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Abstract
The lack of formal, engineering based information is prevalent in the
prosthetic industry. Currently, very few prosthetic manufacturing companies can
definitively tell their patients how long their products will last. Because of this lack of
information, many amputee patients will experience failure of their transtibial
prosthetic device during daily activities. One such failure occurs from the fatigue of
everyday use. Fatigue failures originate from the repeated application of certain
loading conditions. These repeated loads usually occur for millions of cycles before a
transtibial prosthetic catastrophically fails. The purpose of this study is to develop a
testing procedure and apparatus that can more definitively predict the failure of a
transtibial prosthetic. Five transtibial prosthetic check-sockets were donated by
Fillauer to verify the test results.
This paper outlines the biomechanical theory surrounding transtibial
prosthetic fatigue failure. Existing studies are used to define the ground reaction force
in prosthetic gait and the deflection behavior of the prosthetic socket and pylon
interaction. Loading conditions for a male with average activity level and weight are
used for the cyclic testing of the five Fillauer sockets. A testing apparatus was
developed to mimic the bending moment induced by the ground reaction force. Each
socket was exposed to a one million cycle fatigue test, which is representative of two
years of prosthetic gait.
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Three of the prosthetic check-sockets exhibited the expected decrease in
stiffness during testing. One socket experienced an early increase in stiffness that
remained somewhat constant throughout the remainder of the test. The final socket,
which was unintentionally given a different pylon alignment, demonstrated an early
decrease in stiffness followed by a continuous increase. This particular socket also
demonstrated inelastic loading behavior. One recommendation of this study is the
further examination of the pylon alignment and inelastic behavior relationship.
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I. Introduction
The number of amputee patients in America is continuously growing at a rate
of 600,000 lower limb patients per year [1], but the science behind prosthetic limbs
has only recently begun to develop. Currently, an estimated 1.9 million Americans
use some sort of lower extremity prosthesis. Of these prostheses, the transtibial, also
known as “below-knee,” is the most common, making up more than 50% of the
amputee patient population. A transtibial prosthetic replaces the lost functionality of
an amputated limb, such as standing and walking, with a socket and pylon
mechanism. However, most prosthetic companies cannot definitively tell an amputee
patient how long a prosthetic will last before failure [2]. The purpose of this
departmental honors thesis is to establish a reproducible test that defines a number of
cycles to failure for a transtibial prosthetic, where a cycle is equivalent to one full
motion of gait.
Prosthetic devices are handmade by a prosthetist to custom fit an amputee
patient. The amputated limb, also known as the residual limb, fits into a negative
mold called the socket. A prosthetic socket is essentially manufactured by first
creating a positive mold of the limb, then forming polypropylene around this mold.
From this point, a prosthetist can decided to add reinforcements, such as carbon fiber
weaves, to areas of high, internal stress. If reinforcements or decorative fabrics are
added, the socket must also be laminated. This variability between manufacturing
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methods means that testing a biomechanical analysis of one specific prosthetic device
may not accurately represent the cycles to failure for a differently reinforced socket.
Therefore, this departmental honors thesis’s primary objective is not to statistically
quantify an exact biomechanical value, but to instead develop a testing procedure that
can be reproduced for each variation of a transtibial socket [3].
A few studies have already begun to research the biomechanics and behavior
of sockets. Because each socket is handmade by a trained specialist, the typical
fabrication methods for a socket tend to resemble more of an artistic trade, based
upon historical successes, and less of a formal engineered design. Thus, a
biomechanical approach to the prosthetic industry provides the manufacturer with a
quantitative analysis of specific issues related to their products. In a study by Maria J.
Gerschutz titled Tensile Strength and Impact Resistance Properties of Materials Used
in Prosthetic Check Sockets, Copolymer Sockets, and Definitive Laminated Sockets,
the ultimate stress and impact resistance of three common prosthetic materials are
examined in static load tests. However, Gerschutz admits that this study is only “the
first step in filling this void in the understanding of lower limb prosthetic sockets.
[4]” One such void is the estimated life cycle of a prosthetic.
The life cycle of a prosthetic refers to how long a device can last before it
should be replaced. The numerical value of a life cycle is determined by exposing the
device to a cyclic load, which applies a specific load condition to the device over a
long period of time. This cyclic loading pattern recreates the effects of walking on the
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prosthetic. The average, non-amputee American is expected to take more than 2.5
million steps a year [5], but the average amputee will only walk 20% of this number,
or approximately 500,000 steps per year [6]. Therefore, by applying a one million
cycle loading condition to the prosthetic, a two year life cycle analysis will be
performed.
The transtibial prosthetics that were tested in this departmental honors thesis
were provided by Fillauer Inc in Chattanooga, TN. The sockets were donated for the
project, and the pylons were paid for by a Provost Student Research Award. All five
sockets were made from the same mold and are geometrically identical. The pylons
were later attached to the sockets using the standard bench alignment described in the
Theory section.
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II. Project Objective
The primary objective of this departmental honors thesis is to develop a repeatable
method for quantifying the life cycle of a transtibial prosthetic socket. This objective
was identified by the project’s initial client, and former Fillauer employee, Jeremy
Farley. The objective includes both the testing and data analysis of a socket. The
repeatable test standard is met through the design of a simple and portable apparatus
for use with Fillauer’s in-house axial MTS test machine, and the data analysis
standard was met through the design of a VBA based program. The secondary
objective is to analyze the fatigue life from testing a polymer-epoxy-pylon check
socket. The secondary objective was carried out by exposing the prosthetic device to
a one million cycle fatigue test that resembles the maximum and minimum loading
patterns of prosthetic gait over the course of two years.
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III. Theory
Introduction to Prosthetic Geometry
The basic transtibial prosthetic leg is comprised of three elements: the socket, the
pylon, and the foot attachment. The socket is a hollow, polypropylene mold that fits
around the residual limb and the pylon is an aluminum tube that connects the socket
to the foot. Figure 1 shows an example of a simple, transtibial socket [7].

Patella fitting

Figure 1. Anterior (front) View of Transtibial Prosthetic

Each prosthetic is handmade by a specially trained technician, called a prosthetist.
The indented sections of the socket shown in Figure 1 are added by prosthetist to
relive some pressure of the residual limb, while simultaneously reinforcing weight
bearing areas. The socket in Figure 1, called a Patellar Tendon Bearing (PTB) design,
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uses these internal pressures to hold the socket onto the patient’s limb. When the
residual limb is placed in the socket, the patient’s knee, or patella, rests in the section
labeled “Patella Fitting” in Figure 1. The PTB socket also contains an extrusion just
below the patella fitting. This extrusion works as a weight bearing surface for
biomechanical forces of the knee. Additionally, the PTB socket is supported by the
two walls that extended vertically beyond the patellar fitting. These walls extend onto
a part of the femur known as the adductor tubercle, which restricts the socket from
rotating about the knee. The walls are also shaped so that they are taller in the
posterior (rear) than the anterior (front). By creating these angled sidewalls, the knee
is forced downward into the patellar tendon fitting. The posterior of the socket is also
smaller in height compared to the anterior. The posterior is given a flared lip to
relieve the pressure on the hamstring [8].

Figure 2. Diagram of the PTB Socket
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Figure 2 is a diagram of the general PTB socket design. The image labeled Fig.1A is
a side view of the socket. The Patellar Bar is shown on the anterior of the socket, and
the flared, posterior lip is shown in imagine Fig. 1B.
Sockets can also vary by the manner in which the pylon is attached. Some
pylons are molded into the socket while the polypropylene is pulled over the mold,
called a mono-shaft, while others are attached with an epoxy. In the epoxy method,
the pylon is attached in a standard three phase alignment phases: bench alignment,
static alignment, and dynamic alignment. Bench alignment refers to position of the
pylon relative to the socket. Typical bench alignment is shown in Figure 3 where the
bold, downward red arrow is the direction of the pylon, and the smaller red line,
referred to as the axis of the socket, indicates the angle of tilt [9]. The angle between
the pylon and axis of the socket is known as the angle of tilt, and is generally 5%
degrees.

Figure 3. Bench Alignment
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This bench phase is completed before the socket is worn by the patient. Then, the
patient participates in static alignment by wearing the prosthesis and standing still in
the static alignment phase. This phase is used to verify the fit of the total prosthesis
and whether the bench alignment sufficiently supports the patient. The dynamic
alignment serves the same purpose as the static alignment phase, but the patient walks
short distances while a prosthetist observes the movement of the prosthetic. Most
prosthetists will make some adjustments to the socket orientation during the static and
dynamic alignment phases. However, for this departmental honors thesis, the
prosthetic check socket and pylon are only aligned according to a bench alignment.
Ground Reaction Force of Gait
The term gait refers to the collective patterns and motions for walking. In
normal, bipedal gait, there are seven anatomical positions: initial contact, opposite toe
off, heel rise, opposite initial contact, toe off, feet adjacent, and tibia vertical. Figure
4 demonstrates the movement of one leg during normal, bi-pedal gait [10].

Figure 4. Diagram of the Seven Anatomical Positions of Gait
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The seven positions can also be grouped into two larger categories called the
stance phase and the swing phase. The stance phase, which contributes to 60% of the
gait cycle, starts at heel strike and ends at toe off. Additionally, the stance phase is
when the limb is subjected to the loading conditions [11].
Prosthetic gait differs from normal bi-pedal gait in that it is usually divided
into only 4 categories. The first stage, gait initiation, is characterized by lifting the
residual limb and prosthetic from rest. The amputated limb is then swung forward in
an arc while the sound limb remains stationary. This action, called the prosthetic limb
swing, is the second stage of prosthetic gait. The third stage is called weight bearing
stance and is identified as the period in which the prosthetic leg makes contact with
the ground and becomes the weight bearing leg. The final stage, gait termination, is
when the sound limb returns to a position that is adjacent to the prosthetic limb. In
prosthetic gait, the force from heel strike, called the ground reaction force, is applied
in the weight bearing stance [12].
During the weight bearing stance, the prosthetic heel strikes the ground,
inducing a ground reaction force that acts at an angle to the ground, as shown in
Figure 5. [13]

9

Figure 5. Free Body Diagram of Ground Reaction Force from Posterior (back) View [13]

The heel strike force creates a horizontal and vertical force component. The
horizontal force, FGX, induces a bending moment about the z-axis. One should note
that the image in Figure 5 is from the posterior view. If viewed from the front, the
moment, Mz, creates a counter-clockwise rotation. However, the patellar tendon
bearing socket forms a tight fit around the residual limb, which restricts the socket
from moving and acts as a fixed end. Therefore, the moment is applied to the
connection of the socket and the pylon, and causes the pylon to deflect under load in a
manner similar to that of a cantilevered beam, as illustrated in Figure 6.
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Area of Failure

Figure 6. Horizontal Component of GRF Imitates a Cantilevered Beam [13]

The prosthetic pictured in Figure 6 is one in which the pylon is molded into the
polypropylene socket. These sockets are characterized by an indention at the distal
end, where the residual limb does not make direct contact with the socket. As a result,
the indentions tend to be subjected to the bending moment induced by the horizontal
ground reaction force.
Fourroux Prosthetics in Memphis, TN indentified this bending moment as a
frequent cause of failure. Figure 7 was provided by Fourroux to illustrate a cracked,
mono-shaft prosthetic.
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Figure 7. Cracked Prosthetic from Fourroux

The socket from Figure 7 has a visible crack stretching across the distal end. This
particular socket was used for a long period of time, and is expected to have failed
from a small crack propagation that resulted from fatigue. For epoxy based pylonsocket connections, the failure tends to result from the breakdown of the epoxy.
According to a P.h.D study at The University of Texas at Austin, the value of
the horizontal component of the ground reaction force, FGX, is equivalent to 28% of
an individual’s body weight [13]. The average weight of an American man is 195.5
lbs [14], and the resulting horizontal component of the ground reaction force is
approximately 55lbs (245 N). For this departmental honors thesis, a cyclic loading of
the ground reaction force will be applied to the end of the pylon.
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Cyclic Loading
In order to replicate the repetitive loading patterns of gait, the end of the pylon
IS exposed to cyclic loading. When a particular loading and unloading pattern is
repeated over time, it is considered cyclic. Additionally, cyclic loading is
characterized by a mean stress, or load, and an amplitude that sinusoidally varies
about that mean. When cyclic loads are repeated over a significant period of time, a
structure is exposed to fatigue. The fatigue life of a product can be determined by
evaluating the number of cycles until a failure occurs. Specific failure mechanisms
and occurrences vary based on products and testing procedures [15]. For a prosthetic
limb, a failure would be categorized as catastrophic if the pylon were to detach from
the socket or the socket were to develop visible cracks. An example of a noncatastrophic, or expected failure, would be a change in overall prosthetic stiffness.
The term stiffness refers to the amount of force required for a certain
deflection. When comparing the stiffness between two objects, the amount of
deflection is considered the controlled variable, and the force required to achieve that
deflection is the responding variable. A structure with a higher stiffness will require a
higher load. The inverse of stiffness is called compliance, which refers to the amount
of deflection that results from a specified load. In compliance testing, the load is the
controlled variable and the resulting deflection is the responding variable. A more
compliant structure will experience more deflection than a less compliant structure at
the same load. Therefore, structures with higher compliance have lower stiffness [16].
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For the prosthetic socket, the load is a known and consistent value, whereas the
deflection is variable. Therefore, the compliance of the structure will be measured.
During cyclic loading, a phenomenon known as hysteresis can also occur. An
ideal homogenous elastic material has a linear relationship between stress and strain.
When a non-yielding load is applied, these elastic materials will deform and return to
their original shape in a linear manner. However, during high count cyclic loading, a
material will tend to absorb energy in the unloading phase. The absorbed energy is a
result of internal, micro friction [17] .When a cyclic loading to unloading plot is
generated, the material tends to form a loop, as shown in the stress-strain curve of
Figure 8. The area between the phases is the energy absorbed during cyclic loading.

Loading Phase
Unloading Phase

Stress, σ, in units of Pa

Strain, ε, in units of %
Figure 8. Hysteresis Loop [17]
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The units of the slope for the stress-strain curve in Figure 8 are N/m^2 per
percent strain, or simply N/m2, where N represents a load in Newtons and m2
represents an area in square meters. For a stiffness curve, the applied load is plotted
on the y-axis, and the resulting deflection is plotted on the x-axis. The units of the
slope for a stiffness curve are given in N/m, which means that the units of a
compliance slope are given in m/N. The area under both the stiffness and compliance
curve has units of N-m, which are also units of energy Therefore, the area between a
hysteresis loop represents energy lost between the loading and unloading phase.
As previously shown in Figure 6, the deflection of a transtibial prosthetic as a
result of the ground reaction force can be theoretically modeled as a cantilevered
beam. The displacement of a cantilevered beam is shown in Figure 9.

Figure 9. Deflection of a Cantilevered Beam [18]

In the above figure, the force, P, is exerted to the end of the “unloaded beam,” which
results in the deflecting curvature of the “loaded beam” image. The consequential
deflection is represented by the Greek symbol for gamma, δ. The equation for the
theoretical evaluation of the deflection of a cantilevered beam is shown in Equation 1
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Equation [1]

[19] below, where P is the applied load, L is the distance from the fixed end to the
load, E is the Young’s Modulus for the material, and I is the area moment of inertia of
the beam.

The theoretical value of deflection for an aluminum pylon is 2.2E-5mm. However,
because the distal end of the amputated limb does not completely fill the bottom of
the socket, a small portion of the polymer socket also experiences deflection. This
theoretical value does not accurately represent the entire prosthetic structure.

IV. Testing Parameters
The testing parameters for this departmental honors thesis were originally
designed as follows: cyclic loading with a mean load of 120N, a maximum load of
220N, and a minimum load of 20N at approximately 2.5 cm away from the end of the
pylon. However, during a short-cycle trial test, the proximity to the distal end and the
minimum load of nearly zero Newtons caused slipping during the unloading phase of
cyclic loading. This issue was resolved by moving the applied load to the center of
the pylon, which required doubling of the loading parameters to produce the same
desired moment at the epoxy joint. The new, fixed loading parameter has a mean of
240N, a maximum of 440N, and a minimum of 40N applied at the center of the
pylon.
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V. Apparatus
In order to fulfill the project objective, the testing apparatus had to be easily
repeatable, while also accurately representing the effect of the ground reaction force.
The test was performed on a biaxial Instron 8521S, and Figure 10 is a picture of the
final testing apparatus with a specimen loaded for testing.

Steel Channel Beam

Vertical Displacer

Saddle Point

Figure 10. Picture of Testing Apparatus with Socket

The apparatus essentially consists of a clamping mechanism, a vertical displacer, and
a saddle point.
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As described in the theory, the socket is restricted from moving by the
amputated limb and thus acts as the fixed end of a cantilevered beam. This effect was
imitated by filling each socket with non-shrink grout. Additionally, a steel c-channel
beam was inserted into the grout. This beam was clamped onto a steel cylinder,
which allowed the specimen to deflect approximately 4 inches before bottoming out.
Because the induced moment occurs at the epoxied joint, an additional support was
added at the distal end of the socket. This support, called the saddle point, is an
adjustable, arched piece of steel tubing that pushes the distal end of the socket up, and
effectively removes deflection of the socket.

Figure 11. Conceptual Diagram of Test Apparatus

Figure 11 is a concept diagram of the apparatus that illustrates the position of the
saddle point in relation to the pylon. The load was applied at 6” from the distal end of
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the pylon for every test. Thus, the horizontal position of the saddle point has minimal
variance.
One important aspect of the test apparatus is that each socket must be oriented
identically once loaded. Because the socket orientation was highly dependent on the
steel beam orientation, a device was constructed for orienting the beams during grout
pouring. The sockets were aligned horizontally with the posterior hamstring flair
pressure against the back plywood. An additional piece of plywood was used to
clamp the pylons at their base. One of the steel beams was then placed in the center of
the socket, and pieces of plywood were stacked until the beam sat flush against the
backing. The other beams were then inserted so that they also sat flush against the
backing. The beams were held in place by an additional plywood clamp, and the grout
was poured into the socket. The grout cured for 48 hours before testing began.

Figure 12. Picture of Grout Pouring Apparatus
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VI. Procedure

I. Specimen Loading
1. Make sure the Instron is in Remote, Position control.
2. If needed, calibrate the load cell to read 0 kN.
3. Use the controller to raise the load cell.
4. Place the specimen on the apparatus, and clamp the steel bars with one of
the nuts.
5. Lower the load cell to slightly make contact with the pylon. The Instron
tower should display a load of approximately -0.080kN.
6. Finish clamping the specimen by adding a lock nut.
7. Raise the saddle point by adjusting the lock nuts. After the saddle makes
contact with the socket, tighten the nuts until a load of approximately 0.120kN (or 5 half-turns) of preload is displayed on the Instron tower.
8. Check and tighten all the following fittings:
a. The lock nuts both on top and below the clamps
b. The saddle point nut
c. The bolts on the machine clamps
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II. Running the Test
1. After the specimen is securely placed in the apparatus, use the Instron
MAX program on the Windows 95 PC to set up and start the test.
2. Open Instron MAX.
3. Navigate to and open the file “cyclic.”
4. Open the “Data Logging” menu at the bottom of the program.
5. Change the name of the saved file to “C:\MYDOCU~1\Zeke\S[X].CSV”
where [X] is the corresponding socket number.
6. The rest of the “Data Logging” window should appear exactly as seen in
Figure 13.

Figure 13. Data Logging Specifications for Instron Program
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7. Open the “Waveform Generator” menu at the bottom of the program and
configure the window as shown in Figure 14.

Figure 14. Waveform Generator Specifications for Instron Program

8. After the waveform and data logging have been configured, click “Run” at
the bottom of the program. If prompted, press the remote access button on the
Instron tower.
9. Each test is being performed at 10Hz and should take approximately 28
hours to complete. If possible, remain with the test equipment if an emergency
stop is needed. Otherwise, check in with the test every half hour.
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VII. Results

Each socket was exposed to a one million cycle fatigue test that varied load
from 40N to 440N. The loading rate was 10 cycles per second, and the sampling rate
for data was 500 samples per cycle, which sampled at every 10,000 cycles. Thus,
each sampling period contained 50 points of data. The Instron Max program recorded
the cycle count, position in mm, load in kN, and time in seconds for each sampling
data point. A plot of load versus position was created for each sampling period. A
trend line function was used to quantify the compliance of each sampling period in
units of millimeters per kilo-Newton. An example of compliance plot is illustrated in
Figure 15.

Position mm

Socket 1 Initial Compliance

y = 2.0408x + 114.39
R² = 0.996

115.4
115.3
115.2
115.1
115
114.9
114.8
114.7
114.6
114.5
114.4
0

0.1

0.2

0.3
Load kN

Figure 15. Initial Compliance Graph for Socket 1.
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0.4

0.5

As part of the primary objective fulfillment, a VBA program was developed
with the collaboration of Dr. James Hiestand, which can be found in the Appendix
section of this thesis. In order to run the program, the user must first copy the values
of the columns titled “Load” and “Position” to columns H and I in Excel,
respectively. The program can then by run through VBA or the macros in excel.
When executed the program creates a For Loop that checks the numerical value of the
cycle column. If this value is equal to 1 or divisible by 10,000, then the program
creates an array of the 50 load and position data points. The array is then graphed on a
scatter chart, and a trendline is automatically added. The compliance of each chart
was then collected into a table for comparison. The tables for each socket are
included in the Data section of the Appendix. From the tables, a graph of compliance
versus cycles illustrates the change in compliance throughout the test.
The compliance of each socket was plotted against cycle count, as shown in
Figure 16. Four of the sockets exhibited similar initial compliances. Socket 3 had a
significantly higher initial compliance. The compliance curve for socket 3was then
removed from plot of all sockets. The new graph, shown in Figure 17, more clearly
defined the differences between sockets 1, 2, 4, and 5.
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Compliance for All Sockets
3.3

Compliance (mm/kN)

3.1
2.9
2.7
2.5

Socket1

2.3

Socket 2

2.1

Socket 3

1.9

Socket 4

1.7

Socket 5

1.5
1.3
0

200000

400000

600000

800000

1000000

Cycles

Figure 16. Compliance vs Cycle Plot for All Sockets

All Compliances Without Socket 3
2.1
Compliance (mm/kN)

2
1.9
1.8

Socket1

1.7

Socket 2

1.6

Socket 4

1.5

Socket 5

1.4
1.3
0

200000

400000

600000

800000

1000000

Cycles

Figure 17. Compliance vs Cycles for Sockets 1, 2, 4, and 5.
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Sockets 1, 2, and 5 displayed an increase in compliance, while socket 4 displayed a
decrease. All of the sockets were then individually examined.
The plot from Figure 15 is a graph of the load and position of Socket 1 during
the first cycle. The slope of this plot was used to define the initial compliance of the
socket. The aforementioned VBA was used to find the remaining values of
compliance, and these values were plotted against their respective cycles, as shown in
Figure 18.

Compliance (mm/kN)

Socket 1 Compliance vs Cycles
2.04
2.02
2
1.98
1.96
1.94
1.92
1.9
1.88
1.86
0

100000

200000

300000

400000

500000

Cycles

Figure 18. Socket 1 Compliance vs Cycles

As seen Figure 18, the compliance of socket 1 slowly decreases, but then begins to
increase around 250,000 cycles. The compliance continues to increase until the
Instron Max program unexpected error message, which caused the test to cease at
approximately 400,000 cycles. The test was immediately restarted in order to
complete the remaining 600,000 cycles. However, the data collection software
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recorded only 1 value of position and load for these cycles. Therefore, the data from
this secondary test was discarded.
From Figure 18, the minimum compliance, which corresponds to the
maximum stiffness, was 1.87 mm/kN at 170,000 cycles. The maximum compliance
before the Instron failure was 2.02 mm/kN. The percent change in compliance is
7.81%. The increase in compliance aligned with the expected theoretical behavior of
a structure in cyclic loading. Because the invers]e of compliance is stiffness, the
increasing curve of Figure 18 demonstrates that socket 1 is experienced a decrease in
stiffness.
The compliance versus cycles graph for socket 2 is shown in the figure below.

Socket 2 Change in Compliance
1.6
Compliance (mm/kN)

1.58
1.56
1.54
1.52
1.5
1.48
1.46
0

100000 200000 300000 400000 500000 600000 700000 800000
Cycles

Figure 19. Socket 2 Compliance vs Cycles
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Similarly to Socket 1, the Instron program crashed due to an unexpected error while
running the fatigue test. Unlike the first socket, this test completed nearly 700,000
cycles. As seen in Figure 19, the initial compliance quickly decreases by
approximately 5%. The compliance continues to decrease until the 60,000 cycle
count, and then starts to increase. The overall socket compliance continues to increase
until the Instron machine fails at 694,594 cycles. At approximately 60,000 cycles,
there is a minimum compliance of 1.47 mm/kN. The compliance at failure is 1.52
mm/kn, and the total change is 3.33%. The behavior of socket 2 also aligned with the
theoretical expectation.
The compliance versus cycles graph for socket 3 is shown in Figure 20.
Socket 3 completed all one million cycles of the fatigue test.

Socket 3 Change in Compliance
Compliance (mm/kN)
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Figure 20. Socket 3 Compliance vs Cycles
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800000

1000000

The compliance of socket 3 rapidly increases to 3.20 mm/kN around the 160,000
cycle count, but falls throughout the remainder of the experiment. The compliance at
the millionth cycle was 2.98 mm/kN. The percent change is 7.56%. As explained in
the Theory section, the increase in compliance is expected because it indicates a
decrease in stiffness. However, the decreasing compliance is unexpected, but could
result from energy loss through hysteresis. The graph of the initial compliance is
shown in Figure 20. When compared to linear behavior of Figure 15, the initial
compliance has a noticeable, but relatively small hysteresis loop.

Socket 3 Initial Compliance

y = 2.9319x + 102.23
R² = 0.9886

103.6
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0
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0.3

0.4

0.5

Load kN
Figure 21. Initial Compliance of Socket 3 with Minimal Hysteresis

The initial compliance graph of socket 3 displays a small hysteresis loop during the
later period of the unloading phase. The compliance graphs for the next few cycles
keep a similar shape to that of Figure 21, but the hysteresis loop becomes more
prominent when the compliance begins to decrease.
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Compliance After 160,000 Cycles
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Figure 22. Increased Hysteresis Loop for Socket 3

As defined in the Theory section, the area under the Hysteresis loop equates to a loss
during cyclic loading. The observed increase in stiffness from the compliance versus
cycle graph can be classified as a pseudo-correlation with the absorbed load from
hysteresis. The data from the 160,000 cycle was analyzed in a Maple program, where
the hysteresis loss is calculated as the difference between the integral of the upper
curve and the lower curve. The hysteresis loss for 160,000 cycle was calculated as
0.55%. A sample of the Maple program can be found in the Appendix section of the
report. The same procedure was applied to the hysteresis loop of the final cycle.
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Compliance After 1,000,000 Cycles
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Figure 23. Final Compliance With Visible Hysteresis

The hysteresis loss for the final cycle was calculated as a 0.150 %, which is less than
the value of the 160,000 cycle. In fact, the hysteresis loop for the 160,000th cycle had
the largest area, and each subsequent sampling period had a smaller area. Therefore,
the socket absorbed less energy as the test progressed.
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The compliance versus cycles graph for socket 4 is shown in Figure 24. Socket 4 also
completed all one million cycles without the Instron program crashing.

Compliance Change
1.84
Compliance (mm/kN)

1.83
1.82
1.81
1.8
1.79
1.78
1.77
1.76
0

200000

400000

600000

800000

1000000

Cycles

Figure 24. Socket 4 Compliance vs Cycles

The initial compliance is 1.88 mm/kN, and final compliance is 1.78 mm/kN. The
percent change of between the initial and final compliance is 5.72%. Like socket 3,
the compliance of socket 4 decreases with cycle count. However, socket 4 does not
experience a hysteresis loop. The overall decrease in compliance is significantly
lower than that of socket 3.
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The compliance versus cycle graph for socket 5 is shown in Figure 25. Socket 5
completed all one million cycles.

Compliance (mm/kN)

Socket 5 Compliance vs Cycles
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Figure 25. Socket 5 Compliance vs Cycle

The compliance values for the first two cycles were outliers in comparison with the
fatigue test. Therefore, the initial compliance was taken as 1.36 mm/kN at 20,000
cycles, and the final compliance was 1.43 mm/kN. The percent change is 5.41%
Sockets 1, 2, and 5 demonstrated the expected increase in compliance due to
cyclic loading. Socket 3 experienced an increase in compliance, but also exhibited a
decrease in compliance. Socket 4 remained relatively constant between the 500,000
and 900,000 cycle count, but it still experienced an overall decrease in compliances.
The percent change for each socket is summarized in Table 1.
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Socket
1
2
3
4
5

%
Change
7.81
3.33
7.56
5.72
5.41

Table 1. Socket and % Change

From the information in Table 1, a statistical analysis of the confidence interval was
performed. The average percent change of the compliance is 5.96%, and the standard
deviation is 1.82%.
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VIII. Conclusions
Summary
The primary objective of the project was to develop a method for testing the
life cycle, also called the fatigue life, of a transtibial prosthetic. These prostheses tend
to fail through separations or fractures at the attachment point of the pylon. Therefore,
the test method focused on applied stress to the pylon attachment. The project’s
primary objective was met by first developing a theoretical foundation of prosthetic
loading conditions and then by developing a test apparatus that accurately represents
this foundation. The theory behind prosthetic loading conditions stems from the
repeated application of a heel strike force, which is also called the ground reaction
force. Like most vectored forces, the ground reaction force of gait can be separated
into a vertical and horizontal component. The horizontal component, which equates to
approximately 28% of an individual’s body weight, creates a moment about the
pylon-socket attachment. The amputated limb prevents the socket from rotating
because of the moment. When the moment is repeated in a manner that resembles
gait, it is considered to be a cyclic loading condition. For the departmental honors
thesis, a load of 240 N was applied to the distal end of the pylon at a rate of 10Hz for
one million cycles.
The test apparatus to fulfill the load conditions used non-shrink grout to create
a cantilevered beam effect. The grout was poured inside of the socket, and a steel
beam was inserted in the grout. The beam was clamped to the bi-axial Instron, and an
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adjustable saddle point mechanism was used to apply upward force at the socketpylon attachment area. When the force of 240N was applied to the socket, the saddle
point caused the deflection to occur only at the pylon attachment area. Once the tests
were performed, the data was analyzed using a VBA program. The program created a
graph of compliance for every 10,000 cycles. Failure of a socket was categorized as
an increase in compliance, which is equivalent to a decrease in stiffness.
The secondary objective of the departmental honors thesis was to apply the
aforementioned testing procedures to a prosthetic polymer check socket. The check
socket had an epoxied pylon attached to the distal end. The pylon was aligned using
Fillauer’s standard bench alignment. Sockets 1, 2, 4, and 5 had identical bench
alignments, but socket 3’s bench alignment unintentionally varied. The results from
the fatigue test showed that not all of the sockets behaved as theoretically expected.
Socket 1 exhibited an increase in compliance, which relates to a decrease in stiffness.
Socket 2 also exhibited a decrease in stiffness in relation to cycles, which was the
expected behavior of the prosthetic. The results from socket 3 showed an abrupt
decrease in stiffness followed by a steady increase of stiffness. This behavior is
expected to come from the development of hysteresis. The compliance charts for
socket 3 clearly demonstrated a hysteresis loop, and the energy lost during this loop
could have led to an observed increase in stiffness. An argument can also be made
that the different bench alignment could have led to the hysteresis development. The
results from socket 4 also showed an increase in total stiffness, but on a much lower
scale. The percent change of socket 3 is approximately 8.18%, whereas the percent
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change of socket 4 is only 1.66%. Like sockets 1 and 2, socket 5 showed a decreased
stiffness.
The cyclic test for sockets 1 and 2 failed due to software errors. The test for
socket 1 was immediately restarted with the intentions of completing the remaining
cycles. However, the software did not properly record data for load and position. The
data for these tests were rejected.
Recommendations
One of the constraining factors of any material testing is the test’s dependence
on reliable data acquisition equipment. Because most material tests are destructive by
nature, the data acquisition hardware and software must be reliable in the ability to
measure and record data. Two of the tests in this study prematurely stopped because
of software errors. The results of a complete, one million cycle test for these sockets
are needed in order to accurately quantify a failure criteria for prosthetic check
sockets. The first recommendation for this project is to troubleshoot the biaxial
Instron, and test two more sockets. New sockets are needed because sockets 1 and 2
cannot be retested due to their previous exposure to one million cycles of load.
If a follow-up test were to be conducted, the new test should consider
developing a standardized failure compliance change. In this study, the initial
compliance was used to measure the total change in compliance due to a theoretical
loading condition. The second phase of testing should perform a single cycle test on
multiple failed sockets to determine the catastrophic failure compliance. This
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information should allow the tester to evaluate the socket’s properties after a fatigue
test has completed by comparing the terminal compliance to the standardized failure
compliance. In the University of Texas study, catastrophic failed from a non-cyclic
load occurred at a force of 160lb (0.712 kN) and deflection of 2.67in (67.81mm) [13].
Additionally, an unintentional phenomenon occurred during testing of the
third socket. As described in the Results section, socket 3 was the only specimen to
exhibit an inelastic behavior of loading and unloading. Socket 3 coincidently had a
slightly different bench alignment than the other 4 sockets. This observation could
lead to an additional study of how pylon alignment affects the elastic loading curve of
a transtibial prosthetic.
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IX. Appendix
Sample Calculations
A. Theoretical Deflection of an Aluminum Beam
P = 440N
L = 5 in * (0.0254 m/ in) = 0.127
E = 69 GPa
I=

B. Percent Change in Compliance
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VBA Program for Data Analysis
Sub cycles()
Dim i As Long, count As Integer, x(100) As Double, y(100) As Double, charttitle As Single
Dim first As Long, last As Long
Dim x1columns As Chart, ChartType As Chart, rr As String
count = 0
For i = 2 To 54345
If Cells(i, "e") = 1 Or Cells(i, "e") Mod 10000 = 0 Then
If count = 0 Then
first = i
End If
count = count + 1
x(count) = Cells(i, "h").Value
y(count) = Cells(i, "i").Value
last = i
charttitle = Cells(i, "e").Value
End If
If i - last = 1 Then
rr = "h" + CStr(first) + ":" + "i" + CStr(last)
ActiveSheet.Shapes.AddChart.Select
ActiveChart.ChartType = xlXYScatterSmooth
ActiveChart.SetSourceData Source:=Range(rr)
ActiveChart.HasTitle = True
ActiveChart.charttitle.Characters.Text = charttitle
ActiveChart.Axes(xlCategory, xlPrimary).HasTitle = True
ActiveChart.Axes(xlCategory, xlPrimary).AxisTitle.Characters.Text = "Load kN"
ActiveChart.Axes(xlValue, xlPrimary).HasTitle = True
ActiveChart.Axes(xlValue, xlPrimary).AxisTitle.Characters.Text = "Position mm"
ActiveChart.Axes(xlCategory).HasMajorGridlines = True
ActiveChart.SeriesCollection(1).Trendlines.Add
With ActiveChart.SeriesCollection(1).Trendlines(1)
.Type = xlLinear
.Forward = 0
.Backward = 0
.DisplayEquation = -1
.DisplayRSquared = -1
End With
count = 0
End If
Next i
MsgBox "finished"
End Sub
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Maple Program
The area of the hysteresis loops are calculated by the difference between two definite
integrals. The equations used for the integrals are shown in Figures 24-27.
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Figure 26. Equation for Upper Limit of 160,000 Cycles
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Figure 27. Equation for Lower Limit of 160,000 Cycles
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Figure 28. Equation for Upper Limit of 1,000,000 Cycles
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Figure 29. Equation for Lower Limit of 1,000,000 Cycle
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0.5

The boundary conditions are determined by finding the points of intersection
between the upper and lower curves.

Figure 30. Image of Maple Code for Finding Hysteresis Loop Area

Figure 30 is an image of the code used to analyze the definite integrals in Maple. The units
of the integrals are mm/kN^2.
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