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This report describes the complete design and testing of a methodology for the creation of a force
sensing device that can be used to provide clinically significant data to aid a prosthetist in the
static alignment of a transtibial prosthesis fitting. Thin-film force transducers form the basis for
the prototype force sensing module that is integrated into a prosthetic leg for the testing and
future alignment fittings. This physical force sensing device was used along with a computer
simulation of the limb and module to collect force measurement results, both positionally relative
and absolute. The experimental data collected were analyzed using Analysis of Variance, effects
plots and prediction equations. The statistical analysis helped to evaluate the feasibility of using
similar data and methods for producing a system capable of predicting and validating changes in
force distribution based on changes in alignment in a clinical setting. While both the computer
simulation and physical force sensing device were able to detect the same trends in the
alignment/force distribution relationship, the accuracy of the force sensing module could be
improved. The recommendations for future revisions of this design include using more accurate
force sensors and conducting more replications of the physical testing.




Executive Summary

Observational Gait Analysis (OGA) for amputees with prosthetic limbs is still the
primary method used by clinicians worldwide even though it has been shown to be less
repeatable than the much more expensive computerized gait analysis. OGA helps the clinician
find the optimal alignment for a patient through knowledge of a clinically accepted initial
alignment followed by observation of the patient ambulating with the prosthesis.

In the average prosthetics facility, direct measurements of forces, stress, strain and torque
are not available. Instead, a prosthetist must rely on a “trial and error” approach with patient
feedback and subjective observation to optimize the patient’s gait through proper alignment.
Therefore, there is a need for an improved procedure for prosthetic alignment that is financially
feasible for an average prosthetic facility. The objective of this particular project was to design
and develop a method for obtaining quantitative measurements of forces on a prosthesis. The
force distribution information produced in a data output system was used to help a prosthetist
better understand the loading on the limb as well to help make suggestions for possible
alignment changes.

Small, thin-film sensors known as FlexiForce force sensors, made by Tekscan, were
selected as the basis of the force sensor system for this design. These piezoresistive sensors were
incorporated into a component that was integrated into the prosthesis just below the socket. The
sensors measure a force through a change in resistance. The resistance values of the sensors
served as inputs to a data output system. With the data output system, the user can enter the
sensor resistance values into a spreadsheet program and receive quantitative information about
the force distribution on the prosthesis. The program also contains suggested alignment
adjustments that may help speed up the process of finding the optimal alignment.

The force sensing system and transtibial prosthesis were modeled in ProMechanica so
that computer simulations of many different alignment and loading scenarios could be conducted
in parallel with physical testing. The results of the computer simulation and tests on the physical
prototype were compared and used to create effects analysis graphs in Minitab, which served as
confirmation of physical intuition for the test results. The Minitab analysis was also used to
develop prediction equations based on the coefficients produced and the corresponding p-values

that make a case for the statistical significance. Results were mixed; while it was clear from
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statistical analysis that there was an identifiable correlation between alignment and force
distribution, the force sensors employed in the design could not offer accurate measurements due
to a lack of sensor sensitivity and an inability to measure tension forces. Ultimately, these results
serve as an indication for the potential in this line of research. We recommend that sensors which
can more accurately measure the applied forces be used for future revisions on this design. Then
the methodology devised in this project would likely culminate in a cost effective quantitative

system for force analysis that would be of great benefit to patients and practitioners.
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1 Introduction

This project was intended to address the need in the field of prosthetics for more cost
effective and scientific procedures for prosthesis alignment. The following sections provide
relevant background information that illuminates this need as well as a description of the

objectives of this project.

1.1 The Field of Prosthetic Limbs and Gait Analysis

The need for prosthetic limbs has been around for thousands of years, dating all the way
back to rudimentary wooden peg legs. As the years have passed, these simple and archaic
substitute limbs have been replaced by more functional and advanced prostheses. While great
changes have occurred in the development of the actual prosthesis, the stigma often associated
with having a missing limb as well as the self-consciousness of the amputee has remained
relatively unchanged throughout many of these advancements in history. However, as cultural
mentalities have shifted to become more accepting and inclusive, these problems have somewhat
started to diminish. Medical advances that can now save the lives of critical patients through
sophisticated surgical techniques have contributed to a population of amputees who want to
continue their previous active lifestyles and have created a demand for highly functional limbs.
This is especially true in the military, where dangerous combat situations have left many young
and active men and women with missing limbs in the past decade.

As a result of these factors, there has been a substantial and significant improvement in
the technological design of prosthetic limbs in the past few decades. New fabrication and fitting
techniques have helped vastly improve the look and feel of the limbs for the users. Computerized
“smart” limbs are being developed to move closer towards mimicking the functional abilities of
the flesh-and-blood human limb. While technological progress in prosthetic design is fantastic, if
the device does not fit the patient or function correctly, then all of the cutting-edge advancements
go to waste,

For a unilateral transtibial (below the knee) prosthesis specifically, creating a properly
functioning prosthesis means that proper gait and alignment are of the utmost importance in
order to guarantee that these high tech prosthetic devices perform optimally. Gait refers to the

manner in which a person moves, such as stride distance and angle of heel strike. It is very

Page 1



important that the gait of a patient using a prosthetic leg be kept as identical as possible to the
gait of a non-amputee in order to ensure the well being of the patient’s remaining limb. As
described previously, there has been a great deal of innovation in the design of the actual limb.
However, there has been very little change in the methods for gait analysis in the clinical setting
in the past 50 years (Boone 2009). The main technique used around the world during a clinical
alignment appointment by a licensed prosthetist is called Observational Gait Analysis (OGA).
For this technique, the prosthetist essentially uses all of the training he or she received through
school and mentors, as well as personal experience, in order to make alignment corrections. The
clinician observes the patient ambulating with the prosthesis and then uses his or her trained and
experienced judgment along with knowledge of clinically accepted alignments in order to find
the optimal alignment. However, this very popular and widely used technique has been shown to
be less repeatable than computerized gait analysis (CGA) and yet still remains the primary
method for fitting prosthetic legs. Improper alignment can result in skin breakdown due to
excessive forces on the patient’s residual limb and/or gait deviations that can cause both injury
and unwanted attention to the amputee’s missing limb.

There are several reasons that have prevented CGA from becoming a more commonly
used technique in gait alignment. The biggest barriers have been CGA’s time consuming process
for fitting the prosthesis as well as the very high cost of the specialized facilities necessary to
implement the technique. As a result, instead of the direct measurements of force, stress, strain
and torque that would be provided for a clinician in a CGA lab, the prosthetist in an average
clinical setting must use a “trial and error” approach. The clinician must rely on patients’
feedback on what they are feeling as well as subjective observation by the prosthetist himself in
order to try to find the optimal alignment. If a patient is unable to accurately interpret what he or
she is feeling and/or unable to effectively communicate these feelings during the fitting, it

becomes very difficult for the prosthetist to achieve a proper alignment.

1.2 Problem Description

All of this information exposes a significant need for developing an improved method for
gait analysis and prosthetic alignment. The use of quantitative measurements of the forces on the
limb as indicators of suggested alignment changes would help a prosthetist who currently uses

OGA create a better alignment. The goal of this particular project was to create a device that
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would help implement such an improved method by providing the clinician with objective and
scientific data in a cost effective manner. The quantitative data would help the prosthetist find
the optimal alignment during a static alignment in order to ensure a proper gait for a patient.

The primary objective of this project was to design and develop a new technique to
obtain quantitative measurements of forces for prosthetic gait analysis. The technique was used
to indicate alignment changes that would help improve the gait of a unilateral transtibial
amputee. The goals of this design project also included a computer simulation of this technique.
Considerable research and brainstorming among group members went into the design of the
force sensing module. Several companies and research facilities have come up with concepts
meant to provide the same type of data. Orthocare Innovations developed the Smart Pyramid™
to replace the standard pyramid in any prosthesis to allow for computerized gait analysis with its
embedded sensors. The CompasMaster™ unit can then be attached to the pyramid in order to
send the data to a computer that tracks the gait of a patient during dynamic alignment fittings. It
then compares the data to curves describing “normal” gait in order to determine any gait
deviations and indicate corresponding alignment changes that should be made (Orthocare
Innovations 2009). However, the Compas system is extremely expensive and excessive for the
measurements that this project intended to quantify during the static alignment phase of check
socket fittings.

A scientific research paper for the Department of Veterans Affairs from the University of
Washington Center for Bioengineering and Department of Mechanical Engineering was very
informative. Sanders ef al. discuss a similar project which used six strain gauges in a device to
measure all of the force and moment components during walking. Then calibration curves and
matrices were used to convert this data into force measurements (Sanders, et al. 1997). However,
the authors do not go so far as to use the force measurements in order to make specific
recommendations for alignments changes as this project does.

There were several constraints that influenced the direction of the design for this project.
Economic issues are often significant factors in designs as engineers are always looking for
better and cheaper ways to accomplish a job and this project is no exception. The device needed
to provide a cost effective alternative to computerized gait analysis (CGA) in order to appeal to
prosthetists who are working in an average prosthetic facility. The average prosthetist does not

have the access or the financial means for high tech gait labs. Although the budget supplied by
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Trinity was $1,200, a practicing prosthetist and technical consultant for this project, Tiffany
Forest, suggested additional cost guidelines for the actual device in order for it to be a cost
effective design. It was recommended that the force measuring device should not exceed $150 if
it is to be used fewer than five times, but it may cost up to $500 if it can be used more than five
times. Since the group unanimously decided that the device should be designed to be used many
more than five times, the goal was to provide a product at a cost of $500 or less to a prosthetist.
Health and safety were also very important constraints to consider, especially when
dealing with a human being’s reliance on the device functioning properly to remain safe. Any
prototype and final product that is incorporated in the prosthesis fitting process must not
compromise the integrity of the original prosthetic limb or the safety of the patient in any way. It
should also be compatible with the materials and strength of the prosthesis in order to meet this

constraint.

2 Design Overview

All of this information, along with a great deal of background research, provided an
excellent foundation for choosing the design that best fit the stated objectives of this project. The
major systems within the design solution for this problem were the force sensor system, the data
output system, and the computer simulation. A testing apparatus was necessary but was not
considered part of the final deliverable. The force sensing device that was selected to solve this
problem consisted of a set of four Tekscan FlexiForce sensors mounted between two metal
plates. The sensors (Figure 1) were thin-film, piezoresistive sensing devices containing a flexible
printed circuit. The sensing area (circular area at the end) senses a contact force, causing silver to
extend from the sensing area to the connectors at the other end and the resistance of the sensor to
change (Tekscan 2007). The connectors at the end of the sensor served as the connection
between the force sensor system and the data output system. The force measuring component
was placed between the socket of the prosthesis and the pyramid that is connected to the pylon as

shown in Figure 2.
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Figure 2. Force sensing device integrated into a transtibial prosthesis below the socket.

The end user of this design, a prosthetist, will be provided with a spreadsheet-type
program that allows the user to input the measured resistance of each sensor. This was the basis
of the data output system, which displays the force on each sensor corresponding to the
respective resistance measurement, the percentage of the total force measured on each sensor and

suggestions for alignment changes that may improve the force distribution on the prosthetic limb.
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A computer model and simulation of the prosthesis and force sensing device was used to
help verify the trends found in the results of tests conducted with the physical device. The goal
was to use a ProMechanica model of the prosthesis and force sensor system to simulate the
forces that can be felt in the real prosthetic limb for various alignment angles (see Section 3.4

below for more details).

3 Subsystem Designs

The design for this project can be broken down into several subsystems. The force sensor,
data output, testing apparatus, and computer simulation systems will be described in further

detail in the sections below.

3.1 Force Sensor System

The force sensor system is comprised of two main parts; a top and bottom half. The force
sensor assembly (Figure 3) has dimensions of 2” x 2” x 0.6”. The force sensor assembly is
placed between the socket and pyramid and is fastened with special ordered screws seen in
Figure 2. These necessary 1.5” screws are longer than those typically used to connect the
pyramid to the socket because the force sensor design adds an extra 0.6 inches in between the
socket and the pyramid. The screws typically used to connect the socket to the prosthesis only
have to account for the small added depth of the pyramid. The two metal plates of the top and
bottom halves are fabricated to match exact dimensions of the socket pyramid (27 x 2”);Idea11_x,
the material used for these metal plates would be a titanium alloy, which is the same 1_1;;‘[;;511
used to make the socket pyramid. However, stainless steel was found to be a satisfactory

substitute that would provide the necessary strength and durability material characteristics at a

much lower cost.
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Figure 3. Exploded view of force sensor design.

The top portion of the system (Figure 4) has two components: the metal plate and the four
rubber pads. The top plate has four holes cut to match those already fabricated in the pyramid.
The holes in the top plate are drilled with the same size bit as the pyramid holes to ensure a tight
fit between the socket and the device. In addition, the top plate has a height of 0.25 inches to help
ensure this tight fit. There are four clear, dense rubber pads located under the top plate in the
front-middle, back-middle, left-middle, and right-middle regions of the top plate. These
placements correspond to the spots where the respective sensor is located on the bottom portion
of the module. Placing the rubber pads at these regions ensures an accurate reading by
concentrating the load only on the sensors. The pads were manufactured with a self-adhesive
coating on the back but double-sided tape, which is non-corrosive to the rubber and stainless
steel, was also applied in order to guarantee extra strong adherence. These rubber pads must stay

S

in place because they transmit the force applied in the socket to the sensors.
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Figure 4. Top portion of force sensor design.

The bottom portion (Figure 5) is comprised of the four force sensors and the bottom
metal plate. Tekscan FlexiForce, model A201 force sensors are used as the four sensors in the
system. These sensors are made of two layers of polyester film, silver and a compression
sensitive ink. Each force sensor was attached to the bottom plate using double-sided tape that is
compatible with both the metal and the force sensor. The bottom plate has four holes drilled to be
slightly bigger than the dimensions of the top plate’s holes. The bottom holes are slightly larger
and neither the holes in the top or the bottom are threaded to ensure that no torque will be
applied through the device. As a result, the entire force is distributed through the rubber pads to

be measured via the sensors and is not affected by the screw connections.
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Figure 5. Bottom portion of force sensor design.

The majority of the cost of the force sensor design was in the force sensors themselves as
price of the metal plates, rubber pads, and longer screws was small compared to the price of the
force sensors. A 0.25” thick plate of 304 annealed stainless steel cost $7 for the two 27x2” pre-
cut plates from Westbrook Metals. A package of sixteen self-adhesive rubber pads cost a mere
$2.97 at the Home Depot, leaving plenty of extras should a pad need to be replaced on the actual
device. The FlexiForce force sensors had a price of $117 for a package of eight (Tekscan 2007).
Since only four sensors were needed in the device, the cost of the sensors for the end user was
only $58.50. The four longer screws that were necessary to ensure the safety of the prosthesis
cost a total of $6.00 because they had to be special ordered. The overall cost of the force sensor
module, excluding any programs or measuring devices, was $72.24.

One of the first tasks in constructing this design was to do some preliminary tests on the
FlexiForce sensor to provide a proof-of-concept for the capabilities of the sensors that were
selected. One force sensor was connected to a digital multimeter, which measures the resistance
in the force sensor as a load is applied. An Instron machine was used to apply a compression
load on the sensor. For each compressive load that was applied, a corresponding resistance value
was recorded. The data collected from the experiments were then used to generate a “Force vs.
Resistance” graph with a power curve fit as shown in Figure 6. These curves were necessary to
interpret the output of the force sensor system using the data output system that is described later

in this paper.
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Figure 6. Sensor calibration curve from preliminary measurements of force vs. resistance.

3.2 Data Output System

Tekscan provided a recommended driver circuit for the FlexiForce sensors (Figure 7), but
it was not necessary to use the circuit for this project since the user will be taking static
resistance measurements directly from the sensors. The data output system consists of a standard
ohm meter which is connected to the sensor by the constructed leads and a spreadsheet program
that takes the resistance measurements as inputs. Since these sensors are simply variable
resistors, a calibration plot was generated, as described previously, for each force sensor in order

to decipher the relationship between a known force and the measured resistance.
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Figure 7. Obtaining output from the sensors (Image modified by J. Dizon) (Tekscan 2007).

It is important to note that the data output system was only designed to give the
prosthetist a general idea of how the patient’s weight is distributed along two planes. The coronal
plane divides the body into anterior and posterior (front and back) sections, and the sagittal plane
divides the body into left and right halves as shown in Figure 8. Therefore, the sensors provide

information about the load on the prosthesis relative to the sagittal and coronal planes.

Figure 8. Planes used to describe the body and alignment (Mrabet 2008).

The prosthetist can compare the force on the outer side of the limb to the force on the
inner side, and the force on the front to the force on the back. Based on the force distribution
along the two planes, the spreadsheet program provides a list of suggested alignment changes

that may improve the force distribution for the patient. The conditions of each individual
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transtibial amputee can vary tremendously, making it practically impossible to generate one ideal
curve or force distribution to fit all of the patients. The output system provides the manual
method for increasing or decreasing the force on each sensor at the discretion of the prosthetist.
For example, the output program lists “flex the socket” to increase the proportion of the total
force on the front of the prosthesis. According to the group’s technical consultant, a general
system like this is actually more useful to the clinician, simply because of the inherent variability
between patients. Essentially, this design provides quantitative information to supplement the
qualitative description that a patient might provide based on what they feel.

With minimal background and experience in the field of prosthetics, the group could only
design a product that gives suggestions to the prosthetist on how to mechanically adjust the
prosthesis in order to obtain a desired weight distribution. The group assumed the clinician has
access to a computer with Microsoft Excel or a similar spreadsheet program already installed.
With the calibration curves for each of the four sensors and a program of equations in Excel, the
prosthetist would only need to input the measured resistances read from the digital multimeter at
each sensor during a static alignment fitting. The program then outputs the patient’s weight
distribution, in pounds, at the positions of the four sensors and provides a list of suggestions for
adjustments if desired. This program was based on recommendations given by the group's
technical consultant for desirable gait alignments. Appendix E provides a more detailed
explanation and snapshot of the data output component of the design.

The cost of this data output portion of the overall design depended only on the price of a
simple digital multimeter (which includes built-in ohm meter), since the driver circuit was not
necessary and the end user was assumed to have access to a computer with a spreadsheet
program. The cost of the sensors themselves fell under the force sensor subsystem as described
previously. The ohmmeter should be able to measure resistances up to approximately 200 M€,
because the sensors have infinite resistance when completely unloaded. Resistance values also
go down to near 90 kQ for a load of 250 pounds. The ohmmeter needed to have fairly good
resolution and precision because at high forces (low resistances), small changes in resistance
measurements resulted in comparatively large changes in force due to the power fits of the
sensor calibrations curves (See Fig. 6). The Fluke 114 Electrical True RMS Digital Multimeter
exceeds the needs of this system. This 550-gram multimeter is handheld and has a measurement

range of 600.0 Q to 40.00 MQ (resolutions of 0.1 Q and 0.01 M, respectively). The accuracy is
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0.9%+1 for the range up to 6 MQ and 5%+2 for the 40 MQ range (Fluke Corporation 2009). The
Fluke 114 is listed at $129.95 by several suppliers, including Transcat, Techni-Tool and Newark.
The unit includes the 9-volt alkaline battery (typical battery life is 400 hours without backlight),
test leads and manual. More expensive models that have a greater variety of options and provide
greater resolution or precision are also available but with a higher price tag. The choice of
multimeter is at the discretion of the clinician, but it is expected that most clinicians would prefer
the least expensive model that meets the needs of the design. Therefore, it was estimated that a
clinician would need to spend approximately $130 for this part of the data output system. While
the initial cost for this portion of the design may be relatively high, the multimeter would be used

for many static alignment appointments so the cost would be very low on a per-patient basis.

4 Methods

The methods behind testing the force sensing design were divided into several steps.
First, sensitivity tests were conducted on the sensors in order to verify that there was little to no
deviation in the force measurements over time for a given load. Second, an immobilization
apparatus was constructed to run consistent tests throughout the experiment. In the following
sections, the testing procedures for both the physical and computer simulations and the process

of evaluating the data collected will be explained in detail.

4.1 Sensitivity Tests

In order to determine whether or not time would be a factor in this experiment, the group
conducted a series of sensitivity tests. Using the boot apparatus shown in Fig. 9 (the group’s
initial test apparatus design), the subject was instructed to stand still for ten seconds while data
was collected from each sensor simultaneously using Labview (Fig. 10). Although these tests
were performed using a different apparatus, the same force sensing component was used in
testing for both the boot design and the immobilization design. The boot design was actually a
more realistic and reliable representation of the data over time for this particular test because it

accounts for human error.
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Figure 9. Boot apparatus used for sensitivity tests.
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Figure 10. Example of sensitivity test data collected using Labview.
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Figure 11 depicts the average force measured over 10 seconds in a sensitivity test. The
voltage readings were directly related to force — a greater output voltage indicated a greater force
applied to the sensor. The error bars in this plot show that the sensors’ voltage output readings
were fairly constant over time. This ten second sensitivity test was repeated three times with

similar results each time. Figures 10 and 11 provide a good representation of all of the sensitivity

test data.

Sensitivity Test #1

Output Voltage (V)

Front Inner Back Quter

Maasuremant: 3.680+0.024V 3.466+0.020V  2.182 +0.013\V 3.665 £0.012 V

Figure 11. Average force measurements for a 10 second period in a sensitivity test.

Here, a difference in an output voltage of 0.01 V approximately corresponds to a 0.5 b
change in force. The sensitivity tests confirmed that force measurements from each of the
sensors were nearly constant over time, given a steady load force. Therefore, the group was able
to safely assume that the force distribution around the sensing device was constant throughout

any single physical test conducted during the process and could proceed with the physical

testing.
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4.2 Testing Apparatus

The purpose of the designed testing apparatus was to simulate the real world application
of the force measuring device without having to use actual amputees as test subjects. This helped
to meet ethical and political constraints on the project while obtaining relevant physical data to
test the functionality of the force measuring device and the validity of predictions made with the
computer simulation. Proper measures were taken in order to guarantee the structural integrity
and functionality of the testing apparatus while in use. Figure 12 depicts the immobilization test
apparatus. This apparatus allowed the group to load the prosthetic limb and test the force
measuring system in a stable, controlled and consistent manner without introducing the

extraneous variables present in the boot testing apparatus.

Figure 12. The immobilization test apparatus.

The basic concept of the immobilization testing device was to adapt a pole, sturdy
enough to hold up to 125 Ibs in place, with hardware so that it could be connected to the
designed force measuring system integrated into the prosthesis. The immobilization apparatus
shown in Fig. 12 was designed to hold the foot and pylon in place in order to keep the
positioning consistent throughout the testing procedure. The group replaced the socket of the

prosthesis with a pole attachment (Fig. 13) having a diameter small enough to fit through the
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center holes of the free weights. Figure 14 depicts the entire loaded testing apparatus design used

for data collection.

Figure 14. Loaded testing apparatus.
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The immobilization apparatus restricted movement in the ankle joint and foot while still
allowing the area to bear weight. This allowed the group to keep the lower leg at a specific angle

with respect to the pylon just as it would with an actual amputee in the socket.

4.3 Test Matrix and Testing Procedure ,5'5

The test matrix shown in Table F-1 incorporates ﬁfactorial design of experiment. The
three factors in the matrix, each tested at three levels, are“weight on the prosthesis, alignment in
the coronal plane, and alignment in the sagittal plane. According to the group’s consultant, the
range-of total patient weight varies between 100 — 250 lbs. Since each leg was assumed to bear
50 percent of a patient’s total weight in a static fitting procedure, the group varied the testing
loads from 50 — 125 lbs in the design of experiments. Since linearity could not be assumed, three
different loads of 50, 75, and 125 lbs were measured at each alignment. For each load,
adjustments in the coronal and sagittal planes were executed to imitate standard clinical
alignments (Fig. 8). In the sagittal plane, the pyramid at the socket was extended, set in bench, or
flexed (Fig. 15). Similarly in the coronal plane, the same pyramid was adducted, set in bench, or
abducted (Fig. 15). This method of testing allowed the group to measure the force distribution on

the sensing device at all alignment combinations for the given load.

Socket Flexion Socket Extension Abduction Adduction
Figure 15. Direction of alignment changes at the socket used in testing.
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Two replications of the factorial design of experiments (27 tests for each replication)
were randomized together in order to reduce any potential bias in the testing procedure. After
each test was completed, the pyramid was set back into the bench position using a standard
horizontal level tool. The next test was then completed by adjusting the socket to the next
assigned alignment in the randomized test matrix. Before loading the aligned apparatus for each
test, an ohmmeter was used to record resistance measurements at sensors 1, 2, 3, and 4
consecutively with the unloaded prosthesis set in the immobilization apparatus. Once those
measurements were recorded in the data output program, resistance measurements at the sensors
were again taken with the prosthesis loaded and also recorded in the data output system. Using
these data, it was possible to see if the observed trends in the output fit the trends that were
expected based on the alignment, which is explained in further detail later in the report. All data

were also analyzed using Minitab Statistical Software.

4.4 Computer Simulation of Prosthesis with Force Sensing Device

The computer model is a representation of a basic below-knee prosthetic leg of the sort
Tiffany Forest has loaned the group. Although it was patterned on a model created by an
Independent Study Project under the guidance of Dr. Peter Kelly-Zion, a significant number of
features for the current model were redone to achieve compatibility with Pro/Engineer and parity
with the loaner prosthetic leg. Created using Pro/Engineer, the computer simulation allows the
user to adjust patient weight and socket angle in the sagittal and coronal planes. Mechanical
simulations were then run based upon the desired alignment settings. The principle outputs of
these simulations were the force measurements at the interfaces representing the design’s force
sensors. Mechanical simulations were performed with settings designated by the same factorial
design matrix consisting of three variables with three levels each used for the physical testing.
The full matrix design is provided in Table F-1 of Appendix F. Once the full set of tests were
completed using the single-pass setting in ProMechanica, the resulting data were entered into

Minitab to perform an ANOVA analysis and generate coefficients for prediction equations.
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4.5 Minitab

Minitab was used to analyze the experimental data generated both in the physical tests as
well as the ProMechanica simulations. The original intent was for a limited number of physical
tests to be conducted under the assumption that the computer simulations could be run with little
supervision to generate all the data necessary to produce statistically meaningful prediction
equations through Minitab. These equations would then be used to cross-validate the physical
results and thereby provide an accurate model of the physical system quickly and efficiently.
Through the course of conducting the test runs, it became clear that results from the physical
system and computer simulation did not agree in terms of the absolute magnitude of the forces
measured. Therefore, the focus on the comparison between the physical and computer
simulations shifted to comparing the qualitative force distribution trends between the two. Main
effect plots were produced in Minitab to compare the data based on this information. Within the
respective data sets, an ANOVA analysis was run to test the statistical significance of the data
and produce prediction equations using a Design of Experiments method. The coefficients for the
appropriate variables to include in the prediction equation were chosen based on their p-values
which showed whether or not they were statistically significant. The validity of the prediction
equations was assessed by checking to see if they could correctly predict the force measurements

for a test that had already been run.

5 Results

To test the final design, we used the immobilizing testing apparatus described in Section
4.2. Force measurements for each alignment were taken twice to check for repeatability and
enable us to perform statistical analyses with our data. In general, we observed that the average
force measured by each sensor for each alignment satisfies the trends that were expected.
However, the magnitude of the physical force measurements varied widely. The trends in the
forces measured using the computer model match the physical data trends in both the coronal

plane (side to side) and the sagittal plane (front to back).
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5.1 Physical Testing Results

Overall, the physical tests were not repeatable. When the same alignment was tested
twice (using a randomized testing order), the two measurements differed by as much as 28
pounds or as little as 0.025 pounds. These extremes were both found on a single sensor, the
“outer” sensor, but similar variations were present for the other sensors as well. While the lack of
repeatability was discouraging, the relative force distributions satisfied the trends we expected
based on information provided by our technical consultant. For example, when the socket was
extended, we expected to see more force on the back sensor than on the front. When the socket
was flexed, we expected to see the opposite. The average values conformed to this trend as
shown in the “Main Effect” plots generated by Minitab (Figs. G-1 and G-2). The average values
in the coronal plane also conformed to the anticipated trends (Figs. G-3 and G-4).

When the physical test data was analyzed using Minitab Statistical Software, we
discovered that prediction equations cannot be acquired for variables with three levels. We did,
however, run an Analysis of Variance (ANOVA) test using all of the data and generate the Main
Effect plots referenced above. The Main Effect plots using three levels for each variable showed
that the relationships were not perfectly linear, but they were reasonably close to linear. The
ANOVA analysis (see Appendix H for all ANOVA results) provided R-squared values for each
sensor, which indicated how well a linear regression fit the data. The lowest R-squared value was
88.57% and the highest R-squared value was 94.84%. For our purposes, these R-squared values
were high enough to justify excluding the center point data in a second Minitab analysis so that
prediction equations could be determined using linear regression.

In order to obtain prediction equations for our physical design, we removed the middle
level (75 pound-level from weight and “bench” from sagittal and coronal angle) and used only
two levels for each variable. The Main Effect plots generated using two levels with two
replications each closely matched those using three levels and continued to agree with the
expected trends (Figs. G-5 to G-8). Once again, the ANOVA analysis returned high R-squared
values (lowest was 95.10%) indicating that Minitab’s linear regression was appropriate for these

data. The prediction equations generated in the two-level analysis are of the general form shown

by Eq. 1:

Page 21



Force = ¢y + ¢1 * Weight + ¢, * Sagittal + c3 * Coronal + ¢4 * Weight * Sagittal +

cs * Weight = Coronal + cg * Sagittal * Coronal + c; * Weight = Sagittal * Coronal Eq.1

The p-values provided by the ANOVA analysis indicated which of these terms have a
significant impact on the force measurement that was unlikely to be due to chance. We observed
that the weight term and the constant were significant terms in the prediction equations for all
four sensors (p < 0.001). The significance of other terms was dependent on the sensor’s location
(sagittal plane or coronal plane). For the sensors in the sagittal plane (“front” and “back™), the p-
values indicated that the sagittal and weight*sagittal terms were significant (p < 0.001), while the
remaining terms, all of which include the coronal factor, were relatively insignificant. Although
the p-values for the terms involving the coronal factor were less than the traditional threshold
value of 0.05, they were at least 3 times larger than the p-values for the weight and sagittal terms.
For the sensors in the coronal plane (“inner” and outer”), we saw that the coronal and
weight*coronal terms were significant (p < 0.001), while the terms involving the sagittal factor
were insignificant with p-values greater than 0.08. The prediction equations for the physical data
were then reduced to the following forms where “sagittal” is equal to -1 for extending the socket
or +1 for flexing the socket (Eq. 2), and “coronal” is equal to -1 for adducting the socket or +1

for abducting the socket (Eq. 3):

= ¢y + ¢1 * Weight + ¢, * Sagittal + c3 * Weight * Sagittal Eq.2

Fsa_gittal sensor

= ¢y + 1 * Weight + c; * Coronal + c3 * Weight * Coronal Eq. 3

ch'onal sensor

Table 1 provides the values for the coefficients in the prediction equation for each force
sensor. When we evaluated the ability of these equations to predict the forces measured by our

physical force-sensing device (see data in Table I-1), we discovered that for the physical data,
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these equations have certain limitations. One limitation was that the equations (Eq. 2 and 3) were
less successful than the computer simulation equations in predicting the force measurements for
the midpoint tests that were excluded in this Minitab analysis, such as tests where the total load
on the prosthesis was 75 pounds. Another issue was that, since the repeatability of the sensor
measurements was poor, the equations predict an average measurement rather than matching
either repetition exactly. This limitation was due more to the sensor’s fluctuation than the linear
regression analysis performed by Minitab. Despite the limitations of the model, we saw the same
trends in the force distribution in the predicted values as we expected based on an understanding

of the physical system.

Table 1. Prediction Equation Coefficients for Physical Test Data.

Sagittal Plane Sensors Coronal Plane Sensors
Coefficient Front Sensor Back Sensor Inner Sensor Outer Sensor
Co 2.30237 -2.28196 2.65392 3.35579
Ci 0.200375 0.189827 0.120992 0.182157
C2 -7.53004 424762 -5.21958 3.23113
c3 0.236098 -0.140920 0.142312 -0.153480

5.2 Computer Simulation Results

Repeatability was not an issue with the computer simulation of our design because
ProMechanica will load the model in the exact same way every time if the alignment is defined
the same way. Therefore, the test matrix was only performed once in ProMechanica. A
randomized testing order was also unnecessary for the computer simulation, because a previous
test does not affect the current test.

When the computer simulation data was analyzed in Minitab, we still entered two runs
for each test in order to match the procedure used to analyze the physical testing data. However,
for this analysis, the two values for each test were identical. Using three levels for each variable,
we could only obtain effects plots (Figs. G-9 to G-12) and ANOVA analyses (Appendix H) for
each sensor as we did when analyzing the physical test data. The negative values occurring in

our computer simulation were the result of ProMechanica’s ability to measure tension in addition
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to compression. In order to obtain prediction equations for the force sensors in the computer
simulation, we again removed the center or “bench” level for each variable so that Minitab could
perform linear regression with our data. The Main Effect plots for sensors 2 (inner) and 4 (outer)
were very consistent between the 3-level and 2-level Minitab analyses because the data for
sensors in the coronal plane was linear even with the center data points included (see Figs. G-15
and G-16). The data for sensors in the sagittal plane (front and back sensors) was also very linear
as the socket angle was varied from extended to flexed (Figs. G-13 and G-14). Since all of the
ProMechanica data was highly linear, the prediction equations generated by the 2-level Minitab
analysis were able to approximate the force measurements on all four sensors to within 1 pound
of the ProMechanica simulation values (including bench values) as shown in the data provided in
Appendix [, Table I-2.

There were no p-values or other indications of statistical significance for the Minitab
analysis of the ProMechanica data since there was no variation between tests. We decided to
reduce the prediction equations generated with the computer simulation data to include only the
terms that were significant for the physical testing (See Eq. 2 and 3). This decision was based on
an understanding of the physical system for different alignment and loading scenarios. Table 2

below contains the coefficient values for these prediction equations.

Table 2. Prediction Equation Coefficients for ProMechanica Test Data.

Sagittal Plane Sensors Coronal Plane Sensors
Coefficient Front Sensor Back Sensor Inner Sensor Outer Sensor
Co 8.3333E-6 1.7764E-15 2.6667E-5 8.2500E-7
C 0.590633 -0.0909828 0.259900 0.240677
() 8.3333E-6 -7.1054E-15 2.6667E-5 -8.4167E-7
C3 0.234049 -0.234747 0.234601 -0.234404

5.3 Comparison of Physical Design and Simulation

Using three levels for each variable to generate Main Effect plots, we saw that the

physical testing and the computer simulation agree (trend-wise) for sensors 2 (inner) and 4
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(outer). Based on these data, we saw that the computer simulation was acceptable in qualitatively
predicting the relative force distribution in the coronal plane, but the magnitude of the force
measured by the physical sensor did not match the magnitude determined by the simulation (see
Appendices G and ). The Main Effect plots matched trend-wise but again not in magnitude
when we compared the physical testing and computer simulation data for sensors 1 (front) and 3
(back). The discrepancies in the sagittal plane measurements were the result of the inability of
our sensors to measure tension. The ProMechanica simulation was able to collect negative
(tension) and positive (compression) force measurements, while our sensors could only measure
compression. Therefore, it was especially difficult to assess the validity of the computer
simulation as a model for the physical device in the sagittal plane. Since the physical testing data
agreed with the expected trends in both the coronal and sagittal planes, we believe that our force
measuring design is validated to an extent even though it does not produce the force magnitudes
predicted by the computer simulation. Based on the analysis of both the physical and computer
simulation test results, we have identified several limitations of our device m its current state.

These limitations will be discussed in the following section.
6 Conclusions and Recommendations

The objective of this project was to design and develop a prototype device to provide
quantitative measurements of the force distribution on a transtibial prosthesis during a static
alignment procedure. Our objectives also included using these measurements to make clinically
relevant recommendations for alignment changes that should improve the fit of the prosthesis for
an amputee, and using a computer simulation to model the physical system and collect additional
data. In general, our goal was to provide a more scientific and cost effective procedure for fitting
the prosthesis in comparison to current observational gait analysis and computer gait analysis
methods, respectively. We believe our project was successful in meeting these objectives and
goals. Using both the computer simulation and the physical prototype, we were able to obtain
information about the trends relating force distribution and prosthetic alignment. Using the
trends observed in the data, we were able to follow through on our plan to provide suggested
alignment changes in a data output program to change the force distribution qualitatively. These

trends were verified by our technical consultant Ms. Tiffany Forest, MSPO.
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Due to the limitations of the sensors used in the physical prototype, we were not able to
obtain good quantitative information that could be used to provide exact alignment change
suggestions to produce a specific numerical change in the force measurement. The FlexiForce
sensors used in the prototype had poor repeatability and were inaccurate over time since they
failed to maintain parity with the initial calibrations. They were also unable to measure tension,
which caused irresolvable discrepancies between the physical tests and the computer simulation.
It was also discovered that these sensors exhibited very non-linear behavior in ranges of interest,
introducing extra uncertainty where a small error in the resistance reading resulted in a large
error in the force measurement in the upper range of the weights applied. The time constraint on
this project was also a limiting factor in the development of correlations between alignments and
force measurements. In order to obtain more reliable correlations, we would have needed to run
our design of experiments for at least ten to fifteen replications. Our time constraint did not allow .
us to repeat the experimental measurements with a new set of sensors and a large number of
replications.

Our recommendations toward improving the design include implementing more accurate
force transducers. We recommend that the new sensors have more linear behavior in the weight
range appropriate for a transtibial force sensing device, in contrast to the extremely non-linear
relationship between force and resistance for the FlexiForce sensors we used, as shown in Fig. 6
Efgﬁ?i'bu&lx. In addition these new sensors would need to have the ability to measure not only
compression but tension as well. Using a sensor that measures tension would allow the force
measurements from the physical tests to more accurately mirror those of the computer
simulations which take tension forces into account. An example of this type of sensor would be a
strain gage. The resistance of strain gages is directly related to the strain imposed on them as
long as the gage material is not stressed past the linear elastic region, which can be avoided
through proper load cell design. This relationship holds for both compression (negative) and
tension (positive) strain. We believe that with more effective sensors and a large number of test
replications, the data collected with the physical system could be used to develop more exact
indications for the alignment changes that would produce a specific force distribution. We also
anticipate that if more accurate force sensors are used in the sensing module, the computer model

could be more useful for cross-validation between the actual alignments and the simulations.
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B Bill of Materials and List of Vendors

The bill of materials (Table B-1) is intended to provide an analysis of the cost associated with

assembling one force sensing module and its output system that a prosthetist could integrate into

a prosthetic limb.

Table B-1. Bill of Materials and Vendors for one design unit.

Amount
Item Vendor Cost/ Unit |Total Cost
Required
2" x 2" 304 Annealed Stainless Steel Westbrook Metal, Inc. 5 $3.50 $7.00
Plates
Rubber Pads Home Depot 4 $0.19 S0.74
FlexiForce Model A210-100 Sensors  [Tekscan, Inc 4 $14.63 $58.50
Custom Ordered 3" metric screws Ace Bolt & Screw 4 $1.50 $6.00
Fluke Corporation
Fluke 114 Digital Multimeter (Through Transcat, 1 $129.95 | $129.95
Techni-Tool or Newark)
Total Cost $202.19
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D ProEngineer Drawings

The force sensor prototype will be incorporated into the prosthesis between the socket
and the pyramid that connects the socket to the pylon as shown below. It will be necessary to

replace the standard screws with long, customized screws to accommodate the new component’s

thickness.

. d Force Sensor
— System ~0.6 inches
Screw — — Screw

Figure D-1. Enlarged image of the prosthesis with the force sensor prototype incorporated.
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E Software

The software portion of this design consists of a spreadsheet program that meets several
specifications. The input to the program, given by the clinician, is the resistance measured by
each sensor while the patient is in midstance. When static measurements are being taken (rather
than dynamic, or walking measurements), "midstance” refers to putting half of the body weight
on the prosthetic limb. The program takes the resistance values and displays forces in pounds
using the calibration equations generated for each sensor. The program provides
recommendation for alignment changes that should reduce or increase the force on a given
sensor area. The force distribution information should also provide an experienced prosthetist
with the quantitative information they need to make decisions regarding prosthetic alignment.

Figure C-1 below shows this spreadsheet program.

Data Output System Force Distribution on Sensors

For use during Static Alignment and utlizing the GAIT designed Force Sensing
Module to find the Force Distribution

USER INPUTS REQUIRED IN HIGHLIGHTED CELLS

Unloaded Loaded
Resistance measurement: input Required) | (nput Required
(Inp: equired) nput Required) m Frontsensor (1)
Front sensor (1): 500000 kQ 235 kO
Inner sensor (2): 15000 kQ 204 kO = Inner sensor (2)
Back sensor (3): 8000 kQ 228 kO 1 Backsensor (3)
Outer sensor (4): 92800 kQ 174 kQ

® Qutersensor (4)

MEASURED FORCES ON SENSORS AND OVERALL DISTRIBUTION

Calculated force on: Measured Force | % of Total Weight
Front sensor (1) 37.587 |bs 33.13%
Inner sensor (2) 30.831 Ibs 27.18%
Back sensor (3) 10.579 lbs 9.32%
Outer sensor (4) 34.455 lbs 30.37%
TOTAL FORCE MEASURED 113.451 lbs 100.00%

SUGGESTIONS FOR ALIGNMENT CHANGES TO IMPROVE FORCE DISTRIBUTION

IF Desired Force Distribution Change is: THEN Change Alignment by:
Increase force on Front sensor Flex the socket

Increase force an Back sensor Extend the socket

Increase force on Outer sensar Adduct the socket

Increase force on Inner sensor Abduct the socket

Figure E-1. Spreadsheet program for data output.
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F Factorial Design of Experiments

Objective:
1) To identify the effect of changing one of the five variables on the forces experienced
by the force measuring system.

2) Use the matrix to test both the computer model and the actual prototype output.
Dependent (Response) Variable: Force measured in the force measuring device prototype.

Independent Variables:
Factor 1: Weight of patient
Levels: 50 Ibs 75 lbs 1251bs

Factor 2: Socket angle in the sagittal plane (front to back)

Levels: extend 3° bench flex 3°

Factor3: Socket angle in the coronal plane (side to side)

Levels: adduct 3° bench abduct 3°

For a function of five variables, each with a high and a low value, there are 3% possible
combinations to be tested in experiments. The following test matrix describes the 27 possible
combinations of these parameters. The tests will be completed both for a change made at the foot
pyramid and a change made at the socket pyramid. The matrix will be tested for two complete

cycles: one for the computer simulation and one for testing on the actual prototype.
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Table F-1. Factorial design of experiments test matrix.

Sagittal Plane (front to back)

Coronal Plane (side to side)

Test Patient Weight Socket alignment Socket alignment
Number (Load in Ib)

1 50 extend (one turn) adduct (one turn)
2 50 extend (one turn) bench
3 50 extend (one turn) abduct (one turn)
4 50 bench adduct (one turn)
5 50 bench bench
6 50 bench abduct (one turn)
7 50 flex (one turn) adduct (one turn)
8 50 flex (one turn) bench
9 50 flex (one turn) abduct (one turn)
10 75 extend (one turn) adduct (one turn)
11 75 extend (one turn) bench
12 75 extend (one turn) abduct (one turn)
13 75 bench adduct (one turn)
14 75 bench bench
15 75 bench abduct (one turn)
16 75 flex (one turn) adduct (one turn)
17 75 flex (one turn) bench
18 75 flex (one turn) abduct (one turn)
19 125 extend (one turn) adduct (one turn)
20 125 extend (one turn) bench
21 125 extend (one turn) abduct (one turn)
22 125 bench adduct (one turn)
23 125 bench bench
24 125 bench abduct (one turn)
25 125 flex (one turn) adduct (one turn)
26 125 flex (one turn) bench
27 125 flex (one turn) abduct (one turn)
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G Effects Plots for Physical and Computer Simulation Data

Main Effects Plot for Front (1)
Data Means
Weight Sagittal
30
25 .
201 fm,-f” P
15 1 .ﬁﬁ—'—”"-ff.;’ J/
10 /
£ . . . a : ;
g 50 75 125 extend bench flex
Coronal
304
251
20 —
15 Pl
10 1
adduct bench abduct

Figure G-1. Main Effects plot for front sensor for physical test data with bench values.

Main Effects Plot for Back (3)
Data Means

Weight Sagittal

20 A
i1 / \\
10 4 ﬁ____,-#' \

— .

L o ‘-___‘_'
E 5 . : : : ; -
)qf 50 75 125 extend bench flex
Caronal

20

15 1 e

10 al

5 T T T
adduct bench abduct

Figure G-2. Main Effects plot for back sensor for physical test data with bench values.
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Main Effects Plot for Inner (2)
Data Means

\/eight Sagittal

20 1 /-
15 - / }_.f‘*x_wh_

101 W -
[ o
E 5 o T T T T T T
g 50 75 125 extend bench flex
Coronal
204 /
154

10 <

—

el

adduct bench abduct

Figure G-3. Main Effects plot for inner sensor for physical test data with bench values.

Main Effects Plot for Outer (4)
Data Means
= VW/eight Sagittal
/’_ﬁ
251 -
201 il
L~a—'—'_‘_'_"- =
15 ] __'_F__f/ -—
-
10
: T T T T T T
E 50 75 125 extend bench flex
- Coronal
0\_\.\
25 1 ~
20 e ™
151
e
101 ~,
adduct bench abduct

Figure G-4. Main Effects plot for outer sensor for physical test data with bench values.

Page G-2



Main Effects Plot for Front (1)
Data Means

Weight

30 -
25 1

-

"

Sagittal
[ ]

/

20 i
151 /
10 1

c T T T T
E 50 125 extend flax
Coronal

30 1

25 1

20 —

15 —

10 A

adduct abd'uct

Figure G-5. Main Effects plot for front sensor for physical test data without bench.

Main Effects Plot for Back (3)
Data Means

Weight Sagittal

P e ™~

of N

5 5 ; , . y
g 50 125 extend flex
Coronal
20
15 il
-
104
5 T T
adduct abduct

Figure G-6. Main Effects plot for back sensor for physical test data without bench.
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Main Effects Plot for Inner (2)
Data Means
Weight Sagittal
20 A
///.
151 - )
e
10 s
L)
G 5 A , ; : ;
f 50 125 extend flex
Coronal
20 »
51 /,/’/////
10 1
5 - :
adduct abduct

Figure G-7. Main Effects plot for inner sensor for physical test data without bench.

Main Effects Plot for Outer (4)
Data Means
Weight Sagittal
30 41
251 *
/ "
20 1 - _
151 / -
L 3
10 4
5 y - r .
g 50 125 extend _ flex
Coronal
30
25 1 \
201 B
o \
104
adduct abduct

Figure G-8. Main Effects plot for outer sensor for physical test data without bench.
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Main Effects Plot for Front (1)

Data Means
Weight Saqgittal
701 /' ..
60 - B //
50 A / _.f”f
40 - _f-ﬂ"'/ /
cal o . - . .
E 50 75 125 extend bench flex
Coronal
70 4
60
50 1 o . .
40
30 1 i . :
adduct bench abduct

Figure G-9. Main Effects plot for front sensor for ProMechanica test data with bench.

Main Effects Plot for Back (3)
Data Means
\Weight Sagittal
101 =
4 \
e —— »,
-10 4 e
-20 4 ~
e
£ -30- , ; " . . :
{ 50 75 125 extend bench flax
Coronal
10
0 4
-10 1 ® * *
_20 4
-30 : T T
adduct bench abduct

Figure G-10. Main Effects plot for back sensor for ProMechanica test data with bench.
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Main Effects Plot for Inner (2)
Data Means
Weight Sagittal
40 -
30 - -
20 r-f/ - — -
.____,_‘——“"’—A
10 4
G 0- . r . . ' T
g 50 75 125 extend bench flax
Coronal
+ »
40 P
30 1 /
o
20
101 /
0 L
adduct bench abduct

Figure G-11. Main Effects plot for inner sensor for ProMechanica test data with bench.

Main Effects Plot for Outer (4)
Data Means
\Weight Sagittal
40 4
30 _F__,-“.
20 = . o .
l-*““f_
104
: D L T T T T T T
g 50 75 125 extend hench flax
Coronal
40 4 \
30 ..
o
20 N
10 -
D L T T T
adduct bench abduct

Figure G-12. Main Effects plot for outer sensor for ProMechanica test data with bench.
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Main Effects Plot for Front (1)
Data Means

Weight Sagittal

70 / e
e

60 4 rd s

50 1 /

40

./_f /

50 125 extend flex
Coronal

30 1

Mean

70+
60 -

40 -
30 1

adduct abduct

Figure G-13. Main Effects plot for front sensor for ProMechanica test data without bench.

Main Effects Plot for Back (3)
Data Means

Jeight Saaqittal
104 ™~

0

-10 1 e
-20 4

-30 - T T T T
extend flex

Mean
()]
o
.
r
o

104
04

_20 4

30 4

addluct abdluct

Figure G-14. Main Effects plot for back sensor for ProMechanica test data without bench.
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Main Effects Plot for Inner (2)
Data Means

Weight Saqittal
40
’ ]
30 1 e
20 e * °
r"/
10
& 0+ — . . r
g 50 125 extend flex
Coronal

40

30 - /
20 -

104 /

addluct abdluct

Figure G-15. Main Effects plot for inner sensor for ProMechanica test data without bench.

Main Effects Plot for Outer (4)
Data Means
Veight Sagittal

40 4

304 o

20 1 — - -

101 T
c 0 A T T T T
g 50 125 extend flex

Coronal

40 "

30 4

20

107 \

D L T T
adduct abduct

Figure G-16. Main Effects plot for outer sensor for ProMechanica test data without bench.
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H Minitab Analysis Results (ANOVA and Prediction Equations)

Minitab Analysis for Physical Test Data Including Center Points (3-level)

General Linear Model: Front (1), Inner (2), ... versus Weight, Sagittal, ...

Factor Type Levels Values

Weight fixed 3 50, 75, 125

Sagittal fixed 3 extend, bench, flex
Coronal fixed 3 adduct, bench, abduct

Analysis of Variance for Front (1), using Adjusted SS for Tests

Source DF Seq SS Adj SS  Adj MS F P
Weight 2 1221.61 1271.61 610.81 28.52 0.000
Sagittal 2 5290.68 5290.68 2645.34 123.54 0.000
Coronal 2 219.33 215,33 109.67 5.12 0.013
Weight*Sagittal 4 2788.09 2788.09 697.02 32.55 0.000
Weight*Coronal 4 202.48 202.48 50.62 2,36 0.078
Sagittal*Coronal 4 496.67 496.67 124.17 5.80 0.002
Weight*Sagittal*Coronal 8 404.56 404.56 50.57 2.36 0.045
Error 27 578.15 578.15 21.41

Total 53 11201.57

S = 4.62742 R-8g = 94.84% R-Sg(adj) = 89.87%

Unusual Observations for Front (1)

Obs Front (1) Fit SE Fit Residual St Resid

23 11.2880 17.9880 3.2721 -6.,7000 -2.,05 E

25 22.3750 33.9435 3.2721 -11.5685 -3.54 R

50 24.6880 17.9880 3.2721 6.7000 2.05 R

52 45,5120 33.9435 3.2721 11.5685 3.54 R
R denotes an observation with a large standardized residual.
Analysis of Variance for Inner (2), using Adjusted S5 for Tests

Source DF Seq S8 Adj SS Adj MS F P
Weight 2 1558.44 1558.44 779.22 38.49 0.000
Sagittal 2 331.78 331.78 165.89 8.19 0.002
Coronal 2 2678.90 2678.90 1339.45 66.16 0.000
Weight*Sagittal 4 403.38 403.38 100.84 4,98 0.004
Weight*Coronal 4 1952.45 1952.45 488.11 24.11 0.000
Sagittal*Coronal 4 449,24 449.24 112,31 5.55 0.002
Weight*Sagittal*Coronal 8 489.44 489.44 61.18 3.02 0.015
Error 27 546.64 546.64 20:25

Total 53 8410.27

S = 4.49956 R-Sg = 93.50% R-Sqg(adj) = 87.24%

Unusual Observations for Inner (2)
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Obs Inner (2) Fit
23 5.9510 17.0125
26 24,5870 16.2720
50 28.0740 17.0125
53 7.9570 16.2720

R denotes an observation

Analysis of Variance for

Source

Weight

Sagittal

Coronal

Weight*Sagittal
Weight*Coronal
Sagittal*Coronal
Weight*Sagittal*Coronal
Error

Total

S = 3.61676 R-Sg = 93.

Unusual Observations for

Obs Back (3) Fig
20 48.2230 40.2845
47 32.3460 40.2845

SE Fit Residual St Resid
3.1817 -11.0615 -3.48
3.1817 8.3150 2.61
3.1817 11.0615 3.48
B, TELT -8..3150 -2.61

jo o B v e

with a large standardized residual.

Back (3), using Adjusted 55 for Tests

MS
08
44
69
74
86
96
38
08

DF Seq SS Adj SS Adj
2 1662.17 1662.17 831.
2 2192.87 2192.87 1096.
2 133.37 133.37 66.
4 830.97 830.97 207.
4 227.43 227.43 56.
4 67.83 67.83 16
8 107.01 107.01 13.
27 353.19 353.19 13-
53 5574.84
66% R-Sq(adj) = 87.56%
Back (3)
SE Fit Residual St Resid
2.5574 7.9385 310 R
2.5574 -7 .9385 -3,10 R

63.
83.
5 ;
15.
35
.30
1.

4
1

¥
53
82
10
88

02

R denotes an observation with a large standardized residual.

Analysis of Variance for

Source

Weight

Sagittal

Coronal

Weight*Sagittal
Weight*Coronal
Sagittal*Coronal
Weight*Sagittal*Coronal
Error

Total

S = 6.72390 R-Sgq = 88

Unusual Observations for

Obs Outer (4) Fit
23 42.0290 29.1135
26 56.2850 42.2095
50 16.1980 29.1135
53 28.1340 42.2095

R denotes an observation

Outer (4), using Adjusted S5 for Tests

DF Seq 88 Adj 55  Adj
2  2745.16 2745.16 1372.
2 391.74  391.74 195,
2 4085.87 4085.87 2042.
4 266.75 266.75 66.
4 1481.29 1481.29 370
4 136.84  136.84 34,
8 356.00  356.00 44,

27 1220.69 1220.69 45,

53 10684.34

.57% R-Sq(adj) = 77.57%

Outer (4)

SE Fit Residual St Resid

4.7545  12.9155 2L

4.7545  14.0755 2.96

4.7545 -12.9155 -2.72

4.7545 -14.,0755 ~-2.96

M3
58
87
94
69
32
21
50
#.

R
R
R
R

E
.36
033
w19
.48
o
.76
.98

with a large standardized residual.
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Minitab Analysis for Physical Test Data Excluding Center Points (2-level)

Results for: physical data without bench.MTW
Factorial Fit: Front (1), Inner (2), Back (3), Outer (4)
Factorial Fit: Front (1) versus Weight, Sagittal, Coronal

Estimated Effects and Coefficients for Front (1) (coded units)

Term Effect Coef SE Coef T P
Constant : 19.835 1.536 12.92 0.000
Weight 15.028 7.514 1.536 4.89 0.001
Sagittal 26.257 13.129 1.536 8.55 0.000
Coronal 7.312 3.656 1.536 2.38 0.044
Weight*Sagittal 17.707 8.854 1.536 5.76 0.000
Weight*Coronal 8.236 4,118 1.536 2.68 0.028
Sagittal*Coronal 7.827 3.913 1.536 2.55 0.034
Weight*Sagittal*Coronal 7.401 3..780 1.536 2.41 0.043
S = 6.14310 PRESS = 1207.61
R-Sq = 95.10% R-Sq(pred) = 80.42% R-3Sg(adj) = 90.82%
Analysis of Variance for Front (1) (coded units)
Source DF Seqg SS Adj SS Adj MS F P
Main Effects 3 3875.0 3875.0 1291.67 34.23 0.000
2-Way Interactions 3 1770.6 1770.6 590.19 15.64 0.001
3-Way Interactions 1 219.1 219.1 219.09 5.81 0.043
Residual Error 8 301.9 301.9 37.74

Pure Error 8 301.9 301.9 37.74
Total 15 6166.6
Unusual Observations for Front (1)

Obs StdOrder Front (1)
4 4 22.3750
12 12 45,5120

R denotes an observation

Estimated Coefficients for Front

Term

Constant

Weight

Sagittal

Coreonal
Weight*Sagittal
Weight*Coronal
Sagittal*Coronal
Weight*Sagittal*Coronal

Fit SE Fit Residual St Resid

33.9435 4.3438 -11.5685 -2.66R
33.9435 4.3438 11.5685 2.66R

with a large standardized residual.

Coef
2.30237
0.200375
-7.53004
-5.95263
0.236098
0.109815
-4,72104
0.0986783

Factorial Fit: Inner (2) versus Weight, Sagittal, Coronal
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Estimated Effects and Coefficients for Inner (2) (coded units)

Term Effect Coef SE Coef
Constant 13.2407 0.5181
Weight 9.0744 4.5372 0.5181
Sagittal 2.0659 1.0329 0.5181
Coronal 14.4654 7.2327 0.5181
Weight*Sagittal 0.6409 0.3204 pL51.81
Weight*Coronal 10.6734 5. 3367 0.5181
Sagittal*Coronal 1.7174 0.8587 0.5181
Weight*Sagittal*Coronal 1.0804 0.5402 05181

S = 2.07244 PRESS = 137.441
R-Sq = 97.97% R-Sq(pred) = 91.88% R-Sqg(adj) =

Analysis of Variance for Inner (2) (coded units)

Source DF Seq S8 Adj sS Adj MS
Main Effects 3 1183.44 1183.44 394.479
2-Way Interactions 3 469.12 469.12 156.375
3-Way Interactions 1 4.67 4.67 4.669
Residual Error 8 34.36 34.36 4.295

Pure Error 8 34.36 34.36 4,295
Total 15 1691, 59

23l

(oo

96.1

25
36,
1.

T
56
.76
.99
.96
G2
=30
.66
.04

9%

¥
85
41
09

[eflle) - Rali- Jaldi) ]

P
.000
.000
.081
.000
553
.000
.136
328

P

0.000
0.000
0.328

Estimated Coefficients for Inner (2) using data in uncoded units

Term Coef
Constant 2.65392
Weight 0.120992
Sagittal 0.28525
Coronal =5.21958
Weight*Sagittal 0.0085450
Weight*Coronal 0.142312
Sagittal*Coronal -0.40175

Weight*Sagittal*Coronal 0.0144050

Factorial Fit: Back (3) versus Weight, Sagittal, Coronal

Estimated Effects and Qoefficients for Back (3) (coded units)

Term Effect Coef SE Coef
Constant 14.328 0.9541
Weight 14 237 7.118 0.9541
Sagittal -16.166 -8.083 0.9541
Coronal 4.149 2,075 0.9541
Weight*Sagittal =10.569 =5.285 0.9541
Weight*Coronal 3.562 1.781 0.9541
Sagittal*Coronal -2.210 -1.105 0.9541
Weight*Sagittal*Coronal -1.734 -0.867 0.9541
= 3.81631 PRESS = 466.055

S
R-Sg = 95.47% R-Sq(pred) = 81.87% R-8q(adj) =

Analysis of Variance for Back (3) (coded units)
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Source

Main Effects

2-Way Interactions

3-Way Interactions

Residual Error
Pure Error

Total

Moo WwwMm

Estimated Coefficients £
Term

Constant

Weight

Sagittal

Coronal

Weight*Sagittal
Weight*Coronal
Sagittal*Coronal
Weight*Sagittal*Coronal

38
95
10
02
SHE
51
58

58
95
10
02
51
51

Adj
1924,
517.
12.
116.
116.

Seq
1924.
517
12
116.
116.
2570.

or Back (3) using
Coef
-2.28196
0.189827
4.24762
-2.08088
-0.140920
0.0474900
0.91771
-0.0231167

Adj MS
641.65
172.37
12.02
14.56
14.56

4
1

data in

F
4.06
1.83
0.83

P
0.000
0.003
0.390

uncoded units

Factorial Fit: Outer (4) versus Weight, Sagittal, Coronal

Estimated Effects and Coefficients for Outer

Term

Constant

Weight

Sagittal

Coronal

Weight*Sagittal
Weight*Coronal
Sagittal*Coronal
Weight*Sagittal*Coronal

PRESS
R-Sqg(pre

4,13075
96.02%

2
R-Sq

Analysis of Variance for

Source DF

Main Effects

2-Way Interactions

3-Way Interactions

Residual Error
Pure Error

Total

N oo oo WwWw

Unusual Observations for

Obs StdOrder Outer (4)
8 8 7.1310
16 16 22.9100

R denotes an observation

with a large standardized residual.

(4) (coded units)
Effect Coef SE Coef P P
1.9.29 1.033 18.68 0.000
13.66 6.83 1.033 6.61 0.000
7.69 3.84 1.033 3.72 0.006
-20.40 -10.20 1.033 -9.88 0.000
4.02 2.01 1033 1.94 0.088
-11.51 -5.76 1.033 -5.57 0.001
-3.41 -1.70 1.033 -1.65 0.137
1.40 0.70 1.033 0.68 0.517
546.020
d) = 84.09% R-Sg(adj) = 92.54%
Outer (4) (coded units)
Seqg S5 Adj SS Adj MS F P
2647.17 2647.17 882.38% 51.71 0.000
641.01 641.01 213.671 12.52 0.002
7.86 7.86 P85 0.46 0.517
136.50 136.50 17.063
136.50 136.50 17.063
3432.54
Outer (4)
Fit SE Fit Residual St Resid
15.0205 2.9209 -7.8895 -2.70R
15.0205 2.9209 7.8895 2.70R

Estimated Coefficients for Outer (4) using data in uncoded units
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=

—

Term Coef

Constant 3.35579
Weight 0.182157
Sagittal -0.84112
Coronal 3.23113
Weight*Sagittal 0.0535500
Weight*Coronal -0.153480
Sagittal*Coronal -3.33946

Weight*Sagittal*Coronal 0.0186867
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Minitab Analysis for Computer Simulation Data Including Center Points (3-level)

Results for: promechanica data worksheet. MTW

General Linear Model: Front (1), Inner (2), ... versus Weight, Sagittal, ...

Factor Type Levels Values

Weight fixed 3 B0 795; 125

Sagittal fixed 3 extend, bench, flex
Coronal fixed 3 adduct, bench, abduct

Analysis of Variance for Front (1),

Source DF
Weight 2
Sagittal 2
Coronal 2
Weight*Sagittal 4
Weight*Coronal 4
Sagittal*Coronal 4
Weight*Sagittal*Coronal 8
Error 27
Total 53

using Adjusted SS for Tests

Seq 55 Adj S8 Adj MS F P

18304.
13758.
0.
1926.
0

0.

0.

0.
33989.

** Denominator of F-test is zero.

S = 5.951247E-15 R-Sg = 100.00%

Analysis of Variance for Inner (2).;

Source DF
Weight 2
Sagittal 2
Coreonal 2
Weight*Sagittal 4
Weight*Coronal 4
Sagittal*Coronal 4
Weight*Sagittal*Coronal 8
Error 27
Total 53

Seq
3551 .,
0.
13819
0.
1934.
0.

0.

0.
19305,

** Denominator of F-test is zero.

S = 4.793166E-15 R-5g = 100.00%

Analysis of Variance for Back

@)

Source

Weight

Sagittal

Coronal

Weight*Sagittal
Weight*Coronal
Sagittal*Coronal
Weight*Sagittal*Coronal
Error

=~ 00 B NN N

N

(3),

Seq
437.
13707.
0.
1919.
0.

oo o

3 18304.3 09152.2 **
5 13758.5 6879.3 **
1 0.1 0.0 **
2 1926.2 481.5 **
.0 0.0 0.0 **
4 0.4 Byl © HE
1 0.1 0.0 **
0 0.0 0.0

6

R-Sg(adj) = 100.00%

using Adjusted S5 for Tests

g Adj SS Adj MS F P
93 3551.93 1775.97 **
37 0. 37 Q.19 Hk*
.80 13817.80 6308.90 **
05 0.05 G801 =R
49 1934.49 483.62 *x*
52 0:52 .3 W
07 0.07 .01 =
00 0.00 0.00

24

R-Sg(adj) = 100.00%

using Adjusted SS for Tests

S5 Adj 58 Adj MS F P

06 437.06  218.53 **

71 13707.71 6853.85 *¥*

11 0.11 0.05 **

08 1919.08  479.77 **

02 0.02 0.00 *%
.72 0.72 0.18 **
.10 0.10 0.01 *x*
.00 0.00 0.00
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Total 53 16064.79

** Denominator of F-test is zero.

S = 4.182656E-15 R-Sg = 100.00%

Analysis of Variance for Outer (4),

Source DFE' Seq
Weight 2 3045.
Sagittal 2 0.
Coronal 2 13787.
Weight*Sagittal 4 0.
Weight*Coronal 4 1930,
Sagittal*Coronal 4 0.
Weight*Sagittal*Coronal 8 0.
Error 27 0.
Total 53 18764

*#%* Denominator of F-test is zero.

S = 5.691185E-15 R-Sq = 100.00%

R-Sqg(adj) =

using Adjusted SS

SS Adj S8
48  3045.48
15 0.15
98 13787.98
02 0.02
32 1930.32
78 0.78
11 0.11
00 0.00
.85

R-Sq(adj) =
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07
99
01
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01
00

100.00%

Tests

F P

* K
* %
* %
* %
* %
* K

* Kk



Minitab Analysis for Computer Simulation Data Excluding Center Points (2-level)

Results for: PROMECHANICA DATA WITHOUT BENCH.MTW
Factorial Fit: Front (1), Inner (2), Back (3), Outer (4)
Factorial Fit: Front (1) versus Weight, Sagittal, Coronal

Estimated Effects and Coefficients for Front (1) (coded units)

SE

Term Effect Coef Coef T P
Constant 51.6804 gy =~
Weight 44,2975 22.1487 Q * =
Sagittal 40.9585 20.4793 0 * *
Coronal -0.0058 -0.0029 g % ¥
Weight*Sagittal 17.5536 8.7768 o * x
Weight*Coronal -0.0025 -0.0012 g =
Sagittal*Coronal 0.0320 0.0160 6 * *
Weight*Sagittal*Coronal 0.0137 0.0069 Qg =% =¥
s =0 PRESS = 0
R-Sq = 100.00% R-Sg(pred) = 100.00% R-Sg(adj) = 100.00%
Analysis of Variance for Front (1) (coded units)
Source DF Seq SS Adj sS Adj MS F P
Main Effects 3 14559.5 14559.5 4853.16 * *
2-Way Interactions 3 1235 5 1232.5 410.84 * %
3-Way Interactions 1 0.0 0.0 0.00 * =*
Residual Error 8 0.0 0.0 0.00

Pure Error 8 0.0 0.0 0.00
Total 15 15792.0

Estimated Coefficients for Front (1) using data in uncoded units

Term Coef
Constant 8.33333E-06
Weight 0.590633
Sagittal 8.33333E-06
Coronal 1.52857E-15
Weight*Sagittal 0.234049
Weight*Coronal -3.29000E-05
Sagittal*Coronal 1.94636E-15

Weight*Sagittal*Coronal 0.000182900

Factorial Fit: Inner (2) versus Weight, Sagittal, Coronal

Estimated Effects and Coefficients for Inner (2) (coded units)

SE
Term Effect Coef Coef T P
Constant 22,7413 g = &
Weight 19.4925 9.7462 0 * *
Sagittal 0.1222 0.0611 0 * %
Coronal 41..0552 20..5276 0 =+ &
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Weight*Sagittal 0.0523 0.0262 0
Weight*Coronal 17.5950 8.7975 0
Sagittal*Coronal -0.0665 -0.0333 0
Weight*Sagittal*Coronal -0.0285 -0.0143 0
s =20 PRESS = 0
R-Sg = 100.00% R-Sqg(pred) = 100.00% R-S5g(adj)
Analysis of Variance for Inner (2) (coded units)
Source DF Seq SS Adj S8 Adj MS
Main Effects 3 8261.99 8261.99 2754.00
2-Way Interactions 3 1238.37 1238.37 412.79
3-Way Interactions 1 0.00 0.00 0.00
Residual Error 8 0.00 0.00 0.00
Pure Error 8 0.00 0.00 0.00
Total 15 9500.37

Estimated Coefficients for Inner (2) using data in

Term Coef
Constant 2.66667E-05
Weight 0.259900
Sagittal 2.30000E-05
Coronal 2.66667E-05
Weight*Sagittal 0.000697940
Weight*Coronal 0.234601
Sagittal*Coronal 2.36667E-05

Weight*Sagittal*Coronal -3.80473E-04

B

+ % o

uncoded units

* 0% *

100.00%

* % % rd

Factorial Fit: Back (3) versus Weight, Sagittal, Coronal

Estimated Effects and Coefficients for Back (3) (coded units)

SE
Term Effect Coef Coef T
Constant -7.96 o =
Weight -6.82 —3 .41 0 *
Sagittal -41,08 -20.54 0 *
Coronal -0.01 -0.01 6 *
Weight*Sagittal -17.61 -8.80 0 *
Weight*Coronal -0.01 -0.00 0o *
Sagittal*Coronal -0.07 -0.04 o =
Weight*Sagittal*Coronal -0.03 -0.02 0 *

s =20 PRESS = 0
R-Sq = 100.00% R-Sg(pred) = 100.00% R-Sqg(adj)

Analysis of Variance for Back (3) (coded units)

Source DF Seq SS Adj SS Adj MS
Main Effects 3 6936.73 6936.73 2312.24
2-Way Interactions 3 1239.90 1239.90 413.30
3-Way Interactions 1 0.00 0.00 0.00
Residual Error 8 0.00 0.00 0.00

Pure Error 8 0.00 0.00 0.00
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Total 15 8176

Estimated Coefficients for B

Term

Constant 1.
Weight -
Sagittal =T
Coronal 1.
Weight*Sagittal
Weight*Coronal =R
Sagittal*Coronal 1

Weight*Sagittal*Coronal -4.

.64

ack (3) using data in uncoded units

Coef
77636E-15
0.0909828
10543E-15
66667E-06
-0.234747
17533E-05
66667E-06
01913E-04

Factorial Fit: Outer (4) versus Weight, Sagittal, Coronal

Estimated Effects and Coefficients for Outer

Term Eff
Constant

Weight 18
Sagittal 0.
Coronal -41
Weight*Sagittal 0.
Weight*Coronal e
Sagittal*Coroeonal 0.
Weight*Sagittal*Coronal 0.

S =20 PRESS = 0
R-Sg = 100.00% R-Sq(pred)

Analysis of Variance for Out

Source DF Seq

Main Effects 3 8034

2-Way Interactions 3 1236

3-Way Interactions 1

Residual Error 8 0
Pure Error 8

Total 15 9270

Estimated Coefficients for O
Term

Constant 8.
Weight

Sagittal =i
Coronal -8.
Weight*Sagittal L.
Weight*Coronal
Sagittal*Coronal 2.

Weight*Sagittal*Coronal 0

0.

0.

ect Coef
21.06
. b5 9.03
00 0.00
.02 -20.51
00 0.00
.58 -8.79
10 0.05
04 0.02
= 100.00%

SE
Coef
0

coocoo oo

(4)

ok ok ok % * ok ok

R-Sg(adj)

er (4) (coded units)

ss  Adj
.13 8034
.31 1236

.45

uter (4)

Coef
25000E-07
0.240677
45833E-06
41667E-07
57587E-05
-0.234404
54167E-06
000578759

01 €
00 0.
00 0.

55
<3
«31
01
00
00

Ad

2678.

412,
0.
Ois
0.

j

MS
04
10
01
00
00

Page H-11

(c

B A S a ]

using data in

oded units)

100.00%

* % % o
I |

uncoded units




-1 98eq

SOV LTT TETL £89°0¢ CELTT S98°19 SLEBTH L6 SYSTLT°0T FELYE OE S€0640°8 SSvTEE 6 LT
Y0ETST S8T99 L8SYT T6°0T ¢CS6S SCBETETOT | STPSCT'9C COLLLLT SE06L0°8 SSYTEE 61 9t
EV9°E8 CTL8Y €8L°Y €LLL SLETT S/Z869 V0T | SBTZELO'CY §807°S SE06L0°8 SSYTIEE 6 s¢
T08'S6 YSty /€799 Z9¢g°ST T19°6 SrSPTE 68 SPSTLTOT VELYPEOE STYorvr'1e Sveeve LT ve
72098 62c0°¢y 1S6°S 964792 88C'TT S66869°C6 ST¥SCT 9¢ COLLLLT STYoryTe Steeve LT €C
8T 9L [Anaras Z€0's 6TOET S9T°9 SP¥EBO96 S876L0°CY §807°S STVOry'1e Steeve LT [44
Z60°SL 9ZT'S LT1T°ST 690°6€ 89°S STL669°08 SPSTLTOT teive0E S6LET8VE SE0L9E°S 1C
LLTT8 9LL'TC LL0°9 E€CT8Y T0C'S S9T¥80 78 ST¥SCT 9T CeLLL LT S6LETBTE SE0L9E°S 0c
6S5°0L 906'SE 9¥Z’S YT ve €6T'S ST989% L8 S8C6L0CY §80T’S S6LETBTE SE0L9E’S 6T
891°8S 96'TT 68T 1T 9¢9’€ £€67°8C SCET90°6S S69.¢L'8 PTZ8T LT SB9EE9’S S08L05°LT 81
ZSET9 [ANA)} LT6'CT YoL Y 60S°EC SLELBBTY G9SLTOLT CEBTL'TT S89£€9°S S08L05°LT LT
S6°¥9 8T LE LLTS €¢09 99€'9T SCRETL Y9 SEVLET'ST ShLT9 S89€€9°S S08L05°LT 9T
78061 €99°0T YA AN £€C6'CT ELOET S6ES0C°SS S69LEL'8 YIC8T LT G90G8S6°TT S6V0EE LT ST
ECEBY LOTET 7L9'6 8759 956'81 S¥FIE08S S9SLIOLT ZEBTLTT G90SS6°TT S6P0EE LT 14"
808'TS €LE'TT cLE'S €6'6 eeTvl S67£S8°09 SEVLET ST SPLT9 S905S6°TT S6V0EE LT €T
8TT ¢V S68°L [A2S AN ¢8T’ST 6099 S9verETS S69LEL°8 ATA VA St9LT 8T S8TEST L 4
9SSt 8G9°ST L 8L¥'9T 9419 STSSLT¥S S9SLTOLT CEBCLTT Sv9LT°8T S8TEST L T1
0L 08 6.9'8T TS6°S 60S°CT €95°ET S9ST00°LS SEVLET ST SYLT9 SY¥9LT 8T S8TEST L 0T
Tv0 0% EveL vSyeT 969°E 87991 ELT96E £L020°8 7566501 TOTTV ¥ 8656591 6
S0E°8¢€ TES6 ¥6L'9 AR 6S8°LT STPLTCY ¥9E9r T CSE0L'8 T0TIY ¥ 8656591 8
68E 7Y S89'TC £9T°S EST'¥ 78T ET TCL v TS906'9T S£08°9 TOTIV'Y 8656591 L
YETTE S69't £SE'6 68€'L L6L°6 C80ST '8¢ LL0T0'8 7566501 6€60T°L ZTTIZETCT 9
LYV LE S69°TT EV9’L L6Y'L ¢19°0T £9.69°01 79Eo’Cl C¢5E0L°8 6€60T°L ZITZECT S
6CT 8E TLE6'ST L62°S LET'S YeTTT ¢S EY 1590691 SL089 6€60T L CTTCECT 4
8L9°9€ T6L°0T €ES'8 9vv'0T 8069 VEVLI 9E ££020'8 75665°0T LL£00°0T 92910°8 €
S¥S0F 801'ET FRANS CLTT 606 6TTCT 6E ¥oE9Y 1 7SE0L8 LLL00°0T 9¢9t0'8 C
S9€'9¢ |4 A 7L9°9 9089 vrL 0T ¥089L° T 1590691 S£08°9 L£L00°0T 979%0'8 T
[eroL 3pIsIng Spisu| 3oeq juoly [E30L apIsIng apisul 3oeq juoij #1591
aue|d |BUOJOD aue|d |eniSes aue|d |euolo) aue|d |eniSes
(exeqg mey) synsay 152 |221sAyd suonenb3j uonaipald Yum pajelausn sanjep

"WIDJSAS JUITIIANSBITA] 3940, [BIISAYJ 10] SoN[e A PIIPaid pue vle( Is9L Mey “I-1 d[qeL

SaN[eA PIIIIPAIJ pue vIe( ISOL MeY |



Z-193eq

661°8CT 16'2C Z159°sE €6T°S 78519 SLEGT6'L6 | SYSTLTOL | PELVEOE | SE06L0'8 | SSYIEE6Y S
621756 YET'8T LS6L LTS8 12118 SZBETETOT | STYSTI'9T | TOLLLLT | SE06L0'8 | SSYIEE6Y €S
Z€8'70T 6ST6Y £VSS 819t zI5°sh S/T869°V0T | S8T6LOTY S807°S SE06L0'8 | SSPIEE6Y zs
L6816 19S°€ 74809 8YET v86°€T SPSYTE68 | SPSTLTOT | VELVEOE | STPOVPTIZ | ShTeveE LT 15
IS€6 86191 vL0'82 SS7T 8891 S66869°C6 | STPSTI9Z | T6LLL LT | STVOVY'IZ | SWZ6VE LT 0s
89°/8 8765 TTE'S 866°€ Z80°6T STPE8096 | S8T6LOTY S807°S STYOPY'IZ | SPT6ve LT 6
80°€8 615°S €L6'6C ETTTY SLES STL669°08 | SPSTLTOT | VELPEDE | SBLET8FE | SEOLIE'S 8t
STO#L 910'S¢ 796 9veCE €E0°L SOTY80¥8 | STYSTI'9T | T6LLLLT | S6LET8FE | SEOLIE'S LY
18281 vS e A°TA 6SLEE zTs ST989V L8 | S8T6LOTY 5807°S S6LET8VE | SEOL9E'S 9
158'TS 6108 69721 S68°'S 89t°S¢ GZETI0'6S | S69LEL'8 | ¥IT8TLT | S89EE9'S | S08L0SLT S¥
741729 TP 95’9 S65°1 UV LT GLEL8R'TY | S9SLTOLT | TEBTLTT | SB9EEY'S | SOBLOS LT a4
L9ES 880°SZ LLE'S TLE'L PE]'ST SZYETL Y9 | SEvi6TST S¥LT9 S89EE9'S | S08L0SLT £
BEL'LS £55°9 605 7Z vEV'6 T07°LT S6ES0T'SS | S69LEL'8 | vITZSTLT | S90SS6'TT | S6VOEE LT fay
£40°SS LSYTT ¥0€°9 BEETT vr6ET SPPTE08S | S9SLTOLT | TEVTLTT | S90SS6'TT | S6VOSELT Tt
£99°2S ¥95'12 ¥S0°'9 1% A 6ERET S67£58°09 | seEvi6TST SYLT9 S90SS6'TT | S6¥0EELT ot
609°LY 65T P TT YIv LT 9/T°9 SOPEYETS | S69LEL'8 | YITZSTLT | SHv9LT ST S8TEST'L 6€
19521 80Z°ZT €€L°9 £60°9T €752 STSSZT¥S | S9SLTOLT | TESTLTIT | SH¥OLTST S8TEST'L 8¢
€18°€9 6SE°6C v2s's 906°L1 ¥ZO'TT G9STO0'LS | SEVLET'ST S¥LT9 SvY9LT°8T S8TEST'L LE
1SL°65 1992 L08°0T LET'S 9091 €L79°6€ LL0T08 7566501 10TV ¥ 86565°9T 9¢
VLT TY v6'ET vev'L 819C T6TLT STPLT TV v9E9Y CT TS€0L8 T0TTV ¥ 86565°9T Sg
TTL%S 119702 9ET’6 855t 90%°02 12Lvv 1590691 5089 T0TTV ¥ 86565°9T 43
¥98°L€ L9V vy Tt 6£6°9 TIS°ET 780ST '8¢ £1020°8 7566501 6€60C°L TTIZETT €€
LOL']E 96T ¥1 916'9 1129 v8E'TT L9169 0% ¥9E9Y°TT 7S€0L°8 6€60T°L TITZETT [43
20T LE L6STT EVE9 LOL'L §5S°0T STV e 15906°9T §/08°9 6£602°L TITZETT %3
9t°SE 88€°9 ¥09°0T €€9°0T SE8'L vEVLI 9E LL0T08 75665°0T | LLL00°0T 9Z9t0°'8 0€
vL9'SY 8EL°0T LSTL YOT LT SL9°0T 6TTTT 6E 79E9Y'TT 7S€0L8 LLLOOOT 9Z9+0°'8 6T
98T '8€ 68T°ET €ST9 9vTZT 8699 7089LT¥ 1590691 §L08°9 LLLOO0T 979+0°'8 82
jeol SpIsINg Spisul 3oeg Juoig [e301 3pIsIN0 apisu] yoeg juolg #1591
aue|d |euoJo) aue|d |e1usdes aue|d |euoso) aue|d [eni8es

(e3eg mey) synsay 153 |edIsAyd

suollenb3 uondipald YHm pajelauas sanjep




6€0°SCT 8580 ZS8'T9 SLL O 0T €01 996'17¢T ¥8L°0 EIB'T9 9T.L'0%- S80°€0T i
600°S2T 618'6¢ 9gT’Ce LTV O 0LEE0T 6 vel S80°0€ 88t°CE 9TL 0t~ S8O°'€0T 9z
T20°SZT STE'es L6T'E £S9°01- £90°€E0T LTI6VET S8E6S Z9T'€ 9TL0Y- S80°€0T 4
£00°SZT 6370 56079 ¥eT 1T LY9'EL €50°SCT 840 €I8°19 ELETT- 678'¢L v
LTOSCT 0TS0€ 888°¢¢E L8B'TT- 90S°€L 870°'S¢T S80°0€ 88%'C¢E ELETT- 6¢8'€L tord
220°'S¢T 6TF'6S TL0°E 9Sv'1T- 886°¢€L 700°S¢T S8€'6S 29T'¢€ ELETI- 6¢8'EL a4
0r0'SCT 0TL0 ELLTY CTI0'8T 9vS i ovT'SZT ¥8L°0 E€T3'T9 TL6°LT ELS VY 4
ov0'SeT Z8€°0¢ 08€'ce 8¢8LT oSty 9TT'SCT S80°0¢ 88¥'Ct TL6°LT ELSVY 0z¢
CT0'SeT SSP'6eS 8¢0’¢ 6C6°LT 009 ¥ 160°SCT SBE'6S 79T°€E TL6°LT ELSVY 6T
720°'SL SIS0 TIT'LE SOv've- 298’19 086't7L 0Lv0 880°LE OEr've- TS8'19 8T
S00°'SL ¢68°LT CvE6T 0Seve- 2e0e9 S96° 1L TSO'8T £6v'6l 0Evve- TS8'19 LT
ET0'SL 685°G¢E 86T veEve- ov8'19 0S6' 7L TESSE 68T 0Er v~ TS8'T19 9T
t00°SL €620 LSTLE YELS- 88T v Ce0'SL 0Lt 0 880°LE {8 9- VYA 4 ST
TT0°SL 90€'8T geL6l CET L~ vOT vt LTO'SL TSO'8T €66l ¢899 FATA 4 )
ETO0'SL TS9°SE EVR'T €L8'9 E6E VY 200'SL TE9'SE L68'T ¥¢8'9- L6T VY €T
7c0'SL 9Z¥°0 ¥90°LE L0801 8¢L'9¢C 780°SL 0L¥0 880°'LE Z8L°0T viL9C rq
e0'SL 6CC'8T 861 £69°0T 0£9°9¢ 690°SL TS0°8T 66l ¢8L°0T L 9¢ 1t
£00°SL €L9°SE LI8'T 85L°0T 09£79¢ SS0°SL TE€9'SE L68'T Z8L°0T L 9T 0T
9T0°05 EvE D TvLive OTE9T- [4 7%y 98661 vIE0 SeLve 98¢ 9T~ YETTY 6
€00°09 87611 v68°¢CT £9T°9T- 8VETY LL6 6T ¥EO0CT S66°CT 98791~ VETTY ]
600705 9¢LET 6TET €97°9T- LZTTY £96°61 ¥SLEC S9C'T 98791~ YeETTY L
€00°0S 9610 8E VT 681 - 6S¥°6C T¢00s ¥I€0 STL YT 6¥S - CES6C 9
900°0S ¥0CCT SSTET SSLY- [40)7 T4 11008 ve0'CT S66°CT 6vS - ¢ES’6C S
600°0S 89L°€EC 6¢C1T [4: 0 S65°6¢C ¢00°0s YSLET S9T'T 6vS V- CES6C ¥
91005 ¥8C°0 60L¥C S0C°L 8I8°LT 950°0S YIE0 SZL YT 88T°L 6¢8LT €
9T0°0S EST'CT S6'CT TETL 08L°LT 9v0°0S YEOCT S66°CT 88T'°L 6C8LT 4
S00°09 8L’ EC TT1CT CLT L ov8'LT 9e0°0S VSLET S9¢'T 88T°L 6¢8°LT T
[e301 3pIsIN0 Spisu| Xoeg Uo7 [e10L 3pIsING SpIsu| Yoeg TTF] #1591
(eo1ueyos|no0.d) anndepy ssed-a|8uls aue|d [EUOIO) aue|d [e1udes
(ere@ mey) synsay 3591 uone|nWIS suoljenb3 uonIIPaid YHUM pajelauan sanjep

“UONR[NUWILS BIUBYIIA[OAJ 10] SIN[BA PIIVIPILJ PUr BIB( IS L MY "7-1 2IqeL



	Improvement of the Gait Analysis Process
	Repository Citation

	tmp.1626987697.pdf.4YwC2

