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ABSTRACT

Sonia Sanchez

M.S.B.E.

Rose-Hulman Institute of Technology

May 2018

Verification and validation of forces from hippotherapy rein simulator
Thesis Advisor: Dr. Renee Rogge

The thesis describes the redevelopment, testing, and validation of a rein training device
intended to help riders learn to guide a horse during hippotherapy sessions. The thesis aims to
validate and verify that the forces read by the redeveloped rein simulator were operant within + 150
grams of the actual weight applied, as well as to investigate the effect of temperature on the system.
The simulator focuses on the use of the English style of riding that uses direct force from the reins to

guide a horse to turn or stop.

Data was collected by hanging weights from the load cells in the direction a rider would
pull on the reins. The error of the system was found to range between +30 grams for forces below
750 grams, £50 grams for forces between 750 and 2500 grams, and as high as £130 grams for forces
greater than 2500 grams; therefore, the system operated within the specified ranges. Room
temperature conditions were found to cause greater variability in the error of the system as opposed
to higher or lower temperature conditions, but the errors were contained within tolerance thus

verifying the device was effective for its intended therapeutic application.
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Glossary

Hippotherapy: Use of horses for therapeutic rehabilitation

User: Person in charge hippotherapy session

Rider: Person receiving therapeutic services for which data is being collected
Load: Force rider uses to pull on the simulators horse reins

RStudio: Open source software capable of big data distributions, statistical analysis, data
visualization, and processing



1. INTRODUCTION

The purpose of this thesis was to validate and verify that the forces read by a developed horse

rein simulator were accurate within a certain tolerance range and that the system was reliable.

The document details the construction and development of the hippotherapy simulation
device. This device prepares horse riders in equine therapy to instruct a horse to stop and/or turn in
an English style of riding, where the forces exerted to the horse’s mouth using horse reins would
guide the horse to turn left, turn right, or stop. The device utilizes a mobile application and online
database to store recorded sensor data. A feedback mechanism was included in the device design to
notify the rider when he or she was exerting enough force onto the horse reins to direct a command.

The data obtained can then be used for further analysis of its rider’s progress.

2. BACKGROUND

2.1 Hippotherapy:

2.1.1History of Hippotherapy
Hippotherapy is defined as the “the use of horseback riding as a therapeutic or rehabilitative

treatment, especially as a means of improving coordination, balance, and strength.” It originates
from the Greek word, "hippos" meaning horse and its literal definition is “treatment with the help of

the horse.” [1]

Since the time of the ancient Greeks, horses have been used as a form of therapeutic aid for
patients with incurable illnesses. The earliest recorded use of horses for therapeutic purposes can be
dated back to Hippocrates and in 17" century literature where it was often prescribed as a way to

benefit patients with gout, neurological disorders, and low morale. [2]



Hippotherapy methods have been improved throughout the past 30 years and have been used
by a wide variety of therapists and pathologists to increase flexibility, balance, posture, mobility, and
muscular strength in a wide variety of patients with disabilities [3], [4]. The improvement of patient
conditions is thought to be linked to the warmth and shape of the horse; as well as the horse’s three-
dimensional movement, which forces riders to change their posture to maintain their balance on the
horse [3]. Modern forms of hippotherapy documentation began in the 1960’s when researchers began
to document the effectiveness of hippotherapy as a rehabilitative therapy option for patients with
disabilities and physical health problems but due to the lack of common terminology and
standardized testing, most of the reviewed studies concerning hippotherapy date up to 2007 [2]. The
lack of high-quality and consistent studies has also raised questions about the true effectiveness of
the therapy and whether these therapies should replace other therapy options with more concrete

evidence-based reviews [2].

2.1.2 Horses That Qualify for Use in Hippotherapy

Horses used for hippotherapy practices are typically trained for therapeutic use before being

placed in a rehabilitative program with patients [3]. Trainers select horses with calm and gentle
temperaments without much concern for the breed, age, or size of the horse. The main requirement
for a horse used in hippotherapy sessions is a healthy gait and the ability to move freely [4]. Due to
the low requirements for hippotherapy selection, horses chosen for the therapeutic practice tend to be

older in age. [3]

2.2 The Facility:
This thesis focuses on meeting the needs of the Lakeland Center for Therapeutic Riding

Research in Coatesville, IN. As mentioned before, the use of hippotherapy for patients with
disabilities lacks substantial evidence due to the lack of method standardization and terminology. The

Lakeland Center strives to produce substantial evidence of the benefits of the therapeutic practice



through the establishment of a standard for testing patient progress throughout their time with the

facility [5].

Lakeland Center for Therapeutic Riding Research was established in 2000 as the Hope
Haven Horse Farm, Inc in Coatesville, IN [5]. The nonprofit facility focuses on the identification of

“innovative and unique approaches to the field of equine assisted therapies.”

In 2012, Hope Haven began to collaborate with Rose-Hulman Institute of Technology and
their Biomedical Engineering senior design capstone students to design and implement advanced
technology that would help provide hard data proving the benefits of hippotherapy. This
collaboration and implementation of new technology sparked a change in the facilities mission and
brand. On October 28, 2017, Hope Haven Horse Farm was officially rebranded as the Lakeland

Center for therapeutic riding research [5].

Although the center has made large strides in the field of equine therapy, one of the most
challenging problems the facility encounters is providing its clients with a safe and effective way of
learning proper rein technique. Proper rein technique is important because it helps prevent injuries to
the horse and rider by decreasing sudden turns, jerks, and stops. This challenge is even more
prevalent in beginner riders and riders with disabilities; therefore, the center looked to the Rose-

Hulman Institute of Technology team for a viable solution to their problem.



2.3 Horse Riding Styles:

The Lakeland Center for therapeutic riding research uses two riding styles with two separate
rein techniques throughout their therapeutic programs: English style and “Two-Handed” Western
style. The chosen rein technique for a particular client relies heavily on the client’s needs and
capabilities, but the Western style is more commonly used with beginner riders and riders with

disabilities.

2.3.1 English Style Riding

Figure 1: English style riding and rein force direction [6]

The English style of riding relies on plough or direct reining. This style depends on the
rider’s consistent contact with the horse's mouth using the reins. In this style, a rein is held in each
hand and is a held loosely by the sides of the horse, shown in Figure 1. In order to stop, the rider
must gradually pull back both reins at about the same force and rate. When turning right or left, the

rider should pull on the appropriate horse rein in the direction of travel while exerting little or no

force onto the other.



Figure 2: Western style riding and rein positioning [4], [6]

The Western style of riding relies on neck reining, meaning that the reins should be in contact
with the horse’s neck to turn left or right [6]. This method requires the user to clasp both horse reins
in one hand and to lay the reins across the neck of the horse on the side that the rider would like to
turn, as seen in Figure 2 [6]; therefore, if the rider wished to turn right, they would lay the reins

along the right side of the horses neck. In order to stop the horse, the rider pulls back on the reins.

In the “two-handed” Western style, the reins are held in the same manner, but the rider’s free
hand is wrapped on top of the other. This method is typically used to deter riders from grasping onto

the horn of the horse saddle, therefore ensuring that the rider maintains their posture when riding [5].

3. LITERATURE REVIEWS AND PREVIOUS WORKS

3.1 Previous Works:

While a number of simulators are available for mechanically mimicking aspects of horse
riding in equine therapy, such as a horse's gait, simulators focusing on obtaining the forces placed on
a horses reins are nonexistent. In response to this opportunity, the Rose-Hulman Institute of
Technology team has developed a series of horse rein simulators in an attempt to accommodate the

needs of the Lakeland Center.



3.1.1 Prototype 1: “Mr. Giraffe”
The first simulator prototype was delivered for use to the Lakeland Center, then known as the

Hope Haven Horse Farm, in May 2015 and was dubbed the name “Mr. Giraffe” by the designers.
The device focused on the use of a “two-handed” Western style of riding [7]. The device alerted the

rider when a command was successful with the use of lights and audio.

A schematic of the “Mr. Giraffe” device is shown in Figure 3. The device utilized flexible
force sensors to gauge the amount of force exerted on the horse reins and photocells to identify if the
reins were laid across the neck of the horse for simulated directional changes. The flexible sensors
relied on a compressive force between a stationary plate and a plate attached to the reins to record the
force exerted by the user [7]. The device successfully collected data and stored the information on an

SD card that could be extracted from the Arduino used and uploaded to a computer for later analysis.

S. Wire-spool 2.U0

8. White LED Matrix

Figure 3:Schematic of the Mr. Giraffe design. The structural subsystem consisted of a head (4),
wire-spool (5), and neck (6). The neck was bolted to the body, as shown above, and acted as a
support for the head. The wire-spool was where the user sits while using the device and also
balanced the head and neck so that the device would not tip over. The head housed the electronic
components of the other subsystems, including the Arduino (7), the LEDs (2), and the speakers (1).
The sensing components were located at the mouth (3) and on the neck (8). The photocells used for
neck reining were attached to the reins, which were not shown [7]

The simulator was successful in simulating rein techniques but, after about 4 months of use,

major problems with the device’s structure were apparent. Due to constant use, the head and integrity



of the neck began to diminish. The head of the device housed the electrical components of the
feedback mechanism along with force sensors, so its integrity was vital to the survival of the device.
Figure 4 shows the design of the head and final construction with laser cut acrylic. The material used
began to crack and break with use, and in turn, the circuitry components were also compromised

resulting in the destruction of the system.

Figure 4:Mr. Giraffe final presentation [7]

3.1.2 Prototype 2: “Johnny 5"
The next iteration of the “Mr.Giraffe” simulator was the “Johnny 5” simulator prototype.

This device was created in response to the malfunctions and limitations of the “Mr. Giraffe.” It
accommodated for both English and Western styles of riding and used round pressure sensors to
detect and measure the amount of force exerted on the horse reins [8]. The force sensors were
mounted between two acrylic plates on the mouth of the horse head and relied on the compressive
force between the plates to record force values. Capacitance plates attached to the side of the horse
head and conductive cloth located on the reins were used to detect if the reins were in contact with

the horse’s neck when the device was set to Western style.
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Figure 5:Schematic of the “Johnny 5" simulator. The structural subsystems consisted of (1) a
wooden head with inner layers of green foam support and an aluminum “L” support frame, (2) a tri-
wheel stand to support the head for both English and Western positions, (3) bit assemblies with force
sensors, (4) capacitance plates for evaluating how well rein movements match commands, (5) four
locking, swivel wheels for easy maneuver, (6) a control panel with 10 buttons for commands and
three potentiometers for setting difficulty level, force level, and time setting, (7) an internal sliding
board which mounts the electronics, (8) a sensor at the bit for detecting when the rider’s hands are
being held too high, (9) the main spool support, and lastly (10) the tv monitor display and (11)
rolling stand. [8]

The device retained the wooden spool body previously used in the “Mr. Giraffe” design, but
the head was completely redesigned. The PVC and acrylic box were replaced with a wooden and

foam head, shown in Figure 6.



s, A

Figure 6: Horse head created for the Johnny 5 design

An “L” shaped beam was constructed and implemented into the head of the device to
increase the structural stability of the head whereas the electronics were relocated to the middle of
the wooden spool body. A switch controlled the testing style for the user, as seen in Figure 7, while a
series of switches and knobs were used to record completed and failed technique trials as well as to
increase or decrease the difficulty of the simulation, as seen in Figure 8. A monitor would provide

the rider with images if a command was successfully done.

Figure 7: English/Western Switch which altered the software settings from English to Western mode
by altering how the “hands too high” setting is reached and how the turning is accurately detected.

[8]



Figure 8: The control panel with 10 buttons and 3 potentiometer knobs. [8]

“Johnny 5” was delivered to Lakeland Center in June 2016 but soon began to malfunction.
The controls did not power the device, and the monitor did not display images of correct or incorrect
commands. The acquisition of data was also very unreliable since it required the trainers to press
buttons when they believed a command was done correctly by the rider and had to be logged by

hand. Due to these malfunctions, a new iteration of the device was necessary.

4. OVERVIEW OF DESIGN FUNCTION

The following section provides an overview of the current device design, followed by
detailed descriptions of the device’s primary components. These sections provide information on the

improvements made on the previous device prototype called “Johnny 5.”

The redesign goals centered around the incorporation of new sensors with verified forces, the
development of a user-friendly control mechanism, real-time data acquisition and storage, a feedback

mechanism, and the ability to obtain the stored data for later analysis.

The simulation device focuses on recording and processing the forces a rider would apply on
horse reins when riding in the English style. The simulator relies on the use of an Android
application and force sensors mounted at the mouth of the horse head to successfully collect data and
provide the user with feedback regarding the rider’s ability to properly instruct a change of direction

or stop command during a hippotherapy session.
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5. DESIGN
5.1 Overview of Current Device Design:

The following sections describe the design changes made to the previously existing “Johnny 5” rein
simulator. These changes were made to create a more effective and user-friendly rein simulation

device focused on the English style of riding for a hippotherapy research facility.

5.1.1 Electrical Components
As stated earlier in the document, the previous “Johnny 5” prototype used round pressure

sensors, pressed between two acrylic plates, to read the forces the rider applied to the horse reins.
The sensors relied on a compressive force, and the structure ultimately failed due to the cracking of
the acrylic plates because of constant use and handling when transporting from location to location
by the facility. After attempting to recreate the system used with the “Johnny 5” prototype and
finding that the system did not produce constant and reliable forces, it was apparent that a new set
sensors and a new sensor mounting system needed to be designed so that device could withstand the

forces exerted on the reins during future sessions.

The solution to the problems mentioned above required the use of Sparkfun’s 10k straight bar
load cell, shown in Figure 9. The straight bar load cell replaces the round pressure sensors and
acrylic plate setup. The load cell is made of an aluminum alloy and takes a measurement of the
electrical resistance of the bar in proportion to the strain applied to it [9]. The output force of the load
cell produces either positive or negative force, depending on the direction in which the force is
applied. Therefore, if the direction of the force is applied in the direction shown by the arrow in
Figure 9, the force would be read as a positive force. If the direction of force was opposite of that

shown in the figure, the force would then be read as negative. The cell is also able to measure up to
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10kg (~22lbs) of force [9], which is well within the limits of a typical force needed to lead a trained

horse during therapeutic sessions.

Figure 9: Straight bar load cell [9] When a force was exerted in the direction of the arrow, the force
was read as positive whereas if a force was exerted in the opposite direction, the force was read as a
negative force.

Two load cells were mounted on the device, one on each side of the horse head. Each load

cell contained 4 strain gages, hook up in a Wheatstone bridge formation, as seen in Appendix A.

Sparkfun’s HX711 load cell amplifier was added to the design to amplify the electrical signal from
the load cells. The amplification of the signal allowed for the signal to more easily detected and
processed through the Arduino UNO microcontroller, as shown in Figure 10. An HC-06 Bluetooth
module was implemented to allow communication between the Arduino UNO and an Android

application that was created to be coupled with the device.
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(a) (6)

Figure 10: (a) HX711 load cell amplifier, (b) Arduino UNO, (c) HC-06 Bluetooth Module [9]

(a) (b)

Figure 11: (a) Adafruit Tower Light, (b) ULN2003 Darlington transistor [10]

The feedback mechanism was created through the use two Adafruit tower lights, seen in
Figure 11 (a). The Adafruit tower light required a +12V power source and was equipped with three
different lights: red, yellow, and green. It also had an embedded buzzer. The tower light had 5
different colored wires. The brown wire was connected to common +12V power line whereas the rest
of the wires were grounded to activate or light their designated LED lights: the red wire for the red

light, yellow wire for the yellow light, green wire for the green light, and the final orange wire for the
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buzzer [10]. The tower was coupled with a Darlington transistor in order to regulate the conditions

and order by which the LED lights were lit. (Appendix B)

5.1.2 Mounting the Straight Bar Load Cell:
The mounting of the load cells required a modification to the previous structural support of

the “Johnny 5” prototype. The previous model used a simple “L” shaped aluminum bar, much like
the image shown in Figure 12 (a), to support the device’s structure. The bar was embedded into the
layers of foam which formed the device’s head and was positioned so that the device was entirely
supported through the middle, shown in Figure 12 (b). A hollow 3’’X 1’ aluminum square bar was
welded to each side of the “L” shaped square bar so that the load cells could be mounted in the
manner suggested by the product page shown in Figure 13. The product page suggested the cells be
mounted between two plates in a “Z” shape, shown in Figure 13 so that the strain could be measured

correctly.
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(d)

Figure 12: Structural support figures: (a) original structural “L” shaped square bar from the
“Johnny 5 design, (b) location of the structural support within the horse head, (c) drawing of the
modified structural support, (d) bottom view of the modified “L” shape

Figure 13: Suggested setup for the load cell [9]

Two M5 sized holes were then drilled through the added bars in order to accommodate for

the screws that would hold the load cells onto the structure as seen in Figure 14 (c) and (d). The load
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cells were then screwed onto the structural bar and placed so that the direction of positive force
would be the direction the user would pull the horse reins, as shown in Figure 14 (c). Two M4 ring-
shaped lifting eye nuts were then placed at the end of two M4 bolts which were bolted through the
free end of the load cell. A key ring was then threaded through the two eye nuts in order to provide
an attachment site for the reins, as seen in Figure 14. After the two load cells were mounted, the next

task was to calibrate the two sensors.
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Figure 14: (a) M4 ring-shaped lifting eye nuts, (b) bottom view of load cell placement, (c) Side view
of the mounted load cell with attached reins, (d) Top view of the mounted load cell with attached
reins

6. METHODS USED TO MEET DESIGN GOALS

The following sections focus on the load cell calibrations and data acquisition, processing,
and storage. Throughout the remainder of the document, the use of the phrase “load cell forces” or
“load” will refer to the forces read from the straight bar load cell after the signal was amplified by the

HX711 amplifier.
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6.1 Sensor Calibration:

6.1.2 Calibrations without Reins:
The initial force measurements and load cell calibrations were taken without attaching the

reins to the load cells. All data obtained for the force verification analysis was done without the
incorporation of the horse reins to the system. The device was flipped upside down, much like seen
in Figure 14 (b). This allowed known weights to be hung from the load cells in the direction of the

positive force.

To calibrate the forces read from both force sensors. An Arduino program was written to read
the initial forces being supplied by both sensors. Before the program could be written, the
Q2HX711.h library had to be added to the Arduino software library. This was accomplished by going
to Sketch > Include Libraries > Manage Libraries and searching for the Q2HX711 library. Once the

library was added the library had to be included in code by typing:

#include < Q2HX711.h >

The cell was then defined bythe program using the following line of code:

Q2HX711 cell (3,2);

The values of 3 and 2 were used to represent the pins on the Arduino UNO where the HX711
amplifier DAT and CLK outputs were plugged into. Once the initial values were successfully read,

they were entered into Equation 1 to obtain the most recent average.

Equation 1: wval = 0.5 * val + 0.5 * cell.read();

After obtaining the most recent average, the values were printed to the Arduino Serial Monitor using

the Serial.print command. The program executed for a minute and then stopped to obtain a string of
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values generated using Equation 1. The string was then copied and pasted into an excel file, where

an average of the values was obtained and named averagedVal.

Equation 2: load = val — averagedVal

Using Equation 2 to read the incoming values and after placing a 100 g weight onto the load cells;
the program was then run for a minute. After the minute was up, the array of values were once again
transferred to excel and averaged. The averaged value was then called n and added to the Equation 2

to form the final calibration equation shown in Equation 3.

val—averagedVal

(float) n * 100

Equation 3: load =

The calibration equation was determined to be adequate for sensor testing after two trials of the force
verification testing were completed and the observed forces closely match the weight applied to the

system.

6.1.2 Calibrations with the Horse Reins
After the data was collected to verify that the forces of produced by the sensors were accurate

and reproducible, the horse reins were added to the system in order to calibrate the sensors taking
into account the weight of the reins. The device was turned upright, and forces were recorded based
on the Lakeland Center’s staff holding the reins in the starting position for English riding. The same

steps used in the initial calibrations (6.1.1) were used to calibrate the system with the reins.
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6.2 Device Data Acquisition:
The devices data acquisition system is made up of two main parts: the Arduino UNO and the

Android mobile application.

6.2.1 Reading and Sending Forces: Arduino UNO

Bluetooth
Connection

Firebase
= = =% Database

Android
Application

Left Load
(Sensor 1)

Read &
Calibrate
Forces

1
1
1
1
: .| Left Senor
1 Light/Sound
1
1
q==1
Right Load Command
(Sensor 2) Condition
Byte
Right Sensor
» Light/Sound

Figure 15: Functions of the Arduino UNO, represented by the A, and its interactions with other
external components of the devices data acquisition system, such as the load cells, feedback
mechanism, and Android application.

The Arduino UNO was used to calibrate the forces from the load cell, allow for Bluetooth
communication, and to produce the output for the feedback mechanism, as shown in Figure 15
where the triangle represents the Arduino UNO. The HC-06 Bluetooth module ran in a loop,
constantly looking to establish Bluetooth communication with a device. If a device was not found,
the module would once again begin its search until a connection was established. Once
communication was established with the Android application, the Arduino UNO would then send the
calibrated forces to the mobile device. The Android application would receive the forces and would

send a byte to the Arduino UNO based on the forces received. The byte sent would then establish the
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state of the feedback mechanism, turning on particular lights when the forces read fell within a
specific range. Table 1 summarizes the byte received by the Arduino UNO and its designated output

or feedback mechanism state.

Table 1: Feedback mechanism output based on received byte to Arduino UNO from the mobile
application. The forces from both Sensor 1 and Sensor 2 determine the byte that is sent from the
mobile application to the Arduino UNO. If the force read falls within a certain range, then a
particular light will turn on. A green light indicates that the rider is applying the correct amount of
force to the reins whereas red indicates that too little or too much force is being applied. The yellow
light indicates if the rider is about to approach the green or red light threshold. A trial was

successful only when “A” is sent to the Arduino UNO, otherwise the trial was considered a failed
run.

Sensor 1 Sensor 2
Received Byte (Left) (Right)
Light Tower Light Tower

“4” Green Green
“B” Green Yellow
“C” Green Red
“D” Yellow Green
“E” Yellow Yellow
“F” Yellow Red
“G” Red Green
“H” Red Yellow
“I” Red Red
g § §
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6.2.2 Android Application: MIT App Inventor
An Android application was created using the MIT App Inventor 2 online program that

utilized block programming to create mobile applications. The purpose of the mobile application was
to provide an interface by which the Lakeland Center could input client information and run tests or
sessions for a particular command: left, right, or whoa/stop. It was also used to collect and store force
data obtained from the load cells. These tasks were accomplished by creating three main screens that
would control the functions of the application. The flowchart shown in Figure 16 provides an

overview of the application functions and the flow of information between the mobile application,

Arduino, and online database - Firebase.

Chosen Command
725 1
—»| Command |__ | I
Right 1 :
1
1 I
1 I
| 1
» Command 1 . » !
Left g Rider ¥ Start New » Read » Results: 1
List Session Forces Success/Fail I
I
A
- o,
& LA &, :
e, =
L | Command ’4/00? : “ ‘\O\ » |I
Whoa e i \ G
=T, 1
‘ “Z, I
S Rider — \ P \\ofr |
N i Vg h J
ame Firebase 1=
Database Ve
\ ?éh Feedback
“ 3 Conditions
. . Start || R
Main || | Register " Date v ;
Screen Rider "\ 1
I
N !
\‘ f
o] Rider \ of
Bisthday \ a1
\ 1
v !
\ |
. \ 1
| Rider \ !
Condition VAN
» Bluctooth » Choose »| Connect Arduine
Connect Device to Device /

Figure 16: Functions of the Android application and its interactions with the Google Firebase
database and Arduino UNO.
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The application had three screens: the main screen, user registration screen, and test screen. The main

screen, as seen in Figure 17, provided basic access to the rest of the application

BN A D 3O v Bs53
Joree Rein imaatior

BN ALY * v W 533

Choose BT Device
Conmect to Bluetooth Device

! Choose Simulation Command

Turn Left

Turn Right

----Register New Rider----

View Rider Information

Home

Rider Name: (no space between first & last)

Enter Rider Name

Date of Birth

Start Date

Rider Condition:

Submit

LEFT Command: e
STEP 1: Select Rider
STEP 2: Trial #:
STEP 3: Start

Figure 17: Mobile application main screen, rider registration screen, and test screen

The mobile application relied heavily on the establishment of Bluetooth communication. Without the

Bluetooth communication, the application was rendered useless since most functions were

programmed under the condition of its establishment, as seen in Figure 18. “Register New Rider” is

the only function that was capable without a Bluetooth connection.
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Figure 18: Partial image of the program block that required the use of the mobile devices internal
clock (Appendix C).The clock was programmed to function as the main powerhouse for controlling
data storage and feedback conditions. This partial image emphasizes the importance of the
establishment of Bluetooth (BT) communication.
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6.2.2.1 Rider Registration
Before the simulator could be used to execute command trials, the rider had to be

registered using the Android application. As shown in Figure 19, the rider registration form
allowed for the input of the rider’s name, birthday, condition for which they were receiving
hippotherapy, as well as the first day they began to use the device. It was important to note that the
rider’s name could not have a space between the first and last name. After the submit button was
pressed, the information was then pushed to the Google Firebase database and stored in a nested

JSON structure, as seen in Figure 20.
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----Register Mew Rider----

View Rider Information

Home

Rider Name: (no space between first & last)

Date of Birth

a1
Start Date

Rider Condition:

Subrmit
(a) (b)

----Register New Rider----

{Stan Date="3 B 3E", Date of Birth="3 5 2014", Ridar
Condiation="ghjbih hijki hhji", Mame="victor)

Rider Name: (no space between first & last)

victor

Date of Birth

Start Date

Rider Condition:

Submit

< o o
fc) (d)

Figure 19:(a) Rider registration screen , (b) Date selector for birthday or start date input, (c) List of
previously registered riders seen when View Rider Information was selected, (d) Screen after a rider
was chosen from the list

Rider information was edited either by changing the information directly in the database or
by selecting the riders’ name in the View Rider Information list. When a name was selected, the

information for that particular rider was displayed, and their name was automatically placed in the
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name text box, as seen in Figure 19 (d). The information that needed to be edited was placed in the

appropriate location and once submitted it was updated in the Firebase database.

If the rider’s name needed to be changed, it could not be changed using the View Rider
Information because the application would recognize it as the registration of a new rider and
therefore the data stored would no longer be added to the correct rider’s profile. Therefore, name
changes had to be done directly in the database and could not have a space between their first and last
name as dictated by the application. Within the database, name changes had to be done in the first

level under the title “Users” and also in the second level next to “Name:” for the designated rider.

= Users
L. Cesar
- Date of Birth: "\"3.3.2811\"
- Name: "\"Cesar\"
-- Rider Condition: "\"Condition Input by User/ Trainers
L. Start Date: "\"3.3.2024\"
--- reneerogge

-- Date of Birth: "\"3.27.2018\"

-- Name: "\"reneerogge\’

-~ Rider Condition: "\"\\Condition Input by User/Trainers\\\
L. Start Date: "\"12.14.2017\

- victor
-- Date of Birth: "\"3.5.2814\"

- Name: "\ "victor\’

-- Rider Condition: "\"Condition Input by User/Trainers

L Start Date: "\"3.8.2018\"

Figure 20: Rider registration information storage structure in Google Firebase

6.2.2.2 Bluetooth Connection
Bluetooth communication was easily established through the main screen. The user had to

find the device they wished to connect to, which was the HC-06 Bluetooth module previously
mentioned, and then press the Connect to Bluetooth Device button. If a device was not selected or if
the selected device was not available, then an error message would be displayed. These messages can

be seen in Figures 21 (a) and (b).
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Choose BT Device Connect 10:20:16:01:20:36:83 HC-06

Connect to Bluetooth Device Connect to Bluetooth Device
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Choose Simulation Command Choose Simulation Command
Turn Left Turn Left
Turn Right Turn Right
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a0 o | < o o i
(c) (d)

Figure 21: (a) Error displayed when the device was not selected, (b) Error displayed when the
device could not be found or not turned on, (c) Device connected, (d) Device disconnected

Once the device had successfully connected to the HC-06 BT module, the screen would

display “Device Connected” in a green box. If the connection was lost, then the box would turn red
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and display “Device Disconnected,” as seen in Figure 21 (c) and (d). After Bluetooth
communication was established, the user could begin to run their tests for each command: left, right,

and whoa.

Testing/ Trial Runs

BN AU $ v 533

o fuiiion

LEFT Command:

Home

STEP 1: Select Rider

STEP 2: Trial #:

STEP 3: Start

(b)

Figure 22: Test Screen. (a) Initial Screen, (b) Select Rider list screen

The testing screen could be reached through the use of the simulation command buttons on
the main screen. When a command button was clicked, the test screen would appear, and the chosen
command would be displayed at the top of the screen beside the home button, as seen in Figure 22
(a). In order to properly document the forces that were read during the test, the user had to follow the
steps displayed on the screen. They first had to select the rider name, then input the trial or run
number, and once they thought the rider was ready, the user would press the “Start” button. When the
user did not choose a rider name, the data was stored in an arbitrary location under the name of the

command instead of being properly documented under the rider name.

Once the “Start” button was pressed, the application would begin to receive the forces sent

from the Arduino through the Bluetooth connection previously established. Forces were read by the
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application at a frequency of 250 milliseconds per second (4 forces/ second), and each trial ran for 10
seconds. The rate at which the forces were read was established in the applications clock settings, as
seen in Figure 23. As the forces were read, they were simultaneously being printed on the mobile
screen, pushed to the online database, and being assessed by the feedback byte condition functions

(Appendix C & D).

Properties

Clock1

TimerAlwaysFires

TimerEnabled
v

Timerlnterval

250

Figure 23:Setup for the clock properties in MIT App Inventor where “TimerInterval” represents the
rate at which forces or information may be received or sent by the mobile application

The data was stored and organized in the online database as JSON nested data, shown in Figure 24.

The JSON organization of the data was done using the two blocks of code seen in Figure 25.
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- 03232018

- Results
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- Trial13
Sensorl

n Sensor2

- sonia

8- victor

Figure 24: Nested data saved in Google Firebase

- @ FirebaseDB1 ~ W ProjectBucket = i

=l FirebaseDE1 = Bsinla 10

tag
valueToStore

Figure 25: Code blocks that controlled where and how the data would be stored in the online
database

To ensure that a rider’s force data was stored correctly, the Firebase project bucket was set to look
for the nested data under the selected riders name and the specific command. When found, the data
would be further nested under the day of the trial, trial number, and whether the force is being
received from Sensor 1 (left load cell) or Sensor 2 (right load cell). The force value would then be

given a time stamp and stored under its sensor number, as seen in Figure 24.
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L2 8 FirebaseDB1 « W ProjectBucket « B3 3 join =1 global SelectedRider - |
a ]
=8 global Command -

=l FirebaseDBE1 = RS G
tag
=8 global TrialHumber +
. .
valueToStore global Sensor1Force ~

(=1l FirebaseDB1 = B0l T
tag

(=8 global TrialMumber +

.
valueToStore (= 4 global Sensor2Force -

Figure 26: Code blocks that store sensor data to online database

When the user was ready to conduct another run for the same command, they had to change the
number of the trial they were conducting. If the trial number was not changed, then the new forces
would be added to the values already previously supplied by the application during that particular
trial number. Therefore, the number of forces would be greater than the number of values found in

other trials that were set up correctly.

Apart from sending a byte character to the Arduino UNO for the feedback mechanism, the
feedback byte conditions also determined when a trial was considered a success or a failure. A
successful run was defined when the feedback condition would send the Arduino the byte character
“A,” meaning that both feedback light towers would have the green LED light turned on. If the
conditions for “A” were met, then the color of the force numbers on the application would also turn
green. A “Success!” message would be displayed at the bottom of the screen, as seen in Figure
27(a), and a number “1” would be stored in the “Results” section in the Firebase database as seen in

Figure 27 (c).
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Any other byte and light configuration indicated a failed run. A failed test would not
change the color of the forces displayed in the application, would send a “0” to the database,
and would display a “Needs More Practice!” message, as seen in Figure 27(b). The user was
finally able to switch the command type by navigating back to the main screen using the

home button found at the top of the screen.

LEFT C d: E—
omman Home LEFT Command: st
) - Left
STEP 2: Trial #: | 4 STEP 2: Trial #: | 4
i ---03 232018
STEP 3: Start STEP 3: Start _ Results
------- Trial1: "1"
L Trial13: "1
6 Triall
[ @ Trial13
0 03272018
Needs More Practice!
o H
() (b) (©)

Figure 27: Test Screen (a) Successful trial indicator (b) Failed trial indicator; (c) Storage in
“Results” tab within Google Firebase

33



[Listviews - TexiColor - ] = - |

Pl Sucoessontiot + I Texicalor + LI
B SuccessOrtiol - M BackgroundColor + NGBl
Ll SuccessOrNot - JM Text « UM SUCCESS!
| global Success - |13
BN Fircbaseoe1 - W Proectbucket -~ MGl Bl ] ciobai Seiectedrider - |

'u.

071 gicbal Command |
call _StoreValue

tag

[ - ¢ global TrialMumber *
valueToStore [ - § global Success -

- SuccessOrNot - [ BackgroundColor ~ )

W SuccessOriiot + N TexiColor + R0

B Successortiot + i Text ~ UMY Needs Mors Praciice! J§

E=1 global Success - LM 0]

P Firebasene 1+ W Projectbucket + BRI B -] cicbal Seiectearider - |

[ -} global Command *
[=| W FirehaseDB1 - QLIS
tag | (2 join | [FECEE . AEEED

I¥1 global TriaiNumber -
valueToStore [ - § global Success *

Figure 28: Code blocks for success and failure results

6.2.2.3 Feedback Byte Conditions Functions:
The feedback mechanism attached to the Arduino UNO relied on the application to send a

specific byte character to produce an output. The conditions by which a specific byte was sent
depended on the command the rider was attempting to make and the forces being read or exerted on
the device’s reins. Each command was identified by a number and when the application recognized
the command value, it would call the feedback condition function associated with the command, as
seen in Figure 27. The functions would then determine the byte character to send based on the read
forces. These conditions and coded functions could be found in Tables 2, 3, and 4. The ranges set
for each command were based on the recommendation of the Lakeland Center’s staff past experience

handling therapeutic horses.

34



Table 2: Force ranges used to determine the feedback mechanisms output when executing trials for the "Left" command

LEFT COMMAND

Right Rein Light Tower

Left Rein Light Tower

Green Yellow
Green Sensorl: f = 3500: Sensorl: 3500 > f = 1500
Sensor2: f <500 Sensor2: f < 500
Yellow Sensorl: f > 3500 Sensorl: 3500 > f = 1500
Sensor2: 700 = f = 500 Sensor2: 700 = f = 500
Red Sensorl: f = 3500 Sensorl: 3500 > f = 1500
Sensor2: f > 700 Sensor2: f > 700

Red

Sensorl: f < 1500
Sensor2: f < 500

Sensorl: f < 1500
Sensor2: 700 = f = 500

Sensorl: f < 1500
Sensor2: f > 700
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Table 3: Force ranges used to determine the feedback mechanisms output when executing trials for the "Right" command

RIGHT COMMAND

Right Rein Light Tower

Left Rein Light Tower

Green Yellow
Green Sensorl: f < 500 Sensorl: 700 = f > 500
Sensor2: f = 3500: Sensor2: f = 3500:
Yellow Sensorl: f < 500 Sensorl: 700 = f > 500
Sensor2: 3500 > f > 1500 Sensor2: 3500 > f > 1500
Red Sensorl: f < 500 Sensorl: 700 > f > 500
Sensor2: f < 1500 Sensor2: f < 1500

Red

Sensorl: f > 700
Sensor2: f > 3500:

Sensorl: f > 700

Sensor2: 3500 > f = 1500

Sensorl: f > 700
Sensor2: f < 1500
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Table 4: Force ranges used to determine the feedback mechanisms output when executing trials for the "Whoa" command

WHOA COMMAND
All Green All Yellow All Red
f > 1000 f > 1000 f > 1000
diff <500 800 = diff > 500 diff > 800
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1= ! global CommandMum + | = © | n

- ! global CommandMum * | = © | E.

| global Commandtum - | = - &3
then c:-ali
= | Vhoa * |

Figure 29: Code blocks which recognized the command number and called the feedback condition
functions

6.2.2.4 Google Firebase/ Data Storage:
The Google Firebase database extension was added to the application through the use of MIT

App Inventors experimental component for Google Firebase. In order to connect the database to the
application, a new database had to be created in Firebase. This was done by visiting the Google

Firebase website and establishing a new database profile.

After the database was created, the URL found in the “DATA” tab of the newly made
database was copied and pasted in the properties of the Firebase experimental component in MIT

App Inventor 2, as shown in Figure 29.
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DataHorseReins v Properties

FirebaseDB1

Database & Realtime Database ~

FirebaseToken
DATA RULES BACKUPS USAGE

FirebaseURL
/ https //datahorsereins fireb
G https:/datahorsereins.firebaseio.com/
LJUse Default
: P
datahorsereins ok
L
b- Users
b sonla ProjectBucket
(';-- victor

Figure 30: Copied URL from Firebase website to the properties of the Firebase experimental
component in MIT App Inventor 2

Permissions needed to be given to allow for changes within the database through the use the
mobile application; therefore, the rules for the database had to be changed within the Firebase
website. This was accomplished by clicking on the “Rules” tab and modifying the code to the code

seen in Figure 30.

DataHorseReins ¥

Database & ReattimeDatabase ~

DATA RULES BACKUPS USAGE
N—

4

“rules”: {
“.read”: true,
“.write": true

}

X

Figure 31: Modified rules for the database, which would allow the database to be edited by an
outside source such as the mobile application.
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The manner in which the data was saved was established by the mobile application. As the database
changed, Firebase would provide a real-time update of the data by highlighting objects in specific
colors. The figure below provides an explanation of the highlighted objects color. The entirety of the

data could then be exported and saved as a .JSON file for later analysis.

Legend X

Realtime updates are
highlighted with the
following colors:

changed

added

[[] deleted
D moved

Figure 32: Firebase object highlighting colors and meanings

6.2.3 Description of the Data
The data collected by the device included readings from both load cell sensors and their

associated timestamps determining the time of day the force was captured. During each run, the
simulator collected a force every 250 milliseconds for 10 seconds. These forces were then split into
two categories under the names “Sensorl” and “Sensor2” representing the respective left and right
load cell mounted on the horse head. This data was then exported from the online database and

loaded into RStudio script to produce an automated progress report for the rider.

6.2.4 Data Processing
The RStudio script processed the exported data and generated a progress report that supplied

the simulator users with the overall progress of the individual rider they wished to review. The
progress report included the daily success rate for each command: left, right, and whoa/stop. It also

provided the user with the change in success rate comparing the last simulated horse ride to the
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rider’s first simulated ride. The equations used to produce both the daily success rate and change in

success are shown in Equations (4) and (5).

Number of Successful Trials

Equation 4: Success Rate = * 100

Total Number of Trials

(Ratep—Rateq)

Equation 5:  Change in Success Rate =
(Rate,)
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7. DATA USED TO VERIFY FORCES READ

The next sections will discuss the methods by which forces were recorded and documented
for statistical analysis. The basis of this thesis was to verify that the forces read and documented by
the device were accurate within a certain range and that the system was reliable. The tolerance was

set to £150 g (.33 Ib) based on the recommendation of the Lakeland Center.
7.1 Values Received by Sensors

The data was collected without adding the horse reins to the system and the forces were
obtained by hanging weights directly off the load cells. These forces were recorded under three
different temperature conditions: room temperatures, high temperatures, and low temperatures. The
temperature of the room was regulated by an AC unit which maintained the insulated room at a set
temperature. These temperature conditions were chosen in order to investigate whether temperature

had a significant effect on the system.

Weights were added to the system in increasing order, seen in Table 2. The collected data
was then split into forces read by each individual sensor under three separate temperature conditions;
therefore, there were a total number of 6 data sets collected: 3 for Sensor 1 (Left Sensor) and 3 for
Sensor 2 (Right Sensor). The data was collected in the order of high temperature, low temperature,
and room temperature, where the sensors were exposed to the three temperature conditions in a

controlled environment.
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Table 5: Weights applied to the system

Applied Weights
(8)

50 750
100 800
150 850
200 900
250 950
300 1000
350 1500
400 2000
450 2500
500 3000
550 3500
600 4000
650 4500
700 5000

7.1.1 Room Temperature (65-70°F)

Data collected at room temperatures were collected within 5 consecutive days at a rate of 10 trials per

day.

7.1.2 High Temperature (85-95°F)

Data collected at high temperatures were collected within 50 consecutive days at the rate of

one trial per day.

7.1.3 Low Temperature (60-55°F)

Data collected at low temperatures were collected within 50 consecutive days at a rate of one

trial per day.
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8. RESULTS

The basis of this thesis was to verify that the forces read by the device were accurate within a
certain tolerance range and to verify the reliability of the system. The tolerance range was determined
by the Lakeland Center and found to acceptable within + 150 grams of the actual weight applied.
Another point of interest was to investigate whether or not temperature had a significant effect on the

systems error considering the device would be stored in a barn at the Lakeland Center’s facility.
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8.1 Statistical Analysis

Residual Plots for Room Temp- Sensor 1
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Residual Plots for High Temp- Sensor 1
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Figure 33: Residual plots for Sensor 1 data sets; room temperature, high temperature, and low
temperature. Residual plots display the data having a pattern, which indicates the data has no
constant variance; therefore, a linear model would not accurately fit the data.



Residual Plots for Room Temp- Sensor 2
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Figure 34: Residual plots for Sensor 2 sets; room temperature, high temperature, and low
temperature. Residual plots display the data having a pattern, which indicates the data has no
constant variance; therefore, a linear model would not accurately fit the data.



Linear regression models and residuals plots of the data were generated using Minitab 2017
in order to assess whether the errors within the data were normally distributed and to determine if
there was constant variance. Figures 33 and 34 show that the residuals were not normally distributed
and that the variance of the data would increase as more weight was applied to the system. In order to
more accurately model the data, it needed to be resampled; so a nonparametric pairwise bootstrap

procedure was used.

RStudio was used to generate 5,000 resamples of the data. Confidence intervals for both
slope and intercept were then generated for each dataset to test for the linearity of the data, as seen in

Table 3.

Equation 6: Force Read = B, + B;(Force Applied)

Table 6: Confidence intervals for resampled data. An inference on the linearity of the system can be
based on the B, and B, values. The confidence intervals assert with 95% confidence that the B;
and B, values lie within the ranges shown. These confidence intervals also indicate the slope of
the linear models vary little from the ideal slope of 1. The confidence intervals for the intercepts
indicated that the values obtained from the sensors were often biased by at least 3 grams on
average

Temperature 95% CI 95% CI
Bl BO

Room (0.9988, 1.002) (2.782,3.935)

Left Sensor High (0.9982,0.9995) (2.304, 3.220)
Low (0.9981, 0.9995) (2.168,3.047)

Room (1.002, 1.005) (0.921, 3.085)

Right Sensor High (0.9981, 0.9993) (2.019,2.924)
Low (0.9978,0.992) (2.261,3.192)
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The confidence intervals shown in Table 6 assert with 95% confidence that the B, and B,
values lie within the ranges shown. These confidence intervals also indicate the slope of the
linear models vary slighty from the ideal slope of 1. The datasets with slopes less than 1 would
therefore read forces lower than the one applied. The confidence intervals with slopes greater
than 1 would read forces greater than the weight applied when the intercept is not taken into
consideration. The confidence intervals for the intercepts indicated that the values obtained from
the sensors were often biased by at least 3 grams on average which can be negated considering

that 3 grams is equivalent to less than a tenth of a pound of force.

The residual plots also indicated that as the applied weight was increased so did the
variance of the read data. In order to further investigate this change in variance and to examine
the precision of the system, the 97.5" and 2.5" quantiles were estimated using quantile
regression. The parameter estimates shown in Table 4 were used to estimate the high and low

quantile limits for each dataset.

Equation 7: 97.5th quantile force =y, + y,(Applied)

Equation 8: 2.5th quantile force = a, + a;(Applied)
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Table 7: Constants for the 97.5th and 2.5th quantile linear model equations based on sensor number
and temperature

97.5th Quantile 2.5th Quantile
Temperature Y1 Yo (2} o
Room 1.0034 17.132 0.98061 -1.1212
Left Sensor High 1.0020 12.000 0.97969 -0.92308
Low 1.0018 11.9412 0.98029 -1.0145
Room 1.0232 13.513 0.98769 -2.9231
Right Sensor High 1.0017 11.500 0.98029 -1.0145
Low 1.0014 12.444 0.98 -1

Upon observation of the generated plots (Figures 35-40), it was apparent that as weight

was applied to the load cells, the average read values began to shift away from the 2.5™ quantile

and closer to the 97.5" quantile in all sets of data.
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Figure 35: Regression plots for Left Sensor at Room Temperature. As more weight is applied the
mean of the data shifts from the lower quantile to the higher quantile
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Left Sensor: High Temperature (50-250 g)
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Figure 36: Figure 35: Regression plots for Left Sensor at High Temperatures. As more weight is
applied the mean of the data shifts from the lower quantile to the higher quantile



Left Sensor: Low Temperature (50-250 g)
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Figure 37: Figure 35: Regression plots for Left Sensor at Low Temperatures. As more weight is
applied the mean of the data shifts from the lower quantile to the higher quantile
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Right Sensor: Room Temperature (50-250 g)
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Figure 38: Regression plots for Right Sensor at Room Temperature. As more weight is applied the
mean of the data shifts from the lower quantile to the higher quantile
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Right Sensor: High Temperature (50-250 g)
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Figure 39: Regression plots for Right Sensor at High Temperatures. As more weight is applied the
mean of the data shifts from the lower quantile to the higher quantile
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Right Sensor: Low Temperature (50-250 g)
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Figure 40: Regression plots for Right Sensor at Low Temperatures. As more weight is applied the
mean of the data shifts from the lower quantile to the higher quantile



The effect of temperature on the overall system was modeled using Equation 9, for
which 95% confidence intervals for each B, value were computed via bootstrapping and are

shown in Table 8.

Equation 9: Force Read = B, + B{(Applied Force) + B,(High Temp) + B;(Low Temp)

Table 8: Linear model constants for temperature effect on data

Left Sensor Right Sensor
B, (3.305 , 4.559) (5.763 , 7.333)
B, (0.9987 , 0.9995) (1.00, 1.001)
B, (-2.414, -0.637) (-7.496, -4.940)
B, (-2.468, -0.695) (-7.503 , -4.927)

These values suggested that there is an effect on the system based on the temperature. The
negative values for B, and B indicate that the forces read by the system at high and low

temperatures were lower than the forces read at room temperature.
8.2 Quality Analysis

A capability analysis of the system under each temperature conditions was performed in
order to investigate further its ability to meet the hippotherapy center’s specifications. The capability
study produced a number of capability ratios that estimated the variability in the standard deviation
of the process, but before any conclusions were made, a number of conditions had to be met. The

data had to meet the assumption of normality and independence.
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Since the data obtained was discrete, a Ryan-Joiner probability plot was used to test for its
normality, autocorrelation plots tested for independence. I-MR plots were used also to check if the
system was in control (i.e, forces were within 3 standard deviations from the process mean). The
Individuals (1) chart plotted the values for each individual observation around the mean value (X).
The upper and lower control limits (UCL, LCL) established the bounds for data 3 standard deviations
from the mean of the data. The Moving Range (MR) provided information on the variation of the

data and made trends apparent.

Based on the normality tests, the data was found to be non-normal. In order to meet the
criteria of normality, the data were transformed using a Johnson transformation. The autocorrelation
plots revealed that the data was independent whereas the I-MR charts displayed the data to be stable
since the range of the data stayed within 3 standard deviations from its mean range value. There were
some points beyond the upper control limit (UCL) and lower control limit (LCL) within the MR
chart. The MR chart displayed the variation within the data points, and those beyond the bounds
could be attributed to special cause variation where either the device was moved, or the weight
applied was not allowed to settle before the reading was recorded. An example of the I-MR chart is

shown in Figure 4.

| Chart

WCL=2ie

el ik il | W b
L]

£L= 2529

1 & n " o FL qn 1 41 L

Maving Range Chart

Figure 41: 1-MR chart of Sensor 1 at low temperatures when a 500g weight was added to the
system. The red dot displays a Type 1 error, meaning that it fell beyond 3 std. dev from the mean
range. This may have happened because the system was moved on that particular day.
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Once the assumptions were met, the data was split into three force ranges, and errors for each

range were predicted by observing the highest error found within a specific force range, as shown in

Table 9.

Table 9: Predicted error for the forces read by the system based on highest error found within each

force range

Force (g) Error (g)
F<750 + 30
750 <F<2500 +50
F22500 +150

Capability plots were then made providing upper and lower specification limits (USL, LSL) based on

predicted error margins, shown in Table 10.

Table 10: USL and LSL for capability plots

Force (g) Error (g) USL (g) LSL (g)
500 + 30 470 530
1000 +50 950 1050
5000 +150 4850 5150

The capability ratios of the system were used to determine whether the variability of
the system existed within the specified USL and LSL and how well the spread of the data fit within
the specified limits, as seen in Table 7. Minitab automatically generated values for P, and P, as
opposed to C,, and C,,, values because the Johnson transformation produced values that changed the
systems standard deviation used to calculate the C, and C,, and therefore the Minitab software
defaulted and used the overall standard deviation to calculate the B, and P, values. P, measures the
variability in the system and helps determine the capability of the system to operate within the set
limits. P,, measures how centered the process is. If the process is not centered, it is deemed not

acceptable since the shift can cause the point to appear beyond the specified limits. Values greater
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than or equal to one for B, and P, values indicate that the system operates within specifications

whereas if P, and P, are equal then the process is centered.

The ratios for the room temperature data were not obtained due to the small number of
subgroups within the datasets (n<10). The subgroup size for the high and low-temperature data was
1, and therefore there were 50 subgroups for both datasets, and the I-MR chart was the appropriate

model to test whether or not the data was in control.

Whereas the subgroup size of the room temperature data was 10, so there were only 5 total
subgroups. Because the subgroup size was greater than 1, the appropriate chart to test for control
would be an X-R chart, which requires the subgroup number to be greater than 10 in order to identify
a controlled system appropriately. Since control could not be determined for the system, capability

values could not be obtained for the room temperature dataset.

The capability ratios B, and P, were calculated using Minitab’s alternative method [11]
since the natural log in the Johnson transformation posed a problem for transforming the specified
limits (USL and LSL) into LSL* and USL*. The alternative method was developed by Minitab in
order to calculate indices when the limits were outside the range of the Johnson transformation

function. This method is shown in Figure 42.
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Term

LSL
USL

Toler

A

2
'a
U
A (Toéer]*S
A
1+ E'HF}(V F_I?Z)
Description

Lower specification limit

Upper specification limit

(USL - LSL)
PP="Xx,=x,

(X - LSl
PPL = -

_ (USL - X;)
PPU = -
Ppk = min(PPL, PPU)
Z.LSL =3*PPL
Z.USL = 3*PPU

Sample mean (X) of the transformed data

Tolerance in standard deviations

Sample standard deviation of the transformed data

Location parameter of the Johnson transformation

Shape parameter of the Johnson transformation

Shape parameter of the Johnson transformation (n >0)

Scale parameter of the Johnson transformation (A > 0)

Figure 42: Equations from Minitab 18 Support page used to find the Pp and Ppk values of the system

[11]
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Table 11: Pp and Ppk values for Sensor 1(Left) and Sensor 2 (Right). The Pp and Ppk values
indicated that the overall system variation were within the USL and LSL, therefore the system
operated within specifications. Pp and Ppk greater than 1 indicate that the system operate within the
specified limits. If the Pp and Ppk are equal, the spread of the system was centered. Values could not
be determined for room temperature data since not enough data was collected to increase the
number of subgroups to fit a X-R. An individuals chart could not be used to model the room
temperature data because the subgroup size was greater than one and therefore the capability
analysis would rely on the variance within the subgroups to produce capability ratios as opposed to
the use of the overall variance of the system.

_ Temperature Weight (g) P, Py
500 - -
Room 1000 R _
5000 - -
Left Sensor 500 3.44 3.19
High 1000 5.20 4.38
5000 14.23 13.60
500 3.26 2.41
Low 1000 452 3.26
5000 12.92 12.18
500 - -
Room 1000 - _
5000 i _
Right Sensor 500 3.39 2.62
High 1000 4.60 3.39
5000 13.90 11.53
500 3.26 2.41
Low 1000 4.81 3.87
5000 14.74 12.61
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9. DISCUSSION

The statistical models validated that the forces received from the load cells were precise
within the set tolerance of £150 grams. This was verified by the range of the confidence intervals
for the B, parameter for each dataset. These ranges indicated that the produced values were
similar to the applied weight. The B, confidence intervals indicated that the forces read differed
from the applied weight value on average by at least 3 grams. This discrepancy in the read values
could be highly attributed to human error, such as a slight error in the calibration equation or
over tightening of the bolts holding the sensors to the support bar. The quantile regression plots
further verified that 95% of the read forces tend to lie within the bounds of the 97.5" and 2.5™
quantiles. The plots show the error could be as high as £30 grams for forces below 750 grams,
+50 grams for forces between 750 and 2500 grams, and as high as +150 grams for forces greater
than 2500 grams. The capability indices (P, and P,,) were greater than one for high and low
temperature datasets, indicating the process variation was less than the specified limits and
because the P, and P, values were similar, the spread of the data was close to center. Based on
the capability ratios, the system operated well within the specified limits and therefore the error
ranges could be incorporated into the system’s feedback mechanism to account for the error

margins.

Room temperature conditions caused greater variability in the error of the system as
opposed to higher or lower temperature conditions. This may have been a direct result of the
system needing recalibrating since the room temperature data was the last to be collected.
Although capability tests could not be generated for the room temperature data, the quantile plots

suggest that the read forces error would lie within the ranges previously mentioned.
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A number of factors may have affected the result of the read force values. If the sensors were
screwed into the support bar too tightly, the natural movement of the load cell might have been
restricted when the forces were applied. Therefore the strain gages were not able to properly read
the correct applied weight. When obtaining the data, there were also times that force values were
collected when the applied weights had not entirely settled on the load cells (i.e, weights
swinging). The sensors were also calibrated once throughout the time of the data collection;
therefore, the errors found in the data may be attributed to the fact that the sensors may have
needed to be recalibrated. The calibration equations used for the sensors may have also

introduced a margin of error to the read forces.

10. LIMITATIONS

Although the device and the accompanying research reached its goals, there were a
number of limitations to the project. If time permitted, it would have been beneficial for research
to be conducted on conditions other than the variability of temperature. Tensile and fatigue
testing of the load cells would have provided greater understanding to the limitations of the load
cells. Conducting an investigation on different locations for sensor placement (i.e, how far into
the bar the sensors should be screwed, what side of the bar should hold the sensor) may have
resulted in better placement of the load cells and may have improved the error range for the read
force values. There was also a need for investigating the number of trials or runs that could be
conducted before the system needed to be recalibrated. This may be accomplished by obtaining
readings on a weekly or monthly bases after the device has been in constant use, in order to

observe if the error of the system was beyond +150 g.
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11. CONCLUSIONS

Modifications to the “Johnny 5 prototype proved to be beneficial to the overall design of
the device. The improvements made provided a simulator that produced precise forces, within
the accepted tolerance range, that could be used to help prepare horse riders to guide a horse
while riding in the English style successfully. The developed mobile application allowed the user

to record and store forces from the device to an online database for later use.

The data collected for validation and verification purposes were obtained by mimicking
the direction and magnitude of the force that would be applied by a rider to the reins. The forces
read from the device were proven accurate within the range of tolerance provided by the
hippotherapy facility. The error of the system could range from +30 grams for forces below 750
grams, £50 grams for forces between 750 and 2500 grams, and as high as +150 grams for forces
greater than 2500 grams. Room temperature conditions caused greater variability in the error of
the system as opposed to higher or lower temperature conditions. This may have been a direct
result of the system needing recalibrating, but the quantile plots suggest that the read forces
would lie within the ranges previously mentioned. Overall, the forces of the system were

verified, and the results supported that the read forces were within the specified error ranges.

12. FUTURE WORK

The device would benefit from the integration of simulations using the Western riding
style and the ability for users to choose rein command difficulty. Integrating the Western riding
style simulations would allow for the facility to begin to test clients that have been
predetermined to use the style during their therapy sessions and to collect data to assess their

progress from session to session. Whereas allowing the user to choose the difficulty of each
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rider’s simulation would prepare riders to guide horses with different bite sensitivities

successfully.

The sensors could be further tested to investigate the effect of the sensor location to the
read forces as well as to determine the number of trials the device may undergo before the

sensors would need to be recalibrated.
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Appendix A: Straight Bar Load Cell Data Sheet

TAL220

PARALLEL BEAM LOAD CELL

Features:

@ Capacity : 3-200kg

@ Material: aluminum-alloy or alloy steel

@ Type: Parallel beam type

@ Defend grade: P65

@ Application : Palm scale, kitchen scale, electronic
balance, fishing scale, electronic platform scale and
other electronic weighing devices.

Electrical connection and Dimensions: (dimension unit: mm)

o ¢
8 ) F N
e
- e
LL
L
rary cem
.
- -
o
!

Specifications

3,5,10,20,25, 30, 50(aluminum);

capacity kg
80,100,120,200(alloy steel)
safe overload WFS 120
ultimate overload XFS 150
rated output mV/V 1.020.15
excitation voltage Vde 510
combined error %FS + 0.05
zero unbalance %FS 0.1
non-linearity LFS 1+ 0.05
hysteresis 4FS + 0.05
repeatability iFS + 0.03
creep NFS/3min + 0.05
input resistance 0 1000 = 15
output resistance 0 1000 = 10
insulation resistance MO = 2000
operating temperature range T 10 « +55
compensated temperature range L 10 « +40
temperature coefficient of SPAN KFS/10T + 0,05
temperature coefficlent of ZERO AFS/10C + 0.05
Electrical connection cable hmm.“mﬂ‘“mmm. 90.8 = 220

MOrdering code: model-capacity- rated output-accuracy-defend grade- the length of cable

WWW.HTC-SENSOR.COM




Appendix B: Electrical Circuits

Complete Circuit Diagram

Sensor 2 Sensor 1
RED BLK WHT GRN YLW RED BLK WHT GRN YLW
Amplifier 2 Amplifier 1
VDD VCC DAT CLK GND VDD VCC DAT CLK GND

AV B \\

oooooooooooooo

............. yele e SVolts

n

12Volts

Sensor 2 Light Senst:_r 1 Light
Tower N



HC-06 Bluetooth module
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Straight bar load cells and HX711 load cell amplifiers

Sensor 1

/1] 1\

RED BLK WHT GRN YLW

Sensor 2

/[1]\

RED BLK WHT GRN YLW
Amplifier 1

Amplifier 2
VDD VCC DAT CLK GHND

VDD VCC DAT CLK GND




Feedback Tower Lights
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Appendix C: Code Blocks

Bluetooth Code Blocks:

jorse Rein Simulation

B NQE

| Connect t0:20:16:01:20:36:83 HC-06 '

‘ Connect to Bluetooth Device ‘

Choose Simulation Command

Turn Left

Turn Right

Whoa

BlustoothClient1 = B IsConnected -
call [ELEREHNEIEN Connect
address | get FEEIIIERN

B Chicos=Device + I Text + JC-JUMRl D=vio= Connected |
= CraoseDevice + W BachgroundCalor + 1o
=Y Clocki - W Timertnabied « R true |
Y Clocki - W Timerflwaysrires - R f=ls= - |

ETConnecibtn » ) Text ~ LRIl Disconnec g

else  call [EMEEELEI=0 i -Disconnect
E= o ChooseDevice « M Text - RN Cevice NOT Connectsd o

B2y ChooseDevice + | BackproundColor I3
E=Y Clocki ] TimerEnabled + 3

By Clocki ] Tmeriwaysires - i3
N EConnctEn - W e - O] Connect |

when Initialize

BlustzothClient1 =

DelimiterByte 13

Vil




BN A
Horse Reln Simulation

when AferPicking

Disconnect =¥ ChocseDevice « W 122 - I RHIG I Connecio B
‘s—,  Choos=Device + M Selection - |

L] global MAC - LCRINES- Rl ChooseDevice - B Selection - |

Choose Simulation Command

Turn Left

Turn Right

Whoa

VIl



Rider Registration Code Blocks:

BN AL

[Horse Rein Simulation

----Register New Rider----

View Rider Information Home

Rider Name: (no space between first & last)

Enter Rider Name

| mssaaam
Date of Birth

masaanm
Start Date =

Rider Condition:

when -AflerPicking
do  set M Text + WU Riderinformation © |8
set . fo | * .
call _GetValue
tag :
valueliTagNofThere | “ [~
| sot CEDD - KETED to :

when FTEMETOETG BeforePicking
do  set : o | (5"
call GefTagList
gl riderinformation - B Elements - JCRE] Riders - i Elements -

(7T W FirebaseDB1 ~ WEL|F
value

G0) <ot (NN - CEIEIEED o ) et (ETCRD
Gl Weemens - LG valie - )
-

U0 RegesterMewRider_btn -
set y Visible - QR trus - |
=l StartScreenAmangement * W Visible * R

W Catstolzcionsorzen - BVise * UL falze

(N TnfoS ubmitBution - JLe 3
LY global Name + § I Name « Y Text * |
£ global oate_of_birth - [CMM OB Label - W Text - |
B global siart_date + Rl StartDate_Label + I Text * ]
P global condition + R Condition + I Text * |
=l FirebaseDE1 - M ProjectBuckst « Wi
call StoreValue
tag 2 join

valueToSiore
call [EEEEEETED - SoeValue
teg | @ join [ get FTTEIETNE

[0 plobal date_of birth - |

(24 global Name - |

walueToStore
call =R SioeValue
teg | @ join [ get FTTEIETNE

walueToStore

call [FEEEEEFEN SioreMalue
teg | @ join [ get FTTEIETERE

walueToStore =4 global condition =

when EEEECTTE RN BeforePicking

g ot EETTNEED GUEETESE o
|l FiresbaseDB1 = WESE P
=28 SeleciFliderList ~ |8
-y

== B

Catliew? - i Elements - |

U= W SelectRided ist = B e ]
do set EEEEGHEREED -

when [REEEEEANEN AfterDateSet
o sot EEENETEED . TR o

Lot DatePicker StartDate « G5 eno

L L SiariDate Label - M Tex: - B




Command Buttons Code Blocks:

BN

orse Rein Simulation

Connect t0:20:16:01:20:36:83 HC-06

\ Connect to Bluetooth Device

Turn Left

l Turn Right

\ Whoa
~

/Choose Simulation Command \
|

set [EESTED - to
=8 global Commandium « §i5]
| —

L= global Command « L4
L8 Labelil - to
=8 global Commandium -« §5]
-

g Fioht g
gl RIGHT Command: g

2l Label11 - M Text - [
:Et global CommandMum = [

when Click
H when [ELTEIEN Click
ome n n
- B2l RegisterNewRider - i Visible - T
— -

sel - ]
M_5«131 DataCollectionScreen ~ M Visible « N5

-l StartScreenArrangsment « B Visible « B0

=2 N DataCollectionScreen - W Visible + 5
LS




Testing/ Trial Screen Code Blocks:

BN AL
Hiorse Rein Simulation

LEFT Command:

3 v W533

Home

STEP 1: Select Rider

STEP 2:

STEP 3:

Trial #:

| IE—

Start

B Chock T W Tmeriiway=ries - LK
1 global daial - Lol
=8t ghebal TnalMumber * BN TralMuminput = 9

=Y SuccessOriot - W e - NG |
, s=t ((EENETERD - REEETED © (D

**refer to the block of code utilizing the devices
internal clock (when Clock1.Timer) for the rest of
the code

Xl




Feedback Byte Conditions Code Blocks

to =1

=4 plobal SenseriForce - M2 « I 2500 |

(] global Sensor2Force « <+ M 500
call [EIMERE TS Sendlexdt
et | CE8C

L]

.24 global SensorzForce - (500 LS00 O IMERPY oiobal Sensor2Force - Jf < -
call =] LEENHRIE -SendText
(=08 B E
=22 P global SensorzForcs (700]
then  call EMETETETIHNGE -SendTesxt
=t "[E"
M.

P global SensoriForce - JL2 * N 1500 JL="0 MY oiotal SensartForce - [3500]

& P2 global SensorzForce « M < - J500]
then  call “SendText
| et | [
else if d
.24 global SensorzForce - (500 JML=0C _IMRPY oiobal Sensor2Farce - Jf < -
L= T BlustoothClient] = RS
(=08 = =
L 1=
=22 "] global SensorzForcs (700]
then  call “SendText
=t @

-
24 global Sensor2Force - W< - I 500
call [EMEEENETLTEIEN -Sendlext
et B
P2 glotal SensorzForce - (500 I =0e - MEREPY ¢ cbal SensorzForce - Jf s -
then  call EERENEIEEIEN -Sendlext
L et N H

else i =1 glabal S=nsoraForce * | (700

L.

else if

then " call EIMERETTIHNE SendText
(= S |

LS.

Ul



14 global Sencor2Force « M2 * I 3500 |

. 21 global SensoriForce - I <~ JH'500

then | call EMEEEEENIEE -SendText
et ERC
st . to
L.
ESEl and - |
= 1 global SensoriForce - [ 500 | =4 ghobal SensoriForce - M= = 1M 700 |
then call M E==TE SendText
(= [
-
else if <-4 global Sensor1Fomce - | | 700
then call [EMEEEEETENEN -SendText
et -

L.

PR global SensorzForce - JL2 M 1500 JLo" BN oiobal SensorzForce - JL< * DN 3500

then | (o i = global SensoriForce - | < - J8500°

then  call -SendText
text . .
- B ]
- and -
"= 1 global SensoriForce - 500 | =4 global SensoriForce - M=~ 1M 700 |
- e W BlustoothClientd _SendText
=t 3"
(-
else if 2 =4 global Sensor1Force - | | 700
then  call -SendText
EII - m r

Lo

"2 global Sensor2Foros -
then | (o

= S W BluetoothClient SendText

tmt aICE

L -
== "1 global SensoriForce - ) > < TR500 JL20 MR oiobal SensoriForce - = - J700]
then call EMEeeuEEn SendText

et | EC

e
else if =1 global SensorfForce - | (700
then call SendText

N
P 'l]

X1



7= plotaln - (250
=Y global SensoriForce - JLz + I 1000 JL2oc _ BERPSY ojchal Sensor? (=~ I 1000
1 giobal S=nsoriForce - LS gobal SensorzForce - kE A8 1000

L = O i BluetoothChent1

P21 gloc: P gioba! sensorzrorce - Mlazamtll 2" Ml st =0~ Moo roree + RO Y lcba seno

then call EMEEEENN -SendText
text

2c=ai= L MR olobal SensoriForce ~ MY global SensordForce - e

[ glosl SensoriFarcs (iooo =23 - P oicbal Sencorzrorcs « (7000

a) to
do | call ‘SendText

| S—
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Internal Clock Code Blocks (1/3)

when [EESIEN . Timer
BlustaathClient1 - |8

if call -Byle=AvailablaToRec

fhen | o] oot RN XD
UL LI plobal limeNow - B W Clock] - JILYY
1 plobal recevedData - £ _ReceiveTaxi
numbarOfByies call [EIEEETEETTRIEN BytesAvailableToRecaive
L] plaba Datalist - B LU - L piobal recievedData - |

E plobal Time1 - 1 o) makealist  call [EEESIEN FormaiDaieTime
instant | get EEENIEIETIS
patiem = =
join call [EEESIEN -FormatDateTimes
DETS T piobal timeNaow - |
pattem = =
t - L L alobal Timed - |
1 plobal SensoriFarce = B sedect list em list
index
st FE Al o | selectlist ilem list
index

EY glabal Commandbum - J1= - il 1]
then call [N

PR gabal CommandNum - (- - JfZ]
call GIIIED

i L pabial Commandhum - Jl = - i3]
then  cal ELEEEN
-

et : | (o join O gat
et
call StoreValue
tag (LI Chate - ) Text - |

valueToSton
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Internal Clock Code Blocks (2/3)

call ST 5N StoreValue

tag

valueToStore
(L8 plabid recevedData - BT
set PECEIREC IS to | C| creats smply list
sot CETERD to oot CETEED *
add items to kst list

P alobal Cammand -+
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Internal Clock Code Blocks (3/3)

call [EISSTTEEERS SloreValue

call [FIEETTTERN StoreValue
tag

valueToStore

P Giobal SeeciedRicer «
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Appendix D: Feedback Mechanism Lighting Conditions
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LEFT COMMAND

Left Rein Light Tower

Right Rein Light Tower

Green

Yellow

Red

Green Sensorl: f = 3500: Sensor1: 3500 > f = 1500 Sensorl: f < 1500
Sensor2: f < 500 Sensor2: f < 500 Sensor2: f < 500
Yellow Sensorl: f = 3500 Sensor1: 3500 > f = 1500 Sensorl: f < 1500
Sensor2: 700 = f > 500 Sensor2: 700 = f = 500 Sensor2: 700 = f = 500
Red Sensorl: f > 3500 Sensor1: 3500 > f > 1500 Sensorl: f < 1500

Sensor2: f > 700

Sensor2: f > 700

Sensor2: f > 700
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RIGHT COMMAND

Left Rein Light Tower

Right Rein Light Tower

Green

Yellow

Red

Green Sensorl: f < 500 Sensor1: 700 > f > 500 Sensorl: f > 700
Sensor2: f = 3500: Sensor2: f = 3500: Sensor2: f = 3500:
Yellow Sensorl: f < 500 Sensor1: 700 = f = 500 Sensorl: f > 700
Sensor2: 3500 > f > 1500 Sensor2: 3500 > f > 1500 Sensor2: 3500 > f > 1500
Red Sensorl: f < 500 Sensor1: 700 > f = 500 Sensorl: f > 700

Sensor2: f < 1500

Sensor2: f < 1500

Sensor2: f < 1500

XX




WHOA COMMAND

All Green All Yellow All Red
f>1000 f>1000 f >1000
diff <500 800 = diff > 500 diff > 800
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Appendix E: Statistical Figures

Minitab resu

Its

Sensor 1:

Room Temperature

Fitted Line Plot
Room Temp- Sensor 1 = 3.353 + 0.9995 Applied Weight
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Regression Analysis: Room Temp- Sensor 1 versus Applied Weight

Analysis of Variance

Source DF Seqg 88
Eegression 1 2727190578

Applied Weight 1 27271%0578
Error 1398 222414

Lack-of-Fit 26 78975

Pure Error 1372 143439
Total 1399 272741z2%%81
Source P-Value
REegression 0.000

Applied Weight 0.000
Error

Lack-of-Fit 0.000

Pure Error
Total
Model Summary

s R-sg R-sg(ad]j) PRESS

12.6133 99%.5%% 99.99% 223350
Coefficients
Term Coef SE Coef
Constant 3.353 0.461
Applied Weight 0.999534 0.000241

Regression Equation

Room Temp- Sensor 1 =

Contribution rdj ss 2dj MsS
99.99% 2727190578 2727190578
99.99% 2727190578 2727190578

0.01% 222414 159
0.00% 78975 3037
0.01% 143439 105
100.00%
R-sg(pred)
99.99%
95% CI T-Valuse P-Value
[ 2.448, 4.257) 7.27 0.000
(0.9990€1, 1.000008) 4140.29 0.000

3.353 + 0.999534 Applied

Weight

1

F-Value
171419%2.74
171415%2.74

VIF

.00

29.05
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High Temperature

Fitted Line Plot
High Temp- Sensor 1 = 2.749 + 0.9988 Applied Weight
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Regression Analysis: High Temp- Sensor 1 versus Applied Weight

Analysis of Variance

Source DF Seqg 58
Regression 1 2723356613

Applied Weight 1 2723356613
Error 1398 187138

Lack-of-Fit 26 97903

Pure Error 1372 89235
Total 1399 2723543750
Source P-Value
Regression 0.000

Applied Weight 0.000
Error

Lack-of-Fit 0.000

Pure Error
Total
Model Summary

s R-sg R-sg(adj) PRESS

11.56%8 99.95% 99%.99% 187958
Coefficients
Term Coef SE Coef
Constant 2.749 0.423
Applied Weight 0.99%8832 0.000221

Regression Eguation

Contribution Adj 88 Adj MS
99.99% 2723356613 2723356613
99.99% 2723356613 2723356613

0.01% 187138 134
0.00% 97903 3765
0.00% 89235 65
100.00%
R-sg(pred)
99.99%
95% CI T-Value P-Value
( 1.919, 3.579) 6.50 0.000
(0.998397, 0.99%266) 4510.51 0.000

High Temp- Sensor 1 = 2.749% + 0.99%8832 Applied Weight

F-Value
20344€€1.75
20344€€1.75

37.%90

VIF

1.00
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Low Temperature

Fitted Line Plot
Low Temp- Sensor 1 = 2.601 + 0.9989 Applied Weight
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Regression Analysis: Low Temp- Sensor 1 versus Applied Weight

Analysis of Variance

Source DF Seqg SS
Regression 1 2723723303

Applied Weight 1 2723723303
Error 1398 1655810

Lack-of-Fit 26 93120

Pure Error 1372 T2750
Total 1399 272388%214
Source P-Value
Regression 0.000

Applied Weight 0.000
Error

Lack-of-Fit 0.000

Pure Error
Total
Model Summary

s R-sg R-sg(adj) PRESS

10.8939 99.99% 99.99% 166676
Coefficients
Term Coef SE Coef
Constant 2.601 0.358
Applied Weight 0.99889% 0.000209

Regression Equation

Contribution Adj s55 Bdj] Ms
99.99%% 2723723303 2723723303
99.99% 2723723303 2723723303

0.01% 165910 119
0.00% 53120 3582
0.00% 72790 53
100.00%
R—-sg(pred)
99.99%
95% CI T-Value P-Value
( 1.819, 3.382) 6.53 0.000
(0.9984%0, 0.999308) 47%0.69 0.000

Low Temp- Sensor 1 = 2.601 + 0.998899 Applied Weight

1.

F-Value
22550715%.62
22550715.62

VIF

oo

67.51
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Sensor 2:
Room Temperature

Fitted Line Plot
Room Temp- Sensor 2 = 2.031 + 1.004 Applied Weight
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Regression Analysis: Room Temp- Sensor 2 versus Applied Weight

Analysis of Variance

Source
Regression
Applied Weight
Error
Lack—-of-Fit
Pure Error
Total

Model Summary

s R—sqg
20.7545 99.58%
Coefficients
Term

Constant
Applied Weight

DF Seqg S5

1 2750530237

1 2750530237
1398 602188
26 47779
1372 554408
1399 2751132425
R-sqg(adj) PRESS

99.98% 05945

Coef
2.031

1.00380

Regression Egquation

SE Coef
0.759
0.00040

Contribution 2dj 58 Adj Ms

99.98% 2750530237 2750530237
99.98% 2750530237 2750530237
0.02% 602188 431
0.00% 47779 1838
0.02% 554409 404
100.00%
R-sqg(pred)
99.98%
95% CI T-Value P-Value
( 0.542, 3.519) 2.68 0.008
(1.00302, 1.00458) 252¢6.9594 0.000

Room Temp- Sensor 2 = 2,031 + 1.00380 Applied Weight

1.

VIF

0o

F-Value
©385446.69
©385446.69

4

.55

P-Value
0.000
0.000

0.000
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High Temperature

Fitted Line Plot
High Temp- Sensor 2 = 2.467 + 0.9987 Applied Weight
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Regression Analysis: High Temp- Sensor 2 versus Applied Weight

Analysis of Variance

Source DF Seqg S8
Regression 1 2722696817
Applied Weight 1 27226%6817
Error 1398 182876
Lack—-of-Fit 26 113329
Pure Error 1372 69548
Total 1399 2722879654
Source P-Value
Regression 0.000
Applied Weight 0.000
Error
Lack-of-Fit 0.000
Pure Error
Total

Model Summary

s R-sg R-sg(ad]j) PRESS
11.4373 99.99% 99.9%9% 183721
Coefficients
Term Coef SE Coef
Constant 2.467 0.418

Zpplied Weight 0.998711 0.000219

Regression Eguation

Contribution 2dj ss Adj Ms F-Value
99.99% 2722€96817 27226%e817 20813€91.58
99.99% 27226%6817 2722696817 20813651.58

0.01% l8z287¢ 131
0.00% 113329 4359 §5.99
0.00% 69548 51
100.00%
R-sg(pred)
99.99%
95% CI T-Value P-Value VIF
{ 1.647, 3.288) 5.90 0.000

(0.9598281, 0.9959140) 4562.20 0.000 1.00

High Temp- Sensor 2 = 2.467 + 0.998711 Applied Weight
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Low Temperature

Fitted Line Plot
Low Temp- Sensor 2 = 2.721 + 0.9985 Applied Weight
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Regression Analysis: Room Temp- Sensor 2 versus Applied Weight

Analysis of Variance

Source DF Seq S5 Contribution adj 58 Adj Ms F-Value P-Value
Regression 1 2750530237 99.98% 2750530237 2750530237 638544¢6.659 0.000
Applied Weight 1 2750530237 99.98% 2750530237 2750530237 638544¢6.659 0.000
Error 1398 602188 0.02% 602188 431
Lack—-of-Fit 26 47779 0.00% 477759 1838 4.55 0.000
Pure Error 1372 554409 0.02% 554405 404
Total 1399 2751132425 100.00%

Model Summary

5 E-sg ER-sgladj) PRESS ER-sg(pred)
20.7545 99.98% 99.98% 605945 99.98%
Coefficients
Term Coef SE Coef 95% CI T-Value P-Value VIF
Constant 2.031 0.759 ( 0.542, 3.519) 2.68 0.008
Applied Weight 1.00380 0.00040 (1.00302, 1.00458) 25Z26.594 0.000 1.00

Regression Eguation

Room Temp— Sensor 2 = 2.031 + 1.00380 Applied Weight
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RStudio Output

Intercept Confidence Intervals After Resampling

hoot.ci (boo results_RT1l, type = c("perc”), index = 1)
BOOTSTRAP CONFIDENCE TINTERVAL CALCULATIONS
Based on 5000 bootstrap replicates

CALL
boot.ci(boot.out = results_RTl, type = c(“"perc"),

Interva]s :
evel Percentile
qu ( 2.782, 3.935 )
CaTcuTat1ons and Intervals on 0O 1g1na1 scale
.out = results 3 c("perc"), index =
BOOT:TRAP CONFIDENCE INTERWVAL CALCULATION:
Based on 5000 bootstrap replicates

CALL

boot.ci(boot.out = results_RTZ2, type = c("perc”), index = 1)

Intervals :
Level Percentile
95% ( 0.921, 3.085 )
CaTcuTat1ons and Intervals on Dr1g1na1 Scale
results_HTl, type = c("perc"), index = 1)
BOOT:TRAP CONFIDENCE INTERVAL CALCULATIONJ
Based on 5000 bootstrap replicates

CALL
boot.ci(boot.out = results_HT1l, type = c("perc"), index = 1)

Intervals :

Level Percentile

95% ( 2.304, 3.220 )

Calculations and Intervals on Original Scale
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boot. ‘boot.out = results_HT2, type = c("perc"), index
BODTJTRAP CONFIDENCE INTERWVAL CALCULATIONJ
Based on 5000 bootstrap replicates

CALL
boot.ci(boot.out = results_HT2, type = c("perc"),

Intervals :
Level Percentile
95% ( 2.019, 2.924 )
Ca]cu]at1on5 and Intervals on Dr1g1na1 scale
§ out = results_LTl, type = c("perc"), index
BODTJTRAP CDNFIDENCE INTERVAL CALCULATIONJ
Based on 5000 bootstrap replicates

CALL

boot.ci(boot.out = results_LTl, type = c("perc"), index = 1)

Intervals :

Level Percentile

95% ( 2.168, 3.047 )

Calculations and Intervals on Original Scale
boot.ci(boot.out = results_LT2, type = c("perc"), index

BOOTSTRAP CONFIDENCE INTERWVAL CALCULATIONS

Based on 5000 bootstrap replicates

CALL
boot.ci(boot.out = results_LTZ2, type = c("perc"™), index = 1)

Intervals :

Level Percentile

95% ( 2.261, 3.192 )

Calculations and Intervals on Original Scale
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Slope Confidence Intervals After Resampling

> boot.ci(b .out = results_RTl, type nerc™), index
BOOTSTRAP CONFIDENCE INTERWVAL CALCULATIDN.::
Based on 3000 bootstrap replicates

CALL
boot.ci(boot.out = results_RTl, type = c("perc"),

Intervals

Level Percenti?e

95% ( 9088 1.0002 )

CaTcu]ations and Inter”a15 on Original Scale

> ‘ .out = results_RT2, type = c("perc"), index
BCICIT.::TRAP CONFIDENCE INTER"\.AL CALCULATIONS

Based on 3000 bootstrap replicates

CALL
boot.ci(boot.out = results_RT2, type = c("perc"),

Intervals

Level Percentile

95% ( 1.002, 1.005 )

Calculations and Intervals on Original Scale

- boot.ci(boot.« = results_HT1l, type = c("perc”), index
BDDT.}TRAP CDNFIDENCE INTERVAL CALCULATIDN.::

Based on 3000 bootstrap replicates

CALL
boot.ci(boot.out = results_HTl, type = c("perc"), index =

Intervals

Level Percentile

95% ( 0.9982, 0.9995 )

Calculations and Intervals on Original Scale
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> b .ci(boot.out = results_HT2, type = c("perc"
BOOTSTRAP CONFIDENCE INTERWVAL CALCULATIONS
Based on 5000 bootstrap replicates

CALL :
boot.ci(boot.out = results_HTZ2, type = c("perc"),

Intervals

Level Percentile

95% ( 0.9981, 0.9993 )

Calculations and Intervals on Original Scale

boot.ci(boot.out = results_LTl, type = c("perc"),

BOOTSTRAP CONFIDENCE INTERWVAL CALCULATIONS
Based on 5000 bootstrap replicates

CALL :

boot.ci(boot.out = results_LTl, type = c("perc"),

Intervals

Level Percentile

95% ( 0.9983, 0.9995 )

calculations and Intervals on Dr1g1na1 Scale

boot.ci(boot.out = results_LT2, type = c("perc”),

BOOTSTRAP CONFIDENCE INTERWVAL CALCULATIONS
Based on 5000 bootstrap replicates

CALL :
boot.ci(boot.out = results_LT2, type = c("perc"),

Intervals

Level Percent11e

95% o0 0.9992 )

Ca]cu]atwons and Intervals on Original Scale

index

index

index

index

index
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Linear Regression Plot after Resampling

Sensor 1:
Room Temperature
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Low Temperature

Histogram of t
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Quantile Regression Plots
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Room Temperature
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Read Weight (g)
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Weight (g)
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2400
2200
2000
1400
1200
1000

Weight (g)
[u=y
]
[}

[EnN
o))
=]
(=]

1000 1200 1400 1600 1800 2000 2200 2400
Applied Weight (g)
= 97th Quantile 2.5th Quantile Mean

Sensor 1: Room Temperature (2500 g - 5000 g)

5000
4500
3500
3000
2500

S
=
<)
S

2500 3000 3500 4000 4500 5000
Applied Weight (g)
———97th Quantile 2.5th Quantile Mean

XLIV



High Temperature

Sensor 1: High Temperature
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Sensor 1: High Temperature (250 g - 500 g)
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Sensor 1: High Temperature (750 g - 1000 g)
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Sensor 1: High Temperature (2500 g - 5000 g)
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Low Temperature

Sensor 1: Low Temperature
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Sensor 1: Low Temperature (250 g - 500 g)
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Sensor 1: Low Temperature (750 g - 1000 g)
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Sensor 1: Low Temperature (2500 g - 5000 g)
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Sensor 2:

Room Temperature:
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Sensor 2: Room Temperature (750 g- 1000 g)
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Sensor 2: Room Temperature (2500 g - 5000 g)
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High Temperature:
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Weight (g)

Sensor 2: High Temperature (1000 g - 2500 g)
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Low Temperature:

Sensor 2: Low Temperature
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Sensor 2: Low Temperature (250 g- 500 g)
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Sensor 2: Low Temperature (750 g- 1000 g )
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Sensor 2: Low Temperature (2500 g - 5000 g)
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Normality Proof

Sensor 1:

High Temperature

Percent

Autocorrelation
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Normal
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StDev 5386
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RJ 0.966
P-Value 0.010
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Sensor 1 High Temp 500 g
Autocorrelation Function for Sensor 1 High Temp 500 g
(with 5% significance limits for the autocorrelations)
| . .
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2 3 4 5 6 7 9 10 1 12 13
Lag
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Autocorrelation

Probability Plot of Sensor 1 High Temp 1000 g
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Autocorrelation Function for Sensor 1 High Temp 5000 g
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Sensor 2

High Temperature

Percent

Autocorrelation
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Low Temperature
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Capability Plots
500 grams

Process Capability Report for Sensor 1 High Temp 500 g

LSL

Process Data

LsL 470
Target *

usL 530
Sample Mean 506.34
Sample N 50

StDev(Overall) 5.38558
StDev(Within) 5.62672

S|
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
|

472 480 488 496

Performance
Observed Expected Overall Expected Within
PPM < LSL 0.00 0.00 0.00
PPM > USL 0.00 5.58 13.06
PPM Total 0.00 5.58 13.06

— Overall
- - —. Within

Overall Capability
Pp 186
PPL  2.25
PPU  1.46
Ppk 1.46
Cpm

Potential (Within) Capability
Cp 178
CPL 215
CPU 1.40
Cpk 1.40

Process Capability Report for Sensor 1 Low Temp 500 g

LSL

Process Data

LsL 470
Target *

usL 530
Sample Mean 504.94
Sample N 50

StDev(Overall) 4.86306
StDev(Within)  4.17933

472 480 488 496

Performance
Observed Expected Overall Expected Within
PPM < LSL 0.00 0.00 0.00
PPM > USL 0.00 0.13 0.00
PPM Total 0.00 0.13 0.00

Overall
— — —. Within

Overall Capability
Pp  2.06
PPL 239
PPU 172
Ppk 172
Cpm *

Potential (Within) Capability
Cp 239
CPL 279
CPU  2.00
Cpk  2.00
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Process Capability Report for Sensor 2 High Temp 500 g

Process Data

LSL 470
Target *

UsL 530
Sample Mean 505.06
Sample N 50

StDev(Overall) 5.69787
StDev(Within)  6.02475

480 488 496

Observed Expected Overall Expected Within

PPM < LSL 0.00
PPM > USL 0.00
PPM Total 0.00

0.00 0.00
6.01 17.40
6.01 17.40

— Overall
— — — - Within

Overall Capability
Pp 176
PPL 2.05
PPU 146
Ppk  1.46
Cpm *

Potential (Within) Capability

Cp 166
CPL 194
CPU 138
Cpk 138

Process Capability Report for Sensor 2 Low Temp 500 g

Process Data
LSL 470
Target *
UsL 530
Sample Mean 504.94
Sample N 50
StDev(Overall) 4.86306
StDev(Within) 4.17933

—_—— e — e — — — —|n

480 488 496

Observed Expected Overall Expected Within

PPM < LSL 0.00
PPM > USL 0.00
PPM Total 0.00

0.00 0.00
0.13 0.00
0.13 0.00

—— Overall
— — — . Within

Overall Capability
Pp 2.06
PPL 239
PPU 172
Ppk 1.72
Cpm *

Potential (Within) Capability

cp 239
CPL 279
CPU 2.00
Cpk  2.00
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1000 grams:

Process Capability Report for Sensor 1 High Temp 1000 g

LSL
Process Data [ ——— Overall
LSL 950 \ ~ — —. Within
Target * | o
USL 1050 | Overall Capability
Sample Mean  1006.16 | Pp  2.87
Sample N 50 ‘ PPL  3.23
StDev(Overall) 5.80063 | PPU  2.52
StDev(Within)  6.16949 Ppk 2.52
| Cpm *
[ Potential (Within) Capability
‘ Cp 270
\ CPL  3.03
\ CPU 237
| Cpk 237
|
|
|
|
|
|
|
|
‘ T T T
960 975 990 1005 1020 1035 1050
Performance
Observed Expected Overall Expected Within
PPM < LSL 0.00 0.00 0.00
PPM > USL 0.00 0.00 0.00
PPM Total 0.00 0.00 0.00

Process Capability Report for Sensor 1 Low Temp 1000 g

LSL UsL
Process Data | | Overall
LSL 950 | | — ——. Within
Target * | | —
usL 1050 | | Overall Capability
Sample Mean  1004.76 | | Pp 271
Sample N 50 | | PPL 297
StDev(Overall) 6.14306 PPU  2.45
StDev(Within) 6.18758 ' | Ppk 245
| | Cpm *
| | Potential (Within) Capability
I I Cp 269
| | CPL 295
| I CPU 244
| | Cpk 244
| |
| |
| |
| |
| |
| |
| |
| |
| T T T
960 975 990 1005 1020 1035 1050
Performance
Observed Expected Overall Expected Within
PPM < LSL 0.00 0.00 0.00
PPM > USL 0.00 0.00 0.00
PPM Total 0.00 0.00 0.00
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Process Capability Report for Sensor 2 High Temp 1000 g

LSL usL
Process Data | | —— Overall
LSL 950 | | — — —. Within
Target * | | i
UsL 1050 Overall Capability
Sample Mean  1004.2 ! | Pp 264
Sample N 50 [ I PPL  2.86
StDev(Overall) 6.3084 \ | PPU  2.42
StDev(Within) 6.31423 | | Ppk  2.42
\ | Cpm__*
| | Potential (Within) Capability
| | Cp 264
| | CPL 286
CPU 242
‘ I cpk  2.42
| |
| |
| |
| |
| |
| |
| |
| |
‘ T T T T
960 975 990 1005 1020 1035 1050
Performance
Observed Expected Overall Expected Within
PPM < LSL 0.00 0.00 0.00
PPM > USL 0.00 0.00 0.00
PPM Total 0.00 0.00 0.00
Process Capability Report for Sensor 2 Low Temp 1000 g
LSL UsL
Process Data | | Overall
LSL 950 | /1 | — — —. Within
Target * | H \ | i
usL 1050 | N | Overall Capability
Sample Mean  1005.42 ! Pp 263
sample N 50 | | PPL  2.91
StDev(Overall) 6.33774 | \ PPU  2.34
StDev(Within) 5.55435 I \ Ppk 2.34
! ! cpm
| | Potential (Within) Capability
| | Cp 3.00
| | CPL 3.33
CPU 2.68
: } Cpk  2.68
| |
| |
| |
| |
| |
| |
| |
| i : ,f .
960 975 990 1020 1035 1050
Performance
Observed Expected Overall Expected Within
PPM < LSL 0.00 0.00 0.00
PPM > USL 0.00 0.00 0.00
PPM Total 0.00 0.00 0.00
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5000 grams

Process Capability Report for Sensor 1 High Temp 5000 g

Process Data

LSL

Target

UsL

Sample Mean
Sample N
StDev(Overall)
StDev(Within)

Observed Expected Overall

PPM < LSL
PPM > USL
PPM Total

4850
5150
5000.48
50
5.78965
6.18758

0.00
0.00
0.00

4880 4920 4960 5000

Performance

0.00
0.00
0.00

)

Expected Within
0.00
0.00
0.00

5040 5080 5120

Overall
— ——. Within
Overall Capability
Pp 864
PPL 8.66
PPU  8.61
Ppk 861
Cpm *
Potential (Within) Capability
Cp 8.08
CPL 81
CPU 8.05
Cpk 8.05

Process Capability Report for Sensor 1 Low Temp 5000 g

i
1
P

Y

4880 4920 4960 5000 5040 5080 5120

LSL
Process Data [
LSL 4850 |
Target * |
UsL 5150 |
Sample Mean 4999.86 |
Sample N 50
StDev(Overall) 6.2825 ‘
StDev(Within) 7.3274 \
|
|
|
|
|
|
|
|
|
|
|
|
|
|
Performance
Observed Expected Overall
PPM < LSL 0.00 0.00
PPM > USL 0.00 0.00
PPM Total 0.00 0.00

Expected Within
0.00
0.00
0.00

— Overall
— ——. Within

Overall Capability

Pp  7.96
PPL 795
PPU 7.97
Ppk 7.95
Cpm  *

Potential (Within) Capability

Cp 682
CPL  6.82
CPU 6.83
cpk  6.82
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Process Capability Report for Sensor 2 High Temp 5000 g

Process Data

LsL 4850
Target *

UsL 5150
Sample Mean  5000.98
Sample N 50

StDev(Overall) 6.2515
StDev(Within) 5.78955

4880 4920 4960 5000

Performance

Observed Expected Overall

PPM < LSL 0.00
PPM > USL 0.00
PPM Total 0.00

0.00
0.00
0.00

Expected Within
0.00
0.00
0.00

— Overall
— — —. Within

5

T

|

|

| Overall Capability

| Pp 8.00

‘ PPL 805
PPU 7.95

‘ Ppk  7.95

| Com  ®

| potential (Within) Capability

! Cp 864

‘ CPL 869

\ CPU 858

| Cpk 858

|

|

|

|

|

|

|

|

|

5040 5080 5120

Process Capability Report for Sensor 2 Low Temp 5000 g

Process Data

LSL 4850
Target *

UsL 5150
Sample Mean  5001.32
Sample N 50

StDev(Overall) 6.46005
StDev(Within) 6.78463

- - - - - - - - — — — - — — — — — Jn

4880 4920 4960 5000

Performance

Observed Expected Overall

PPM < LSL 0.00
PPM > USL 0.00
PPM Total 0.00

0.00
0.00
0.00

Expected Within
0.00
0.00
0.00

—— Overall
— — — - Within

Overall Capability
Pp 774
PPL 781
PPU 767
Ppk 767
Cpm *

Potential (Within) Capability
Cp 737
CPL 7.43
CPU 7.30
Cpk  7.30

-_-- - - - - - - - _ _ _ _ _ _ _ _ __1;

5040 5080 5120
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Six Pack Result
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Process Capability Sixpack Report for Sensor 1 Low Temp 500 g
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Process Capability Sixpack Report for Sensor 2 Low Temp 500 g
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cess Capability Report for High Temp Sensor 1500 g
Johnson Transformation with SB Distribution Type
-0.185 + 0.475 x Ln( (X - 496.582 ) / (514.194 - X))
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Process Capability Report for High Temp Sensor 11000 g
. Johnson Transformation with SB Distribution Type
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Process Capability Report for High Temp Sensor 15000 g
i Johnson Transformation with SB Distribution Type
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Process Data

transformed data

Process Capability Report for Low Temp Sensor 1500 g
. Johnson Transformation with SB Distribution Type
0.340 + 0.762 x Ln( ( X - 496.446) / (515.554 - X))
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Process Capability Report for Low Temp Sensor 11000 g
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. Johnson Transformation with SB Distribution Type
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cess Capability Report for Low Temp Sensor 1 5000 g

Johnson Transformation with SB Distribution Type
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rocess Capability Report for High Temp Sensor 2 500 g
| Johnson Transformation with SB Distribution Type
| 0.086 + 0.478 x Ln( (X - 496.682) / (514.452 - X))
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