiffness and damping values. By changing the stiffness
and damping coefficient of each of the layers, the behavior of response of the entire system can be altered.
However, as the number of stacked metal plates increases, the degrees of freedom of the system also increases,
which makes finding the overall transfer function for the system difficult [5]. However, one of the primary
advantages of this system is that the damping and stiffness of the system can be fine-tuned to produce
consistent attenuation of external perturbations down to the subatomic range.

2.3 Technical Research

Scanning Tunneling Microscopes (STM) are not a commonly commercialized technology and thus there are
a wide variety of types. Since STM’s are highly dependent on the vibrations in their environment, there are
many unique methods to isolate the microscope. However, a number of techniques are common in reliable,
cost-effective STM’s. These methods have been explored below and include mass-spring systems and damping
mechanisms including magnetic eddy current damping and rigid housing structures.

2.3.1 Mass-spring System

Vibrations that impact a STM can generally be categorized as either high or low frequency. Low frequency
vibrations fall in the range of 1 to 100 Hz and are caused by building natural frequencies, people walking,
or doors being closed [6]. Mass-spring systems are a common way to isolate the microscope from these low
frequencies when the microscope is used in an ultra-high vacuum (UHV). To avoid resonant frequencies with
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Figure 1: Schematic of a negative stiffness VIS. This design is a stage on top of
which the vacuum chamber rests. Stiffness can be adjusted via a screw on the upper
right [4]

.

any of the low frequencies the springs are attempting to isolate, it is advisable to use springs with the lowest
possible resonant frequency. However, the result of this is a low internal damping factor [7]. This relationship
can be observed for a simple mass-spring damper system with the following equation relating natural frequency
to damping coefficient.

ωn =
c

2ζm
(1)

It can be observed that as the natural frequency (ωn) decreases, the damping coefficient (c) also decreases.
For this reason, when a mass-spring system is utilized, it is often paired with other elements to provide
additional damping for the vibration isolation system [6].

2.3.2 Damping Mechanisms

In order to attenuate the amplitude of external vibrations acting on a mechanical system, damping must
be used to dissipate energy. In general, damping can be broken up into two categories: active damping
and passive damping. One common way to damp out vibrations is to use electromagnetic damping. Active
electromagnetic damping devices measure vibrations in real time and react accordingly [8]. This requires a
closed-loop feedback control system. One of the benefits to active damping is that is provides outstanding,
customized performance. The main disadvantage to active damping is that it requires a sophisticated feedback
control system to maintain a desired damping between the pole face and the reaction surface [9]. Additionally,
active damping can increase the cost of the system and decrease the reliability.

Therefore, most of our research focused on passive damping, as it is generally less expensive, requires no
control system, and is simpler and more reliable than active forms of damping [10]. If the main stage were
not a conductive material (such as copper), a magnetically tuned damper [11] could be employed; this device,
developed by CSA Engineering Inc., could allow freedom for the main stage material used. Additionally, many
passive damping methods are used in high vacuum environments for scanning tunneling microscopes such as
viscoelastic materials, magnetic damping, and damping using piezoelectric materials. A popular viscoelastic
material is Viton [6], as it is effective at damping, relatively incompressible, and when compressed between
two plates generate a resonant frequency between 10 Hz to 100 Hz [6].

Though viscous fluid damping and piezoelectric materials are used in various tunneling microscope vibration
isolation systems, magnetic eddy current damping is a better alternative for vacuum compatibility and for the
ability to vary the damping coefficient [12].
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2.3.3 Vacuum Chamber Support Mechanism

In order for a STM to obtain desirable results, a vacuum chamber surrounding the microscope is needed to
further isolate the system from external disturbances [13]. Reference [7] shows the impact of a concrete slab
with air spring supports on the vacuum chamber frame. They used a seismic accelerometer with a sensitivity
of 10 V/g and built in low pass filter of 100 Hz to measure the acceleration and displacement amplitude of the
laboratory floor upon which the their STM sat. They measured the maximum acceleration and displacement
amplitude of the laboratory floor to be 50 ∗ 10−6 g (at 16Hz) and 50 nm, respectively. They then placed the
STM vacuum chamber on a concrete slab and air springs and measured the acceleration and displacement
amplitude of the vacuum chamber base to be 2.5 ∗ 10−8 g (at 68 Hz) and 71 pm, respectively.

2.3.4 Vibration Isolation Structure

Another method of isolating and damping out vibrations is focused on the high-frequency vibrations. A rigid
structure with a high natural frequency above 100 Hz [14] is often used which acts as a high-pass filter. If
used in conjunction with a mass-spring system, it is important that the structure has a natural frequency as
far away from the mass-spring system to avoid any resonance.

2.4 Existing Patents

Despite a thorough search for patents relevant to our design, we were unable to turn up similar vibration
isolation systems. Many of the patents are for active control systems, and others are unlikely to yield the
precision needed for our purposes. Nevertheless, the designs are interesting from an ideation standpoint and
have been documented in Table 2.

One patent we considered was for an active damping system called a Stewart parallel platform, which uses
a system of six linkages to isolate a platform from ambient vibrations [15]. While this design is not capable
of isolating a sample in a vacuum chamber from vibrations produced by the chamber itself, it is of interest
because of the configuration of spring-and-damper linkages that is able to isolate vibrations in wobble and yaw
modes in addition to vertical. A schematic from the patent is shown in Figure 2.

Table 2: Results of patent research.

Patent Name Patent No. Description

A kind of six-degree-of-freedom isola-
tion platform based on Stewart paral-
lel institution

CN 103587724 B A damping platform that uses six linkages
to absorb vibrations in six degrees of free-
dom in response to input vibrations

Arrangement and method for damp-
ing vibrations during microscopic ex-
aminations

EP 2 903 709 B1 Describes a method for arranging and pro-
gramming an active vibration isolation
control feedback loop

Compact damping device and com-
pact damping table

JP 2004-360784 A Miniature damping table consisting of two
stacked channels connected by a spring,
with damping material at the interface

Passive eddy current nutation
damper

US 3,806,062 Device that uses eddy current damping
from permanent magnets to stabilize the
axis of a rotating object

Vibration isolation coupling including
an elastomer diaphragm for scanning
microscopes and the like

KR 2003-0038473 Couplings made from a vibration damping
material for use in connections within a
large scanning tunneling microscope

Another of the patents was for an active control scheme for a vibration isolation system. The system
has several different materials with different elasticity and damping properties in series that can be engaged
separately to fine tune the system frequency and damping ratio [16]. While this system is regulated by a
complex set of control loops, the idea of being able to select different materials for adjustable damping and
elasticity may prove useful. The other patents found, while interesting, were of less use to us. One was for
a miniature damping table that was able to be used with desktop devices such as optical microscopes [17].
Another described an eddy current damping system used to stabilize the spin of instruments such as gyroscopes
[18]. is design is interesting as a case study in the implementation of permanent magnets for passive damping.
Finally, we found a design for a vibration-reducing coupling between the sample chamber and test chamber of
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Figure 2: Schematic of Stewart platform. Note the way springs and dampers are
integrated with the linkages. Additionally, the springs are oriented so that vibration
can be isolated in multiple dimensions [roscher].

a large STM [19]. This design is of note because they used an elastomeric diaphragm made of Viton to damp
vibrations.

2.5 Industry Codes, Standards, and Regulations

Given the research-focused nature of the application, there are not many codes and regulations for vibration
isolation systems for scanning tunneling microscopes. However, one potential resource is the Institute of
Environmental Sciences and Technology’s Environmental Vibration Criteria (VC) curves. The VC curves give
a conservative estimate for the allowable max and working vibration amplitudes, in µm/s rms, for various
instrument applications. By these criteria, scanning tunneling microscopes would fall under the VC-D curve
and thus would require a maximum amplitude of 6 µm/s rms to resolve a detail of 0.3 microns [20]. As Dr.
Scott is looking to resolve detail on a scale of picometers, this would be difficult to extrapolate to a useful
amplitude for our purposes.

3 Objectives

3.1 Problem Definition

Scanning Tunneling Microscopes are an extremely precise instrument that need the tip of the microscope to
be less than a nanometer away from the sample to function properly. Vibrations from the surroundings can
cause movement between the tip and sample, causing unreliable atomic pictures. The Cal Poly Chemistry
Department needs a way to isolate their scanning tunneling microscope (STM) from ambient system and
environmental vibrations as well as dampen these vibrations. This will help decrease the amplitude of vibra-
tions so the department can consistently obtain accurate measurements on an atomic scale without excessive
movement between the tip and sample.

The main customer need is to create a vibration isolation system that allows the STM to consistently obtain
accurate atomic images. Subsequent needs are to validate the existing designs that have been proposed as well
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as create a simple design that is inexpensive, reliable and allows viewing of the STM in use. Proposed designs
that require validation are a mass-spring system that connects the aluminum housing to the copper stage as
well as a magnetic eddy current damping system using the copper stage as the conductor. The complete set
of customer needs and wants are listed in the QFD found in Appendix A.

3.2 Boundary Diagram

One of the ways in which we defined our project scope was visually with a boundary diagram, which is shown in
Figure3. The boundary of our system separates what we will be designing from what already exists. Therefore,
we need to consider how our system will integrate with the supporting structure and vacuum chamber.

Figure 3: Vibration Isolation System Boundary Diagram. Our boundary diagram
includes the aspects of our project that we will be working on as well as the parts
which will directly interact with what we design. Inside of the boundary is the
aluminum housing structure, including the top and bottom caps, the spring and
stage system as well as some type of damping mechanism. We will be designing
these parts to interface with the scanning tunneling microscope (STM) and vacuum
chamber, however we will not actually be designing those elements.

3.3 Quality Function Deployment (QFD)

Our team used the method of quality function deployment (QFD) to translate the sponsors needs and wants
into a list of engineering specifications, along with their appropriate targets and tolerances. QFD first starts
by identifying customer needs and wants and weighting according to importance. These are then compared to
existing products to understand where the shortcomings are in these products. Lastly, using the needs/wants,
specifications are developed and related to the customers’ needs/wants and target values are assigned. The
QFD for our project is referenced in Appendix A.

6



3.4 Engineering Specifications

Using the House of Quality that we created using QFD, we created a set of engineering specifications that
have been compiled below in Table 3. These specifications represent all the requirements that must be met for
our project to be successful and meet the needs and wants of the sponsor. Below Table 3 we have listed how
we plan to measure each of our specifications, whether it be by testing, analysis, inspection or a combination
of them.

Table 3: Engineering specifications along with their associated risk and method of
compliance.

Spec. Description Target (Units) Tolerance Risk* Compliance**

1 Housing natural Fre-
quency

200 Hz Min. M A, T

2 Mass-spring system nat-
ural frequency

2 Hz Max. H A, T

3 Magnetic damping coef-
ficient

0.2-0.3 Ns/m (verti-
cal and yaw modes)

±0.1 M A

4 Elastomeric material
damping coefficient

50-400 Ns/m ±20 M A

5 Vibration amplitude 100 pm ±10 H I
6 Time for vibrations to

die out
10 sec ±1 M I

7 Integration dimensions 17.78 cm (diameter),
34.82 cm (height)

Pass/Fail L I, T

8 Viewing area in alu-
minum housing

100 cm2 Min L I

9 Sample swap time 2 min. Max. L T
10 VIS swap time from vac-

uum chamber
30 min. Max. L T

11 Vacuum-compatible ma-
terials

Pass/Fail N/A M I

12 Cost $500 Max. L A
13 Consistent atomic mea-

surements
90% success rate Min. H T

*Parameters are high (H), medium (M), and low (L) risk.

**Parameters are analysis (A), test (T), inspection (I), and similarity (S).

The method of measuring compliance for each specification is elaborated below for each engineering speci-
fication:

• Spec. 1: Natural frequency will be measured analytically using finite element analysis (FEA) and
measured experimentally using a shaker table.

• Spec. 2: Natural frequency will be measured analytically using a MATLAB and measured experimentally
using a shaker table.

• Spec. 3: Damping coefficient will be measured analytically using a simulation of the magnetic field.

• Spec. 4: Damping coefficient will be measured analytically using a simulation of the material under
stress using FEA.

• Spec. 5: Vibration amplitude will be measured by inspecting the images the scanning tunneling micro-
scope (STM) outputs with the completed vibration isolation system (VIS) in place.

• Spec. 6: Time for vibrations to die out will be measured by inspecting the images the STM outputs
with the completed VIS in place.

• Spec. 7: Dimensions of the VIS will be measured by inspecting with a measuring tape and by testing
that it fits and integrates with the vacuum chamber and microscope.
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• Spec. 8: Dimensions of the aluminum housing viewing area can be measured by inspection using a
measuring tape.

• Spec. 9: Sample swap time will be measured by timing how long it takes to swap a sample for a number
of trials and averaging the time.

• Spec. 10: VIS swap time will be measured by timing how long it takes to put in/take out the VIS for a
number of trials and averaging the time.

• Spec. 11: Only vacuum compatible materials will be chosen to fulfill this specification.

• Spec. 12: Cost of every item used will be tallied and appropriate budgeting will be followed to stay
below cost limit.

• Spec. 13: Success rate of the atomic measurements will be tested by running the STM for a number of
trials and finding the average success rate of atomic scale images.

4 Concept Design

To determine a preliminary concept design direction, our senior project team underwent a rigorous ideation
design process. We defined the key functions of our system, brainstormed ideas and developed Pugh Matrices
for each function, and then created a decision matrix in order to select our final design. By going through this
process, we effectively developed a concept design for our system, which will help focus our analysis.

4.1 Idea Generation

The first step in our ideation process was identifying the key functions our design needed to address. This took
the form of a functional decomposition tree which can be found in Appendix B. The functional decomposition
identifies the primary functions our design must achieve as well as the sub-functions necessary for the primary
functions to work correctly. We identified ”Improve Microscope Function and Image Quality” as our primary
function, because if our design fails to achieve this we will not have met our objective. Naming this as our
primary function allowed us additional freedom and flexibility in the ideation process. To achieve our primary
function, we identified five secondary functions which would need to be fulfilled:

• Integrate with Vacuum Chamber

• Damp Vibrations

• Hold Microscope

• Make Sample Visible from Outside Device

• Facilitate Manipulation of Samples.

Once these sub-functions had been identified, we began to generate ideas for each in a series of ideation
sessions. We employed several techniques, including brainstorming, brain-dumping, and worst idea generation.
We found the method of ”Worst Possible Idea” particularly helpful. Using this method we chose a function,
and then as a group ideated all of the worst ideas we could come up with. This method is detailed in Figure
4. We found it particularly helpful to increase our creativity and look at more out-of-the-box solutions to
different functions.
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Figure 4: Worst Possible Idea. Using the brainstorm technique of worst possible
idea, we ideated ridiculous solutions to the function of isolating vibrations.

After a number of different ideation sessions we spent time building concept models of some of our ideas.
The purpose of this was both to test their feasibility, as well as continue challenging us to think of other ideas.
Some of our models are shown below in Figures 5, 6, 7, and 8. Additionally, a complete list of our ideation
ideas are documented in Appendix C.

Figure 5: Ideation Model 1. Figure 6: Ideation Model 2.
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Figure 7: Ideation Model 3. Figure 8: Ideation Model 4.

4.2 Idea Refinement and Selection

We next moved to start refining our ideas and choosing the best ones. We accomplished this first using Pugh
matrices. For each Pugh matrix, we sketched our top five ideas and compared each idea to a datum design idea
to determine the most effective idea using our previously selected criteria. This allowed us to narrow down
our design ideas for each function. In most cases, the datum used was Mr. Le’s design. There were several
functions in which our original designs did not exceed the performance of the datum. In those instances, we
concluded that we had validated Mr. Le’s original design and will implement his concept in our final design
for that function. The Pugh matrices used to compare our functions can be found in Appendix D.

We next generated a morphological matrix to combine our function-level designs into various system-level
combinations of our top ideas. Using the morphological matrix, we were able to determine our top four
system-level ideas which are presented below in Figures 9, 10, 11, and 12.
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Figure 9: This design featured an alu-
minium housing, a ring of permanent
magnets surrounding the copper stage,
and six stainless steel springs for the mass-
spring system. This design scored lower
than our chosen concept due to a lack
of adjustability of the magnetic damping
mechanism.

Figure 10: This design featured an
titanium housing, a negative stiffness
spring system, and an adjustable mag-
netic damping mechanism. This system
scored lower than our top choice due to
the added expense of a titanium housing
as well as the added complexity of the neg-
ative stiffness spring system

Figure 11: This design featured a large
ring of magnets surrounding the stage
to provide eddy-current damping and
spring-mass system hanging on springs.
The chamber is mounted on air springs
to isolate from the environment.

Figure 12: This design featured an ti-
tanium housing, a negative spring sys-
tem, and an adjustable magnetic damping
mechanism
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The morphological matrix helped us generate top-level concepts which we then compared in our weighted
decision matrix. From the morphological matrix, we were also able to conclude that each function of our
system-level design is independent from the others and thus the best design could be attained by selecting the
best idea for each function. Appendix E shows the morphological matrix that was used.

We then placed our top ideas into a weighted decision matrix to determine the best overall system design.
We did this by listing all of our criteria from our House of Quality and determining the weight of each criteria.
We then scored each of our system level designs to determine the best solution. Criteria that were rated
as pass/fail were listed as constraints and only the designs which met all constraints were considered. The
remaining criteria were weighted according to the importance to the user as discussed in the sponsor interviews.
Our weighted decision matrix can be found in Appendix F. The highest-scoring system-level design can be
seen below in Figure 13.

Figure 13: Our highest-scoring system-level concept. A single stage VIS consisting
of an aluminum housing with cutouts for viewing the sample, a copper stage hung
by springs from the cylinder cap, and an interposer plate and viton pad between
the microscope and the stage.

We discussed this design with Dr. Scott and Mr. Le, and incorporated their feedback into our final design.
They liked the viton damping between the aluminum beams of the cart from one of our other designs and
suggested we improve the adjustability of the height of the permanent magnets in our eddy-current damping
system. After further ideation and modeling to test our ideas, we arrived at the following concept design.

4.3 Selected Concept

The selected design concept for the scanning tunneling microscope vibration isolation system utilizes compo-
nents of Mr. Le’s concept design as well as additional design concepts created by our senior project team.
The entire vibration isolation system sits inside of the high vacuum chamber which is mounted to an extruded
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aluminum frame This entire frame is supported by 4 castor wheels. A rough model of this system was made
with Solidworks and is shown in Figure 14. Additionally, the cart is set on top of an elastomeric material
(likely Viton) in order to dampen vibrations.

Figure 14: Preliminary CAD System Model. CAD model of the vacuum chamber
and extruded aluminum frame. The vibration isolation system sits inside the main
channel in the vacuum chamber. What is not shown is a rotary vane vacuum pump
which is also mounted to the aluminum frame. A hose connects the inlet of the
vacuum pump to a port in the bottom of the vacuum chamber.

The vibration isolation system sits within the vacuum chamber. It consists of a rigid exterior housing with
cutouts made from aluminum which has a top and bottom cap, each of which are screwed into the housing.
There is a Viton gasket between each cap and the housing to aid in damping any vibrations. The copper stage
is suspended by 6 stainless steel springs, which hang from the top cap at angles. The reason for this is that by
angling the springs, it helps to counteract any horizontal tipping or rotations. The springs are mounted using
stud anchors, which are mounted in both the top cap and the stage. The STM is mounted on top of the copper
stage and below the stage is a magnetic adjustment mechanism. This assembly can be seen in an exploded
view in Figure 15. In Figure 16, the entire vibration isolation system is shown with multiple orientations and
positions of each component. Not shown are the springs which connect the hanging copper stage with the top
cap using stud anchors.
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Figure 15: Vibration Isolation System Exploded View. Exploded view of the main
components of the vibration isolation system. Main components are labeled, includ-
ing the top cap, STM, copper stage, magnetic adjustment mechanism, aluminum
housing, bottom cap, Viton Gaskets, stainless steel springs, mounting screws, and
stud anchors. The aluminum housing with cutouts is transparent, so the springs
are visable. Only one adjustable magnetic damping mechanism is shown, however
the final assembly should have 2 mechanisms, separated by 180 about the copper
stage. This entire assembly sits inside the vacuum chamber.
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Figure 16: Vibration Isolation System CAD shown with increasing frame trans-
parency. The top cap, bottom cap, frame, Viton gaskets, and copper stage were
made by Toan Le. The socket screw used to adjust the height of the permanent
magnet assembly is right below the main frame cut out. This means magnetic damp-
ing can be adjusted without the need to remove the entire frame from the vacuum
chamber. Additionally, 6 stainless steel springs are shown, which are angled and
suspend the copper stage. Two additional cutouts function to allow viewing and
manipulation of the sample.
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4.3.1 Preliminary Magnetic Adjustment Mechanism

The magnetic adjustment mechanism was designed to allow the operator of the STM to easily change the
distance between the permanent magnets and copper stage. Allowing the operator to adjust this gives them
the ability to easily change the damping coefficient and allow for fine tune adjustments to be performed in
order to achieve the highest quality images from the STM. The magnetic adjustment mechanism is shown
in Figure 17. The copper stage was located such that there was only 0.4” of clearance space beneath it and
0.3” on the side of it. This space constraint eliminated most concept designs and for this reason we needed
to think outside the box. Many popular permanent magnet damping designs vary the damping coefficient by
changing the distance between the permanent magnet and the conductive/non-magnetic surface, With our
design, however, the damping coefficient can be varied by changing the number of ”active magnets”. ”Active
magnets” refers to the number of permanent magnets below the top face of the copper stage. This mechanism
would require a slot to be cut out of the copper stage. With only a 0.25” long, 0.6” diameter slot cut into the
side of the copper stage, this mechanism could be incorporated. Furthermore, the final design should have two
mechanisms, each 180◦from each other, to provide symmetrical damping forces about the center of the copper
stage.

Figure 17: Isometric and section view of the adjustable passive magnetic damping
mechanism. This assembly consists of an aluminum rod, to which a series of cylin-
drical permanent magnets are stacked. This rod-magnet assembly is attached to
a center bracket which has 3 holes; the outermost holes have a clearance fit with
1/8” steel dowel pins. The center hole is internally threaded and mates with a
silver plated socket head screw. The top and bottom bracket also have 3 holes; the
two outermost holes are press fit with the steel dowel pins. The diameter of the
center hole, however, allows for clearance between a silver plated socket head screw.
As a result, when the silver plated screw rotates, the center bracket/rod-magnet
assembly can be moved up and down.
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4.3.2 Scanning Tunneling Microscope Stage Attachment

The next component of our selected concept is the attachment of the STM to the copper stage. An isometric
exploded view of the microscope mounting mechanism is shown in Figure 18. Both the microscope and
aluminum fixture in which the microscope is mounted are possessed by Dr. Gregory Scott. An isometric
exploded view of the microscope mounting mechanism we propose is shown in Figure 18. This assembly is
simple, and with a Viton gasket compressed between the aluminum fixture and copper stage, vibration will be
damped at the interface.

Figure 18: Isometric exploded view of the mechanism used to mount the STM to
the copper stage. A thru hole is located in the middle of the copper stage with a
diameter such that it fits with clearance with a screw. The aluminum fixture which
holds the STM has an internally threaded hole which mates with the same screw.
A Viton gasket is placed between the copper and aluminum interface. Finally, a
silver plated and vented screw fastens the aluminum fixture to the copper stage and
also compresses the Viton gasket.
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4.3.3 Concept Prototype

The concept prototype for our project is picture below in Figures 19, 20, 21, and 22. We decided not to
model the vacuum chamber and cart because these aspects of the system are already defined. The aluminum
housing and copper housing are modeled using cardboard tubes. The STM was made using a 3D printer and
is placed atop the copper stage which is hanging from the top cap using strings that are meant to represent
the springs. The magnetic adjustment mechanism can be seen in Figures 21 and 22 and was also made
using a 3D printer. This concept prototype proved to be an important process for our team, as it helped
us understand, physically, the spacial constraint between the copper stage and the aluminum housing. The
magnetic adjustment mechanism shown in Figure 22 was more than 2” tall. The required space between the
bottom of the copper stage and bottom of the aluminum housing is approximately 0.5”. For this reason, we
pivoted from a damping mechanism located underneath the copper stage to one located on the side of it. This
updated magnetic damping mechanism is shown in our updated CAD models.

Figure 19: Hanging Copper
Stage.

Figure 20: Close Up of Viewing
Area through the side window.
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Figure 21: Aluminum Housing
with bottom window pictured.

Figure 22: Magnetic Adjustment
Mechanism seen through bottom
window.

4.4 Preliminary Finite Element Analysis

Analysis was performed on the spring mass system which was detailed in the concept prototype and explained
in ”Magnetic and Elastomeric Damping Effects on the Vibration Amplitude of a Vibration Isolation System”
[14]. Our team utilized the MATLAB code generated in the quarter car simulation from ME 326 to create a
tool which can input data and output the response of the VIS system. Once we have access to the lab, we
hope to obtain data using an accelerometer, to understand the displacement of the laboratory floor. With this
data we can use our modified quarter car simulation code to obtain a theoretical output for the microscope
stage. Additionally, we have began to simulate the motion of simple cantilever beams with base excitations.

In order to justify the concept choices of Mr. Le concerning the aluminum housing, preliminary analysis
in Abaqus was performed. The main goal of this analysis was to confirm the first three natural frequencies
of the aluminum housing using finite element analysis (FEA). The results of the simulations can be seen in
Figure 23.

Figure 23: Aluminum Housing Natural Frequencies. The first three natural fre-
quencies of the aluminum housing, modeled in Abaqus.

The results from the simulation validated the simulated results done by Mr. Le. While some parameters
were chosen differently in the simulation, leading to minor differences in values for the first three natural
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frequencies, the results agree to within five percent. In Table 4 the values from our simulations, Mr. Le’s
simulation and the percent difference can be seen.

Table 4: Aluminum housing first three natural frequencies.

Mode 1 (Hz) Mode 2 (Hz) Mode 3 (Hz)

F-41 Senior Project 492.6 639.3 1169.3
Toan Le 539.34 642.07 752.27
Percent Difference 8.67 0.43 35.67

For the simulation, a ”tet” mesh pattern was chosen over the aluminum housing, with every node spaced
by 1 in. We plan to run additional analysis, specifically of the entire housing structure. This will include the
top cap, bottom cap and Viton gaskets. We believe the extra rigidity of the top and bottom caps will help to
further raise the first natural frequency of the housing structure.

4.5 Risks, Challenges, and Unknowns

The ultra high vacuum environment poses potential hazards and dangers. Moving forward, we plan to cross
reference every material used with LIGO’s Vacuum Compatable Materials list [ligo]. This list excludes most
plastics, including Delrin and Teflon. Additionally, all screws which mate in threaded holes which are not
thru, need to be vented. We also need to make sure that any pre-treatment of materials is suitable for high
vacuum. In addition, if pre-treatment of the system is important, such as baking, powder-free latex gloves
must be used to prevent finger print greasing.

5 Final Design

5.1 Overall Design Description

Our final design incorporates most of the features of the concept design. The basic design of our vibration
isolation system consists of mass-spring system contained within an aluminum housing that sits within Dr.
Scott’s vacuum chamber. Figure 24 depicts an overview of the overall assembly which will be broken up into
three sub-assemblies. The first of these is the mass spring system, which consists of the STM itself, the copper
stage, six springs, six each of two different sizes of stud anchors, the top cap, and twelve hex nuts which are
tightened onto the stud anchors on either side of the top cap. The next assembly is the magnetic adjustment
assembly, which is integrated into the top cap and contains circular neodymium magnets press-fit into an
aluminum swash plate with hardware to raise and lower the swash plate to vary the distance between the
magnets and stage and thus the magnitude of the damping ratio attained. That system is described in greater
detail in Section 5.1.2 below. The housing assembly consists of both sub assemblies attached to either end
of an aluminum cylinder by sixteen small machine screws, with viton gaskets at the interface between metal
components.
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Figure 24: Assembly view of the final design of the vibration isolation system.
Transparency of the aluminum cylinder has been changed so internal components
can be seen.

The only significant changes we made from our concept design were to the magnetic adjustment system.
After some modeling and research, we concluded it was better to return to Mr. Le’s concept of placing
the magnets below the copper stage, and designed a mechanism for adjusting the magnet height which can
be accessed from the bottom of the housing without requiring the disassembly of the housing or the use of
any specialized tools. The reasons for this change are three-fold: First, we wished to avoid the additional
modifications to the copper stage, magnets, and housing that would have to be made prior to testing in
order to accommodate the aluminum rods of our concept mechanism, which would make future changes to
the mechanism either impossible or costly. Second, the ease of modelling and greater ability to fine tune the
damping of flat magnets at a variable distance below the stage lends itself better to our plan of repeated
testing and adjustment to fine-tune the damping ratio. Finally, with the help of CSM Equipment Technician
Rob Brewster, we were able to come up with a design which would fit in the small vertical space between
the stage and bottom cap yet still allow the variability of the magnet height from five to ten millimeters, the
predicted range we would need. The new design solves this dilemma by placing the hardware necessary for the
raising and lowering of the magnets in a cutout on the bottom face of the bottom cap, allowing us to utilize
the entirety of the limited space below the stage for adjusting the height of the magnets.

The following sections describe in greater detail each major subsystem and component of our final design.
A complete list of components can be found in the Indented Bill of Materials in G, and detailed drawings of
each component we will be manufacturing can be found in H.

5.1.1 Mass-Spring Assembly

The mass-spring assembly has not been changed significantly since the concept design. The assembly can
be seen in Figure 25. The scanning tunneling microscope and its fixture, provided by the sponsor, will be
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anchored to the copper stage with a single bolt. A footprint of the STM fixture will be cut from a sheet
of viton and placed between the fixture and the stage to damp any vibration modes in which the stage and
fixture move relative to each other. The six steel springs that were purchased by Mr. Le will be attached to
the stage and the top cap with stud anchors in the angled configuration shown in the figure. In our preliminary
testing, this configuration has proven to be best at restoring the stage to a purely vertical mode of vibration
after a rotational or yaw vibration has been induced. This will allow our magnetic damping system to work
most efficiently and predictably. The top cap will be machined from aluminum. The only major change to the
components of this assembly is an increase in the spacing of the through holes for the stud anchors. In our
original design, there was not enough space for a socket head to fit over one of the hex nuts when both nuts
were in place. In manufacturing the part we may also change the configuration of the groove around the holes
for the stud anchors, depending on our manufacturing capabilities.

Figure 25: Assembly view of the mass-spring assembly.

5.1.2 Magnetic Adjustment Assembly

The new design for the magnetic adjustment assembly is comprised of the bottom cap, an aluminum swash
plate to hold the magnets, and six bolts arranged in pairs as shown in Figure 26. The outer bolts screw into
threaded holes in the bottom cap and can be tightened or loosened to raise or lower the swash plate. The inner
bolts are longer and pass through drilled and counter-bored holes in the magnet swash plate and screw into
threaded holes in the bottom plate. They will lock the swash plate in place by applying a downward force on
the swash plate to oppose the upward force of the outer screws. A regular hex nut will be tightened onto the
end of the inner screw sticking out of the bottom cap, and the hex nut and threaded hole in the bottom cap
will act as jam nuts to prevent the bolts from loosening during regular operation of the STM. This mechanism
can be better seen in the section view in Figure 26. The swash plate will be the same thickness as the magnets,
to prevent added material into the space we need for adjustment, and the magnets will be press-fit into the
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swash plate. The number, size and strength of the magnets will be determined by testing of our structural
prototype.

(a) (b)

Figure 26: (a) Assembly view of the final design of the magnetic adjustment as-
sembly. (b) Section view of magnetic adjustment assembly showing the adjustment
mechanism. The right hand socket head screw raises and lowers the swash plate.
The left hand screw, when tightened, applies counter-pressure to lock the height of
the magnets.

5.1.3 Housing Assembly

The housing assembly will contain both sub-assemblies, as well as the aluminum cylinder, viton gaskets, and
screws needed to connect the top and bottom caps to the cylinder. The aluminum cylinder will have windows
cut into it to allow for the viewing and manipulation of the sample in the STM. The housing assembly has
not been changed from that of our concept design.

5.2 Design Functionality

The goal of our design is to damp ambient vibrations at each step as they move from the environment to
the STM. Incoming vibrations must pass through the housing, where viton gaskets between the cylinder and
the two end caps provide visco-elastic damping of incoming vibrations. The cylinder’s natural frequency is
sufficiently above the frequency of incoming vibrations that the transmissibility ratio of the cylinder is pushed
close to unity, minimizing the amplification of vibrations through the housing. Next, vibrations pass through
the mass spring system, whose low spring constant and high mass cause its natural frequency to be very low
(close to one Hz). Due to this low natural frequency, most incoming vibrations will fall into the system’s
isolation region, reducing their amplitude as they pass through the springs. Finally, more viton between the
stage and the STM itself will damp the amplitude of any vibrations that have made it through the mass spring
system.

5.3 Design Justification

In order to justify that our design will meet our engineering specifications, we decided to use a combination of
empirical testing as well as simulation to develop theoretical models. These tests and analyses have provided
us confidence in our design and will continue to give us better results as we continue to tune the models.
There are three models that we have simulated in order to give us more insight into our three main system
assemblies: the housing structure, the mass-spring system, and the permanent magnet damping system.
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5.3.1 Housing Structure Analysis

Figure 27: Aluminum Housing Natural Frequencies. The first three natural fre-
quencies of the aluminum housing, modeled in Abaqus.

The housing structure was modeled in Abaqus in order to determine the first three natural frequencies.
Our engineering specification for the housing requires it to have a minimum first mode of 400 Hz and as seen in
Table 5, the modeled first natural frequency was 485.5 Hz which is within our specification. In our preliminary
design review (PDR), we received feedback that we would obtain better results from our Abaqus model if
we adjusted some of our parameters. The method used in the PDR was a ”tet” mesh pattern, with a linear
shape function and nodes spaced every 1.0 in. Since the PDR, we refined the model for more accurate results
and adjusted some of the modeling techniques. Specifically, we changed the mesh to a ”hex” pattern with a
quadratic shape function and nodes spaced every 0.10 in. A complete list of the parameters and results from
the Abaqus simulation can be found in Appendix J. We plan to continue justifying our design through testing
of the tube on a vertical shaker table in order to verify our simulation results.

Table 5: Aluminum housing first three natural frequencies.

Mode 1 (Hz) Mode 2 (Hz) Mode 3 (Hz)

PDR Model 492.6 639.3 1169.3
CDR Model 485.5 630.6 642.6
Percent Difference 1.46 1.36 58.14

5.3.2 Permanent Magnet Analysis

We began modeling the permanent magnet eddy-current damping in MATLAB. For this analysis, we modelled
the permanent magnet flux densities in order to solve for the magnetic force and eventually the distance
between the magnets and the copper stage necessary to achieve the required damping. We obtained a vector
field of the magnetic flux densities which can be seen in Figure 28. The method of obtaining the magnetic
flux densities was found using the current method [22]. Using the BrBz function shown in Appendix M, using
Equations provided by Ebrahimi, we calculated the radial and longitudinal component of magnetic flux density
for a cylindrical magnet [22]. This model equates the permanent magnet to a solenoid with only one turn.
The equations presented were used to calculate the magnetic field at all points outside the solenoid. Based
on first principals such as Lenz’s law, Faraday’s Law, and the Biot-Savart law, we then calculated the ratio
of force to velocity due to eddy current damping and used it to numerically solve a non-linear, non-constant
coefficient, 2nd order ODE to simulate the response of the stage with respect to time. The calculated magnetic
flux density is three orders of magnitude lower than what is predicted from the Biot-Savart Law and therefore
it can be seen in Appendix M that the associated response has a lower damping coefficient. We believe further
investigation is needed to use this method for simulating the response of the stage.
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Figure 28: Flux Density Vector Field. The vector field of the flux densities in the
r- and z-directions for one 0.25” thick, 1.5” diameter, N52 strength magnet.

We also conducted preliminary empirical testing of our magnetic damping. In order to do this we attached
an accelerometer to the top of our copper stage and measured the output using an oscilloscope. We plan to
continue this testing using different magnet sizes and strengths, as well as adjusting the distance between the
magnets and copper stage in order to help us determine the optimal size, strength and number of permanent
magnets. In Figure 29, the set up for our magnet testing is shown.
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Figure 29: Permanent Magnet Empirical Testing. Setup of the permanent magnet
empirical testing. The copper stage is mounted to the springs using stud anchors
on both ends. An accelerometer is attached to the top of the stage and wired to
the oscilloscope shown.

5.3.3 Mass-Spring System Analysis

Due to the complex behavior of the aluminum housing and the fact that the vibration input into the mass
spring system depends on the behavior of the housing, we decided to analyze each system independently. Also,
we will need to test each system independently in order to compare to our theoretical simulation results. In
addition, we decided to assume sinusoidal vibration as opposed to random vibration. Although this does not
accurately model the real environment that the VIS will be in, these assumptions allow us to simplify the
analysis and testing. Therefore, we performed analysis for the mass spring system independent of the rest
of our system using MATLAB and Simscape. In Figure 30, the Simscape model that was used to model the
vertical mode of vibration is shown.
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Figure 30: Simscape model for vertical mode of vibration. This model incorporates a
linear translational spring with a spring constant of 1.02 lbf/in. Using the damping
ratio of 0.21 found from the MATLAB analysis, the damped response was then
plotted.

The purpose of the MATLAB analysis was to model the time response of the copper stage due to a
sinusoidal excitation of the top plate where the springs integrate with the housing. Due to the fact that the six
springs used to suspend the copper stage are mounted at angles, the mass springs system cannot be modelled
as a linear, single degree-of-freedom system. However, to simplify the analysis, we began by assuming that
the system was indeed linear as a first iteration. In general, the motion of the stage can be broken down into
vertical translation and rotation. This neglects the yaw mode of vibration as this mode of vibration is not
nearly as significant as the vertical and rotational modes. Because we already knew the mass of the copper
stage and the stiffness and lengths of the springs, the goal of this analysis was to back solve for the necessary
damping ratio based on a design maximum amplitude of the copper stage of 2 mm and settling time of 10
seconds. With our current design, we have six springs which each have a stiffness of 0.17 lbf/in and a copper
stage with a mass of 8.54 lbm. As a first approximation, assuming that the springs are completely vertical and
in parallel configuration with each other, the theoretical natural frequency for the vertical mode of vibration
was found to be 1.22 Hz. This is below our design requirement of less than 2 Hz. Using this information, we
found that a damping ratio of approximately 0.21 was needed to achieve the design requirement for the motion
of the stage. Figure 31 shows the Simscape damped step response in the time domain. appen:MATLAB
Analysis Results contains the both the undamped and damped theoretical step response in the time domain.
In addition, appen:Preliminary Testing contains the results from our initial testing as well.
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Figure 31: Simscape model damped time response based on a step input.

Finally, for simplicity, the rotational mode of vibration was also initially modelled as being linear by
approximating the equivalent rotational stiffness due to the angle of the six translational springs. From this
analysis and knowing the mass moment of inertia of the copper stage, we determined the rotational natural
frequency to be approximately 1.52 Hz. After CDR, our goal is to significantly improve upon the vertical and
rotational models by considering the non-linearity of the system due to the angle of the springs.

5.4 Safety, Maintenance and Repair

We anticipate few safety concerns for our final vibration isolation system assembly. The one concern we
identified in our Design Hazard Checklist found in Appendix L was the possibilities of sharp edges on our
assembly. In order to mitigate this concern we plan to finish each of our parts to rid it of any burrs or sharp
edges. This finishing process will likely occur with a fine sand paper.

After analyzing failure modes in our Failure Mode & Effects analysis we have determined some very minor
causes for concern. If there are any extreme vibrations that shock the system it has the potential to stress the
springs past their elastic limit causing plastic deformation and rendering their properties different. However,
we believe this would only be an issue when the vibration isolation system is being installed and is not a
cause of great worry. Additional failure modes are most likely to occur when the VIS is outside of the vacuum
chamber which should be very infrequently. These additional failure modes are described in more detail in
Appendix N. For these reason, we anticipate maintenance of our device to be very minimal. There will be
nearly no wear on any components and it will not be subject to any repeated force of any strength.

We designed the vibration isolation system to be as easy to repair as possible. Per our specifications, it
should be easy to remove from the vacuum chamber, and when designing the overall system we kept simplicity
in mind. This should make repair/replacement of any part easy because the entire system is easy to assemble
and disassemble.

5.5 Cost Analysis

For this project, we have been given a total budget of $1000 for building and testing our VIS. This includes
purchasing the necessary materials and for paying for any additional costs that might arise from manufacturing.
Because this is a continuation of Mr Le’s Master’s Thesis, some of the major cost items have already been
purchased including the aluminum housing, copper stage, springs, and stud anchors. This greatly reduces
our expected cost, as the copper stage was over three hundred dollars alone. Currently, the only purchase we
have made was for permanent magnets for preliminary testing. These magnets cost us a total of $114.02 not
including tax. Therefore, we still have approximately $870. We still need to purchase the aluminum disks for
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the top and bottom caps as well as for the magnet fixture, the silver plated screws, various viton sheets and
gaskets, additional magnets once the exact quantity has been determined, and various hardware for fixtures
needed to secure the housing to the vertical shake table in the vibrations lab.

Finally, we need to be save room in the budget in case we need to hire shop techs to perform additional
machining using the CNC machines in the Mustang 60 machine shop. A complete project budget can be found
in Appendix I.

6 Manufacturing Plan

6.1 Procurement

As discussed previously, the aluminum cylinder, copper stage, springs, stud anchors, and hex nuts were already
purchased when Mr. Le was working on his masters’ thesis, and these components will be retained in our final
design. For the bottom and top caps, we purchased 7” square aluminum stock with a thickness of 3/4” from
McMaster. Additionally, we purchased viton sheets, a tight tolerance 6” 6061 aluminum disc, stainless steel
hex nuts, ultra-low-profile hex screws for the magnetic adjustment assembly, and top cap screws for the top and
bottom caps from McMaster. Some of the parts from McMaster that we purchased are not ultra-high-vacuum
compatible and were procured for testing. We plan to buy all the final vacuum-compatible screws and nuts
that are silver plated from a manufacturer called UC Components. We procured the final design magnets,
which are 1.5”x0.25” N52 neodyminium magnets from K&J Magnetics.

6.2 Manufacturing

The following sequence of operations was used to manufacture the parts for our final design. Further informa-
tion for each part can be found in the Appendix H.

6.2.1 Aluminum Cylinder

First, we trimmed the cylinder to 13.25” in length using a circular saw. Next, we transferred the cylinder to a
large chuck on a lathe and faced one end of the cylinder until it was flat. We then flipped the cylinder in the
chuck and faced the other end to 13” in length with a parallel tolerance of 0.005”. Next, we used a plasma
cutter to cut out the approximate window shapes in the aluminum housing. The aluminum cylinder after the
plasma cutting procedure is pictured in Figure 32. To clean up the windows we transferred the cylinder to a
mill and placed two V-shaped 3-D printed blocks beneath the each end for support, with clamps to hold the
part down. Then, using a 3/8” end mill we cut the windows out and cleaned up the edges using a chamfer
tool. Figure 33 shows the windows in the aluminum housing being finished using an end mill.

Figure 32: Aluminum cylinder after the
plasma cutting procedure.

Figure 33: Aluminum housing windows
being cleaned up on a manual mill using
a 3/8” end mill.

Lastly, we placed the cylinder face end down on a drill press, and drilled and tapped the eight #4-40 by
quarter-inch-deep holes, equally spaced around diameter, using the already CNCed top cap as a guide. We
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repeated the procedure on the opposite face to drill the holes for the bottom cap. The final housing part is
pictured in Figure 34.

Figure 34: Aluminum housing after all manufacturing procedures
have been performed.

6.2.2 Top Cap

The top cap was machined using a CNC machine. In order to prepare the part for machining, we the built in
Autodesk Fusion 360 CAM software to determine the tool paths and fixtures necessary to machine the part.
The machining process was a two part procedure. The first procedure had the entire part fixed in a vise and
a 1/2” end mill was used to face and cut the top of the top cap. The part after the first procedure is pictured
in Figure 35. The second procedure involved securing part in soft jaws and using a 1/4” end mill to face the
bottom of the part, drill the holes and counterbore the three sections pictured in Figure 36 where the stud
anchors holding the springs will be secured.
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Figure 35: First procedure for the CNC
of the top cap. This procedure faced and
cut the features on the top of the top cap.

Figure 36: Final top cap part after the
second procedure in the CNC. Additonal
hand finishing such as deburring was done
as well.

6.2.3 Bottom Cap

The bottom cap was machined using a CNC machine. First, the machines cutting and tooling paths were
determined using the Autodesk Fusion CAM software. Then the process was done in two parts, with the first
part performed in a clamp and taking off the material of the bottom face of the cap. The second operation
was performed in soft jaws with the part flipped 180 degrees. This operation cut the contours of the top of
the part and completed all the operations for this part.

6.2.4 Viton Sheet

The Viton gaskets were manufactured using scissors. Due to the low tolerances of the part, we simply outlined
the necessary cuts using a paint pen, and used scissors to cut out the gaskets.

6.2.5 Magnet Swash Plate

The magnetic swash plate was cut using a manual mill and rotary table. First we purchased 6061 Aluminum
Rod stock which was .25” thick and 6” in diameter. We then used an H sized drill bit and a 9/16 sized drill
bit to cut the thru and counter bored holes through which the low profile screws will attach to the bottom
cap. Because the permanent magnets were press fit into this plate, we used a boring bar to cut holes to precise
tolerances of ±0.001 inches.

6.3 Assembly

6.3.1 Mass Spring Assembly

First, attach the housing to the copper stage using the fixture and bolt provided by Dr. Scott, with the viton
sheet footprint between the fixture and the stage. Next, screw the six 1/4”-20 stud anchors into the six tapped
holes in the top cap, and the six #8-32 stud anchors into the six tapped holes in the copper stage. Hook one
end of each springs into a stud anchor in the copper stage and the other end into a stud anchor in the top cap,
arranging the springs in the configuration seen in the drawing.

6.3.2 Magnetic Adjustment Assembly

Using a punch press, press fit magnets into the one-inch holes in magnetic swash plate. Use as little force as
possible to avoid breaking the brittle magnets. It may even be helpful to heat the aluminum swash plate before
inserting the magnets, as long as as the temperature is kept below 175◦F, as the magnets may be damaged
above that temperature. Next, screw the three ¼-20x5/8” socket screws into the outer of the two rings of
tapped holes in bottom cap. Insert the three ¼-20x7/8” socket screws into the counter-bored through holes in
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magnetic swash plate and screw them into the inner of the two rings of tapped holes in the bottom cap until
the bottom of the swash plate presses against the outer three screws. To lock the height of the swash plate,
crew hex nuts onto the threaded ends protruding from bottom of bottom cap. 37 and ?? show the top and
side views of the magnetic adjustment assembly, respectively.

Figure 37: Top view of magnetic adjust-
ment mechanism after final assembly.

Figure 38: Side view of magnetic adjust-
ment mechanism after final assembly.

6.3.3 Housing Assembly

Place a viton gasket into the outer lip of the top and bottom cap. Then, screw the top and bottom caps into
place with sixteen #4-40 vented screws. Figure 39 shows the final assembly of the VIS.

Figure 39: Picture of housing assembly.
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6.4 Manufacturing Challenges

There were many challenges that we faced in the manufacturing of our final design. First, we had little CNC
machining experience, so it was necessary to find someone who could help us with the process who had access
to a CNC machine. We were able to overcome this challenge with the help of Peter Brewster and Peter
Moe-Lange of the Cal Poly ITP department who offered their services in helping to CAM and CNC both the
top and bottom caps. Another challenge we faced was machining the windows in the aluminum housing. We
initially thought a rotary table on a manual mill was the best solution, however it was complicated to set up
and did not secure our part as well as possible. We were able to overcome this challenge by cutting out a
majority of the windows using a plasma cutter and then cleaning them up on a manual mill. On the manual
mill we were able to mount the housing using large V-blocks and two clamps on either end. While this set
up was not the most secure, it allowed us to successfully clean the edges of the windows and keep tolerances
within 0.050” which was enough for the windows. Overall, many of our challenges were helped by the aid of
others, and did not present large issues for the manufacturing other than that they set back our timeline to
complete the manufacturing of our design.

6.5 Recommendations for Future Production

It is unlikely that our STM design will be replicated because it is a very unique design for a specific situation.
However, if someone does wish to use the same design there are a few recommendations we have the manu-
facturing of the assembly. The first, and most important, is to use a CNC for all of the parts. This is because
the intricacy of the parts and the tight tolerances make it difficult to exact by hand, except by an experience
machinist. Using a CNC for the aluminum housing would cut down on the lead times and work times greatly,
and produce a higher tolerance part in the end.

7 Design Verification

We performed the following tests in order to verify that our design meets our engineering specifications. These
tests helped us quantify various parameters listed in our specifications such as component natural frequencies,
magnet damping ratios and vibration amplitudes. Testing was performed in the Mechanical Vibrations lab at
California Polytechnic State University.

First, we experimentally verified the first natural frequency of aluminum housing chamber. Our modeling
predicts a natural frequency of 485.5 Hz which is higher than our minimum goal of 400 Hz. In order to
test this, we attached the tube to the vertical shaker table in the vibrations laboratory using L-brackets.
With accelerometers attached to the top, we were able to determine the natural frequency and corroborate
our Abaqus simulation. The natural frequency we measured was around 500 Hz. We planned additional
shake table testing of the housing with viton if time allotted, but this testing was not completed. We would
recommend future testing and analysis to determine precisely the effect of the Viton on the overall system and
the differences between Viton of different grades, thicknesses, and levels of compression.
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Figure 40: Setup for shaker table test of housing with accelerometers on plate and
housing.

The following is a review of the experimental procedure, equipment and materials used in the testing of the
passive magnetic damping mechanism. The purpose of this test was to confirm that magnetic eddy current
damping exhibits viscous damping behavior by showing that the free vibration is characterized by exponential
decay of the oscillation. In addition, the goal of this test was to verify the second specification for the natural
frequency of the mass-spring system which needed to be below 2 Hz and the third specification we tested for
was the damping ratio of the permanent magnet system as a function of gap distance. Figure 41 shows the
testing apparatus for this experiment.

As shown in Figure 41, the test stand was constructed out of 2 inch by 4 inch wood studs and 1/2-inch
plywood and had an overall height of approximately 1 m. The top plywood plate contained six tapped holes
for which the six swivel stud anchors for the translational springs were threaded into. An additional six stud
anchors, which were located on the bottom end of the springs, were threaded into the copper stage. The
copper stage had a weight of approximately 3.88 kg and each translational spring had a spring constant of
29.8 N/m. The test apparatus was designed such that the copper stage hung about 10 cm above the middle
plywood platform. This allowed for enough clearance to place the magnet holder below the stage. To adjust
the distance between the magnet holder and the copper stage, 1/4-inch steel washers with a thickness of 1.5
mm were used as shown in Figure 41. Figure 42 shows a more detailed view of the magnet holder that was
designed, and 3D printed to secure different types of magnets. Specifically, this mechanism supported nominal
magnet diameters of either 1.0 inch or 1.5 inch. For both diameters of magnets, two thicknesses were tested
(1/4 inch and 1/8 inch). Finally, both N52 and N42 grade magnets for each size were tested.

Table 6 shows the equipment list for this laboratory experiment and includes each type of magnet that
was tested. Each magnet was a cylindrical magnet with axial magnetization. To capture data, a Siglent SDS
1104X-E digital storage oscilloscope was used which had a bandwidth of 100 MHz and a real-time sampling
rate of 1 GSa/s along with a signal processor. The purpose of the signal processor was to amplify the analog
signal from the accelerometer and to convert it to a digital signal which could be read by the oscilloscope.
Finally, we used a PCB Sn 5657 single axis accelerometer with a sensitivity of 103 mV/g and a frequency
range of 0.5 Hz to 13 kHz with a resonant frequency of 30 kHz.

To prepare for testing, the PCB single axis accelerometer was screwed into the copper stage by using a
tapped hole on the top surface of the copper stage. Next, the cable from the accelerometer was screwed into
the input for the signal processor box. The output from the signal processor was then plugged into the Siglent
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Figure 41: This figure shows the test apparatus for testing our magnetic damping
mechanism. As shown in the figure, an SN 5657 single axis accelerometer was
connected to the surface of the copper stage. We then connected the accelerometer
to the signal processor which was then sent to the Siglent SDS 1104X-E oscilloscope.

SDS 1104X-E oscilloscope. Finally, a USB drive was plugged into the oscilloscope such that the experimental
data could be directly imported to Excel after the appropriate data was collected. To being testing, the
magnet holder was removed from below the copper stage. The stage was then displaced approximately 40
mm from its equilibrium position and then it was released and allowed to oscillate freely. Data from the free
vibration of the stage was recorded for a span of approximately 10 seconds. The undamped natural frequency
was recorded from the reading on the oscilloscope screen with its associated resolution uncertainty of ± 0.005
Hz. This procedure was then repeated an additional four times to make up a sample size of five trials for the
purpose of calculating a statistical uncertainty.

The magnet holder was then installed using the two steel bolts with 25 washers (10 mm gap height) for
each bolt to elevate the magnet holder approximately 40 mm above the plywood plate. At this height, each of
the seven magnets shown in Table 6 were tested. Specifically, one N52 1.5 inch by 1/4-inch diameter magnet
was placed in the center slot of the magnet holder and the stage was again displaced and the resulting damped
vibration of the stage was recorded for approximately ten seconds. For each magnet, data from the oscilloscope
was exported to Microsoft Excel and the log decrement method was used to calculate the damping ratio of
the system. At this height, the entire process described for the N52 1.5 inch by 1/4-inch magnet was then
repeated for the remaining magnet sizes as shown in Table 6. Finally, the same procedure was repeated for 30
washers (3 mm gap height) for all of the seven magnets.

Based on a mass of 3.88 kg for the copper stage and a spring stiffness of 29.8 N/m for each of the six springs,
we calculated a theoretical natural frequency of 1.08 Hz. Experimentally, we recorded a natural frequency of
1.14 ± 0.01 Hz at 95% confidence for a sample size of five runs and a resolution uncertainty of ± 0.005 Hz. We
conclude that one of the reasons why the experimental natural frequency does not agree with the theoretical
natural frequency is that the real system is non-linear due to the angle of springs. Specifically, the nominal
experimental value varies by 54% relative to the theoretical approximation. However, these values differ by
less than 0.1 Hz. The primary purpose of recording this data was to understand how closely the real system
could be approximated by a linear, SDOF system. From this analysis, we conclude that the SDOF model
can be applied to our system as long as the amplitude of vibration is less than about 80 mm peak-to-peak
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Figure 42: This figure shows a more detailed view of the magnet holder that was
designed, and 3D printed to secure different types of magnets. Specifically, this
mechanism supports nominal magnet diameters of either 1.0 inch or 1.5 inch. For
both diameters of magnets, two thicknesses were tested (1/4 inch and 1/8 inch).

(amplitude of 40 mm).
Figure 43 shows a plot of the undamped response and damped response of the system for the free vibration

of the stage. The damped oscillation of the stage was collected for the strongest magnet (N52 1.5 inch by 1/4
inch) at the smallest gap height (3 mm). In order to reduce the noise of the collected data for the damped
response, a moving-average fiter was applied to the data in MATLAB in order to smooth out the curve. As
shown in the figure, the damped natural frequency is smaller than the natural frequency of the system. This
is expected because the damped frequency must always be lower than the natural frequency of the system. In
addition, the plot shows that the amplitude of the vibration of the undamped system remains nearly constant
for the duration of the data experiment as expected for no damping.

The next goal of testing the mass spring system was to understand how the use of magnets can be used
to provide viscous damping. In order for damping to be considered viscous, the amplitude of vibration must
decrease exponentially. Therefore, a smooth curve of the general form V (t) = ae−bt can be fit to the oscilloscope
output data where V is in mV and t is in s. Figure ?? shows a plot of the time response of the free vibration of
the system as a function of time, t [s]. As shown in the figure, an exponential curve was fit to data using data
points for each peak of the oscillation. It is important to note that this data was collected for an N52 1.5 inch
diameter by 1/4 inch thick magnet with a gap height of 3 mm. As shown in the plot, this exponential curve
fit the data reasonably well with an R2 value of 0.992. Therefore, we conclude that magnetic eddy current
damping is indeed viscous damping due to the exponential decay of oscillation.

The final goal of this experiment was to calculate the damping ratio ζ for the seven different magnets that
were used for the two gap heights of 25 and 30 washers (gap heights of 10 mm and 3 mm, respectively). To
calculate the damping ratio for each magnet configuration, data from the oscilloscope was exported to a .csv
file for a time domain of approximately 7 seconds with a data capture rate of 2000 data points per second. To
calculate the damping ratio for each run, the log decrement method was used. Equation 2 shows the formula
that was used for the log decrement method. As shown in the equation, x1 represents the amplitude of the
first peak and x2 represents the amplitude of the second peak. It is important to note that ζ is a dimensionless
parameter that indicates how damped a system is. If ζ = 0, the system is said to be undamped and the
system will oscillate at its natural frequency under free vibration. If 0 < ζ < 1 the system is said to be
underdamped. Next, if ζ = 1, the system is critically damped, and the response will not have any overshoot
and will not oscillate. Finally, if ζ > 1, the system is overdamped. For our system, we expect the response to
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Table 6: Equipment & Magnet List

Test Setup & Magnets Equipment List

Iten # Description Details Quantity

1 Siglent SDS 1104X-E
Digital Storage Oscilloscope

100 MHz Bandwidth 1

2 Signal Processor
Box

Amplifier and Analog
to Digital Converter

1

3 PCB Sn 5657 Accelerometer Signle Axis Accelerometer 1

4 Wood Test Stand Approximately 1 m Tall 1

5 Copper Stage Mass of 3.88 kg 1

6 Translational Springs 29.8 N/m (Per Spring) 6

7 N52 (1.5”×1/4”) 42.1 lbf Pull Strength 1

8 N52 (1.0”×1/4”) 33.7 lbf Pull Strength 1

9 N52 (1.0”×1/8”) 15.6 lbf Pull Strength 1

10 N42 (1.5”×1/4”) 34.0 lbf Pull Strength 1

11 N42 (1.5”×1/8”) 20.4 lbf Pull Strength 1

12 N42 (1.0”×1/4”) 27.2 lbf Pull Strength 1

13 N42 (1.0”×1/8”) 12.6 lbf Pull Strength 1

be significantly underdamped with ζ values less than approximately 0.3.

ζ =
ln(x1/x2)√

(2π)2 + ln2(x1/x2)
(2)

Table 7 summarizes the values of ζ for each magnet configuration at the two different gap distances. It
is important to note that each value of ζ has a unique uncertainty because the uncertainty in the damping
ratio was calculated by using propagated uncertainty methods with Equation 1. As shown in the table,
as the damping ratio increases with a decrease in gap height, the percentage uncertainty decreases. This is
expected because the associated uncertainties for the measurements used to calculate the damping ratio remain
constant for each magnet and gap height as the nominal value of the damping ratio decreases. Therefore, the
percentage uncertainty increases as the damping ratio decreases. In addition, the damping ratio is dependent
on the various parameters of the magnets being testing including: magnet thickness, magnet diameter and
magnet strength. Therefore, for the purpose of this paper, the primary goal was to compare each magnet
independently at two different gap heights in order to better understand how significantly the damping ratio
changes. As shown in the table, for the strongest magnet (N52 1.5 inch by 1/4 inch), the damping ratio was
found to be 0.044 ± 3.45% and 0.093 ± 10.1% for gap heights of 10 mm and 3 mm, respectively.

Finally, based on research from Toan Le, it was determined that doubling the number of magnets from one
magnet to two magnets approximately doubles the damping ratio [23]. With this testing complete, we finalized
the design to use three 1.5 inch wide by 1/4 inch thick N52 magnets. This quantity, size and strength of magnet
will give us the appropriate damping ratio to achieve an approximate settling time of 10 seconds. We also
have a MATLAB analysis that corroborates our empirical results so that we have two means of justification
in our final design decision for the permanent magnets.

Once we completed all the prior analysis and our finalized design was manufactured and assembled we
mounted the entire assembly on the shaker table. We adjusted the swash plate such that there was a 12mm
gap between the copper stage and permanent magnets. This gap height resulted in an approximate damping
ratio of 0.2. To perform testing, we attached 3 accelerometers to the assembly. We attached one to the bracket
used to mount the shake table to the housing. This accelerometer was used as a control, to set the target peak
of the shake table. We placed another one on the top cap of the housing. Finally, we placed one in the center
of the copper stage, where the microscope will sit. We set the test profile to sine sweep from 1 to 500 Hz. We
then set the target peak to increase at a constant rate from 0.01 g at 1 Hz to 1.5 g at 10 Hz. From 10 Hz to
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Figure 43: This figure shows a plot of the undamped response and damped response
of the system for the free vibration of the stage. The damped oscillation of the stage
was collected for the strongest magnet (N52 1.5 inch by 1/4 inch) at the smallest
gap height (3 mm). As shown in the figure, the damped natural period is larger
than the natural period of the system.

500 Hz, we kept the target peak constant at 1.5 g. Figure 45 shows the acceleration of all three accelerometers
with respect to frequency with a sine sweep from 1 to 500Hz.
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Figure 44: The plot shows data for an N52 1.5 inch diameter by 1/4 inch thick
magnet with a gap height of 3 mm. An exponential curve fit was fit to data for
the amplitude of each oscillation. As shown on the plot, this exponential curve fit
the data reasonably well with an R2 value of 0.992. Therefore, we conclude that
magnetic eddy current damping is indeed viscous damping due to the exponential
decay of oscillation.
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Table 7: Experimental damping results for each magnet at gap heights of 3 mm and 10 mm.

MagnetType

Gap Height Damping Ratio Uncertainty
h ζ Uζ

[mm] [ ] [ ± % ]

N52 (1.5”×1/4”)
10 0.044 3.45

3 0.093 10.1

N52 (1.0”×1/4”)
10 0.019 6.50

3 0.039 5.82

N52 (1.0”×1/8”)
10 0.008 12.3

3 0.031 9.56

N42 (1.5”×1/4”)
10 0.015 10.1

3 0.090 1.23

N42 (1.5”×1/8”)
10 0.022 5.25

3 0.042 6.28

N42 (1.0”×1/4”)
10 0.012 9.94

3 0.024 11.0

N42 (1.0”×1/8”)
10 0.007 13.0

3 0.016 10.3

Figure 45: Acceleration vs frequency shown for the copper stage (orange), mounting
bracket (blue) and top cap (blue) with 3 1.5” diameter, 1/4” thick N-52 magnets
set to a gap height of 12mm. The accelerometer on the mounting bracket was used
to set the target peak (solid green line), so these lines follow each other closely. The
accelerometer of the top cap starts below the mounting bracket. The copper stage
enters the isolation region at 2.82Hz.
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We then took the raw data from our test and plotted the ratio of the stage acceleration to the ratio of
the excitation acceleration with respect to frequency. Figure 46 shows our results. Our goal was to isolate
vibrations from 1-100 Hz, and with the data shown you can see we were able to isolate from 2.82 Hz through
500 Hz. Therefor, we are confident that this system will isolate most of the ambient vibrations which will be
encountered by the VIS in the chemistry lab. Furthermore, we made the system such that the damping ratio
can be adjusted if the damping needs to be further tuned.

Figure 46: Ratio of the stage acceleration to the ratio of the excitation acceleration
with respect to frequency from 1-100 Hz. At 2.82 Hz, the stage enters the isolation
region. Within the isolation region, after 4.5 Hz, the largest measured ratio was
.411 at 17.9 Hz. From 17.9 Hz to 100 Hz, the average ratio was measured to be
0.059.

Additionally, some specifications were confirmed via inspection of the final design. These include the
integration with the vacuum chamber and the viewing areas of the VIS when it is mounted in the vacuum
chamber. Our complete design verification plan can be found in Appendix Q.

We were not able to complete our planned user testing for sample swap time and ease of use due to time
constraints and laboratory restrictions due to COVID-19. However, due to the research applications of our
VIS, we do not anticipate these factors being nearly as critical as the system’s ability to adequately damp
vibrations. Additionally, we were not able to test the ability to take an atomic level image with the STM as
planned because the STM itself was not ready for testing this quarter. While we would have like to see the
results of this test, we are confident because of the results of our other testing that our product will perfom
to the required specifications.

8 Project Management

To ensure that we solved the correct problem and met the customer’s requirements, we went through a rigorous
design process which will consist of several key components. Managing this design process was a crucial step
to help us avoid building a prototype that is not wanted or does not meet the appropriate needs.
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To begin this process, we conducted research about that problem that we were trying to solve. In addition,
we met with our sponsor to better understand the customer needs. Using this information along with our QFD,
we worked to define this project scope and statement of work document for our sponsors to help define the
specifics of what we are going to do. From this point, we began the ideation phase of the project to brainstorm
as many potential solutions as possible. Specifically, we brainstormed designs for the main structure as well as
the overall layout of the entire prototype including the location of the permanent magnets and the integration
with the vacuum chamber and microscope. This allowed us to compare a multitude of designs and utilize
decision matrices to help us to select the most feasible option. In addition, we constructed simple prototypes
of our top designs using low cost material to aid in the overall selection process. We then presented our
findings as well as our preliminary analysis results to our sponsor in a Preliminary Design Review (PDR).
After obtaining sponsor approval and peer feedback, we then began to turn our selected concept into a final
design.

Moving forward towards our Critical Design Review (CDR), we performed a rigorous analysis process to
optimize and determine the effectiveness of our design. Specifically, we analyzed the mass-spring system using
MATLAB to determine the response of the copper stage due to input vibrations from the housing. Our goal
from this analysis was to optimize the mass-spring system in order to minimize the amplitude of the response
of the copper stage, and we did this by analyzing the response for varying system parameters including the
stiffness of the springs, how many springs were used, how the springs were fixed to the aluminum housing
(angle), and the weight of the copper stage. In addition, we performed additional analysis on the aluminum
housing using Abaqus Finite Element Analysis (FEA) software in order to optimize the natural frequency of
the housing. One of the challenges with this analysis was determining which modes of vibrations were of the
biggest concern, as the housing is a multi-degree of freedom system. Our final analysis was concerned with
the magnetic eddy current damping. Specifically, we wanted to optimize the damping ratio by inspecting
the transmissiblity plot. The challenge with this analysis was developing theoretical relationships for how
the damping ratio varies with the location of the permanent magnets relative to the copper stage. We used
Abaqus electromagnetic analysis to simulate the damping ratio. In addition, we used MATLAB to develop a
theoretical model which we could compare to the Abaqus simulation results as well as real test results. While
imperftect, this analysis gave us confidence in our design as we moved into the building and testing phases.

The next phase of the project was to construct a prototype to test and evaluate the effectiveness of our
design. We finalized our design for the housing and began to manufacture it concurrently with additional
testing of the magnetic damping system to finalize our selection of magnets. The manufacturing process
took us around two months due to shop accessibility during COVID-19 and our relative inexperience at
manufacturing, and this required us to prioritize our most critical tests and leave out some of the minor ones.

Throughout this process, we relied on sponsor feedback as often as possible. We presented our findings
and conclusions to our sponsor in a Final Design Review (FDR), as well as in the online Senior Project Expo.
Table 4.1 outlines the major deliverables as well as the approximate deadline for each task.
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Table 8: Major senior project deliverables with associated deadlines

Deliverable Description Deadline

Scope of Work (SOW) Contract between spon-
sors and team for what
will be completed.

10/13/20

Preliminary Design Re-
view (PDR)

First review of our design
choices and opportunity
for feedback.

11/10/20

Critical Design Review
(CDR)

Detailed review of our
design and analysis re-
sults. Will include
cost estimate and up-
dates from our PDR.

2/6/21

Initial Test Plan Complete plan for test-
ing as well as outlining
our potential safety haz-
ards.

2/27/21

Manufacturing Test and
Review

Complete plan for man-
ufacturing the prototype
including safety. Will
also status of component
manufacturing.

3/13/21

Operators Manual Detailed operators’ man-
ual explaining safety
concerns, how to use
the product, and trouble
shooting.

5/22/21

Final Design Review Presentation of final pro-
totype and how it meets
our customer require-
ments.

5/31/21

Wrap up Paperwork Required paperwork for
handing off the final de-
sign and prototype to our
sponsor

6/1/21

To help manage this year long process, our team created a Gantt Chart which is a display of the timeline
for the year. We continually updated this document as our progress level changed and as new issues or added
tasks arose. A full version of our Gantt chart is included in Appendix S.

9 Conclusion

Working together over the course of a year, we designed, manufactured, and tested a vibration isolation system
based on the design and analysis from Toan Le’s master’s thesis. Our product was able to isolate vibrations
from 2.8 to well over 100 Hz, and is integrated with a tunable magnetic eddy current damping system to match
the damping with the environment in which our system is used. We also experimentally explored the effect
of different magnets and gap heights on the damping ratio obtained, and while our theoretical model was not
able to accurately predict the experimental results, we gained valuable insight into the physical relationships
involved.

We were unable to model and test the effect of varying the grade, thickness, and compression of Viton on the
overall damping and natural frequency of the system, and we believe this would be a valuable area for future
research. We were also unable to test our system in the Chemistry lab and in the vacuum chamber because
we were ultimately unable to obtain lab access due to restrictions resulting from the COVID-19 pandemic.
Additionally, we could not obtain an image using our VIS because the STM was not ready for testing by the
time of completion of this project. However, our product did meet our design specifications, which would
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suggest it should significantly improve STM imaging. Our VIS should be thoroughly cleaned to remove any
residues each time it goes into the vacuum chamber. Additionally, we will be providing our sponsor with
silver-plated versions of the screws after the completion of this project. Finally, we would suggest further
research and testing into the damping effects of the Viton and permanent magnets.
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Appendices

A Quality Function Deployment (QFD): House of Quality

The following ”House of Quality” chart outlines our design of engineering specifications to meet the customer’s
requirements. On the left in the ”Who” column, each customer or group of customers is named, along with
the requirements weighted by importance for each customer’s use case. In the ”What” column, the specific
requirements are listed. The row at the top labeled ”How” generates engineering specifications, which are
correlated with the relevant customer requirements in the middle. In the upper triangle, the effect of each
specification on the others is represented with a (+) sign if meeting one specification is beneficial in meeting
the other and a (-) sign if meeting one specification is detrimental to the other. Finally, specifications are
quantified in the ”How Much” section at the bottom.

A-1



A-2



B Functional Decomposition

B-1



C Ideation and Model Building

C.1 List of Concept Ideas by Function

1. Integrate with Vacuum Chamber

• Solid cylindrical housing

• Cross-hatched housing

• Vertical bars

• Attach springs to top of vacuum chamber

• Steel housing

• Titanium Housing

• Aluminum housing

• Ceramic housing

2. Damp Vibrations

• Original cart with viton added

• Place vacuum chamber on air springs

• Negative stiffness mechanism

• Tripod table

• Remove original cart wheels and place on viton

• Magnetic eddy-current damping on stage

• Elastomeric diaphragm to damp stage vibrations

• Stage on piston with viscous damping

3. Hold Microscope

• Microscope rests on stage

• Press fit attachment

• Design fixture to hold microscope and attach to stage

• Interposer plate with viton gasket

• Adjustable arm

• Fluid layer

4. Make Sample Visible from Outside Device

• Window in solid housing

• Align gaps in bars or cross-hatched housing with vacuum chamber window

• Mirrors inside housing

• Change cap height with leveling screws

• Multiple spring attachment points

5. Facilitate Manipulation of Samples

• Housing open at top

• User can reach through window to manipulate samples

• Design tool that allows manipulation of samples

• Mechanism to raise stage to window so microscope can be accessed.
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D Pugh Matrices

D.1 Function: Integrate with Vacuum Chamber

D-1



D.2 Function: Damp Vibrations From Environment

D-2



D.3 Function: Isolate from Environmental Vibrations

D-3



D.4 Function: Damp Stage Vibrations

D-4



D.5 Function: Hold Microscope

D-5



D-6



E Morphological Matrix

E-1



F Weighted Decision Matrix

F-1
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H Drawing Package

List of Drawings and Spec Sheets by Part Number:

000 Housing Assembly
001 Aluminum Cylinder
002 Viton Rings
003 #4-40 Vented Screws

100 Mass-Spring Assembly
101 Top Disk
102 Stainless Steel Springs
105 Viton Sheet
106 Long Stud Anchors
107 Short Stud Anchors
108/206 1/4”-20 Thin Hex Nuts

200 Magnetic Adjustment Assembly
201 Bottom Disk
202 Permanent Magnets
203 Magnetic Swash Plate
204 1/4”-20 x 5/8” Socket Screws
205 1/4”-20 x 7/8” Socket Screws

H-1
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I Project Budget

I-1



J Abaqus Parameters and Results

J-1



K Preliminary Testing

The following images were taken during preliminary testing of the mass-spring-damper system. Image (a)
shows the oscilloscope screen during a test of the undamped system with a natural frequency of 1.14 Hz
displayed. Image (b) shows the oscilloscope screen during a test where the stage is damped with a single N52
magnet. The amplitude appears to decay exponentially, confirming our modeling of eddy current damping as
viscous damping. The damped frequency of 1.04 H is displayed.

(a)

(b)
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L Design Hazard Checklist
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M MATLAB Code

The following MATLAB programs were developed based on the work of Sodano et. al. and Ebrahimi et.al. to
model the magnetic damping. The program force calc.m calculates and plots damping ratio as a function of
gap distance. It uses the function Br Bz.m to calculate the magnetic flux produced by a permanent magnet
in the radial and vertical directions. Using this model, we were not able to obtain results that matched our
experimentation, so further refinement of the model is recommended.
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N Failure Mode & Effects Analysis (FMEA)

N-1



O Risk Assessment

The following report was generated using the DesignSafe software provided through the Mechanical Engineering
department. As can be seen in the report the risks are generally low and centered around sharp edges created
in the manufacturing process. As a result, care was taken to remove any sharp edges that ocurred at each step
throughout the manufacturing process.
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 Vibration Isolation 2/16/2021

designsafe Report

Application: Vibration Isolation Analyst Name(s):

Description: Company:

Facility Location:Product Identifier:

Assessment Type: Detailed

Limits:

Sources:

Risk Scoring System: ANSI B11.0 (TR3) Two Factor

Guide sentence: When doing [task], the [user] could be injured by the [hazard] due to the [failure mode].

/CommentsHazard /

Task

User /

Failure Mode

Risk Reduction Methods

ResponsibleInitial Assessment

Severity

Probability Risk Level

Final Assessment

Severity

Probability Risk Level/Control System /ReferenceItem Id

Status / 

  <None>All Users

Common Tasks

1-1

  <None>All Users

normal operation

1-2

  <None>operator

Common tasks

2-1

  <None>operator

normal operation

2-2

  <None>operator

basic trouble shooting / 

problem solving

2-3

mechanical : cutting / 

severing

sharp edges on housing 

windows

LowModerate

Unlikely

remove sharp edges with 

file/deburring tool

/Not Applicable

Moderate

Remote

Negligible In-process

Stephen

operator

load / unload materials

2-4-1

mechanical : pinch point

hand caught between 

housing and stage

NegligibleMinor

Unlikely

provide warnings against 

putting fingers in pinch points

/Not Applicable

Minor

Unlikely

Negligible TBD

Jason

operator

load / unload materials

2-4-2

 Privileged and Confidential InformationPage 1



 Vibration Isolation 2/16/2021

/CommentsHazard /

Task

User /

Failure Mode

Risk Reduction Methods

ResponsibleInitial Assessment

Severity

Probability Risk Level

Final Assessment

Severity

Probability Risk Level/Control System /ReferenceItem Id

Status / 

  <None>maintenance technician

Common Tasks

3-1

mechanical : crushing

heavy stage/VIS

LowModerate

Unlikely

provide tool for 

handling/maintenance of 

stage

/Not Applicable

Moderate

Unlikely

Low TBD

Ryan

maintenance technician

set-up or changeover

3-2-1

mechanical : cutting / 

severing

sharp edges on machined 

parts

LowModerate

Unlikely

remove sharp edges with 

file/deburring tool

/Not Applicable

Moderate

Remote

Negligible In-process

Seth

maintenance technician

set-up or changeover

3-2-2

mechanical : pinch point

between housing and stage, 

stage and vacuum chamber

NegligibleMinor

Unlikely

provide warnings against 

putting fingers in pinch points

/Not Applicable

Minor

Unlikely

Negligible TBD

Stephen

maintenance technician

set-up or changeover

3-2-3

mechanical : crushing

strong permanent magnets

MediumModerate

Likely

provide warnings for handling 

of magnets

/Not Applicable

Moderate

Unlikely

Low TBD

Jason

maintenance technician

parts replacement

3-3-1

mechanical : pinch point

pinching between housing 

and stage

NegligibleMinor

Unlikely

provide warnings against 

putting fingers in pinch points

/Not Applicable

Minor

Unlikely

Negligible TBD

Ryan

maintenance technician

parts replacement

3-3-2

mechanical : pinch point

between adjustment screws 

and swash plate

NegligibleModerate

Remote

provide warnings against 

putting fingers in pinch points

/Not Applicable

Moderate

Remote

Negligible TBD

Seth

maintenance technician

adjust controls / settings / 

alignment

3-4-1

mechanical : crushing

under heavy stage

LowModerate

Unlikely

provide tool for 

handling/maintenance of 

stage

/Not Applicable

Moderate

Unlikely

Low TBD

Stephen

maintenance technician

periodic maintenance

3-5-1

mechanical : pinch point

between stage and housing

NegligibleMinor

Unlikely

provide warnings against 

putting fingers in pinch points

/Not Applicable

Minor

Unlikely

Negligible TBD

Jason

maintenance technician

trouble-shooting / problem 

solving

3-6-1

 Privileged and Confidential InformationPage 2
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/CommentsHazard /

Task

User /

Failure Mode

Risk Reduction Methods

ResponsibleInitial Assessment

Severity

Probability Risk Level

Final Assessment

Severity

Probability Risk Level/Control System /ReferenceItem Id

Status / 

  <None>passer by / non-user

work next to / near 

machinery

4-1

  <None>passer by / non-user

walk near machinery

4-2
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P User Guide

I. ASSEMBLY INSTRUCTIONS

1. Attach STM to copper stage using the screw provided with the STM fixture.

2. Connect the large stud anchors to the six threaded holes around the edge of the copper stage.

3. Connect the small stud anchors to the six threaded holes around the edge of the top cap.

4. Connect the copper stage to the top cap by threading the springs through the holes in the stud anchors
in the angled formation shown.

5. Place the top cap on the rim of the aluminum housing with the Viton gasket in between. Screw the
#4-40 vented screws into the eight holes around the edge of the top cap into the aluminum cylinder.

6. Place the 3 magnets into the corresponding holes in the magnetic swash plate.

7. Screw the long adjustment screws through the swash plate into the bottom cap.

8. Screw the short adjustment screws into the bottom cap through the bottom so they lift the magnetic
swash plate up until it stops against the shoulder of the long adjustment screws.

9. Place the bottom cap on the rim of the aluminum housing with the Viton gasket in between. Screw the
#4-40 vented screws into the eight holes around the edge of the bottom cap into the aluminum cylinder.

II. CALIBRATION INSTRUCTIONS

1. Begin with the magnetic swash plate as high as possible.

2. Place an accelerometer on the copper stage, as near to the center as possible.

3. Connect the accelerometer to an oscilloscope.

4. Displace the copper stage some distance and record the response.

5. Calculate the damping ratio using the measured damped natural frequency and the undamped natural
frequency of 1.14 Hz or by using the log decrement method.

6. Lower the stage by loosening the short adjustment screws by a quarter turn.

7. Repeat until the desired damping ratio is reached. A damping ratio of 0.2 is desirable.

III. INSERTING/REMOVING VIS FROM VACUUM CHAMBER

1. Remove the top cap from the vacuum chamber.

2. Holding VIS from the hole in the top cap, center over the chamber and lower into place.

3. WARNING! Be wary of pinching hazards when lowering the VIS into the vacuum chamber. Do not lower
with fingers through the windows, as this can severely injure your fingers!

4. Reattach top cap of vacuum chamber.

5. To remove from vacuum chamber, reverse these steps.

P-1



Q Design Verification Plan & Report (DVP&R)

The following Design Verification Plan & Report outlines our planned testing for each specification, along with
measurements to be taken, expected and allowable results. For completed tests, results and notes are also
shown. All critical specifications were verified, however some tests were not completed due to time constraints
and restrictions to lab access resulting from the COVID-19 Pandemic. For detailed procedures for each of the
listed tests, see Appendix R.
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Project: Sponsor: Edit Date: 4/28/2021

Start date Finish date

1

1

Natural frequency of 

housing structure and 

housing assembly.  

Mount housing on shaker table with 

accelerometers attached.

First five modes 

of natural 

frequency in Hz. 

First mode 

> 400 Hz

Vertical shaker table, 

vibrations laboratory, 

accelerometers. 

Housing chamber, 

viton gaskets, top 

cap, bottom cap

Seth 2/21/2021 4/15/2021

First natural frequency 

around 500 Hz, which 

matches with the FEA 

model. 

Testing looks good. 

2

2

Natural frequency of 

mass-spring system.

Displace mass-spring system and 

measure the natural frequency using 

accelerometers. 

First five modes 

of natural 

frequency in Hz. 

First mode 

< 2 Hz

Vibrations laboratory, 

vertical shaker table, 

accelerometers.

Housing structure 

(or wood frame), 

springs, copper 

stage

Jason 2/15/2021 2/15/2021
Natural frequency of 1.14 

Hz. 

This was preliminary testing 

and needs to be corroborated 

with mulitple trials. 

3

3, 6

Magnetic damping 

ratio and time for 

vibrations in stage to 

be damped.

Displace stage until it touches magnets 

and measure response using 

accelerometers. 

Step response 

and damping ratio 

(from calculation). 

0.15
Vibrations laboratory,  

accelerometers.

Magnets, copper 

stage, springs, 

wooden frame

Ryan 2/3/2021 3/10/2021

Damping ratio of different 

size magents, at different 

radial positions and 

different heights was 

tested. Data in 

spreadsheet. 

Redoing some of the 

measurements for greater 

accuracy. This will be done 

using a better oscilloscope 

and exporting data in order to 

get the most accurate 

numbers.

4

3, 6

Magnetic damping 

ratio and time for 

vibrations in stage to 

be damped.

Shake spring and magnet assembly on 

shaker table with accelerometers 

attached. 

Step response 

and damping ratio 

(from calculation). 

0.15

Vibrations laboratory, 

vertical shaker table, 

accelerometers. 

Magnets, copper 

stage, springs, 

housing structure 

(or wooden frame). 

Stephen 5/10/2021 6/2/2021

Damping ratio of 0.09-0.3 

could be obtained. Final 

damping ratio was 

calibrated to 0.2

A wide range of damping 

ratios are usable. May need 

further tuning when used with 

the STM for the first time.

5

4

Damping coefficient of 

vistoelastic materials.

Shake housing structure with top and 

bottom cap and viton gaskets in between. 

Compare to when shaken without the 

viton gaskets. 

Damping 

coefficient and 

step response of 

system. 

50-400 

Ns/m

Vibrations laboratory, 

vertical shaker table, 

accelerometers. 

Top cap, bottom 

cap, viton gaskets 

(2), housing 

structure. 

Seth 5/15/2021
Not 

completed
- -

6

5

Vibration amplitude 

seen by copper stage. 

Shake entire housing structure and mass-

spring system on shaker table. 

Vibration 

amplitude on top 

of copper stage.

2 mm

Vibrations laboratory, 

vertical shaker table, 

accelerometers. 

Top cap, bottom 

cap, viton gaskets 

(2), housing 

structure, springs, 

copper stage, 

magnets, magnet 

swash plate, 

screws. 

Jason 5/20/2021
Not 

completed
- -

7
9

Sample swap test.

Qualitative evaluation of how easy it is to 

swap samples. 

User Feedback 

(Google survey).
Rating 1-5 User survey.

Entire assembly, 

fake sample.
Ryan 5/15/2021

Not 

completed
- -

8

10

VIS swap time from 

vacuum chamber.

Timer set to remove VIS from vacuum 

chamber and replace it back in. 
Time in minutes. 30 min

Chemistry 

department, vacuum 

chamber, timer. 

Entire assembly, 

vacuum chamber.
Stephen 5/15/2021

Not 

completed
- -

9

13

Consistent atomic 

measurements.

Mount VIS in vacuum chamber with live 

sample and take pictures. 
Output pictures.

Atomic 

quality.

Chemistry 

department, vacuum 

chamber, STM. 

Entire VIS 

assembly, sample, 

STM, vacuum 

chamber. 

Seth 5/15/2021
Not 

completed
- -

Acceptance

Criteria
Measurements

DVP&R - Design Verification Plan (& Report)

TEST PLAN TEST RESULTS
Test

#
Specification Test Description

Required

Facilities/Equipment
Parts Needed

Dr. Gregory Scott, Toan Le, Dr. Eltahry Elghandour

Responsibility
 TIMING

Notes on TestingNumerical Results

Vibration Isolation System for Scanning Tunneling Microscope

Page 1 of 1 Print Date:  



R Test Procedures

The following procedures were designed for all of the tests outlined in the DVP&R. Not all of the outlined
tests were completed. For a full summary of the completed tests and results, see Appendix Q.

1. Housing Natural Frequency

2. Mass-Spring System Natural Frequency

3. Magnetic Damping Ratio

4. Viscoelastic Damping Coefficient

5. Copper Stage Vibration Amplitude

6. Sample Swap Test

7. VIS Install Time Test

8. Atomic Measurements Test

R-1



























S Gantt Chart
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