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Abstract

The @nter for International Rehabilitation (CIR) has programs all over the world to
provide people in developing countries with the training and equipment they need to supply
prosthetic devices to local landmine victims. CIR has created a monolimb, whilchwiardimb
prosthesis where the socket and shank are molded from a single piece of thermoplastic
material. The monolimlsan be fabricated oite with minimal equipment at a lowost. The
shank portion of the device, which replaces the tibial region efldy, was investigated
through a finite element analysis computer program, COSMOSWorks.

The current prosthetic device utilized by CIR uses a hollow, cylindrical shape with a rib
on theposteriorside as the overall shank design. This study combinedngaziycularouter
diametersand rib lengths to determine which combination of parameters contributed to lower
overall von Mises steses and minimal displacemeRtourhollow elliptical cross sectional
shapes of differentninor and major diametersere al® modeled and compared to the results
of the circular parameter study.

The models were input into COSMOSWorks to perform a static analysis on each of the
models and the results were displayed through contour plots. The output for each model was
analyzedand compared to determine the maximum stresses and overall stress distributions.
The displacement present was examined, paying particular attention tfekbility across the
shank as the displacemerdan mimic that of natural ankle movement. The 563t Standard
10328, which details the necessary structural testing for lower limb prostheses, was used as the
basis fortesting.

The final results compared the overall stress distributions and displacement of each of
the models in COSMOSWorks to determividch shape would best withstand the ISO Test
Standard 10328 specified loa@he results determined that an increase in diameter and rib
length positively influences the von Mises stress results and displacement by decreasing their

values throughout theshank.
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Executive Summary
The Center for International Rehabilitation (CIR) is a Chicago baseat ofiin

ogay Al GA2YS ¢gK2aS YAaarzy Aa ad2 lFaarad LIS2LIH S
Fdz t LXCIREGOU)Thé dreation of the CIR began in 1996 when Dr. William Kennedy
Smith founded the organization Physicians Against [Minés (PALM).In 1997, one year after
its inception, his organization received the Nobel Peace Pritee CIR was opened in 1998 by
Physicians Against Land Min@ALN) to expand its facilities to include victim assistance in
rehabilitation services and advocacy. Tleater is now present in six countrigsducatingover
seventy student$o datewho treat approximately 8,600 amputees yearly.
CIR is currently supplying levost prosthetics to developing countries around the
world. They provide thpeople inthesecountries with the training and equipment they need
to supply prosthetic devices to local landmine victims. CIR has created a monolimb, which is a
lower legprosthesis where the socket and shank are molded from a single piece of
thermoplastic material. The motionb can be fabricated osite with minimal equipment at a
low-cost. The shank portion of the device, which replaces the tibial region of the leg, was
investigated through a finite element analysis computer program, COSMOSWorks.
The analysis compared ailer shanks with and without the addition of a rib on the
posterior end of the shank with different combinations of diameters and rib lengths. These
results were furthered compared to the data for elliptical shankbe circular shank is the
designcurrg i f & dziAf AT SR T2 NJ (i Rné didmeterXdste@vezie ME&BIMMK LINE :
53.5 mm, 58.5 mm, and 63.5 mm; the minor diameters of the elliptical shanks were identical to
these diameters and an aspect ratiolob5was applied to determine the majaliameter. Rib
lengths of 0 mm, 10 mm, and 20 mm were tested for each circular diamétérK | y3Sa& Ay &K
geometry can alter the stress distribution within the monolimb and at the residual-fiodiket
interface and, respectively, affect the deformabilégd structural integrity of the prosthesis
YR O2YT2NIi LISNOSA PSR 0 &herefofd, Xl o8eBadl ébjedtie ¥ ¥ Www 5
determine which combination of parameters would alltie monolimb to withstand the loads

specified bythe ISO Test Stalard 10328 Ultimate Static P5 test.



The parameters of this study were chosen to maximize the testing conditions. The
height of the shank was chosen by applying the maximum distance between the ankle and knee
planes in the ISO Test Standards, 420, fesed on anthropometric data, 60 mm was
subtracted from this length as it is the minimum length required of a residual limb to retain a
fully functioning knee. This height of 360 mm was applied to each of the models. Next, twelve
circular models and fouelliptical models of this height were built using the thrdenensional
modeling program, Solidworks. A test plate was added to the distal end of each shank by
bonding the two components to one another. This plate was added to provide a point of
applicaton for the offset load.

The ISO Test Standard 10328 was consulted to ensure that our testing procedure
complied with the guidelines set forth for lower limb prostheses. The coordinate system, load
location, and force load components were all extractexim the standards and applied to our
shank models.Two loading conditions were applied to each model to account for two of the
main stages of the gait cycle, heel strike and toe off. Heel strike is considered Loading
Condition I, while toe off is cortgred Loading Condition II.

The models were then analyzed through the finite element analysis program,
COSMOSWorks. This program output data regarding the stress values throughout the shank as
well as the displacement. The stress distributions weridighrough contour plots where
different stress levels corresponded to different colors, allowing for the visual depiction of
stresses present throughout the shank. One point in particular was probed on each of the
models to provide consistency througimoour comparisons. This point was located 25 mm
below the proximal end of the shank on the plane where the highest stressesexpeetedto
occur.

The von Mises stress failure criteria was applied by comparing the von Mises stresses at
the probed poirt for each model to the Yield Strength of the thermoplastic material. Stress
values which fell below this limit were considered to have successfully withstood the loading
conditions for the ISO Test Standard 10328. Those models whose stress valuebavertha
Yield Strength were considered to fail the test and it was recommended that prosthetic devices

of this size not be used.



Next, displacement was analyzed to determine the level of flexibility within the shank.
Displacement was investigated becautexibility in the shank can mimic that of natural ankle
motion, which is a desirable quality in a prosthetichis analysidemonstrated how the shank
responds to the loading and which set of parameters provided sufficient rigidity. Data
regarding dsplacementwere obtained by probing equidistant points along the height of the
shank and exportinthesedata to Excel. The dataerethen manipulated to determine the
resultant displacement present for each shank to understand the effect the rib leragttoh
the displacement values. Next, theptane displacement was found to establish the
deformation caused by the bending loads and the-ofiplane displacement was calculated to
better understand the effect of the torsional and transverse loads orstienk.

The analysis highlighted which set of parameters could minimize displacement and von
Mises stresses in response to the specified loads. An increase in diameter was found to
decrease both von Mises stress values as well as displacement. [$imaifaincrease in rib
length decreased stress and displacement values throughout the shank. Through a comparison
of each of the models per diameter and loading condition, the models with a 0 mm rib were
consistently found to have the highest stress valughile the elliptical shanks had the lowest
values in both stress and displacement.

Although the von Mises stress and displacement analysis provided data which showed
that the ellipticalperformed well undethe applied loading conditionshe 53.5 mmshanks and
higher all fell below the Yield Strength as well as exhibited consistent stress values between
both loading condition | and Il. Beforecommendationsvere made regarding which shank is
most appropriate for CIR to use in the field, a materialgsis was conducted. This analysis
determined the amount of material necessary to fabricate each shank model, while also
considering the weight differences between the larger and smaller models. Through this
analysis, the elliptical shanks were shoterhave similar weights to those of the 20 mm ribbed
shanks of the same diameter. In the case of the 58.5 mm and 63.5 mm, the elliptical models
had more mass than thos# the circular shanknodels, making them a less desirable option for

amputees. Thesmodels also required more material, which may contribute to increased costs

Xi



for CIR when purchasing material, as they are trying to maximize the use out of their limited
budget.

The recommendation has been made to CIR that they continue to use theahollo
cylindrical model with a rib design within their programdslbeing recommended that at 58.5
mm shank with a 20 mm rib should be adopted as it requires a slight increase in amount of

material,howeverthis model successfully withstood the ISO Tesh&iad Loading Conditions.
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Introduction

Prostheses have been in development since the BC era. There is a natural human desire
to feel whole and complete, and providing artificial limbs has helped to satisfy this need. The
advancement of technology hascreased the means of providing such assistance, and injuries
adzaGFAYSR AYy 61 NB KI@S ONRdAAKG Fo62dzi YIyeé 2LILJE
the World War | era that inventors really began to drive forward with prosthetic advancements.
Through World War 1l, the number of amputees and the need for prostheses increased in
parallel. Numerous societies and organizations were created to support prosthetists and their
RSaArdadyao ¢tKS =S0SNI yQa signRicantrgld iditlie Rdogiessdf o0 +! 0 K|
American prosthetics. They have provided numerous opportunities for people to learn about
the field and to get involved. The growth and development of prosthetic devices has continued
to flourish into the present, as the improvement ofethives of people with disabilities is a
constant focus.

There are millions of individuals living in this world who have suffered from land mines
or other traumatic events, which have caused amputation. The majority of these people are
unable to affordthe technology they need to account for their disability. To address this issue,
many people have designed prosthetic devices which can be created locally at a low cost. Many
of these programexercisefabrication techniques which can be applied in deypeng countries
and taught to people who do not have any previous technical training. These programs are
being implemented all over the world by companies such as Prosthetics and Orthotics
Outreach, Inc., Handicap International, Bhagwan Mahaveer Vil8ahgyata Samiti, and the
Centerfor International Rehabilitation.

The designs developed for use in developing counaireproducedat low costand
vary in shape, size, and materidh some of the designs, the shape of the shank varies from a
uniform circular shape to a more elliptical shaped limb. Many of the prosthetic devices are
supplied to the prosthetist in component form; the tibial length, foot, and socket are separate

pieces which are assembled in the field for the patient. Many of thesegdespply the



monolimb design, which istaanstibial prosthesis where the socket and the shank are molded
from a single piece of thermoplastic materi&IR has applied this design to their global
programs by providing the material, fabrication educatiand tools.

The fabrication method used by CIR is the anatomidaledalignment (ABA) system.

This method uses a process that is easy to understand, as it needs to be translated into

numerous languages. A casting and fabricating kit, which hastak equipment and

materials necessary for construction, is distributed to the prosthetist at the local clinic. There

are four main processes included in this method: casting, standing alignment, alignment

transfer, and monolimb fabrication. Amonoim A& &l LINRPaAGKSaAa Ay 6KAO
I NBE FT2NIYSR FTNRY eIKF - anudih Thedit oktife plasfichmatérial @ &eryd

important and exclusive to CIR. They cut a rectangular piece of thermoplastic material into

three trapezoidal piees. This shape allows the prosthetist to fit the patient while cutting less

material off for waste. The alignment process is also very important as it allows the user to

have correct posture and support from their device.

In order to produce prosthetgfor developing countries, the material selected must be
both durable, easy to fabricate, and low cost. Several of the low cost prosthetics have been
made from fiber glass because it is a strong, rigid material which is fairly easy to fabricate while
being affordable. One of the designs utilizes a plastic bottle and locally available wood to form
a prosthetic which can easihe created from very cheap and easily accessible materials. Some
of the more popular materials used for this application are theplastic materials.

Thermoplastic materials are used because they can be remolded after their initial fabrication.
This is an advantage because if there are any issues with the original fabrication, the material
can be reheated and remolded. A polypytgnepolyethylene, both thermoplastic materials,
co-polymer has been dedicated to this specific low cost prosthetic because it combines the
rigidity of polypropylene and the flexibility of polyethylene. This combination provides a strong
yet comfortableprosthetic limb.

To provide CIR with background testing for their prosthetic designs, several different
shaped cross sectional shanks were tested using Finite Element Analysis (FEA). Elliptical and

circular shapes were analyzed through the FEA softwesgram, COSMOSWorks. The three

2



dimensional models were created in the modeling program, Solidworks and then meshed and
run in COSMOSWorks. Loads were applied to the models as detailed in the ISO Test Standard
10328. The reaction of the monolimb to sgfesd forces was displayed in the form of contour
plots. Stress and displacement contour plots was output and analyzed to better understand the
reaction of the monolimb to the applied forces. The various sized cross sections were
compared in order to dn& conclusions regarding which shaped monolimb would be most

appropriate for use in the field.



Background Research

A review of the research and literature regarding low cost prosthetics was undergone to
provide background information regarding the proj¢o be detailed throughout this report.
Several areas were researched and have been included in this section, and more research has
been included in the appendixes.

In this section, you will find information about the anatomy of the knee, as well as
information from journal articles regarding various other low cost prosthetics devices currently
being used in the field or further researched by other organizations. The fabrication techniques
utilized by CIR has been briefly discussed and the materiakptiep of low cost prosthetics,
with an emphasis on thermoplastic materials has been included. The Appendixes include
information regarding the history of prosthetics as well as other programs, similar to CIR, who

are providing prosthetic solutions to tlinwvorld countries.

Anatomy of the Knee

The knee joint is an important aspect to the human anatomy, particularly regarding
movement, including walking and running. There are two main bones that are present within
the knee joint, the femur and the tibialThe femur rests on the top of the tibia and when these
two bones come together, the hinge joint of the kniedormed. Itis covered by the patella,
also known as the kneecap. The patella fits into the groove that is formed whentihese
bones come togher.

The ends of the tibia and the femur are covered by articular cartilage, which acts as
cushioning between these bone3he lateral meniscus, which is located on the outer side of
the knee, and medial meniscus, which is located on the inner sideedfriee, are also present
in the knee joint and they are the shock absorbers between the bones.

On top of bone and cartilage, there are also ligamenthé@knee which helpvith
stabilization such athe collateral ligamentand the anterior cruciate lgment (ACL)The
collateral ligament limits sideways motion and runs along the side of the knee. The ACL

connects the tibia and the femur; it limits the rotation and forward motion of the tibitaally,



the Posterior Cruciate Ligament (PCL) is locatddrinl the ACL and it limits the backward
motion of the tibia.

The knee is a vital joint necessary for walking, running, and many other forms of movement.
It is a joint which is often preserved during amputation to allow the amputee to use a lower
limb prosthesis and the function of their own knee to walk again. For lower limb amputees,
part of the tibia needs to be preserved. A minimum of 6 centimeters from the proximal end of
the tibia must remain for a patient to keep a fully functioning knee joint.

Present within the knee are ligaments, bones, and cartilage which all contribute to the
hinge motion of the knee. Through the directional restriction of the ligaments and the
cushioning protection of the cartilage, both the tibia and the femur come togetb form one

of the most important joints in the human body.
Low Cost Prosthetics

Millions of people undergo amputations every year due to various traumas including
landmine tragedies.The most applicable solution to these travesties is to fit the ateps with
prosthetic devices to counteract their disability. Howevetifigial limbs are nokasily
accessibléo people in lower income countridsecause othe high cost associated with
prosthetics. Due to this fact, there are many designs beingemented by various outreach
programs to provide low cost prosthetic systems to developing countries. These designs use

various materials, designs, and testing procedures to validate their systems.
Trans -Tibial Prosthetic Modular Component

Mobility India developed a light weight plastic prosthesis which is comprised of several
different components to provide people with a full below the knee prosthetic. This system
includes a disc, socket adapter, pylon, and nuts and bolts which are used for alignment
purposesas are displayed iRigurel. The components come in separate pieces, which are easy
to assemble and applied to the patient. The entire kit is provided for the prosthetist who will
apply this system to patients. Thepmarate pieces allow height to be addressed while allowing

the prosthetic to be aligned properly (Mobility Ind2@07).
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Figurel: TransTibial Prosthetic Modular Component

Polypropylene is used for the disc, socket adaptod pylon. Polypropylene was
chosen as the material for this purpose because it is light weight and cost effective. To further
improve the strength of the system, four ribs are carved into the outer diameter of the pylon.
The pylon has been made in twerdifferent sizes, which increase in height by a centimeter
with each size increase. This has been done to provide a variety of sizes which can incorporate
a wider range of height differences. The fabrication process has been made very simple in
order toensure that any individual could create it after limited training has been completed
(Mobility India2007).

Mobility India has implemented these prosthetic designs in India in hopes to bring more
people the tools they need to walk as normally as posditt a much lower cost as commercial
prosthetics. They have successfully created a low cost andlaltraveight prosthetic which
can be fabricated by people will little experience. This system will be able to be applied in many
developing areas througiut our world for an affordable price (Mobility India 2007).

Simple Prosthetic Device

The Division of Biomedical Sciences at Wolverhampton University in the United Kingdom
designed and built a simple, cheap, and effective lower limb prosthesis whicbecatilized by
landmine victims in third world countries. Their underlying goal was to create an artificial
device which can be used in developing countries to enable mobility over a short range while
assisting people to stand and kneel. The kneeliogign of the design has been incorporated
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into the final design because many of the users of this device work in the fields and need to
kneel to properly complete their working tasks (G. Pearo&)visual depiction of both positions

has been included ithe pictures belowFigure2 andFigure3.

Figure2: Simple ProsthetiStanding Position (G. Pearce 2007)

——a

Figure3: Simple Prosthetidneeling Positin (G.Pearce 2007)

There are several components to this design: femoral component, knee component,
foot, and cross strut. The thigh component is made using a plastic bottle which can be packed
with comfortable material to protect the stump of the patienf Velcro strap is wrapped
around the thigh to keep the prosthetic in place. Tiral component of the device, the shank,
ismade usindocally available wood This wood ishaped into the proper height and width for
the patientby the prosthetist The cross strut is a bar which can be locked into place to allow
the limb to be in a standing position or in a bent knee position for kneeling. The strut is made
of locally available shaped wood also. Finally, a rubber component is added to the bottom of
the wood shank to absorb the ground reaction forces and allow for easier mobility. Due to its
simple design and use of available materials, it can be produced easily using basic carpentry

tools and at a very low cost (G. Pearce).



In order to validate tkb prosthetic system created by the Biomedical Department at
Wolverhampton University, several tests and analyses were performed on the device. Using
G58aArA3y {LJ OSz¢ GKS F2NOSa gSNB OFf OdzAZ I GSR F yF
several stess tests run on the upper and lower knee joint. Using the computer software, axial
stresses, principal stresses, and maximum deformation were all analyzed to determine whether
or not the device could withstand the necessary forces to be used for a patievalk with.

After testing was completed, the device was found to be capable of withstanding the forces
required for walking; the overall test results indicate that the prosthesis can support an average
person involved in everyday activities for shdistances. Therefore, the system can

confidently be implemented in third world countries (G. Pearce).

Low Cost Composite Prosthetic

This prosthetic system was designed using low cost fiber reinforced composite materials
using modern alignment ethods to ensure the device was comfortable and durable while
remaining affordable for less fortunate amputees. Fiber glass was utilized for this purpose in
the form of Sheet Molding Components (SMC). The material is created by combining
unidirectional fbers are layered on the bottom, followed by layers of randomly oriented fibers.
This reinforcing of the fibers is adopted because it increases the weight reduction of the system
while increasing the biofidelic response of the device. This biofidelors® is similar to the
GSYSNH& aG2NAy3IE LINRPLISNIASaE 2F a2YS 2F GKS Y21
GKAEZ LINPAGKSGAO RSOAOS Aa (2 LWXe (GKS aSySNH:
increasing the cost (Bartkus 1994).
The design of this system incorporates a flexible action foot, solid composite pylon, and
a stump socket adaptor. The pylon is a cylindrical rod which supports the foot at the distal end
and connects to the socket adapter at the proximal end. The soclegitadis a plastipiece
GKAOK KlFIa 0SSy Y2fRSR G2 FAOG GUKS 2dziSNJ O2y (2 da
prosthetic limb to the patient. An important aspect to this design is that the height of the limb
can be adjusted by adding a screw te ttlistal end of the pylon. In total, an extra 1.5 inches

can be added at any given tinas shown irFigure4 (Bartkus 1994)
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Figure4: Low Cost Composite Prosthetic Device (Bartkus 1994)
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Glass fiberyinyl ester, and aluminum have been incorporated into the design of this
device. Glass fiber was chosen because of its bending fatigue life, torsional strength, and lower
cost. Aluminum was used for the screws which are applied at various points imtheThese

screws can be adjusted to provide the proper alignment for the patient. Further, alignment

O2ff I NA INBX dzaSR (2 SyadaNB GKIFIG GKS L®Rt2y Aa

glass fiber pylon can withstand compressive, bagdand torsional loads, which are important
for a person to use the device for mobility purposes (Bartkus 1994).

In order to ensure that the proposed device could withstand the necessary loads
associated with mobility, testing was completed. Firsatenial testing was completed to
compare the different types of materials available for use with prosthetics. This was done to
ensure that the most appropriatand cost effectivenaterial was chosen for the prosthetic
limb. Efiber glass, carbon fibarinforced epoxy, vinyl ester, and polyester
pultruded/compressive molded rods were all tested to evaluate their properties. Each material
was evaluated using compressive, bending fatigue, and static torsion tests.

Next, axial bending fatigue tests weperformed on the pylon. The pylon was cycled at
300 Ibs for 1,000 cycles and the load was increased by 50 Ibs every 1,000 cycles until failure.
Static torsion tests were performed by applying an axial moment to the ends of the pylon using
a torque wrench The moment was increased until the prosthetic fractured and angular

deflection measurements were collected throughout the test. After the completion of these
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tests, the E glaseinforced vinyl ester was chosen because it had good fatigue life, high
torsional strength, and the cost was much lower than the other materials.

Finally the assembled prosthetic was tested in a fatigue tester, which simulates walking
to ensure that each component works well together and will last for the user during everyday
use. The system weighs 1.5 Ibs, which is the lowest weight of any system currently on the
market. After completion of the tests, mangatientshave used the system successfully
without failure and have reported that it is lighter and smootherwalk wih many other low
cost prosthetic devices. In the end, low cost composite materials keep the cost down for
prosthetics while also providing some of the energy storing properties. Their ability to be
compression molded makes them an even more valuabletdaeshe low cost prosthetics
industry.

Elliptical/Circular Shaped Low Cost Prosthetic

A low cost monolimb has been designed for liestunate amputees using botbircular
and elliptical shaped shask A monolimb is &ranstibial prosthesis where thsocket and the
shank are molded from a single piece of thermoplastic material. The specific thermoplastic
material used for this prosthetic limb is polypropylene (PP). PP was chosen because of its
strength, ductility, and flexibility. The flexibiliof PP causes the monolimb to deflect during
walking which simulates ankle joint motion (Lee 2006).

The two designs utilized for this prosthetiere an elliptical shank and a circular shank,
both with uniform cross sections throughout the entire shai@milarly, he sockets usedere

identicalandused vacuum sealing methods (Lee 2006).
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Figure5: Circular and Elliptical Prostheses (Lee 2006)

Testing was done to determine which design provided the patient with a smoother gait
while wearing the prosthetic. The testing was perforna@dordingto the 1ISO Standard 10328.
Four male transtibial amputees were asked to walk using the prosthetic limb and the forces
were analyzed, as was the gait of the individual. The subjects bliewdfolded and asked to
walk with each of the prostheses. After they had tested them several times, they were asked to
rate them on several different properties: comfort, stability, ease of walking, flexibility, and
weight. As a supplement to the reaite feedback from patients, Finite Element Analysis and
the Taguchi Method were both utilized as tools to measure the reliability and flexibility of the
two types of monolimb cross sectiofisee 2006) Fatigue testing was also performed on the
monolimb, & LIKI &AT Ay3 (KS aKSSf 2yé¢ FyR ai2S 2F7F¢

shown below a&igure6.
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Figure6: Fatigue Test Set Up (Lee 2006)

After the data was compiled, the elliptical systevas found to perform the best in
several different areas. The Elliptical monolimb weighed less and had higher flettibititthe
circular design During the gait analysis, the walking speed, stance time, and swing time were
consistent between the twonodels; however, the step symmetry was better in the elliptical
system. The subjects found the elliptical system to be more comfortable, stadliexible
while being lighter and easier to walk with (Lee 2006).

Through the testing, it was demonsteat that the elliptical system was a better system
than the circular system. The advantage to using a monolimb is its low weight, low cost, and
AAYATFNI LINPLISNIGASE (2 GKS aSySNH@& aG2NAy3E
monolimb system ledio an increase in comfort, a decrease in the energy required, and an
increased level of control. It was also revealed that the flexibility increases as the cross

sectional area of the monolimb shank is reduced (Lee 2006).

Jaiper Below Knee Prosthetic

The Jaiper Below the Knee Prodibhaystem is comprised of the Jaiper foot, the total
contact socket, the shank, and the suspension aslshown irFigure7. The materials used
throughout the system are primarily rubber, Higtensity Polyethylene (HDPE), and leather.

The foot is made of a rubber material and is molded to resemble a human foot. The total
contact socket is made of an HDPE sheet which is thermoformed around a plaster mold of the
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around the knee. The shank is also made using HDPE pipes in three different diameters: 75
mm, 90 mm, and 110 mm. These varying diameters have been incorporated into the design to
account for theweight range of patients. The larger the diameter, the more weight the shank
can successfully handle. Finally, the suspension belt is made of leather. The suspension belt
has joints at two places to allow an increased range of motion while squattichgoa@nsure

that the prosthetic limb stays in place on the patient (BMVSS).

Figure7: Jaiper Below Knee Prosthetic (BMVSS 2007)

Fabrication Process

The Center for International Rehabilitation (CIR) uses the anatomizadlydalignment
(ABA) system to propbrcast a transtibial amputee. There are two varieties of this system:
standing and supine. The supine system is more appropriate for weak patients and bilateral
amputees. The standing systas better for stronger patiestwho are capable of holding up
their own weight for a certain period of time. The standing systeexpained in furthedetalil
in this report.

There are a number of measuring techniques that must be followed before the actual
casting process can begifmThe most important rule to remember is that anatomical landmarks
must remain stationary. If they do not stay in thexactlocations the markings will be
incorrect and the alignment will not be precise. There are foursneaments that are made
for dimensioning: medidateral (ML), anterioiposterior (AL), length of the tibia, and length of
the residual limb. The elbow height, from the floor to the bottom of tlbow at a 90° angle,

andwidth of hips must also be measured for use in the standiignment process
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The preliminary casting techniques require a list of materials to be used in the process:
nylon socks, approximately 120cm of 24mm elastic webbing, clamps, indelible pencil, 1 roll
15cm standard plaster,-2 rolls of elastic plaster, ssigrs, Vaseline, 52cm Dacron strap,Jre
shaped clay reliefs, and a casting garment or 15cm elastic bandage. These materials and
equipment are all used to cast the negative of the residual limb. This cast will be used to
ensure proper alignment of the prasesis.

The process for casting is rather short, dytlays the most significant role in molding
the componentghat are extremely specific to each patient. The process starts by iagy
damp nylon sheet over the residual limb. This sheet facibt#ite placement and adherence of
clay buildup for pressure relief. The knee center is then marked on this nylon sheet, at a point
20mm above the medial tibial plateau (MTP). This measurement is transferred around the
knee using a square to mark the ladéand anterior surfaces. There are nine other areas that
can be marked for improved application of the clay reliefs; these areas are not necessary but
are helpful in the fitting process. The head of the fibula is an important feature to mark, as it
could be a main weighbearing area if improperly marked. Pressure reliefs are necessary to
evenly distribute the weighbearing throughout the sockedf the prosthesis These are 5mm
thick clay reliefs that are measured and fit for each individual to peotté support they need.

To complete the casting process, a latex casting balloon is used to cover the residual
limb. Six layers of plaster are added to make a splint that is slightly longer than half the
circumference of the patella. Thumb indents anade on the plaster to establish the level of
the patellar tendon. Since the following alignment techniques are done in the standing
position, a 5ply plaster splint neds to be added tallow for slight weight bearing on the distal
end of theresidual imb. The casting process is now complete and the patient is ready for
alignment.

The standing alignment systershown below irFigure8, utilizes two structural
components: the standing support fixture and the residual limb stambe materials needed
for these assemblies are: 2 weight bags, frame, 2 hitch pins with cotter pins, alignment bar
components, mats, 3 extension bars, platform, and a base. The standing support fixture is the

first to be constructed, and is placed omad-lined mat at the appropriate end points. The
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fixture is placed at a width that accommodates average higth (3849.5cm), with the sand
filled weight bags stabilizing the crebars of the structure. Adjustments must be made

according to hip widt and elbow heighto ensure thatthe structure provides the proper

& dzLJLJ2 NI @ ¢KS LI GASYy(d Ydzad adaryR 2y GKS YI
the center line on the mat.
Figure8: Standing Alignment SysterfCIR Manual
Next, the residual limb platform is adjusted to accommodate for correct height. It
should be #eredi 2 | KSAIKG G K I résiduallirhb2ascamfait&bly retdn thet Sy (i Q &

top of the platform. Te height and rotation of the platforroan be adjusted usingné
extension bars and collar #te base. It is very important to keep the higisthe same height
during this process, so that they will be level when the prosthesis is complete. The centerline of
0KS LI GA Syl Qa eciyoRithedhidrink & the Mat. RTheNdistance from the
centerline to both knees should bel®cm. Using the alignment bahe correctAP positioning
and the ML positioningre verified. Both axes should be +ehecked at the end to ensure that
there were no minor movements during the positioning processceldhe alignment marks
have been made on both corresponding axes, the cast can carefully be removed.
Transferring the alignment is the next section in the fitting and alignment proa&ss.
commerially availablé/ertical Ftting Jg (VFJ) is used to transfer the alignment from the cast
to the positive model. Alignment isxamportant aspect in designing a prosthetic device; it is
what allows the user to havine correct posture and support fronheir device. The following
materials araequiredto complete this alignment portion of the process: mandrel, pipe

adapter, mandrel collar-handle hex wrench, plastic spacer, cast with Dacron strap, foot, ankle
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busing, base plate, laser level, indeliblencil, flexible ruler, holsaw or spade bit, utility knife,
dish soap or talcum powder, tape, and a plaster mixing bowl.

Establishing the pylon (prosthetic shank) location is the first step in the alignment
process. The coronal and sagittal alignmémed are extended using the ruler and pencil. They
shouldperpendicularly intersect on point, providing a mark through which the mandrel hole is
drilled. The alignment lines must coincide with the centerline of the mandrel in both the
coronal and sagtal views, which should be an automatic result due to the drill hole at the
intersection point. Any necessary adjustments can be made in the AP/ML directions as well as
the flexion and abduction/adduction angles. Once the appropriate alignment is reaithed
must be secured in place using the four screws on the cast holder arm. A laser is then used to
double check the alignment lines in the coronal and sagittal views.

The final stage before the creation of the actual monolimb is to craft the positivdemo
The first step is to lower the mandrel collar and wrap the bottom of the cast with tape. Plaster
is then poured into the cast, takirgpout thirty minutes to set. After the plaster has hardened,
the mandrel vice secures the positive model while ghaster cast is removed. Once this
positive model has been created, the AP and ML dimensions must be checked to ensure no
variation from the original alignment. Once this has been verified, all irregularities are filled
and the model is smoothed.

At this point, he alignment and casting processes have been completed. The
fabrication of the monolimb is the final step in fitting the prosthesis to the patient. The
RSTAYAGARZ2Y 2F | Y2y2fAYo0X FOO2NRAYy3 (g / Lws
FT2NX¥SR FTNRY 2y EIRWafi&)She plowingftoblsandeduipment are needed
for the fabrication process: oven and gloves, vacuum, pump, grinder, cast cutter, hand saw,
mandrel vise, utility knife, and scissors. The monolimb is mahe & thermoplastic material,
however there are a number of other materialecessaryor its fabrication including: mandrel
with positive model, aluminum ankle bushing, nylon stockinet, talcum powder, scissors, string,
tape, grease pencil, utility knife)gster chisel and hammer, steel heat plate, anatiation pin
template, 10mm x 25mm dummy bolt, 10mm x 500mm extractor bolt, 10mm x 70mm ankle

bolt, Allen wrench, and a ratchet wrench with 17mm socket.
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The first step in this section is to prepare the rdagl which must be polished with steel
wool on the lowerportion. The positive end is therovered in talcum powder with stockinet
added over the top. The 20mm dummy biglscrewed into the ankle bushing, which is then
slid over the distal end of themandrel. The bushing must be rotated so that the flat sides are
parallel to the line of progression. Finally, the vacuum line is connected to the top end of the

mandrel.
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Figure9: Trapezoidal Plastic CuC{R Manudl
As showrin Figure9 above, the next step is to cut the thermoplastic sheet into three

trapezoidal sections. The bases ofse&rapezoids are measured at 20cm and 51 cm. These
trapezoidal pieces will later be used to create the actnaholimb. The plastic pieces must be
KSIGSR Ay GKS 2@0Sy F2NJ I LIINRBEAYI GSt&- vt YAYdzi¢
F2NX¥AYy3IEOD CKS LXIFAaGAO aK2dZd R 6S Of SIFNJ gKSy Al
forming. The plastic seam is centered aloimg posterior aspect of the mandrel and the
positive model, and then sealed at both ends. Starting at the distal end, the plastic is pinched
together up to the proximal end. To draw the plastic into the model, the vacuum is turned on
for twenty minutes. Once tight, the extra plastic is cut, leaving a 20mm seam from the bottom
of the mandrel interface.

The next step, extracting the monolimb, starts wittarking thetrimlines. Thesénes
must be traced around the top of the socket to mark the locatbthe cut. The cast cutter is
used to remove the plastitom around the mandrel.The sander is used to grind down the
distal enduntil the top of the bolt and the end of the ankle bushing are visible. The 10mm x

25mm bolt must be removed and replacedth the 20mm x 500mm extraction bolt.
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In the final preparation stages, the sander is used to smooth and buff the trimlines,
leaving gposteriorseam of approximately 20mm. The distal end is flattened using a heated
steel plate after 15 minutes in th@ven, and a heat gun. The distal end is heated until the
plastic is semclear, then the dummy bolt must be inserted through the whole of the steel
plate and tightened to the ankle bushing. The monolimb must now be prepared for delivery
and the attachmat of the foot. The antrotation pin is attached to the bottom of the
monolimb to ensure proper alignment for the foot, and the lditk ankle bolt is applied. Once
the necessary suspension sleeve or suspension cuff is added, the monolimb is redelwéoy
to the patient.

Each monolimb is designed for a specific patient, and this process ensures that each will
receive the best fitting prosthesis. The devices are designed to provide support and stability so
that each user feels as though it israe extension of their body. The process that was
previously outlined in the section uses simple and effective techniques to provide such a

comfort to the patients.
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Materials

The material selection fgrosthetic devicess important because the mate directly
affects the comfort of the socket and the level of mobility for the patient. The strength and
weight of the material contribute to theomfort of the patient while walking. Therga
necessaryalance between enough strength without applgitoo much weight for the patient
to walk with. In an ideal situation, the material choice should be selected based on the
LI GASyiQa ySSRa FyR oAftAGASAO®

There are many patients throughout the world who require the use of prosthetic limbs
but do not havethe funds to purchase a more advanced and comfortable prosthetic limb. The
material associated with the prosthetic limb has a direct effect on the cost of the limb and
choosing a material with a lower cost can make the prosthetic much more affordalhesioy
people throughout the world Many different types of materials are used for prosthetics,
ranging from advanced carbon fiber materials to more simpkpalgymers which are easily
manipulated and require less technology to moltherefore, the matesl selection is one of
the most important aspects to a prosthetiesign

Glass Fiber

Glass fiber comes in a variety of different types and has many different applications;
however, Eglass fiber is the most commonly used fiberglass in commercial inésistEglass is
the Electrical type of fiber glass due to its low electrical conductivity and use as a dielectric.
Fiberglass is made up of several different types of fibers: continuous fibers, discrete fibers, and
woven fabric fibers. These are alléagd to form a laminate. Optimal strength is achieved
when continuous fibers are aligned, but omntythe direction parallel to the fiber ax€s
alignment. This process of creating a laminatth fiberglasss used when making prosthetics
(Shackerlford502).

A low cost prosthetic, developed by Sebastien Dubois, was created using glass fiber.
5d202A3Q LINRPAGKSUAO LINR2SOU Aa OFfftSR aaz2oAf Ale
the world through the support of the neprofit organization, Hadicap International.The
prosthetic is shown below iRigurel0. Glass fiber was used for the prosthetic because it is rigid

19



and strong enough to transfer the forces associated with walking through the prosthetic to the
ground,while also retaining its flexibility. Tlswmbinationof these properties produce a
reliable prosthetic limb, which can be produced using a fairly simple process (Dubois,

Sebastien).

Figurel10: "Mobility for Each One" Fibergks Prosthetic
The process to create this particular prosthetic limb follows several uncomplicated and

easy to implement steps. First, the glass fiber is put into a wooden mold and shaped by hand.

It is then put into a plastic bag and the air is remov&dilar to a vacuum. Once the air has

been taken out, the material is left to cure. Due to this simple process, the prosthetic can be
built easily and fairly inexpensively. Using the material of glass fiber is less expensive than other
materials used foprosthetics while also being easy to transform into a prosthetic limb (Dubois,

Sebastien).

Thermoplastics

Thermoplastics, which are commonly used in household products such as packaging,
toys and cars, have now been applied to prosthetics (Prithanm|€ha Due to their wide use
in everyday products, these materials are widely available and produced fairly cheaply.
Thermoplasticare often created in sheets, which are particularly useful for the purpose of
prosthetics because they are easy to moldidhey have sound structural components to work
with. The sheets have versatility in the fact that they can be created in different thicknesses

FYR fSy3aadkKa G2 F002dzyd F2NJ I LISNE2YaAaQ LIKEAAOIf
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The molding of thermoplastics requires littlectenology and supplies, which makes it
easier to implement in developing countries. Also, their structural components are sound for
use with prosthetics, including strength, flexibility, and adjustable comfort. The most applicable
quality for use in low cst prosthetics is their ability to be reshaped after their initial
production. Thermoplastiocsanbe deformed at temperatures of around 100 °C. In
comparison, metals deform around 1,000 °C, which wouldhibeh too high of a temperature
to realistically ahieve.The ability to remold is important because if a patient is uncomfortable
in their prosthetic, expensive liners cannot be used to increase the comfort level and the socket
will need to be altered.

A heat gun is used to heat the material to its thrformable temperature and then
reformed as necessary (Uellendahl 1998). At the thermoformable temperature, the material
becomes soft and easy to deform because the cells become thermally activated and the
molecules slide past one another. As the matletools, the ductility is reduced and the
material becomes rigid agaand the new shape holdShackerlford, 476).

These materials are being used in many areas where metal dlkml/been usedlue to their
comparable strengthease of fabrication, anceduced cost. These properties make them an
ideal material for use with prosthetics for developing countries (Shackerlford, 477). The two
most prominent thermoplastics are polypropylene (PP) and polyethylene (PE).

Polypropylene

PolypropylendPP)isa thermoplastic material which is made for many different
products, ranging from appliance housings to prosthetic limbs. It is used in combination with
polyethylene (PE) quite often because of its low impact resistance, causing the material to be
brittle. When combined with PE, its impact resistance increases, and the material becomes less
brittle. Polypropylene can be made in various different grades, making its material properties
fall within a broad range of values, as seen in the table belablel (MatWeb).
PP is a rigid thermoplastic which is used as the supporting structure within prosthetic designs.
Stiffer materials are used as support to ensure that the forces applied with walking are

transmitted to the floor fronthe amputee. These forces are crucial to the gait of the patient
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and need to be addressed carefully by providing a material which transfers the forces through

the prosthetic to the ground (Uellendahl 1998).

Tablel: Polypropylene Material Properties

Property Value Range Average Value
t2Aaaz2yQa wl 340.1-03 0.2

Elastic Modulus 1.16- 1200 ksi 600.6 ksi
Density 0.032¢ 0.052 Ib/in3 | 0.9311b/in3
Tensile Yield Strength 1740¢53,500 psi | 27,620 psi

Compressive Yield Strength | 5000¢ 8000 psi 6500 psi
Ultimate Tensile Strength 1310¢ 11600 psi 6455 psi
Coefficient of Friction 0.25 0.25

Polyethylene
PolyethylengPE)s another thermoplastic material used for low cost prosthetics.

Polyethylene is a material which cosis of chains of ethylene and is used most often for

Fdzi2Y20A @S LI NLaz LI dzYoAy3d LINIas FyR O2yidl Ay
L2f@YSNR a A0 Aa (GKS Y2ad O2yvyyvyzyteée dzaSR (KSNJ

polyethylenejncluding Low Density Polyethylene (LDPE), High Density Polyethylene (HDPE),
and UltraHigh MoleculatWeight Polyethylene (UHMWRPE). High Density Polyethylene (HDPE)
is the variety of polyethylenthat is most commonly used for prosthetics because it has a
higher tensile strength than lower density (History of Plastics, 20@7)able of the material
properties of HDPE has been included belowWahle2.

Polyethylene has been used specifically in the Jaipur Project for theatmdeket and
shank of their lower limb prostheses. Sheets of HBeEhermoformed aroundhe mold of
theA Y RA QA Rdzk f NBIjdzA NAFQ| 8KSE ONBEAWKEGHAIO (1A TP i
attach the prosthetic. Similarly, this material letmoformed into the necessary shape of the
leg, which acts as the shank for this limb (Kulshreshtha, Tarun Kumar).

PE is used toreatethe socket mainly because PE is a flexible material, which makes it
more comfortable and more appropriate to be usasthe prosthetic interface. The flexible
material is well suited for the interface because the flexibility brings a greater level of comfort

to the patient. Often, these two polymers are blended together to combine the rigid properties
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prosthetic limb (Uellendahl 1998).

of PP and the dxibility of PE, which merges together two properties necessary for a quality

Table2: Polyethylene Material Properties (MatWeb)

Property Value Range Average Value
t2Aaaz2yQa wt (.29 29
ElasticModulus 95- 195 ksi 145 ksi
Density .0333¢.0383 Ib/in® | .036 Ib/ir?
Tensile Yield Strength 2600¢ 4700 psi 3650 psi
Tensile Impact Strength 123¢ 250 ftlb/in® | 187 ftlb/in®
Tensile Ultimate Strength 3100¢ 4390 psi 3745 psi

Polypropylene z Polyethylene (90/10)

The polypropylene polyethylene cepolymer has a composition of 9095 %
polypropylene and - 10% polyethylene. The combination of these two materials causes the
material to be both rigid and flexible, which corresponds to a comfogalnid functional lower
limb prosthetic. The material properties for the specific material used are included below in
Table3. CIR istilizing the combination of these thermoplastibecause they areraeasy to
remold, and simp@ to fabricatelow cost cepolymer. In turn, they are applying this material in

their prosthetic campaigall over the world (CIR, 2007).
Table3: Material Properties for Polypropylendolyethylene (90/10)

Property Value

t 2 A dsRaty Q 0.3
,2dzy 3Q&a a2 Rdz | 217,560 psi
Density 0.03 Ibm/ir?
Tensile Yield Strength 4,456 psi
Compressive Yield Strength | 7,034 psi
Tensile Ultimate Strength 5,337 psi

Other Low Cost Materials

In higher technological prosthetics, materials whickhda & Sy SNH& a G2 NAy 3¢
have been used because their material properties allow for the storing and releasing of energy
while a person walks. This allows for a more natural gait, especially when compared to a stiffer

and more rigid shank monolimb.olWever, there are several low cost alternatives to the
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artificial limbs in a more cost effective manner.

One of the materials usegd Yinyl Ester Sheet Molding Compou(®@MC).Vinyl Ester is a
resin which is usually used in place of polyester or epoxy matenalthe material properties
for Vinyl Ester SMC have been includedable4. One of its most prominent features is its
corrosion regstance and ability to withstand water absorptioheseare important properties
for a prosthetic which will be used during all types of weather and physical conditions. The
material properties below are included to demonstrate its material propertiéeme
prosthetic designs are fabricated using several layexsmyl esterresin containing fibers for
structure. This orientation of the material allows for a rigid limb, which also allows for
flexibility. (Houser, Patent #: 5571207).

Table4: Vinyl Ester Material Properties (MatWeb)

Property Value Range Average Value
Elastic Modulus 540¢ 3890 ksi 2215 ksi
Density 0.0372-0.0704Ib/in® | 0.0538Ib/in3
Compressive Modulus 1,000¢ 2,700 ksi 1,850 ksi
Compressive Yieldt@ngth 15,000¢ 45,000 psi 30,000 psi
Tensile Ultimate Strength 4400¢ 120,000 psi 62,200 psi

Occasionally, certain metals are utilized for this purpose such as steel and titanium,
which are used in advanced prosthetics due to their increasedhgtheand light weight
respectively However, due to the low cost focus of these prosthetiespensive metalare
usually not utilized. Therefore, instead of the more expensive, heavier materials, aluminum is

often used due to its fairly high strengthgit weight, low cost, and availabilitdértkus 199).

Comparison

The chart belowTable5, has been compiled to compare the material properties at a
glance. The property values are spread across a wide range because teetipopan chage
due to different treating processes and other changes to the material. Looking at each of the
properties, a comparison can be drawn about the material properties to justify the use of the

Polypropylene/Polyethylene Copolymer.
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http://www.matweb.com/tools/unitconverter.aspx?fromID=87&fromValue=0.0372
http://www.matweb.com/tools/unitconverter.aspx?fromID=87&fromValue=0.0704

The Ultimae Tensile Strengthhie maximum stress that the material can withstand, is

5,337 psior the PP/PE CopolymeiThis value is slightly higher than the ranges of the

polypropylene and polyethylene on their owdemonstrating the advantage to using the

combnation of the two materials Vinyl Ester and-Glass Fiber are both substantially higher,

but the materials are not able to be remolded as the thermoplastics @uaking them less

desirable for use with monolimb prosthese3he elongation at break is Wit the same range

for all of the materials, except the polyethylene. The high elongation percentage contributes to

the high flexibility of polyethylene. The addition of the polyethylene into the Polypropylene

adds a level of flexibility to the materipfoperties which contributes to an increased level of

comfort in the socket

The deflection temperatures of each material vary as welGGl&ss Fiber and Vinyl Ester

have much higher deflection temperatures, making them unable to be remolded onge the

have been fabricated. The polypropylene copolymer and polyethylene have lower

temperatures which demonstrate their ability to be manipulated after they have been created.

Ultimate Tensile
Strength
Tensile Yield
Strength
Elongation at
Break

Deflection
Temperature
Modulus of
Elasticity

Poisson’s Ratio

5,337 psi

4,456 psi

217 56 ks

0.3

0.03 Ibfin®

Table5: Properties of Low Cost Prosthetic Materials

90/10 PP/PE Polypropylene Polyethylene (PE) Vinyl Ester E-Glass Fiber
Co-Polymer

1,890 — 5,000 psi

2030 - B700 psi

4.00-700 %

01-03

0.0317 -0.0589
Ibfin

Polypropylene
Thermoformable
Grade (PP)

4.350—-5,210 psi

4120 - 5600 psi

9.00-10.0%

0.1-03

0.0325 - 0.0327 |b/fin®

3,100 — 4,390 psi

2600 — 4700 psi

500 - 2800 %

95 - 195 kg

0.29

0333 -0383
Ibs/in3

4.400—- 120,000
psi

4400 - 120,000
psi

1.20-790%

540 — 3,890 ksj

0.0372 -0.0704
Ibfin

500,100 psi

4.80 %

3137 °F
*Melting Point

10,500 ksj




This property is one of the key factors which set the PP/PE copolymer apart from the
other materials. In the field, the prosthetics need to be easily manipulated with lower
technology tools and processes in order to be effective. Therefore, lower tempesatan
successfully be reached to adjust the original socket design in order to provide maximum
comfort for each of the patients.

The modulus of elasticifyessentially the thickness of the materiiglthe slope of the
stressstrain curve in the elagt region. It demonstrates the resistance of the material to
permanent deformation (Shackelford, 191). The values for the materials below reveal that the
thermoplastic materials all have fairly similar values; however, the fiber glass materials have
muchhigher elastic modulus values. This fact demonstrates the increased rigidity of the fiber
glass materials over the thermoplastic materiai&gidity is an important factor, but the
monolimb approach adds rigidity to the system by design already.

Finall, the density value for the PP/RBpolymerhas the lowest density of any of the
materials. This is a very important aspect to the material because lightweight prosthetics are
much easier to walk with, especially using a rigid monolimb system. In thetlesn
thermoplastic material used by CIR is a quality material whose material properties are very
similar to other materials used for prosthetics. The PP/PE copofper Y I G SNA | € LINE LIS |
demonstratethe ability toact asa high strength, flexibility,rad low cost prosthetic for third

world countries.
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Objectives
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several varying parameters of the circular cross sectional shank were tested in order to provide
CIR vith some information regarding the effect of each of the components of their design.

The overall objective of this project was to analyze the current shank monolimb,
designed and utilized by the Center for International Rehabilitation, through a éhetaent
analysis. In order to perform this task, the following objectives were completed:

1. Data were provided which verified that the current desigitized by ClRan withstand

the loading conditions specified within the ISO Test Standard 10328 withibure.

Several combinations of varying diameter and rib thickness parameters were analyzed

and compared to determine which design would minimize displacement and overall

stress distributions.

2. Fourdifferent sizecelliptical shapd monolimbs were moeled and used to determine

the stress distributions throughout the shank. These models underwent an analysis

within the Finite Element Analysis program, COSMOSWorks, to compare their

performance and reaction to the loading conditions.

A comparison wasanducted toevaluatethe results of the Finite Element Analyses of both
the circular and elliptical shanks. These analyses were used to determine which shapes and
parameters provide the most structural integrity for the patient. The shape that was ftmind
minimize displacements and stress distributions throughout the monolimb was recommended
to CIR as the most appropriate design for their prograhiese objectives areaccomplished
through the followingsteps

1. Twelvecircular shank models of varyingastk diameter and rib length andur elliptical

models with varyingninor and major diameterazere modeled using the computer

program, SolidWorks.
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2. Allsixteenmodels were input into the Finite Element Analysis program, COSMOSWorks
and static loading testaere performed on each. These tests complied with the ISO
Test Standard 10328.

3. An analysis of the von Mises stress distributions within the monolimb was performed on
each of the models.

4. The displacement was analyzed on various areas of the model aptiept for further
investigation. These results were utilized to further determine which monolimb shape

is most appropriate for use in the field.
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Methodology

To accomplish the objectives of this study, Finite Element Analysis was performed on
models d several different shapes. The fitask inthis projectwas a parameter study which
was performed by changing the outer diameter and rib length of a hollow, cylindrical shank
model. Next, elliptical shapes were investigated in a similar fashion, seuggal different
widths and an aspect ratio which was applied to each. The stress distributions and
displacemenivere calculated through the finite element analysis program, COSMOSWorks.
This chapter will detail the procedure that was followed in ortteobtain results that were

further analyzed and compared to complete the study.
Parameter Study of the Circular Cross Section

To better understand the effect of some of the parameters present in the circular
model, several models were tested with vamy combinations of different parameters. The
parameters that were tested are the length of the rib on the posterior side of the shank and the
outer diameter of the shank. The approach to this portion of the study was to test a model
with each of the veying parameters to determine what combination of the varying parameters
decreased the overall von Mises stresses and had some displacement throughout the shank
which could mimic natural ankle motion; this was done to provide CIR with information

regardingwhich monolimb was least apt to fail.
Shank Height

In order to fully comply with the International Test Standards, the length that was
chosen to test needed to correspond with the numbers provided by the ISO Test Standard
10328. The measurement fromelankle to the knee plane in the standards is 420 mm. For a
lower limb amputation, a minimum of 60 millimeters of the tibia must remain in order to retain
full function of the knee joint (Orthoteers, 2005). In order to account for lower limb
amputation,60 mm has been subtracted fromaHSO ledength, making the final lengtbf the
shank equal t860 mm. This shank lengttasapplied to all of the models for all of the
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subsequent tests in order to test each of the parameters present on the monolimbkshader
maximized conditions.

Test Plates

Additionally, a 20 mm test plate has been added to the distal end of the shank in order
to provide a point of application for theffsetload. During testingthis test plate has been
bonded to the shank in CG®MOSWorkand was included in the overall lengtBy bonding the
G662 LINLHAZI GKS a02yRSR SyuadarasSa oSKI@S Fa AF
y2RSa ft2y3 (GKS AyUuSNFI OS¢ o/ h{ah{22Nj]a | StLJ
final haght of the shank to be tested as 380 mm

Shank Diameter

Currently, thenner diameter of the shank is determined by the mandrel which is used to
shape the polypropylene copolymer during the fabrication process. This size has been applied
to everymonolimb currently produced by CIR. However, to compare the performance of this
cross sectional diameterwo other diameter dimensiongvere alsatested. The diameters that
have been chosen for testing a#8.5mm, 53.5mm, 58.5 mm, and 63.5mmhese diameters
have been chosen to sample varying possible dimensions and demonstrate their respective
stress distributions.

The first diameter chosen wa85mm because it corresponds to the diameter that is
currently utilized by CIR for their monolimb desigithenCIR fabricates the monolimb, they
use a mandrel to size the inner diameter making the inner diameter consistent throughout their
monolimbs; therefore, the outer diameter that corresponds with the 43.5 mm mandrel and the
5 mm thick material on each side wased. Next, the 63.5nm diameter was chosen because it
is the measured width of the raised ankle portion of a SACH foot. CIR pairs their monolimb
design with the SACH foot due to the cost effectiveness of the SACH foot. In order to allow for
the combindion of these two prosthetic systems, the monolimb should not exceed the width of
the ankle area of the SACH foot. Once these two values seteeted a diameterthat is 5 mm
less than the current diameter was chosen in order to determine the effectstghtly smaller
diameter on the overall stress distribution of the monolimb. Finally, the 58.5 mm diameter was

30



chosen to provide an consistent increase in diameters by 5 mm increments. Béjovell,
shows the cross sectiasf the monolimb.

~Material Thickness=5mm

Z
\C)u ter Diameter
Figure1ll: Monolimb Cross Section

Length of the Rib

The rib is a feature of the CIR monolimb design which has been addectéase the
rigidity as well as tgeal the posterior edge of the monolimb. In orde further undersand its
role within thedesign, several lengths of the meretested to demonstrate how theb length
affected the overall stresslistribution and displacements To provide a model for comparison,
the first length to be tested wsO mm. Thigrovidedinsight as to how the monolimb shank
reactedto the applied loads without the addition of the rib.

The next lengths were chosen after measuring the rib length of several of the produced
monolimbs. These measurements ranged from 10 rto20 mm. In order to account for these
varying lengths, both 10 mm and 20 mm rib lengths have been incorporated into the parameter

study of the monolimb.
Thickness of Material

The material usetbo fabricate the monolimbss a polypropylene copolymewhich is
purchased in sheets. The fabrication manual dictates that the sheet purchased is 61
centimeters wide by 122 centimeters long and has a thickness of 5 Titma.material
purchased by CIR for these programs depends on what is available withindsebracket;

however, they have been consistently using the 5 mm sheets and have included this dimension

31



in their fabrication manual. Therefore, a 5mm thickness is a constant parameter throughout

the modeling and testing.

Parameter Combinations

The paameters chosen above were combined into a table to make sure that each of the
diameters and rib lengths were tested with one another. The shank length remained consistent
throughout the tests, while the diameter and rib length vary in accordance witltitiaet
below, Table6. Eachparameterwastested with each of the other parameters; therefongelve
circular models and cross sectionsre tested overall.A table of each of the parameter
combinations has been included in thegendix. A table detailing the parameters that were

tested in combination with one another in different models has been included below:

Table6: Circular Test Parameters

Shank Length Diameter (mm) | Rib Length (mm)
48.5 0
360 mm 53.5 10
(380 mm, mcluding plate) 585 20
63.5

Elliptical Cross Section

The elliptical shape of the monolimb design has been previously researched, physically
tested, and published in the Journal of Rehabilitation Research and Development (Lee JRRD
2004). The CIR does not currently use this shape in the field, but they would like to gain a
greater understanding of how the stresses are distributed and whether it fails under the loading
conditions dictated by the 1SO Test Standard 10328. AlsevdtiR like to investigate how the
circular and elliptical shapes compare to one another regarding the stress distributions and
displacements throughout the matimb.

There areour different models that were designed for the elliptical cross sectional

analysis. The dimensions are maximized in accordance with the SACH foot that is usually
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attached to a CIR monolimb. The interface plane between the SACH foot and the monolimb has
a width of 63.5mm and a length of 98.42mrhhe ratio of the major and minatiameters of

the SACH foot was used to find an aspect ratio. The minor diameters used for these models
corresponded to the circular diameters and the aspect ratio was applied to these values in

order to determine the proper major diameter. The aspectoatsed was 0.645These values

all measure the outedimensions and are included irable7 below. FurtherFigurel2, displays

a drawing of the maximized elliptical shape

Table7: Elliptical Parameters

Shank Length Ellipse Width (mm) | Ellipse Length (mm)

48.5 74.17

360 mm 53.5 82.92

(380 mm, including plate) 585 90.67
63.5 98.42

' Width
\\
Lo.ng;|‘h

Figure12: Drawing of Elliptical Shape

ISO Standard

The Interngional Test Standard, ISO 10328s been used ake basis for the testing.
This standard details the testing procedure fower limbprosthetic devices. The standard
dictates the proper coordinate system to use while testing, as well as the requreesfand
loadinglocations The purpose of these standards is to ensure that all prosthetic devices are
properly tested and will perform to a certain level of excellence before being distributed to
patients therefore, our coordinate system, forces, aiwice locations have all been derived

from the specified values in the standards
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Testing Level

In the ISO Test Standat@®328,there are four testing levels which can be applied to the
test setup and procedure of adult lower limb prostheses. Thegels are P3, P4, P5, and P6.
GCAStR SELISNASYOS Kla aK2gy (GKIFIG GKSNS A& y2 |
f2FRa | 0620S (KS f S@St O20SNBR o0& GKS GSad t2¢FF
prostheses produced by CIR are utilizgdoeople of alstatures making it appropriate to test
for the highest level to account for larger adults who may use the prosthetic device. Therefore,
the highest ralistic loading condition, P5,as determined to be the appropriate level for the
testing in this study. The loading values associated with this level have been applied to the

models to be tested.

Type of Testing

The type of testingleemedas most appropriate for this analysiccalledthe ultimate
strength testin the ISO Test Standat®328p ¢KS dzZA GAYIGS aGNBy3aidK 0S¢
representing a gross single event, which can be sustained by the prosthetic device/structure
0dzi 6 KAOK O2dzZ R NBYRSNJ Al {KSNBocadiréhaslbetny & (0 0f S ¢
extracted from he ISO Test Standard 1@2nd detailed throughout this reporfThe ultimate
strength testwas used talemonstrate the capabilities of the devicedsr extreme loading
conditions. The two loading conditions, hesttike and toeoff, were both applied inhe
testing.

These two sets of loads have been incorporated into our tests by running each model
GgAOSoD Ly GKS FTANRG (Ssthike (kS R 24 KA QBNBAAES yLif 160
Shank Loading Plan@’he Shank Loading Plasdocated athe base of the shankThis has
been called Loading Condition | throughout the body of this report. The next test will be run on
GKS Y2RStf 6AGK (KS aiG2S 2FF¢ 2 RAYEIoCa#ofiRA (A 2
point for this load is &lo on the Shank Loading Plankogether, these two loading conditions
will providea complete picture of how the monolimb performs under the conditionsach of

these phases of the gait cycle.
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Coordinate System

The 1SO Test Standard 10328 specthescoordinate system that should be used for
testing; it shows the directions of the axes for testing prostheses and has been included below
asFigurel3. It is important to note that his system only applies when the deviceamfigured

to the upright position.
u uA upward
0 A outward

f A forward

0
f

Figurel3: ISO 10328 Coordinate System

The coordinate system used by the ISO Standards correlates with a standarditmeesional
axes system. For the purpose of transferring this given coordinate system into one that applies
to the three dimensanal models that will be used, thewf coordinate system has been
translated into the xy-z coordinate system. From the origin, o corresponds to the positive x
axis, while u is the positiveaxis, and f is the positiveaxis. The -@-f coordinate systm will
be used throughout the report regarding the orientation of force loads, force locations, and
points for investigation on the monolimb.

The ou-f coordinate system was found in section 6.7 in the ISO Test Standard 10328,
which dictates the procss for locating the effective joint centers for the knee and ankle joints.
In order to calculate the location of the ankle joint center, the SACH foot that is available in the
Biomechanics lab waesxamined The joint center is located at a point thaeguidistant in the
medio-lateral direction and at onguarter the length of the foot, measured 60.75mm from the
heel of the foot.

The shanks that are being testedthis study weredesigned to connect to the SACH
foot at the screwhole location, whichs measured at 56mm from the heel and is equidistant in
the mediclateral direction. The ankle joint center coordinate system was input into the

Solidworks data, as it is located 4.75mm in the anterior direction from the axis through which
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the foot is conected. The location of the applied force as specified through COSMOSWorks is

4

measured fromthispoitn f 6 St SR aW2Ayld / SyYyGiSNI {2aiGaSyowné
Alignment

During fabrication, the alignment of the monolimb is adjusted from the socket to shank
positioning. There areeference alignment lines which are used to position the socket on the
properpositon2 y G KS &Kl y{1 T KA a&-ta-Ugeatyzly éx a0 20/ if [ GBIR  LI2KASY
is properly positioned and placed on the mandrel. The mandrel is then placed off tio@ o
aluminum bushing, which has been set on a flat surface. The material is shaped around the
mandrel to make the shank portion of the monolimb. Therefore,dakis of theshank is

aligned withthe center of thealuminum bushing.
Reference Planes

There are three reference planes that are used in the modeling of the monolimb. These
planes lie parallel to each other and perpendicular to thaxis. In the ISO Test Standard
10328, the three planes used to determine the force loading location ar&tiee Plane @),
Ankle Plane (1), and the plane which can be applied at any heigk). (IT’he yplane has been
placed at the distal end of the shank. In this study, this plagg (UA & NBFSNNBR (2 | &
[2F RAY3 tflySé I apphed. Ada 6KSNB GKS f2FR Aa |
Figurel4, from ISOlestStandard 10328visually depicts the reference plants the left leg
which will beused during testing.The reference planes are described in the standards as
follows:

1: Top Reference Plang,

2: Knee Reference Plane, K
3: Plane at Any Height, UgU
4: Ankle Reference Plane, A
5: Bottom Reference Plane, B
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Figurel4: ISO 10328 Reference Planes (ISO 10328)
The ISO Test Standard 10328 provides the line of action albigdpwhe load is applied

at the levels of the Knee Plane, Ankle Plane, andBibttom Planeon the monolimb. These
values, which are included irable8 below, provide the necessary values to solve for the
loading point in the &ind o directions. To remain consistent throughout the models, the base
plane is described at the Shank Loading Plane wi,uwith the Ankle Plane ais20, and the
Bottom Planeat us=60 on the model. The values provided in the ISO Test Standard 10328
detail the intersection points of the line of action with the Ankle Plane andBibitom Plane
These values were manipulated to determine the intersection of the line of action with the
Shank Loading Plane.

The Shank Loading Plane has been chosen & O0enm in the u direction for all of the
models. This height was chosen because this study is only examining the effect of the loading
conditions on the shank portion of the monolimb; the socket portion of the monolimb is not
being examined. Th8hankioading Plane is the location of the applied loads and it lies on the
bottom of the plate The Shank Plane,,us the value of the height of the shank plus the
thickness of the 20mm test plate. With addition of the test plate, the total height of each
model is 380 mm. Using the standards, the values forcth@ dinates of the inner section of
the line of action with the bottonand ankle planes in the f and o directions were utilized to

determine theintersection of theline of actionwith the loading plae. The points of
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intersection of the line of action on the Ankle and Bottom Planes are different for each of the

two loading conditions, and the respective coordinates have been includ€abiss.

Table8: Loading Offset Locations

Loading Condition | Loading Condition Il
Values Values

Variables| (mm) Variables| (mm)
fs -48 fs 129
fa -32 fa 120
OB 45 OB -19
0Oa 30 0a -22
Ug -60 Ug -60
Ua 20 Ua 20

These values were then input into thg@ations shown below to find the location for the load
in these directions on thBottomLoading Plane. The location of the loading point in the f

direction at height u=gs:

fe=Ffs+ [ A—fs}*(ux—us}}

(g —up)
The location of the loading point in thedirection at height u=ylis:

_ (04 —0p)*(uy —ug)
ox=0p [ (ug —ug) }

Atfter the coordinates were input into these equations, the values famnid ocwere obtained.
A table detailing the values of these loading locations for each condition, | and Il, has been

included below a3 able9.

Table9: Loading Condition Load Locations

Loading Condition | Loading Condition Il
Variables| Values (mm) Variables| Values (mm)
Ox 33.75 Ox -21.25
Ux 0.00 Ux 0.00
fx -36.00 fx 122.25
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Forces

The next step in determining the loads remd for the P5 testing level in the ISO Test
Standard 10328 was to calculate the force components in each of the principal directions: o, u,
and f. The plane locations specified above were utilized to find the line of action of the force
vector and then slve for the components of the force vector, the angles of this vector, and
finally the magnitude of each component.

The first step in this process was to find the line of action of the force vector. This was
done by subtracting the coordinates in the #& principal directions of the Bottom Plane, from
the point on the Shank Loading Plane. For Loading Condition I, the following vector
components were obtained and displayed below.

51 = oy — og = —11.25mm
5y = uy —ug = 60.00mm
53 = fy — fg = 12.00mm
The process was also followed for Loading Condition Il witlsplegfied coordinates used for
each vector equation. The vector components for Loading Condition Il have been displayed
below.
l1 =04— oy =—225mm
l: =uy —uy = 60.00mm
Iz =f4 — fx = —6.75mm
The equations for each of these vectors for Loading Conditi%,nalr,\d Loading Condition IE,,
areshown below in vector form.
§=—11.251+ 60.007 + 12.00k
L = —2.250 4 60.00] — 6.75k
Once these vector equations had been calculated, the distance formula was used to find the

magnitude of this three dimensional vector. The equation used was:

I5|= [(—11.75)2 4 (60.00}2 + ([-6.75)]2 = 6221 mm
. :

]|= é.;—z.25;.= +(160.00)32 + (—6.75)2 = 60.42 mm
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Once the vector equations were found, the Direction CasioiVectors princiglwas
applied in order to find the components of the load vector. The equations are displayed in a
table below, Table 5. These were used to determine the cosine of the angles between the o, u,

and f planes. The inverse cosine of eatthe values has been includedTiablel0.

Table10: Cosine Values

Loading Equation Cosine Equation Cosine Equation Cosine
Condition Value Value Value
I Cco= X :ETE '018 CDSJB =STJ 096 CDE'}":STR 019
[l 5l s
I cos o — i_z -0.04 cos B = i 0.99 cosy = i_k 0.11
[ [ [

The ISO Test Standard 10328 specifies that the value of the applied force for Loading
Condition 1is 3360 N and for Loading Condition Il is 3019 N. These force load values were
multiplied by their respective cosine values in the alpha, beta, and gadireetions. The
product of each provided the force components in the three directions. These component

values are detailed ithe table below Tablell.

Table11: Force Components

Force @mponent Table Loading Condition | Loading Condition Il
0o-component -607.58N -112.42N
u-component 324044 N 2997.99N
f-component 648.09N 337.27N

The values have been used as the components of the force vecba applied on the
Shank Loadinglane for each of the tests for the varyieliptical dimensionsind circular

parameters.
Shank Models

The first step in determining how the monolimb responds to the testing |oeaso
create he models. These models wereeated with the threedimensional modeling program,
Solidworks. The models were built using the coordinate system dictated by the standards and
described previously. The models will each have one of the circular or elliptical parameter
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combinationsdetailed inAppendix D These i&e differences have been applied to better
dzy RSNEGFYR GKS T TFSOG 2F (GKS ONRaa aSoOdGAazylf 2
displacements.

Once the models had been made, a plate was added to the distal end of the shank. This
plate has beemdded to the model to ensure proper distribution of the applied force. In
physical testing, the socket portion of the monolimb and attached prosthetic foot would serve
the purpose of distributing the load. In this study, the socket and foot have not ine&rded
and theline of action of thdorce lies outside of the area of the shank, which makes a plate
necessary to distribute the foracrossthe bottom of the shank. The force loads dictated by
the ISO Test Standard 10328 are point loads, which neée tistributed to the model to
better represent the natural forces which would be experienced during the gait cycle. Beyond
distributing the load, the plates need to be able to withstand the load with minimal
deformation in their geometry To determinethe material to be used for these purposes,
material properties were consulted to find a material with a hyggld strength because the
this propertydemonstrates the stiffness of the material. A material with a lyighd strength
has a lower chancef @ermanent deformation. This material property was necessary for the
test plate to ensure that the load was distributed through the shank, rather than deforming the
plate. AISI 1020 steel proved to be the best choice for the plate. AlISI 1020 stedlehlaighest
yield strengthof all the materials within the COSMOSWorks Material Libragking it the

most stiff and best for loading in this test

Force Application

Upon completion of the construction, the models were opene@®SMOSWorks to
beginthe Finite Element Analysis testinghe Ultimate Static Test Forces were applied
according to thdSO Test Standard 103280 account for the two main stages of tait cycle,
0 KKeels#i1 SQ YR Wi2S 2FFQ LKIaSa adMdte whighiligs | LILIK A
on the test plate located at the base of the shank. At the height of the shank, acfoxsttaint
has been applied to ensure that there is no movement from this end of the shank while testing

is being completed.
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Finite Element Anal ysis Testing

For the purposes of the FEA software, the model will be assumed as linearly elastic,
isotropic,and homogerous. The values in the table belauill be applied as the material
properties for themodel created and run in COSMOSWorks. Theegdbeing applied to the

model ardlisted inTablel2.

Table12: Polypropylene/Polyethylene Copolymer Material Properties

Material Property Value (English Unitg Value (Sl Units)
t2Aaaz2yQa wlj03 0.3

Yazy 3Qa a 2 Rdz| 217,560 psi 1.5 X 1ON/m*
Density 0.03 Ibfir? 830.4 kg/ni
Tensile Yield Strength 4,456 psi 3.07 X 10N/m*
Compressive Yield Streng 7,034 psi 4.85 X 10N/m?
Tensile Ultimate Strength | 5,337 psi 3.68 X 10N/m?

A new studywasperformed for every combination of the parametes table detailing
the parameters of each circular has been included as AppendEagh study creatka solid
mesh in order to perform a static analysis on the models that have been designed to the
specificatims described above. Once the stuslgsdefined, the proper constraints and point
loadswereapplied. For the first study, the forces as described for Loading Conditierel
applied to theShank Loading Planehile a fixedconstraint was applied at thg@roximal endof
theshank ¢ KS O2 YL Yy Syl a £€2F 20 KRS yiakeESyisdhiNg2]ySa
specified location. This point load is applied to the plate to distribute the force throughout the
plate to the shank. Once all of these conditiovesre specified within COSMOSWorks, the mesh
wascreated on the model, anthe load was appliefor the analysis to be performed.

After the mesh was successfully applied to the model and the program had finished
running the modelthe resultswere extracted toobservethe von Misesstresgsand
displacementghat occurred due to the applied loads. The reshlise beerreported in the
form of several contour plots, which are displayed through colors that correspond to different
stress and displacementluelevels. The color scale of the contour plots was adjusted to

ensure that the same values corresponded with the same stress and displacement values
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throughout all of the models. This was done to provide consistency throughout the testing and
analyses of thistudy. These plotsvere then used for the comparative analysis that is

described later in this report.

Finite Element Analysis

Failure Criteria

Von Mises Stress

The material used for manufacturing the CIR prostheses is a thermoplastic material.
Thismaterial has a percent elongation of 5%, which places it into the ductile materials category.
The failure of ductile materials is considered to occur when the yield strength is reached under
static loading (Norton241), which is when theon Mises streses become equal to the stress
limit. The yield strength for this materii 3.07 *10 N/m? whichwasalso referred to as the
stress limit.Therefore, the von Mises stresses were used as the first criterion for comparison
between the shank models.

Thevon Mises stresses were used for this comparison because these stress values
Grftt2e GKS Yz2ald O2YLIX AOFGSR adNBaa aAirddza GAz2y i
J.E., 2004). In essence, the von Mises stress values are a combination di@aBtoéss
components present in the model into one value. This is a good measure of the overall reaction
of the shank monolimb to the loading condition, because it takes all of the stress components
and outputs one stress value. This value was comparéle Yield Strength to ensure that the
material did not exceed the stress limit presented by the polypropylene copolymer material.

The contour plot for the von Mises stresses will be examined for each of the models. These
contour plots were used to disqy the overall distribution of the von Mises stresses throughout
the material, as well as determine tlag@proximatelocation and value of the maximum von

Mises stresses. These contour plots were examined and presented in the results section of this
report.

Within the COSMOSWorks prograine tfailureanalysis that was run was the von Mises
stress distribution test. This test is based on tbe WisesHencky theorf ¢ KA OK A a a0KS
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Strength specified is what the program useglgiermine whether or not the model has
reached its stress limit.
OVon Mises = Tlimit

Another one of the features of the COSMOSWorks program which was used to further
illustrate the overall vorMises stresaes was the Design Check. The Design Check isolated the
shank and illustrates the stress distributions throughout this part of the model, which
disregarded the metal plate for this portion of the analysis. As the purpose of the metal plate is
to distribute the force, the stress distributions present in the metal plate did not need to be
investigated further in this study. The Design Check has various comparison criteria, but the
first criterion to be used will involve the von Mises stresses, which areeapil the program
per the equation below to determine whether or not the model fails at any point within the

model.
Tgnes <

The Design Check appBa G KS | A S hipghlighthg aréa& whierd this ratio is
greater than 1 and displays these regions in red.

Using the next feature within COSMOSWorks, ISO Clipping, these areas can be isolated
so that only the areas where the ratio ib@ve 1 are shown in the contour plot of the shank.
These isolated areas allow a better understanding of where the shank is experiencing von Mises
stresses that exceed the stress limit. The tests were performed on all of the models and the

areas where theatio is greater than 1 were compared through an observational anabysise

location of these areas and the value by which this failure criterion is exceeded.
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Displacement

The next area for comparison is in the displacement of each model due tpihlesd
loading conditions. The displacememisreinvestigated to determine the overall effect of the
parameters and their reaction to the loading conditions in the varying directidrise
displacementsvere examinedn componentform to determine howthe model has moved
from its original position in each of the thrgeincipaldirections, o, u, and f. These component
values were used to find the resultant displacement in each modlekesavere graphed and
analyzed to gain a better understanding ofWhthe combined loadingffectedthe modek.

The measurements of the displacements were taken at 12 points distributed equidistant
throughout the shank of each modeThe first point was located 10mm above the interface of
the shank and the plate, andétu (y) coordinate of the following points was increased by
30mm. These points were located on the outer edge of the monolimb, at a point that is 180°
from the load application point. For Loading Condition I, measurements were taken along the
plane thatlies 46.86° from the positive f axis, in the negative o direction. For Loading Condition
Il, this plane lies 9.84° from the positive f axis, in the negative o direclibeseplaneswere
chosen ashey pass through the point of application of the loaélctor and the axis of the
shankfor their respective loading condition¥he plane has been displayed-igurel5 below;
the green line represents the plane used for measurement of the stress and displacement
values. In the figue below, the coordinate system corresponds to the traditiongdzxsystem,

with the x and o direction the same, and the z and f direction the same.
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Figurel5: Plane for stress and displacement measurements

These points werernpbed in the COSMOSWorks program to determine the
displacements at each of these poinfEhe data for the X and Z displacements at each point
were transformed tacorrespond to the plane on which wead previously measured the von
Mises stresses. The givdata from COSMOSWorks was exported into Excel anckshdtant
displacementvas transformed into components to correspond to the nplane. The scalar
resultant value was found using the formuta= Vx* +2% _ The direction of the resultantas
found as? =tan " /) The angles described in the earlier sectéh86° and 9.84°
(symbolizedby? 0 = 6 SNBE dzaSR (2 FRAYIRY SK SofPR K ¢aSéri 2F G KS
RAALX | OSY &Gyl dy Sé¢ KB tadkSy R S & O Niio tBedplarie Kecrilgtd  dzS G K|
above, and was found usinf= R*cost@ + @l ¢ Kkt txhydAé¢ RAaLI F OSYSyidz
describes the values that are 90° to the plane, were found using a similar equation:

=R s+sin(f + @) ¢-K8I 68§ BmsareXelat€$ovhe bending loads, while the
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loads

The displacements at each of these probed points were output into multiple graphs to
better understand the diplacement throughout the modelThe values of the resultant
displacement in each model were graphed according to outer diameter. Graphs were also
ONBIFIiGSR (2-tRILISGE -biyHRS ¢adldzt RA ALY | OSYSy (tao

The output from COSMOSWorks was matdfmd in Excel to achieve the appropriate
graphs to scale. The COSMOSWorks values do not correspond to the values originally described
for the probed points (10mm, 40mm, 70mm, etc.) because they are based on a coordinate
system that is located near the woid of the model. In order to account for this change, the
difference was found between the y value in the probed point, and the original y value of the
point. This difference was added to each of the points to keep thalues in the same relative
position as they were in the exported data. For example, in the figure below, the point at the
distal end of the shank has avglue of-163mm. In order to have the appropriately scaled

data, 173mm will be added to eveuyvalue of each node.
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MNode 11924 (23 51665 31 mm)

= 5 5510-001 mm

hode 11904 (23 9,136,531 mem,

= 1 58%0+000 mm

Node 11830 (23 8,109,-5.31 mm
= 2 8528+000 mm
Node 11670 (23.9,781,-5 31 mm
« 4 73504000 mm
Node 11850 (23 8,47 5,531 mm
< 7 0266 +000 mm
Node 11830 (23 8,16 8,531 men
= 85568+000 mim

MNode 11808 (239,138,531 mm
= 1 25484001 mm

Node 11789 (23 5,44 4,531 mm
« 1 5€80+001 mm

Node 11770 (23.8,71 3,5.31
1 = 1 33284001 mm
leta
- 750 (23 9,102,531 mm)]
‘ = 214504001 mm |
_[Node 11730 (235,133,531 mm)||
| - 2 45004001 mm -

Node 11708 (23 6,163,531 mm)|
= 2 741e+001

Figurel6: Front View of Probed Points Figurel7: Scale of Displacement Values
Figurel6and kgure 17 shown above displayne values of the resultant displacement

at each of the probed pointsThe above example is from the 53.5 Outer Diameter model with a
10 mm rib length under Loading Condition | ahd points are clearly located on the platiet

lies 46.86° from the-&xis The displacementvasinvestigated because flexibility in the shank
can mimic that of natural ankle motion, which is a desirable quality in a prostheétic.
demonstrated how the shank responds to the loading, and whichdfegarameters provide
sufficient rigidity for the patient. For this reason, the analysis of the displacemedsf

particular interest for this report.
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Resultant Displacement of 53.5D (Loading I)

35.00

30.00 \\
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Figurel18: Graph of Resultant Displacement

Figurel8displays the graph of the displacement in the shank model. IDham u
distance on the graph corresponds to the area present 10 mm above the interface between the
shank and the metal plate; this area of the monolimb corresponds to the ankierrefthe
model. The 340 mm points correspond to the height of the sham&rethere is a fixed
constraint on each of the models.

Within the monolimb, the displacememliroughout the shanks often considered a
positive quality of the design, becaudag displacement will mimic ankle movement for the
patient (Lee 2006). Therefore, we will pay special attentiothéodisplacement throughouthe
monolimb to determine if the shank is undergoing slight displacements aroundrtkie and
up through the heht of the shank. The displacement is expected to be larger toward the distal
end of the shank as it is closer to the loading; however, the displacements throughout the

entire shank will be examined.
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Results

Von Mises Stresses
Thevon Mises stressewere analyzed through the contour plots which were displayed

from the results of the finite element analysis performed in COSMOSWatiesse models

have been included showing thl&ont Viewfrom COSMOSWorks for each of the models. The
Front Viewwas closen as the most appropriate view to display because the maximum stresses
and probed points were clearly visible with this view in the computer program. The point which
was probed on each of the models lies 180 degrees from the load application pidiatplane

lies 46.86° and 9.84° from theakis in the negative-direction, which according to manual
calculations, should be the plane upon which the highest von Mises stresses are located for
loading condition | and II, respectivelyo provide better omparisons between the data for

each diameter, one color scale for the von Mises stress contour plots has been used per

diameter per loading condition.

Loading Condition |
The contour plotsn this sectiorwill display the von Mises stresses caused adirg

/| 2YRAGA2Y LHeel Stikd OKigbih ®e ISOKTEst $tandard 10328

Circular Shanks
Circular Shank: 48.5 mm Outer Diameter
The von Mises stresses are displayed through the contour plots belBigurel9, these
plots are for the 48.5 mm OD shank. From left to right, the models are for the 0 mm rib, 10 mm
rib, 20 mm rib, and finally the color scale for the model. As shown in these stresstpéts
are definite areas where maximum von Mises stresses are doguon the anterior region of
the shank. These areas can be visually seen batwed regionson the shank; the maximum
von Mises stresses are displayed through the color red in the contour plots. The von Mises
stresses are 100% higher in the model watB mm rib length than the Yield Strength for the

thermoplastic material being used for the monolimb. The stresses in each of these models are
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above the Yield Strength, with the 20 mm rib length being 38% higher than specified 3.07*10

N/m? value.

48.5 mm OD 0 mm rib

48.5 mm OD 10 mm rit 48.5 mm OD 20 mm rib

Figure19: 48.5 mm OD von Mises Stress Contour Plots (Loading Condition )

The below tableTablel3, displays the probed von Mises stress values for all of the

circular models under loading conditidnThe overall stress distributions for each of the

circular shanks follow a similar pattern as shown in the models above; thereforegniender

of the contour plots hasiot been included in the body of the report, but they are included in

Appendix Gor further reference.

Table13: von Mises Stress Values for circular models (Loading Condition I)

Outer Diameter

Omm Rib Length

10mm Rib Length

20mm Rib Length

48.5 mm 6.125*10 N/m? 4.682*10 N/m? 4.221*10 N/m?
53.5 mm 3.666:10" N/m* 3.200*10 N/m? 2.889*10 N/m?
58.5 mm 3.215*10 N/m° 2.212*10 N/m? 2.062*10' N/m°
63.5 mm 1.962*10' N/m? 1.843*10' N/m? 1.759*10' N/m?
Yield Strength 3.07*10' N/m?
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Elliptical Shanks
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48.5mm minor diameter 53.5mm minor diameter

poe $125 (507 1011 3mm
« 1 21100007 S

63.5mm minor diameter

Noge S522 (98 3,181 .55 3 mm
=1 45te+007 N2

58.5mm ninor diameter
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Figure20: von Mises Stress Contour Plots for Elliptical Shanks (Loading Condition I)
As shown above in

Figure20, the von Mises contour plots have been included to illustrate the stress
distributions presenthroughout the elliptical shanks. The pattern of stresses mimics that of
the circular shanks for Loading Condition I, with a stress concentration located on the front area
of the shank and the stressesateasing as the distance from this area increaséshart of the
values for the elliptical shanks at the probed pdimat lies 25 mm below the proximal erchs

been included below ag,ablel4.

Table14: von Mises Stress Values for pilcal Shanks (Loading Condition 1)

Elliptical Mi

|p_|ca nor 48.5 mm 53.5 mm 58.5 mm 63.5 mm
Diameter

Von Mi

OnNMISES 15 8384107 N/m? | 1.9384.07 Nim? | 1.491.0" Nim? | 1.211%.07 N/m?
Stress Value

These values detailed above all below the Yield Strength of B0 T/m?, which

demonstrates that the elliptical models all successfully pass the von Mises failure criteria.

Loading Condition I
The next sets of contour plots will display the von Mises stresses caused by Loading

/| 2YRAGAZ2Y LLZXZ ¢ KAronKtheNSO TésKS$sandard 20828h F¥¢ f 2 R
Circular Shanks

Circular Shank: 48.5 mm Outer Diameter
The below contour plots display the von Mises stresses that were caused by Loading

Condition Il on the 48.5 mm OD shank. These contour plots have been includigpiee? 1.

The model with a 0 mm rib has an area where maximum stresses occur, which can be seen as
the red portion of the shank in the leftmost model below. This area is not visually present in
the other two models wit rib lengths of 10 mm and 20 mm. The 10 mm rib shank has an area
of yellow, which is still fairly high on the color spectrum, but there is not a maximum stress
displayed in this area. In the model with a 20 mm rib length, the front area of the shank is

primarily green and blue, demonstrating much lower stress values.
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Figure21: 48.5 mm OD von Mises Stress Contour Plots (Loading Condition I1)

Tablel5: 48.5 mm OD von Mises Stress Valuegading Condition I1)

Loading Condition 0 mm rib length 10 mm rib length 20 mm rib length
Il (Toe Off) 1.065*10 N/m? 6.955*10' N/m? 4.886*10 N/m?
Yield Strength 3.07*10' N/m?

As shown in the table above,

Tablel5, the streses decrease by 35% with the addition of the 10 mm rib; however, all of the

von Mises stresses in the 48.5 mm models are at least 59% higher than the Yield Strength of the

thermoplastic material.
The table contaming all of thevon Mises stress values ftire circular models under

loading condition Il is below,
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Tablelé6.
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Table16: Probed von Mises values for elliptical shanks (Loading Condition I1)

Outer Diameter

Omm Rib Length

10mm RibLength

20mm Rib Length

48.5 mm 1.065*10 N/m? 6.955*10 N/m?” 4.886*10 N/m”
53.5 mm 6.842*10 N/m? 4.867*10 N/m? 3.592*10 N/m?
58.5 mm 6.847*10 N/m? 3.609*10 N/m? 2.830*10 N/m?
63.5 mm 3.460*10 N/m° 2.802*10' N/m® 2.326*10 N/m?°

Yield Strength

3.07*10° N/m?

The remaining contour plots and observations for each of the models have been

included in Appendix G.
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Elliptical Shanks

48.5mm minor diameter 53.5mm minor diameter 58.5mm minor diameter

63.5mm minor diameter

Figure22: von Mises Contour Plots for Elliptical Shanks (Loading Condlitip
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The valueof the von Mises stressder the 48.5 mm width elliptical shank is more than
double the Yield Strength, and also nearly three times the stress value for the 53.5 mm width
shank. This can been seen through the chart, includethfitel 7. The stresses decrease as the
minor diameterof the ellipse increaseskach of the values lies below the Yield Strength for the

thermoplastic materiglas long as the minor diameter is greater than or equal t& H3m.

Tablel17: von Mises Stress Values for Elliptical Shanks (Loading Condition I1)

Ellintical Mi
|p'F|ca nor 48.5 mm 53.5mm 58.5 mm 63.5 mm
Diameter
Von Mi
on Mises 6.955410° N/m? | 2.3901.0° N/m? | 1.667*10° N/m? | 1.526*107 N/m?
Stress Value
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Displacement
Loading Condition |
Circular Shanks

Circular Shank: 48.5 mm Outer Diameter
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Figure23: 48.5 mm OD Displacement Contour Plots (Loading Condition I)

Figure23 shows that the displacements are highest the closer they lie to the load
location in the u direction. As the distance from the load location increases, the displacement
values decreaseThis trend was similar in each of the models tested and the displacement
plots have been included in Appendix Blelow,Figure24 displays this trend graphically. These
displacement values output from COSMOSWorks are substantially larger than originally
expected. The resultant digmement for a shank of this diameter is nearly twice the

dimensionof the full diameter, 48.5 mm.
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Resultant Displacement of 48.5D
(Loading )
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Figure24: Resultant Displacement (48.5 mm OD)

Circular Shank: 53.5 mm Outer Diameter
The resultant displacement values on the&% mm OD shank are quite large; the resultant

displacement is close to 10% of the height of the shdike overall trend in the above graph
shows that as the rib length increases, the magnitude of displacement decreases which can be

seen inFigure25 above.

Resultant Displacement of 53.5D
(Loading I)
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Figure25: Resultant Displacement of 53.5 mm OD
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Circular Shank: 58.5 mm Outer Diameter
Through the use of the graph belowHkigure26, the existing trad can be seen, which is

that as the distance from the load increases, the displacement decreases.

Resultant Displacement of 58.5D
(Loading )

35.00
30.00
25.00
20.00
15.00
10.00

5.00

0.00 '
0.00 50,00 10000 150.00 200.00 250.00 300.00 350.00

== 0mm Rib
= 10mm Rib
20mm Rib

Resultant Displacement (mm)

Y-Distance from Shank/Plate Interface (mm)

Figure26: 58.5 mm OD Resultant Displacement (Loading Condition I)

Circular Shank: 63.5 mm Outer Diameter
Thedisplacement valuedecrease as the rib length increases; however, the difference

between the 10 mm and the 20 mm shank is not substantial enough to make a significant

difference. This can be seen through the displacement graph bekayuye27.
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Resultant Displacement of 63.5D (Loading )
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Hgure 27: Resultant Displacement of 63.5 mm OD

Elliptical Shanks
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Figure28: Displacement Plots for Elliptical Shanks (Loading Condition 1)

As shown in the displacement plots above,
Figure28, the displacement is greatest at the point where the shank and the metal plate

meet. BelowFigure29, displays this data in a graphical format. The displacement values
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decrease as theninor diameter of the elliptical shapacreases. The elliptical shawith a
minor diameter of 63.5 mrhas displacement values which are less than 10 mm, whiclore

than three times lower than the displacement values for the 48.5 mm wittnk.
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Figure29: Resultant Displacement Graph for Elliptical Shanks (Loading Condition 1)
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Loading Condition Il
Circular Shanks

Circular Shank: 48.5 mm Outer Diameter
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Figure30: 48.5 mm @ Displacement Contour Plots (Loading Condition II)

In the above contour plotg;igure30, the displacements of the 48.5 mm OD shank have
been presented. In these plots, the blue portion represents the minimwgplatcement values

and this area takes up nearly half of the shaigain, these contour plots are fairly similar for

each model and have been moved to Appendix H.
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Resultant Displacement of 48.5D
(Loading Il)
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Figure31: 48.5 mm OD Resultant Displacement (Loading Conditidn |

Circular Shank: 53.5 mm Outer Diameter
The displacemenrfior models with 53.5 mm OBas been included through contour plots,

Figure57, and graphically asSigure32. Asdepicted in the graph below, the
displacement i€onsiderablylarge; the resultant valueepresentingup to nearly double the
diameter. The addition of the rib in this case decreases the displacement values by 80% when
comparing it to the model with nal. This demonstrates that the rib length can make a
substantial difference in decreasing the resultant displacement of the shank.

It is also important to notice the slope differences between the lines on this graph. For
the O mm rib shank, the displaceent is largest at the ankle, but lowers as the points continue
up the height of the shank. The slope of this line is a more drastically negative line than the line

of the 20 mm rib length model, which fairly remains much more horizontal as it appro@iches

66



mm ofdisplacement at the fixed end.

Resultant Displacement of 53.5D (Loading Il)
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Figure32: Resultant Displacement (Loading Condition Il, 53.5 mm OD

Circular Shank: 58.5 mm Outer Diameter
In the contour plots above, the displacement for the 58.5 mm OD shank, undengpadi

condition Il has been included &&gure58. The data has been furthered represented through

the use of the graph belovkigure33. Similar to the 53.5 mm OD shanket®0 mm rib

decreases the displacement by 75% when compared to the 0 mm rib shank. Thisis a

considerable amount of displacement which is being decreased by the presence of the rib.
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Resultant Displacement of 58.5D
(Loading Il)
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Figure33: 58.5 mm OD Resultant Displaceme@taph

Circular Shank: 63.5 mm Outer Diameter
The above displacement contour ploi&sgure59, were generated through

COSMOSWorks to detail the displacement caused by Loading Condition Il. This data was
further investigated through the graph included beloftigure34. As shown below, the
displacement decreases as the rib length increases. The displacement also decreases as the
point gets further away from the load applicah point at u=20 mm. The majority of the

displacement is taking place around the ankle portion of the shank.
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Resultant Displacement (mm)
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Figure34: 63.5 mm OD Resultant Displacement (Loading Condition Il)
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Elliptical Shanks
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Figure35: Displacement Plots for Elliptical Shanks (Loading Condition II)

For Loading Condition Il, the elliptical shank has less red areas of displacement values,
which signify the maximum stresses as showRigure35. The displacement values in the
graph below are fairly consistent with the values found for Loading Condition | demonstrating
that the elliptical shank reacts to the loading conditions consistently. Again, the displacements

decrease as thwidth of the shank increases.
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Resultant Displacement of Loading i
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Figure36: Resultant Displacement for Elliptical Shanks (Loading Condition Il)

Comparisons
To gainan understanding of the effect of the parameters on the performance of the

monolimb, several compéon graphs have been generated to provide a visual base from which
to draw conclusionsEach graph has a dashed line marking the yield sttenfjthe

thermoplastic maerial to be used for comparison of the von Mises stresses.

Von Mises Stresses
Thefirst modefor comparisorof the von Mises stress is the difference between the

Y2RSfaQ NBIFOUA2Y (2 GKS f2FRAYy3I O2yRAGAZ2YaD
lower von Mises stress values than the second loadomglition;toe off, for dl models This

was primarily due to the of§et load location differences. In the first loading condition, the

offset load was 8 mm from the center of the shank the -f direction; however, the second
loadingcondition had an offset load of 122.75 mmthe f direction. These high stresses are

most likely occurring because the load location is 122.25 mm offset in the f direction from the
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origin of the model. With such a large offset, the bending stresses increase substantially,
causing higher overadtresses throughout the shank under Loading Condition

As shown in the table belowablel8, the results from Loading Condition | in the 0 mm
rib length column are generally about half of the value found for Loading ComdiiticAs the
rib length increases, the stress values between the two different loading conditions are closer in
value. Through this comparison, it can be concluded that Loading Condition Il has much higher

stress levels overall due to the increased begdivads.

Table18: von Mises Stresses at probed poinComparison by Loading Condition

Shank Loading 0 mm rib (N/m2) 10 mm rib (N/m2) 20 mm rib (N/m2)
Diameter (mm) Condition

48.5 I 6.13E+07 4.68E+Q7 4.22E+07

Il 1.07E+08 6.96E07 4.89E+07
53.5 I 3.67E+07 3.20E+07 2.89E+07

Il 6.84E+07 4.87E+07 3.59E+07
58.5 I 3.22E+07 2.21E+07 2.06E+07

Il 6.85E+07 3.61E+07 2.83E+07
63.5 I 1.96E+07 1.84E+07 1.76E+07

I 3.46E+0Q7 2.80E+07 2.33E+07

In the below figurethe stresses are beg compared between the various rib lengths

and cross sectional diameters.
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von Mises Stress Values (N/m2)
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Asimilar pattern is seen when investigating the streakie distribution for Loading

Figure37: von Misesstressesat probed point Rib Length Comparison (Loading Condition 1)

Condition Il and has been displayedragure38.
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Figure38: von Misesstressesat probed point Rib Length Comparison (Loading Condition I1)
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In this gaph, the 53.5 mm and 58.5 mm shanks with a 0 mm rib leag¢halmost
identical;there appears to ban anomalyin the data, as it does not follow the expected trend
of a decrease in stresses as the diameter increases. This value shouldvzduated;
however, time does not permit further investigation of this suspicibhe stress value for the
48.5 mm shank is 250% higher than the Yield Strength for the Polypropylene Copolymer, which
is an unacceptable stress valu@he trend remains similar to Loadi Condition | in the manner
that the stress values decrease as the diameter increases and also as the rib length increases.

This comparison did provide insight regarding the positive effect of the rib on the
maximum stress values of the shank modelle &ddition of the rib to the monolimb design
contributes to the monolimb design by decreasing the stress levels throughout the model.

A decrease in von Mises Stress values is an important aspect of the design to consider;
however, there are other effectsf a decrease in these values. As the stresses decrease, the
displacement values also decrease which causes the shank to become more rigid. A more rigid
design is not optimal because flexibility within the shank mimics natural ankle movement,
which is adesirable quality in the overall shank design. Also, an increase in diameter or rib
length requires more material which contributes to an increase in weight for the monolimb. An
increase in weight would be a negative attribute to the patient as the maroivould become
heavier and harder to walk with. Although it is important that the von Mises stresses fall below
the Yield Strength line included on the graphs above, the amount that the stresses lie below
this value is not as important. Finding a ligigxible monolimb with von Mises stresses that

are below the Yield Strength is the underlying goal of this project.

Elliptical Shanks

As shown in the figure bew, Figure39, the von Mises stresses decrease as the minor
diameter of the hollow elliptical shank increases. For loading condition I, the von Mises
stresses found at the same location on each model are below the Yield Strength, which
demonstrates the models were all successfully loaded and withstood the appliedftmrads
Loading Condition I. For Loading Condition Il, the stress values are almost three times larger

than the value found for Loading Condition | in the model with a 48.5 mm minor diameter
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elliptical shank; however, on the other three models, the stressesahbre roughly equivalemd
each other This observation differs from that of the circular shanks where the stress values for

Loading Condition Il are often almost double the values found for Loading Condition I.

Elliptical Shank: von Mises Stress Values for
Loading Conditions | & Il
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Figure39: von Mises Stress Values for Elliptical Shanks

Elliptical Shank and Circular Shank Comparison
In the graph below, the circular shanks and elliptical shanks of the same diameter or

ellipticalminor diameterhave been included for comparison between the tael@mpes.The

trend below demonstrates that for each diameter, the shank with a 0 mm rib length has the
highest von Mises stresses and the elliptical shank has the lowest stress values. The circular
shank with a 10 mm rib has lower stress values than then®rib, but still higher than the 20

mm rib length and the elliptical shank. Through analysis of this graph, it can be seen that the

elliptical shank decreases the stress values present in each shank width/diameter.
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Circular and Elliptical Shank von Mises
Stress Comparison (Loading Condition 1)
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Figure40: Circular and Elliptical Shank von Mises Stress Comparison (Loading Condition I)

Performing a similar comparison on Loading Condition Il, a very similar trend is seen in
Figured41 below. Thestresses in theircular shank with a 0 mm rib lengtre substantially
higher than the other models. In all, but the 48.5 mm diameter/elliptioaior diameter the
elliptical shank significantly decreases the von Mises stress valles.appears to be
irregularity with this data. The elliptical shank should follow the same trend as seen in the rest
of the models by measuring the lowest von Mises stresses of shank models of the same
diameter. The elliptical shank decreases the stresses more than the 20 mm rib leogshrd

the circular shank, which is an important quality in comparing these models.
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Circular and Elliptical Shank von Mises Stress
Comparison (Loading Condition Il)
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Figure41: Circular and Elliptical Shank von Mises Stress Comparison (Loading Condition II)

Displacement
Next, the displacement was analyzedlough its components out of plane andptane.

Thesedata were obtained through COSMOSWorks @rehsformedper the methodology
described above. THe-Plane displacement is caused by the bendoagisoccurring through
the model and has been shovim several graphs below.

First, the inplane displacement trends for Loading Condition | have been included as
Figure42. The data provided in this graph only represent the maximum displaceaig¢hé
points probed along the shmk, which lies 10 mm above the interface between the metal plate
and the shank. Ia&arts which detail the displacement throughout the entire shank have been
included in Appendix G. Thephane displacement has been found in order to further
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understand theaffect of the bending loads on the shank. Displacements due to ¢heihg
loadswere the prmary component of the overall displacemeahtoughout the modelswhich
is why the inplane displacement values are higher than the-otsplane displacement vaés,

which will be discussed in the next few pages
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Figure42: In-PlaneDisplacement Trends for Loading Condition |

The model with the most displacement was the 48.5 mm shank with a O mm rib. This
demonstrates that the smallésliameter, paired with the smallest sized rib do not contribute to
realisticdisplacemenwalues. For each diameter, the models with a 0 mm rib length have the

highest displacement values when compared to the models with 10 mm and 20 mm shanks.
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The lovest displacement values were from the 63.5 mm OD shank with a 20 mm rib length and
the 10 mm rib length.This demonstrates that an increase in diameter increases the overall
rigidity of the monolimb.It canalsobe seen that as the rib length increas#® displacement
values decrease because the sifurther addingo the rigidity of the designin addition as

the diameter increases, the displacement values decrease, which further substantiate the
conclusion that a larger diameter would contribuie lower stresses as well as displacement

caused by bending loads.
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Figure43: In-PlaneDisplacement Trends for Loading Conditidn |

The In Plane Displacement proves to be very similar between LobaimblLoadingl.
The trendfor displacement follows that the model with a 0 mm rib has the highest

displacement values while the elliptical model with the same minor diameter has the lowest
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values; this proves true for loading conditions | andtlivould be assumed that the morioibs
would not see such large displacement values in the field, as they would never be exposed to
such extreme conditias) however, it should be noted that the loading conditions dictated by
the ISO Test Standard 10328 and the maximized height paramékansfar substantial

displacement in the shank region of the monolimb.
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Figure44: Maximum Outof-Plane Displacement Comparison (Loading Condition 1)
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Figure45: Maximum Outof-Plane Displacement (LoadinCondition II)

TheCQut-of-PFlane displacementiemonstrates the affect of the transverse loads on the
shank models. These values are much lower than those caused by the bending loads in the
previous few graphs. Itis important to notice that the displaeains positive for the models
that have a 0 mm rib and negative for those models that have a 10 mm or 20 mm rib length.
The positive displacement means that the displacement is towards the anterior part of the
shank while the negative displacement isedited towards the posterior part of the shank.

In both loading conditions, the 48.5 mm shank has the highest displacement values and
the 63.5 mm shank has the lowest displacement values. The values increase as the diameter
decreases and also as the r@myth decreases. These trends again substantiate the claim that
the rib length contributes positively to the overall design of the monolimb. An increase in
diameter would cause a decrease in displacement, but still allow displacement throughout the
shank which would still allow for flexibility for the patient.

The most important aspect to displacement is that it should be present in the models
because it contributes to the overall flexibility of the shank which can mimic natural ankle

movement. Decresing the displacements is a positive influence, but it should be taken into
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consideration that displacement should still be present in the models to provide this flexibility.
As the diameter and rib length increase, the displacements decrease; howeisemakes the

design more rigid and less like the natural movement of walking.

Material Analysis
Through an analysis of the displacement and the von Mises stresses present with the

sixteenmodels tested within COSMOSWorks, conclusions have been madeiregan

increase in diameter and increase in rib length and their positive effect on the shank models. In
an ideal world, this change to tHabricationcould be easily made; however, other factors are
important to consider, such abe amountof materid used in the fabrication The material

used by CIR is 61 cm by 122 cm and it is cut into 3 even trapezoidal shapes for use with three
monolimbs. This is done because CIR is focused on providing low cost prosthetics for third
world countries and the mat&l needs to be used in such a way as to minimize material waste
to decrease costsEach monolimequires a51 cmby 20 cm siddrapezoidal piece for

fabrication In order to determine which models that were tested could be made with these
size paramegrs, the following chart has been made. The outstretched length was calculated by
finding theperimeter of the circle and adding twice the rib length. This accounted for the
material on each side of the monolimb being pressed together to form the rithv@mposterior

end of the shank. The lengths which lie beyond the 200 mm limit have been highlighted with

red text.
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Table19: Material Length Requirements

Diameter (mm) Rib Length (mm| Outstretched Length (mm
43.5 0 136.6592804
43.5 10 156.6592804
43.5 20 176.6592804
48.5 0 152.3672437
48.5 10 172.3672437
48.5 20 192.3672437
53.5 0 168.075207
53.5 10 188.075207
53.5 20 208.075207
58.5 0 183.7831702
58.5 10 203.7831702
58.5 20 223.7831702
63.5 0 199.4911335
63.5 10 219.4911335
63.5 20 239.4911335

This table shows thahe 63.5 mm shanks with 10 mm and 20 mm rib lengths lie outside
of the boundaries of the available material; however, if CIR could add 1 cm of material for each
monolimb and puchase sheets of materigthat are124 cm wide and 51 cm lonGJRcould
apply thelargest set of parametersvhich is a 63.5 mm OD shank with a 20 mm rib.

Next, the elliptical shank perimeters were found in order to determine the amount of
material necessary to fabricate prostbes with the same widths and lengths as the models.

This has been included &sable20. With a minor diameter greater than 48.5 mm, te#iptical
shank perimeters are adlbovethe maximum 200 mm, which demonstrates that thépical

cross sectiomvould require more material than their circular counterparts.

Table20: Elliptical Shank Perimeters

Minor Diameter(mm) | Perimeter(mm)
48.5 185.66
53.5 207.03
58.5 239.72
63.5 260.19

Another important &ctor that needs to be taken into account is the cost of producing a
larger monolimb. Although thermoplastic sheets are sold in many different dimensions,

purchasing thermoplastic sheets that are not of standard sizes can call for a sudden increase in
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price. As CIR is a n@nofit organization that produces lowost prosthetics, these prices are

very important. Therefore, it would not be worthwhile to increase the dimensions of the sheet

if it would cause a decrease in the number of devices producedRy This makes the

maximum length for a shank 200 mm as it complies with the material sheet parameters

currently being used in their outreach programs.

In order to determine the feasibility of the manufacturing and use of the circular and

elliptical modes, the mass values were found for each modkite that these values represent

only the shank portion of the monolimb, and do not include the metal insert and the socket.
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2006). Through this background research, it was determined that there is not a specific limit for

weight; however, the lighter the monolimb, the more comforfals G KS LI A Sy i Qa
Table21: Circular Shank Weight
Mass (kg) Omm Rib| 20mm Rib| 20mm Rib
48.5D 0.204 0.234 0.264
53.5D 0.228 0.258 0.288
58.5D 0.251 0.281 0.311
63.5D 0.284 0.314 0.344

Table21: Circular Shank Weigtisplays the mass of each circular monolimithese values

were calculated by multiplying the cross sectional area by the shank length to find the volume

and then multiplying this value by the density of the polypropylene capely The current

monolimb used by CIR is 53.5 mm with a¢gZD mm rib length. The average value for this

monolimb is about @7 kg, which is roughly .6 poundsThis was used as a measure for

comparison between the shanks to ensure that the mass valweti much higher than the

current weight of the monolimb. The highest mass found thas53.5 OD with 20mm rib

whichwas 0344kg. This value is roughly 25% higher than the current weight of the monolimbs

distributed by CIR. This weight gain stillypdes CIR with shankwhich isthree quarters ofa

pound
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Table22: Elliptical Shank Weight

Minor Diameter | Mass (kg)
48.5 mm 0.264kg
53.5mm 0.296 kg
58.5 mm 0.327 kg
63.5 mm 0.357 kg

The table abovgTable22, displays the mass values for the four elliptical models. These
values were solved for in the same fashion as the circular models. The volume was found for
the elliptical shapeand the density properties of the polypropylene copolymer wesedito
find the mass of the shank. The masses are still below 0.4 kilogram, wwlgighivalento
about 0.9 b The weights of the elliptical shaniise comparable tahe weights of circular
shanks of the same diameter with 20 mm ribs.

The informationdisplayed throughout this report has shown that a rib length between
10mm and 20mm is very beneficial to CIRhis range contributes to decreases in displacement
and overall stress distributions throughout the shan increased diameter has also shoten
be beneficial in the fabrication of the monolimkn order to continue to utilize the
thermoplastic sheets that are currently purchased by CIR, a model with a 53.5mm OD and a rib
length of 15mm could maximize material use.

Based on the analysis degmd above, the elliptical shanks have demonstrated the
ability to substantiallyjower von Misestressvalues with a more consistent distribution of
stressedetweenlLoading Conditions | and II; howeveire mas®s associated with the elliptical
are on the higher end of the weights when compared to the circular modalghough a
decrease in stresses and displacement is important, the other factors contributing to the
properties of the monolimb cannot be disregarded. The weight of the monolimb contslote
the overall comfort of the patienand was considered before making final recommendatiolis
the stresses are lower than the Yield Strength under the ISO Test Standard Loading Conditions,

the model is deemed appropriate for use in the field.
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Anothe aspect to the monolimb which should be addressed is the insertion of the
aluminum bushing. This metal piece is used to attach the foot to the monolimb, making it a
vital portion of the monolimb. Currently, the mandrel rests on top of the aluminum Imgshi
during fabrication, which centers this piece within the shank. If an elliptical shank were to be
adopted, the aluminum bushing size and shape would also need to change as the interface
between the shank and the aluminum bushing needs to be a tigta #hsure that the
connection between the foot and the monolimb is as rigid as possible.

For fabrication of a monolimb of a differing diameter or elliptical shape, CIR would first
need to acquire mandrels of different sizes. The thermoplastic sheet&vstill be wrapped
around the mandrel during the fabrication proces3ne of the negative impacts of an increase
in shank diameter is the necessity of larger mandrels. These would need to be distributed to
the outreach program locations to ensure thdet new design was being implemented.

The information displayed throughout this report has shown that a rib length between
10mm and 20mm is very beneficial to CIRhis range contributes to decreases in displacement
and overall stress distributions througtt the shank.An increased diameter has also shown to
be beneficial in the fabrication of the monolinflmm their current design is necessary to
comply with the ISO Test Standard 10328e current design did not pass the von Mises failure
criteria unde the specified loading conditions.

The elliptical models show drastically lower von Mises values with a more consistent
distribution of stresses throughout the different model dimensions for Loading Conditions | and
IIl; however, the weights higher fothe 58.5 mm and 63.5 mm minor diameters than that of
their circular shank models of the same diametefdthough a decrease in stresses and
displacement is importanif can also lead to a more rigid design, which does not allow for
flexibility throughou the shank. A drastic decrease in overall stresses is not necessarily
required to produce a valdde monolimb as the shank was considered to successfully
withstand the applied loading conditions if the stress values were below the Yield Strength.

Furthemore, the increase in weight between the elliptical shank and the circular shank
models makes them a less attractive option for CIR. The increase in weight will not allow the

necessary amount of flexibility throughout the shank and would also requireaaase in the
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material sheet size properties. The circular model currently used by CIR was not found to
successfully withstand the 1ISO Test Standard 10328 loading conditions for a P5 test. Due to
these results, it is highly recommended that CIR usées Bfn circular shank with a 20 mm rib
length or a 63.5 mm circular shank with either a 10 mm or 20 mm rib length. These three

models were the only models within the parameter study that reported von Mises stresses that

were lower than the Yield Strength.
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Conclusions

Through an analysis of circular and elliptical models, several trends regarding the
parameters of each of these and the resultant displacement and von Mises stresses have been
demonstrated. The COSMOSWorks contour plots provided infeomatgarding the von
Mises stresses as well as the displacement values through each of the sixteen models that were
tested.

The von Mises stresses were shown to decrease as the diameter increased. Also, the
von Mises stresses decreased as the ribflemgcreased, which demonstrated that the rib
length is a positive addition to the overall design of the circular shank. The elliptical models
that were tested measured the lowest von Mises stresses when compared to the stress values
of circular shanks dhe same diameter as the minor diameter of the elliptical shanks. The
models were all compared to the Yield Strength of the material used to fabricate the monolimb
in order to determine whether or not the modetxceededhe stress limitunder the ISO
loading conditions

The von Mises stresses of the majority of the models did not pass the von Mises failure
criteria, which means that under the ISO Test Standard 10328 loading conditions, models of this
height and with the varying parameters would not beedeed appropriate for use in the field.

The 58.5 mm shank with a 20 mm rib length; 63.5 mm shank with a 10 mm and 20 mm rib
length all had stresses below the Yield Strength of the polypropylene copolymer for both
loading conditions. This demonstrates thiése three models can be successfully used in the
field under the ISO Test Standard criteria. These models have been recommended to CIR as
possible changes to their current prosthetiesign

The displacement values were analyzed through severardiit avenues. First, the
resultant displacement was found for each of the diameters to determine how the addition of
the rib affects the displacement values. In order to determine the effect of the bending loads,
the in-plane displacement was calculatadd the maximum values for each model were

compared graphically. Through this graphical analysis, it was determined that the displacement
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decreases as the diameter increases. Although a decrease in displacement is important, it is
important to ensure thasome displacement is still present throughout the model as this
contributes to the flexibility of the shank and @ility to simulatenatural ankle movement.
Similarly, the outof-plane displacement was analyzed to determine the presence of torsion
within the models. The owubf-plane displacements were much lower than thepilane
displacements, which confirmed that the bending loads had a much more substantial effect on
the resultant displacement in the shanks.

Finally, the amount of material need to fabricate the shanks was determined because
CIR uses 61 X 122 cm sheets of material to cut a trapezoidal piece that is used to fabricate three
monolimbs. This is done to minimize wasted material as well as keep the costs as low as
possible. Througthis analysis, several of the larger circular models would require a slight
increase in material in order to account for the increase in diameter and/or rib length. The
elliptical shanks weren the heavier end for each diameteAn increase in weight ca
negatively impacthe performance of the monolimb for the patient because a heavier
monolimband requires more energy walk with. It is important to decrease the von Mises
stresses andisplacemenwithout increasing the weight. As the elliptical ska have been
reported to be roughlfhe same masas the heaviest circat modelsthe elliptical shanks were
RSSYSR £Saa ILILINBLINAFIGS F2NI/LwQa f2¢ 0O2al

effect on von Mises stresses and displacement.

Recommendations

It is being recommended to CIR to continue to use the hollow cylindrical model with a
rib design within their programs. The presence of the rib allows for a decrease in both von
Mises stresses as well as displacement. An increased deamveuld substantiate the
monolimb, as the 58.5 mm shank with a 20 mm rib and the 63.5 mm shank with a 10 and 20
mm rib all pass the von Mises failure criteria under the ISO Test Standard 10328 specified
loading conditions. The other models have not bgahdated to withstand the loads without
surpassing the Yield Strength of the polypropylene copolymer. Therefore, itis being
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recommended that at 58.5 mm shank with a 20 mm rib should be adopted as it requires a slight
increase in amount of material, butdoes not increase the weight enough to change the
performance of the monolimb and this model successfully withstood the 1ISO Test Standard
Loading Conditions.

The feasibility of a change in mandrel size should be investigated further to determine
whether or not this change would be cost appropriate for CIR. Also the interface between the
aluminum bushing and an elliptical shank should be further investigated as the elliptical shank
substantially decreased the von Mises stresses and had displacemaaswahich remained

fairly consistent for both Loading Condition | and II.
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Appendix A: History of Prosthetics

The history of prosthessdates back to a time in the BC era. There has always been a
need for humans to feel whole and completeowever when a body limb is missing, this feeling
of completeness is missing as well. To satisfy this need, humans began to design devices to
artificially replace the missing limb=or a lower limb,hese devices were originally a peg design
in order to provide the necessary support. A hook designwsasl for a missing hand, which
gave the client some function and use of an extension of the arm. As the years progressed, the
design capabilities advanced. Prosthetic devices were built into the armor that was worn for
battles. This often was simply artinuation of the metal to make the upper limbs symmetrical
and lower limbs symmetrical. This allowed the user to have a balanced feeling armor, even if
there was nothing underneath.

The advancement of prostheses continued into the Renaissance pértud.was an era
of rebirth and rediscovery for prosthetic devices. There was a major discovery in regards to
independent joint movement and control. Designers were experimenting with spring loaded
joints to allow for a smooth return. This was a new teatthat gave the user freedom to bend
at the joint. This was especially helpful for upper arm and upper leg prostheses, in which the
elbow and knee joints, respectfully, were impacted.

The 16" century was a time for great advancements due to a Fremofyaurgeon,
Ambroise Paré. He was a very skilled surgeon and was capable of performing successful
surgeries in a very timely manner. In working with the army at a time of frequent battles, he
had to amputate a large number of limbs. He had approxinge®él seconds to amputate the
limb, and 3 minutes to complete the surgery. There was no availability of anesthesia or
tourniquets it this time and he had to complete all surgeries without ale.aParé had the
ability to invent both upper and lower limlrpstheses, showing promise of basic function. His

above the knee prosthesis included a kneeling peg leg, with an adjustable harness, and a foot
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prosthetic addition This lower limb prosthesis included a knee lock contvbich wasthe first
in the histay of prostheses.
Medical advancements in the period from 160800 helped to increase the surgery
survivor rate. Great strides were taken for modenedicalpractices including: tourniquets,
anesthesia, analeptics, blotting styptics, and disease figidinugs. During this time
amputations were becoming more accepted solution to a severe wound suffered during
battle, as opposed to meffort to quickly save a life. More time and attention was given to the
surgeries, which allowed for cleaner amputais and better fit prostheses. Antiseptic
techniques were not adopted until the end of the™L8entury. This delay in cleanliness
resulted in a higher mortality rate, especially for amputee patients. Tlseaesaying in
reference to thesanitationduh y 3 G KA & GAYSTZ aAd &l a &l FSNJI G2 K
GKFYy o6& | &adz2NHS2YEé®
Also during this time periodhere wereadvancements iprostheseswhich were
largelydueto two men In the 17" century, the Dutch surgeon, Pieter Andriannszoon \igrd
brought the belief that function was more important than aesthetidsen he invented the first
non-locking, below the knee prosthesis. This device featured external hinges, leather cuffs, and
was lined with leather. The prosthesiss made oh coppe shell and a wooden foot.
+ SNRd22 yQa RSOAO0OS ASNBSR a F adFNIAYy3 LRAY(H T3
spring and concealed tendons, which helped with the fluidity of the mot@almeralso
focused on giving the device a smoetlappeaance to combine both function and aesthetics.
tFf YSNRE LINPAGKSaAA ol a K2y2NBSR i GKS- mypwm [ 2
fA1S Stradgaoride FyR FANYySaa (2 GKS adSLXE o
The Civil War era (1861865) brought about the creation ofiore advaned prostheses.
In 1863, Dubois D. Parmlee designed a device with a suction socket, polycentric knee, and a
multi-articulated foot. In 1912, Marcel Desoutter invented a prosthesis that later became a
foundation for the Hanger company. He was an Engl&i@r who lost his leg in an airplane
accidentanddeveloped the first aluminum prosthesighiswas further developed by Hanger,

who was promoting the use of pelvic suspension versus shoulder suspension. The Hanger
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Company found that the pelvic suspemsiwas much more efficient and stable. This realization
led to important control systems, such as the knee brake.

The World War | era (191#918) provided a great opportunity for the advancement and
organization of prosthetists. The European prosthstlsad an extreme increase in
experimentation as they hatén to twentytimes more amputees in their armi¢lsan theUS
Armydid. This influenced the Surgeon General of the US Army to invite US prosthetists to
Washington, DC to discuss the current teclogiés and developments. This meeting was a
great occasion for the development of prostheses including: ethical standards, scientific
programs, educational programs, and establishing relationships with other health professionals.
This forum resulted in # creation of the American Orthotics and Prosthetics Association
(AOPA).

The Belgian prosthetist, Dr. Martin, began to emphasize the connection between
prosthetic devices and the anatomy and physiology of the human leg. He could produce both
the staticand aesthetic appearances. He created a modified cast of a residual limb and used
the measurements from this cast to develop his prosthesis. This focus on appearance
influenced future prosthetists in their designs, as this had never been a focus betotsnM

The developments and technologies brought about in the 1940s have had a great affect
on the prosthetic world as itis today. In 1945, Normal Kirk, Surgeon General hitesl
StatesArmy, requested that the National Academy of Scier{b&sS)nvestigate the prosthetic
state of the art. General Kirk, in conjunction with the NAS, created the Committee on

Prosthetic Devices (CPD) for US health professionals. The purpose of this committee was to

provide leadership and coordination amongthenatbda f S RAy 3 &LISOAl f Aadlad

strived to join together health professionals, physicians and surgeons, with engineers and
technical support to aid in the improvement of the quality of life of people with disabilities. In
1946 General Kirk broughd team of engineers and surgeons to Europe to learn about the
European advancementsgarding prosthesesThis visidemonstratedhow far behind the US
was in terms of development, which helped the USdous on thedevelopmentand

organiation of disahlity services.In 1947, the University of California Berkeley held
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educational seminars on the prescription, fabrication, and alignment of above the knee
prostheses.

A Congressional Act was passed in 1948 that allowed the Veterans Administration (VA)
to fund research and development programs in the US. The first facility that was opened was
the Veterans Administration Prosthetic Center (VAPC) in New York. It was made available to
both veterans and the general public in the greatewNY ork Cityarea. The staff included a
large number of engineers, physicians, and prosthetists who had a desire to improve prosthetic
design and construction. The VA also opened the Prosthetics and Sensory Aid Service (VA
PSAS) at its Central Office in Washington, D cEnter oversaw the orthotics and prosthetics
services at VA hospitals throughout the United States. The VA, in cooperation with the
Department of Health, Education and Welfare (H.E.W.) and the Armed Services also began the
Artificial Limb Program, wbih established numerous research laboratories throughout the
nation.

The creation of higher education prostheses progrdieganin the 1950s. The first
institution to offer a course was the University of California Los Angeles (WbleA)in 1956,
they began formal above the knee prosthetic courses. At about the same time, the VA
established a prosthetic post graduate program at New York University (NYU). In 1959,
Rehabilitation Services Administration and H.E.W. established a prosthetic program at
Northwestern University in Chicago, lllinois. This decade was a great time for universities to
display themany advancements they had made. In 1956, the University of California
introduced the SACH foot, which has a wooden heel wrapped in rubber, withter cushion
heel (Gailey, 2005). In 1959, the PTB prosthesis was created at the University of California
Berkeley. This device has a soft lined soekdth completely covers the stump and attaches
to the shank of the prosthesis (Muilenburg, 1996).

The latter half of the 1950s proved to be an important period for leadership and
organizations. During this time, the Committee on Prosthetic Research and Development
(CPRD) was developed with the goal of providing leadership in the world of prosthesgs. Th
committee was comprised of solely volunteer medical and engineering personnefodugeof

the committee centered oamputations artificial limbs, rehabilitation engineeringnd
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assistive technology. The CP&Inbinedtrue leaders in the industrgnd provided them with
the chance to exchange research ideas, evaluate devices, and discuss publications regarding
such topics.

The Social and Rehabilitation Services (SRS) funded physical medicine and rehabilitation
programs. The SRS also developezRehabilitation Research and Training Centers (RRTC)
which received grants to support training programs for health professionals. According to the
RRTC, the important objectivegardingprosthetic devicesvasto research and advance the
technologies.

The growth and development of prosthetic devices has continued to flourish into the
present. There are many companies and organizations throughout the world that focus on the
improvement of the lives of people with disabilities, with a special focus om thebility. The
patient plays an even greater role for the design and manufacturing of the device. Technology
levels have a wide range: from high tech devices for paralympians, to low tech devices for

developing countries. No matter the audience, athigihetics are designed with the common

32Kt G2 LINRPOGARS I O2YF2NIFofS FyR FdzyOQluAzyl €

lifestyle.
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Appendix B: Center for International Rehabilitation (CIR)

The Center for International Rehabilitation RTis a Chicago based nprrofit
2NBFYAT FdA2YS 6K2aS YAaarzy Aa aG2 laaraid LIS2I1
Fdz t LXCIREGOU)Thé dreation of the CIR began in 1996 when Dr. William Kennedy
Smith founded the organization Phgisins Against Landines (PALM).In 1997, one year after
its inception, his organization received the Nobel Peace Pritee CIR was opened in 1998 by
PALM to expand its facilities to include victim assistance in rehabilitation services and advocacy.

The center is now present in six countrieducatingover seventy student® datewho treat
approximately 8,600 amputees yearly.

The CIR has created a Rehabilitation Engineering Research Center (RERC) which has
0SSy GAGESR I ay$yWiadR yAy NISKIGSND RFF BEDS Sy IAYSS
Institute of Disability and Rehabilitation Resea(ChR 2007) This program works to develop
new technologies and techniques to improve access to mobility aid for survivors of landmines
and other amputes. The program focuses on technologies that are appropriate for use in
regions with limited technical and human resources.

¢tKS /Lw KIFa 0SSy RS@OSt2LIAYy3 (KS G/ 2YLINSKSYy:
to Promote and Protect the Rightsand Digii 2 F t SNE2y & 6AGK S5AaloAf Al
forty disability organizations working toward the creation of this UN treaty. The organizations
are all members of the International Disability Caucus, of which the CIR is a founding member.

The CIR issb an active part of the International Disability Right Monitor Program. This
program includes a network of researchers in over 30 countries who are working to collect data
and report on the experiences of people with disabilities throughout the world.

The International Disability Educational Alliance Network (IDEAnet) website was
2FFAOALIT & fFdzyOKSR 6@ GKS /Lw AY Hnannpo® ¢KS
to use distributed learning and telemedicine to address health disparitid§@ster effective,
adza Gk Ayl of S (KRRODT Khis iniSshuha® Bezaéhieved through the two
communities within the network: the Rehabilitation Services Community and theMetkcine
Resource Center. Tools such as forums, chats and dotwsharing are used to promote idea

sharing and to generate strategies to improve health services worldwide.
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There are currently four collaborative projects in process on the IDEAnet website. These
projects are broken down into two categories: apprigpe technology and education. The
appropriate technology groups work on technologies that can meet economic, cultural,
financial and functional needs of people with disabilities. The first project utilizes the RERC to
GLYLINRGS ¢SOKYy2{YAYS {QADNPAL2WNANIY | KS aSO02yR A
DdZA RSt AySa F2NJ 2 KSSt OKFANI t NPOAAAZ2YED ¢ KAA L
education, training, design, and service provisions to meet the needs of wheelchair users
around theworld.

¢ KS SRdzOFGA2y OFGS3a2NR faz2 AyOfdzRSa Gg2 LI
Curriculum Consortiunwhichfocuses orcreatinga model distance learning curriculunThis
will lead to improved care and quality of life for amputees. Se0 A a (GKS G ¢ NI Ay (K
t NP anhaségbal is to help prosthetic educators train each other and advance ideas. It

allows the members to offer adviceupport, andconstructiveF SSRo I 01 2y Sl OK 20K
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Appendix C: Programs for Third World Co untries

Mobility India

Recognizing that millions of people undergo amputations every year due to trauma and
the majority of these peopleéeingunable to afford the aid they require, Chapal Khasnabis
formed an organization called Mobility India. Mobilibdia(MI) was formed in South India in
1994 to provide rehabilitation services in rural, povestyicken areas of India. The bulk of
their projects center on providing low cost prosthetic devices to those who are normally unable
to afford them. TheuRSNX 8 Ay 3 3J2Ft 2F GKAA& 2NBIYATIGAZ2Y A
GKSNBE LIJS2LX S 6A0K RAAFIOATAGASE KIF@S SldzZ f N3¢
MIKFa | 1 NBS NBaSIFENOK YR GNIXAyAy3 OSydSNI
which is a modern disability accessible building where training with orthotics, prosthetics, and
rehabilitation can be received. These programs are used to train peopietimods for
prosthetic construction in order to give them the necessary tools t@heaut into the
community and provide for the less fortunate individuals who require prosthetic limbs. The
students receiving this training amdten from low income families in rural areas and urban
slums. Once they have finished the training, theywilik in their local area to help people
with disabilities
Their current project is the development of a lower limb prosthetic which has been
broken up into components. This device comes in a kit, making it easier to assemble in rural
areas. The pylonds been made in several sizes to maximize the number of heights it can
accommodate. Also, the varying pieces can be adjusted slightly to increase the comfort of the
patient. Through the implementation of this system, Ml is aiding the less fortunate aaput

in various areas of India (Mobility India).
Handicap International

Handicap International (HI) is a global program which is providing amputees in third

world countrieswith the means to walk again after a traumatic misfortune. This organization
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has been providing for impoverished victims of accidents who are in need of rehabilitation
services at a low cost since 1982urrently, hey have 240 programs in nearly sixty different
countries.

HI uses prosthetic devices and rehabilitatiorpiat people who have been injured back
on the road towards independent living. HI recognizes that their program cannot be
implemented the same in every environment aimcturn work hard to adapt each project to
the local capabilities. Whatever technology is usadthe project, HI provides prostheses,
orthoses, and other orthopedic devices neededstcessfullyid the local people. The
training is provided by HI through local health structures to ensure that the system is
sustainableonce HI is no longer active that area;orthopedic centers are created in this way.
To ensure the best services possible, training is also provided for people to become well versed
in physical therapy, occupational therapy, and speech ther&pyce they are educated, they
are then able to assist the patients with the necessary therapy to adjust to their new prosthetic
or orthotic device.

Beyond prosthetic devices) the case of an emergency or natural disaster, HI will give
assistance and aid to the affected people in the forinh@meredevelopment, education,
supplies, and other activitiesThey are also proactively working to prevent the use of
landmines. Further, they are continuallyaempaigning for disability inclusion in all areas

including basic rights and accessibilldafdicap International, 2007).
Helping Hands for Haiti

Helping Hands for HaifHHH)san organization that iproviding quality rehabilitation
services for the physically disabled in Haiti. Their underlying goal is tthgipeople of Haiti
the tools necessaryo implementthe production and distribution of prosthetic devicastheir
local area on their own.HHHaccomplish this goal by offering rehabilitation education, clinical
treatments, disability prevention projects, and public awarenesdisdbilities and proper
rehabilitation. With a heightened awareness of how to care for the disabled people, Helping
Hands for Haiti foresedbe treatment ofthe disabled people in Haiti tothange in a positive

way through more respect and general carBlo one with financial difficulties will ever be
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turned away; HHH will make sure that their services are equally available for anyone who needs

them (Helping Hands for Haiti, 20Q7)
Bhagwan Mahaveer Viklang Sahayata Samiti (BMVSYS)

Bhagwan Mahavee¥iklang Sahayata Samiti (BMVSS) was established in India in 1975 as
a nonprofit organization dedicated to helping the physically challenged who could not afford
the technology they needed to account for their disability. BMVSS has fitted the largest
number of artificial limbs to the handicapped in the world. They have provided these artificial
limbs, calipers, crutches, wheel chairs, tricycles, and many other handicapped appliances for no
cost whatsoever. BMVSS provides the training, facilities, andeenecessary to aid those in
need. They provide everything from prosthetic limbs to hearing aids and shoes. They offer a
broad range of programs for people with disabilities and they are leaving a lasting impact on
developing countries throughout theavld. Their most well known prosthetic device is the

Jaiper foot(BMVSS, 2007)

Prosthetics Outreach Foundation

Prosthetics Outreach Foundation (POF) is working around the world to provide
disadvantaged amputees and others suffering from disabilitiestbols they need to restore
their mobility. Recognizing that there are many tragic injuries throughout the world,
particularly in countries whichavebeen war torn, POF has dedicated their time to restoring
the victim€mobility and independence. Thanain outreach areas are currently Vietnam,
Bangladesh, and Sierra Leone. Within the last fifteen y@d$has helped more than 13,000
children and adults regain their independence through providing them with the devices they
need to be mobile again F 2007).

Their main activities involve clinical outreach to amputees, orthopedic surgical
assistance, and local prosthetic and orthotic manufacturing training in remote areas of the

world. The underlying goal of these projed$o provide these low inome societies with the
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tools and training they need to continue to provide aid for disabled persons without the
continuous help of POF (POF 2007).

An example of one of the POF projects is being implemented in Vietnam. The materials
used in all of theiprojects are locally found resources to ensure that the artificial limbs stay
low cost and easy to continue to fabricate in the future without dependence on POF to provide
the materials. The U.S. Agency for International Development (USAID) has giteeR@i to
catalyze the programs in different countries. In each country, an area specific manufacturing
process and prosthetic device are developed. For example, in Vietnam, a foam foot which had
previously been used in other countries was deterioratiog to the humid climate. POF
developed a water resistant rubber foot instead to be manufactured and distributed around
Vietnam (POF 2007).
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Appendix D: Circular Shank Parameter Combinations

Table23: Circular Shank Parameter @binations

Shank Length

Diameter (mm)

Rib Length (mm)

360 mm
(380 mm, including plate)

48.5 0
485 10
485 20
535 0
535 10
535 20
58.5 0
58.5 10
58.5 20
63.5 0
63.5 10
63.5 20
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Appendix E: Analytical Stress Calculations P rocedure

To provide more validity to our computer modeling and finite element analysis, stress
calculations have been performed by hand and compared to the COSMOSWorks data output
values. This analysis was performed on a monolimb that has a diamet&rsofidn, a shank
length of 360 mm, a material thickness of 5 mm, and a rib length om0 mhe stresses that
GSNE F2dzyR (12 O2y iNRO6dzi S (2 ake$hegkiddfmal & (G NB & & ¢
stresses which are the product of the load in the u direction, the bending stresses caused by the
load in the u direction, and the bendingssses caused by the load in the u direction. Each of
these stresses were calculated separately and then added together, which was an appropriate
approach due to the principle of superposition. Once this stress value was calculated by hand,
the model was un in COSMOSWorks and the point where the stresses had been calculated was
probed in the model to determine the stress value output by the computer analysis.

First, the normal stresses were found by first determining the axial reactionary load to
the offset load in the f direction. Once this value was found through a static analysis, the area

was calculated using the following equation.
K[
A=—(D*-d*
4

Once the area had been found, the reactionary force and the calculated area were input into

the equation below to sele for the normal compressive stresses.
Ry

Tnormal = A

There are also bending stresses that occur from the load in the u direction and these
were calculated through the following steps. The overall equation for bending is included
below.

Tpu = %
First, the moment was caltated by multiplying the load by the moment arm.
My =Fl¢
Next, the second moment of area was calculated through the following equation:
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I = o (D* —d%)

CAylfttes GKS aO& GrtdS Ay (KS Sljdd A2y NBLINBES

being measured from thaeutral axis. The stress is being calculated at the outer diameter,
making the value .02675, which is the outer radius of the shank. Finally, each of these
components were combined into the original bending stress equation.
The next bending stresses whiefere found to contribute to the normal stresses in the u
direction at the chosen point were caused by the fload. The same steps were followed as
described aboveghowever, the numbers were altered to correspond to the f load. The updated
eqguation has beemcluded below.
Finally, each of these components were added together to determine the total normal stresses
present at the point 10 mm above the top of the plate and on the frontal side of the shank.

Ty roral = Tnormal ¥ Tpu + Tpy
This calculated stress value was then comparethe value found at this point in

COSMOSWorks.
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Appendix F: Analytical Stress Calculation Results

Following the procedure detailed above, the normal stresses in the u direction were calculated
to verify the validity of the values output from COSMOSWOoFHkrst, the normal stresses were
investigated and after a static analysis on the monolimb with the u load being applied, the
reactionary force was found to equal the u load. Therefore, the normal axial stresses would be
the quotient of the reactionary fwe and the cross sectional area. The equation below details
the steps taken to calculate these normal stresses.

—-Ry, =F, = —3240.44 N
Ry

Tnormal = A
The area of the cross section was calculated by the below equation.
T
A= " (D* - d*)=7.62 +107*m*

The quotient of these has been calculated as follows and the negaitgn demonstrates that

the normal stresses are compressive.

R, —324044N N
Onormal = 7 = 7e3.1pwmE | b0 *10°05

There are also bending stresses that occur from the load in the y direction and these
were calculated through the following steps. The overall equation for bending is included

below.

Mgc

Fird, the moment was calculated by multiplying the load by the moment arm.
Mg = F.F,Jf = 3240.44 N (03075 m)= 99.64 Nm

Next, the second moment of area was calculated through the following equation:

I = %(D“ —dYy = %(.0535 m*—.0435 m4) = 2.264 + 10 7m*

CAylftes GKS aO& GrHtdS Ay G(KS Sljdd A2y NBLINBES

being measured from the neutral axis. In this case, that value is .02675 m. When each of these
components was combined into the original bending stress equation, the following value was

obtained:
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_ Mgc  (99.64 Nm)(.02675 m)
Tou =TT T T 2264s=107mt

N
=1173+107 —
m

The next bending stresses which contribute to the normi@sses in the y direction at the
chosen point are caused by the z load. The same steps were followed, but with numbers which

correspond to the z load. The process has been included below.

Msc
O = _[;

The moment arm was calculated, using the same equation as abavesing the z load
component.
Mf=Flf =—648.09 N (03 m)= —19.44 Nm

The second moment of area remains the same.

Mgc  (-19.44 Nm)(.02675 m)
Ir ~ 2264:107m*

N
Opf = =—23+10° —

Each of these congments was added together to determine the total normal stresses present

at the point 10 mm above the top of the plate and on the frontal side of the shank

Oy toral = —4.25 = 1n5%+ (1.1?3 «107 %)+ (—2.3 +10° %) = 518+ 1n5%

This point on the model was probed in COSMOSWorks tﬂojtii%elt ms% and can be
visually seen in the figure belowigure46. This stress valusontributes to a 3.47% errawvhen
compared with the calculated valu&Vith sucha low percentage of error present between the
hand calculations and the value calculated in COSMOSWorkSQB&1OSWorkalues have

been determined to be accurate enough to continue with the investigation.
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Figure46: U NormalStresses
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Appendix G: von Mises Stress Contour Plots
Loading Condition I:Circular S hank: 53.5 mm Outer Diameter

The stress plots, shown below Beror! Reference source not foundisually displays
the stress distributions throughut the shankwith each of the set of parameters for this outer
diameter: with no rib, a 10 mm rib, and a 20 mm rib, displayed respectively from left to right
In the figure below, the contour plots have bedisplayed next to each other to better
comparethe differences between the three shanks with the same outer diameter and differing
rib lengths. It is important to note the similarities between these stress plots, particularly
throughout the pattern of the stress distributions throughout each shamkere is a maximum
area of stress 180 degrees from the load location, which is displayed as a red area and the

stresses lessens as they get further away from this point.

A -0 3179127 men)
‘ Nodke 5543 (-34.7 178,121 am ‘ Node 11925 (239,162 -5 31 men] Mo 13377 (-20 3,
| « 35580+007 NT2 = 3 2008+007 Nm2 « 2 5336 +007 NAT2

53.5mm OD 0 mm rib 53.5mm OD 10 mm rib 53.5 mm OD 20 mm rib

Figure47: 53.5 mm OD von Mises Stress Contour Blot
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Looking at the three contour plots, the stresses found at the specified point decrease as the

length of the rib increases, as shown in the table beltahlel4.

Table24: 53.5 mm OD von Mises StresalMes (Loading Condition I)

Loading Condition 0 mm rib length 10 mm rib length 20 mm rib length
| (Heel Strike 3.66610' N/m? 3.200:10" N/m? 2.88910" N/m?
Yield Strength 3.07*10 N/m?

For this shank diameter, the 20 mm rib length model is the onlywaimese stress value lies

below the Yield Strength.

Circular Shank: 58.5 mm Quter Diameter
In the belowcontour plots,Error! Reference sourceot found., an area where

maximum stresses are present can be seen on the anterioomegf the shank, as shown in the

front views from COSMOSWorks.

Node 5170 (116,207 -87.5 mm Node 16526 {92 5,187 45 5 mam| Nods 17460 (84 2,208 41 5
= 2 307e+007 Nim"2 = 221 204007 NiT*2 » 2 [F2n 007 Htr'2

585 mmOD O mmrib 585 mm OD 10 mm rib 58.5 mm OD 20 mm rib
Figure48: 58.5 mm OD von Mises Stress Contour Plots (Loading Condition I)
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The values of these stresses are low enough to fall below the Yield Strengthnmodels with
10 mm and 20 mm rib lengths; however, the stress value is 5% higher than the Yield Strength in

the model with a O mm rib length.

Loading Condition 0 mm rib length 10 mm rib length 20 mm rib length
| (Heel Strike 3.21510" N/m? 2.212410" N/m? 2.062°10" N/m?
Yield Strength 3.07*10' N/m?

Circular Shank: 63.5 mm Outer Diameter
The contour plots for the 63.5 mm OD have been included belokrrasl Reference

source not found. The overall stress digoution follows a similar trend to that of the 53.5 mm

OD with an area of maximum stresses lying 180 degrees from the load location and the stress
values decreasing as the distance from this area increases. The maximum stresses are all at
least 36% lowethan the Yield Strength, demonstrating that they pass the von Mises stress
failure criteria by successfully withstanding the applied loads. The stress values also decrease

as the rib length increases. These values can be better seen thEsughReference source not

found..

Table25: 63.5 mm OD von Mises Stress Values (Loading Condition I)
Loading Condition 0 mm rib length 10 mm rib length 20 mm rib length
| (Heel Strikg 1.962:10" N/m? 1.84310" N/m? 1.75910" N/m?
Yield Strength 3.07*10' N/m?
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63.5mm OD 0 mm rib 63.5 mm OD 10 mm rib 63.5 mm OD 20 m rib

Figure49: 63.5 mm OD von Mises Contour Plots (Loading Condition I)
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Circular Shank: 53.5 mm Outer Diameter
The von Mises stress contour plots for shanks &i8.5 mm OD and rib lengths of O

mm, 10 mm, and 20 mm have been included respectively below for visual comparison of the

stress distributions.

g
ot 7670 (-8.92,161 76 3 ey ¢ Node 10286 (101,163 ,-23 8 men) ode 11058 (41 6,204 23 on
= 6 542e+007 Nin*2 N w4 5T 0007 N1 ZG 20007 N

Figure50: 53.5 mm OD von Mises Contour Plots (Loading Condition I)
The ara where maximum stresses are located spans the majority of the frontal region

of the shank in the model 0 mmrib. This area significantly decreases as the rib increases
Also, the von Mises stresses aikabove the Yield StrengthA visual depictio of the 53.5 mm
OD, 0 mm rithas been included below through aometriclSO Clipping figure from
COSMOSWorkError! Reference source not found.This featurénas only displayed the areas
where the von Mises stresses are highiean the Yield Strengthwhich are on the outer

diameter of the anterior and posterior portions of the sharnkhe deformation caused by the
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loading can also be seen through this feature and it can be observed that there are significant

levels of deformabn present in this model.

Figure51:53.5 mm OD 0 mm Rib ISO Clipping (Loading Condition II)

For each of these models, the von Mises stresses are up to 122% higher than the Yield
Strength. These high stresses are mostyikecurring because the load location is 122.25 mm
offset in the f direction from the origin of the model. With such a large offset, the bending

stresses increase substantially, causing higher overall stresses throughout the shank.

Table26: 53.5 mm OD von Mises Stress Values (Loading Condition II)

Loading Condition 0 mm rib length 10 mm rib length 20 mm rib length
Il (Toe Off) 6.842*10 N/m? 4.867*10 N/m? 3.592*10 N/m?
Yield Strength 3.07*10' N/m?
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Loading Condition I
Circular Shank: 58.5 mm Outer Diameter
In the below contour plotskrror! Reference source not foundan areawhere maximum
von Mises stresseare presented can easily be seen on the 0 mm rib model. Although this area
is present in the 0 mm model, idharea is not present in the models with a 10 mm and 20 mm

rib length.

Moce 11018 (97,9 291 57 8 ey WO 6758 (211,135,337 man [Node 12089 (54 3196,-21 2 men)
- serer0 e * % 530000t

Figure52: 58.5 mm OD von Mises Contour Plots (Loading Condition II)
Looking at the values of the probed points thie model inError! Reference source not

found., the 20 mm rib length is the only model whose stress value lies below the Yield Strength.
The model with a 10 mm rib length is 18% higher than the Yield Strengté thieimodel with

a 0 mm rib length is 123% higher than the Yield Strength, which is more than double the Yield
Strength.
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Table27: 58.5 mm OD von Mises Stress Values (Loading Condition II)

Loading Condition 0 mm rib length 10 mmrib length 20 mm rib length
Il (Toe Ofj 6.84710" N/m? 3.60910" N/m* 2.830¢10" N/m?
Yield Strength 3.07*10' N/m?

Circular Shank: 63.5 mm Outer Diameter
The von Mises contour plots for the 63.5 mm diameter for loading condition Il have

been included bw asError! Reference source not found.These stress plots do not have a
high stress concentration on the frontal region of the shank and the probed stress values are
much lower than those of thprevious modelsinder loading ondition Il The probed stress
value lies above the Yield Strength in the shank without aholwever the trend of a decrease

in stress values as the rib length increases is sapd the stress value is lower than the Yield

Strength for the models withO mm and 20 mm rib lengths

ok 11125 (57 2,160,313 men riode 11500 (-36.5,177 6.2 mm Node 5255 (3.05,145 383 mm
= 3 45084007 Nittr2 50204007 Nén « 2 32684007 Nim/2

Figure53: 63.5 mm OD von Mises Stress Contour Plots (Loading Condition Il)
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