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Abstract

The Center for International Rehabilitation R Is a nowprofit organization working in developing

countries to rehabilitate those who have lost their mobility after an amputatiGtR has developed a

lower limb prosthetic (monolimb) for transtibial amputees, which is then rigidly attached to #hetas

foot. CIR requested a study of the effect of coupling their monolimb with two existing prosthetic foot
RSaA3ayaT GKS LYyGSNYyFraGA2y Lt [/ 2YYAGGS ShapefandREIS wSR /
(SR)rosthetic foot

The combination oftte prosthetic feet and monolimb were modeled and studied using finite element
analysi{FEA) The FEA results were then compared to the physical testing of the prosthetics under
various static loading conditions seen during walkifigese results suggetttat the SRfoot does not
perform as well as the SACH foot under high loading conditions and could result in premature wear of
the prosthetic combination The results othis work will aid CIR in their efforts to provide appropriate

prostheses to populans in developing countries.

Vi
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Executive Summary

The Center for International Rehabilitation (CIR) is aprofit organization working in developing

countries to rehabilitate those who have lost their mobility after an amputatidhese amputees are
generally victims of landmine<CIR has deveped a lower limb prosthetic (monolimb) for transtibial
amputees, which is rigidly attached to a prosthetic foGIR requested a study tfe effect of coupling

their monolimb with two existing prosthetic foot desigrike International Committee of th&ed

/ NP Bdlid¥nkle Cushioned HeBIXCHTF 2 2 G | YR b 2 NIi K ¢ S ASR®mMdthexia fodt K I LIS

These prosthetics are low cost appropriate technologies for developing countries. The monolimb is
custom made from a polypropylene polyethylenagiic to fit each user. The SACH foot, which is
imported into the developing countries, is created using injection molding of polyurethane foam. The
SR foot, which is able to be manufactured within developing countries, is made by heating copolymer

sheds with an aluminum stock material inserted into the base of the foot to provide extra support.

Both physical testing and finite element analysis (FEA) were performed to compare the effect that each
foot has on the monolimb. The orientations and loadiogthe physical testing were drawn from ISO
standards.I1SO 10328Structural testing of lowelimb prostheses$pecifed testing methods, loading
conditions, and other parametersThe2006 ISO 22675 [Testing of ankd®t devices and foot units]

states he loading conditions that can be used to mimic natural gate loading and specifies a static test
that can be performed on prosthetic ankieot devices. In addition, the alignment of the foot to the

prosthetic leg is stated.

The prosthetics were testeid aninstron 5544 compression/tension machinéhe evaluation of the
prosthetic feet was conducted at three orientations in both the physical testing and FEA. The first
position was the heestrike that occurs during the initial contact, the second tiosiwas midstance,
where the foot is flat and the third position was pseving, where the majority of the weight is on the
toe before the swing phase,. The haglike and toeoff orientations required the use of an angled
block to simulate the angle thieot makes with the ground. This angle was 15° forsééte and 20°

for toe-off.

For the physical testing, the appropriate angle block was attached to the base of the Instron 5544 with a

rod through the center of the angle block. Tests of the monlatfoot assembly were performed at



10% load increments to 1300N at a rate of 75N/min, or until the experimentalpshowed signs of

potential damage to the equipment or sample. The tests were held after each 10% increment for 45

seconds to allow fodata collection. Each test was performed twice, once using pressure paper to

indicate if there were any irregularities in orientation and pressure with the angle block and once

without the paper. Strain gauges were applied on the anterior and postefitheamonolimb just

above the metal insert that is used to attach the foot. This was identified as a critical region by CIR

based on a case study. A rosette strain gauge was attached to the anterior section of the monolimb and

a uniaxial strain gauge wastached to the posterior seam. The tests were controlled and loading and
displacement data were recorded using the BlueHill software program. The strain gauges were read
dzaAAy3d +maKH&Qd OK. 9 . I I yOS -350¢ Nigital StdiRdicatara K 8 Qa4 a2 RS

For the FEA, all of the prosthetics were reverse engineered in Pro/Engineer Wildfire 2.0. Accurate
computer aided design (CAD) models were made for the monolimb, SR foot, and SACH foot. A simpler,
less accurate model of the SACH foot wias anodeled to ease meshing in the FEA. ANSYS Workbench
was chosen as the FEA software package because of its abilitgdpta 3D CAD modehnd-an

assemblyof high complexityIn addition to the modeling of contact surfaces and large deflection, the

ANSYS program also allowed for the accurate placement of angled pressures and loads. The FEA models
were evaluated at the full loading of 1300N. Each foot in each orientation had the same constraints and
loads applied. The bottom surface of the anglendstance block was selected as a fixed surface and

the top block connected to the monolimb was constrained by a fixture to only allow movement in the

vertical direction. In addition, the foot was frictionally connected to the angle or midstance block.

The results of the physical testing and FEA were compared to draw conclusions regarding the
performance of the foot monolimb combinations. From the physical testing, it was apparent that higher
strains were exhibited othe posterior uniaxial gaugeositiored vertically (9€) and the anterior 90°

rosette gauge whethe SR foot was affixed to the monolimb as compared to the SACH foot in both
heetstrike and toeoff orientations. The heedtrike test for the SR foot was stopped at 910N because
plastic deform#éion began to occur near the heel of the foot; the foot did not undergo fracture. The
SACH foot was loaded to the full 1300N. Under the same loading conditions the magnitude the strains
recorded by the uniaxial ar@D° rosette gaugevere greater in magtude for the SR foot. For example,

at 910N the SR uniaxial gauge showed an average readimgrofi p x ¥ 90°yfdRetté geuRyjshowed



an average reading of 61d¢ ® C2NJ GKS {!'/13X +d dmnb GKS dzyAl EALI

MHY NnK5 90%oBettdiguf§eshowed an average readingaBx ¢ ®

To aid in comparing the FEA testing to the physical testing, the physical test data were linearly
extrapolated to show trendlines. These trendlines were used to predict potential strain values that may
have occurred if the physical testing was run to thiéloading of 1300N. Comparing these potential
trendlines adds some validity to the FEA generation of the SR foot because these trendlines show strain
values on the monolimb similar to the FEA results at full loading (1300 N). In addition, the fREA for

SR foot showed that both the von Mises and principal stresses in the heel exceeded the yield strength of
the SR polypropylene copolymer during hetrlke at the 1300N load. The plastic deformation that
occurred in the physical testing appeared ad8ll For the SACH foot the FEA results did not parallel the

physical results, possibly due to inaccuracies in modeling the SACH foot.

The physical results for compression of the monolimb with the SACH foot and SR were compared from
the physical testingFor the heelstrike orientations for both of the pahetic combinations at 910N

(where the SR test was stoppett)e monolimbwith the SR and SACH compressed in magnitude by
10.8mm and18.0mmrespectively.These results showed that the prosthetic assgmhbith the SACH

foot compresses mortherefore showing that the monolimb with the SACH foot is less stiff than the

monolimb with the SR

The assembly of the monolimb with thBR footausesstrains ofagreater magnitudeéo occur in the
monolimbthan theassembly with theSACHoot. The resultingvon Misesstressesand the principal

stresses in both assemblies from the FE& less tharthe tensile yield strength of the polypropylene
copolymer of the monolimb This therefore indicates that the monolimbliriot undergo plastic
deformation when affixed with the SACH foot or the SR foot. This conclusion can only be made based

the on the static loading conditions that were performed in this study.

It is recommended that future physical tests be performedake into consideration cyclic and dynamic
loading. Because the SR foot underwent plastic deformation before reaching 910 N in esirikeel

test, we are led to believe that repeated cyclic loading at even lesser values would produce similar
plasticdeformation. Completing this test according to the ISO standards mentioned earlier could lead to

a better understanding of the longevity of the SR foot.



The potential errors that affected our FEA results were primarily associated with the SACH foot. The
intricate CAD model that was developed did not run in ANSYS because of its complex shape and rounds.
More models of the SACH need to be made to analyze in ANSYS. The complexity of the foot made it
difficult for the program to mesh the features. If d@dte study is performed on the SACH foot, the two

types of polyurethane foam used in the foot need to be modeled. This would yield more accurate

results because the model that was used for this study did not include the two material properties for

the ba of the foot and the body of the foot. Also, time should be spent to find the exact material

properties through material testing.

Thisstudy compared the interaction of the traditionally used SACH foot and the newcdstShape

and Roll prosthetic® i ¢ AGK GKS / SYGSNI F2NJ LYGSNYFGA2y It wSKI
physical testing and FEA it was seen that the stiffer Shape and Roll assembly produced higher strains on

the monolimb, but did not exceed the yield strength of the monoliriilis information will aid in the

future development and refinement of low cost prosthetics for low income countries.



1. Introduction

Global conflict is something that has been prevalent for yea@te sad fact of combat is that many of

those affectedare not soldiers Victims are still being counted for wars that have taken place years ago
Landmines have killed or injured over one million people since .18#hanistan, Angola and Cambodia

have suffered eightfive per cent of the world's lanthine casualties Currently, there are over one

hundred million active landmines around the worldatdmines: A Deadly Inheritan2@05. Whilethe

cost for making one landmine is on the order of three dollars, the cost to deactivate a landmine is one
thousard dollars The cost to deactivate these landmines is not feasible for the developing countries in

which many of the landmines are locatelf has been estimated by the World Health Organization that

GGSYy LISNOSyd 2F GKS 3t 2bundred miidogebgielinave o disadiffdoY 2 NB (0 K
thirds of those people live in developing countries, and that number is rising due to poverty, poor
KSIHfGKOFNBTZ RAAFIAGSNAEY fFYyRYAYS2W.6 NE | yR 20KSNJ

Landmine victims lostheir place in society along with losing their limiddany ountries see amputees
as a burden since they lack mobility and the skills to wtkny organizations have gathered to combat
this issue by having countries sigeatiesagainst the use of lamdines The most welknown treaty,
which bans the use of landmines, was presented atQftawaConvention in 1997The treaty was
supported by governments, the United Nations, and international organizations such as the
International Committee of the ReCross (ICRC), and over 1,400-gonernmental organizations

(Metzger2007).

Although great strides have been made in landmine awareness, there are still countless victims in need
of assistance and rehabilitatiomhe Center for International Rehabiliia (CIR), started by Physicians
Against Landmines, is working to provide appropriate prosthetic technology to help integrate victims
back into society As part of thieffort they are in the process of developingrenolimb;a simple

prosthetic leg thatan be coupled with a prosthetic faot

This Major Qualifying Projebas been conducted to test the interaction of tBelid Ankle Cushioned

Heel SACMHand Shape and RolS@ prostheticfeet when coupled withi KS  / L wQATheSAGI 2t A Y 0
foot, (Figurel) has been traditionally used in leimcome countries, while th&Rfoot (Figure2) was
recentlydeveloped by researcheeg NorthwesternUniversity There is conceramong the researchers

that the newSRfoot might be too stiff to couple with the monolimbhuspotentially causingoremature

5



failure to the monolimbh By evaluating and comparing these prosthetic foot designs through both
computer modeling and experimentation, weere able tounderstand the interaction between the

prosthetic feet and monolimb

Figurel:ICRG ! / | C220( 64t NPaGKSGAO CcSSG¢o

Figure22SRC22 0 04[ 26SNI[AYO tNPAGKSGAOAY ¢KS {KI LS3w



2. Background

The Center for International Rehabilitation is devéhgappropriate prosthetics for lovincome

countries To establish a basis for the need for appropriate prosthetéagtprs that social scientists
havedeemed important when working with developing natidmsve been reviewedThecurrentwork

of the Centeffor International Rehabilitation, specifically their work with the monolimb for below knee
amputeesis important to gain a better understanding of the background of the ceriémce the
prosthetic feet undergo loading similar to that of a human perforgnnatural gait, werviews of the
multiple phases that occur in the gait cycle are explained, including the contribution of the foot and
ankle through each stage of the gait cyclene forces and moments that occur within the foot and ankle
system areaals included Other arrent foot prosthetics available for loswmmcome countries are
investigatedto gain a better understanding of similar technologyhe manufacturing processes and the
properties ofthe L / w3AQlH anthe SRfoot are presented Finally the International Organization for
Standardizationl§Q Standards that apply to testing prosthetic feet are explained, in order to develop a

valid methodologyor the testing and analysis of these low cost prosite

2.1.Prosthetisin Developing Natios

Thisproject aims to model and analyze the mechanioaktioning and interactions of the SACH foot
andSRfoot g K Sy 02 dzLJ S RmoadiinibKForitHé Sveralllswec@smd sustainability of the
prosthetic foot and monolimpthe productmust be able tde made, distributed, and used in the
country where it is neededThe distributors and users of the foot also need it to haveldingest
potential lifesparwhere funding and technology to repair the prosthetic may be limitediustrialzed

nations often overlook this aspect when they are seeking to provide aid

Vossberg writes iRrosthetics and Orthotics Internatiorthbt imported products strain the local budget
and require developing countries to be dependent upon foreign Biesuggestshe followingsix

factors that one must be aware of when providing technical assistance: economic, social, cultural,
pathological, environmental, and humanitariaA country should bassessed and each factor

established when research is beingng@dor the prosthetic design and implementation procedures
Economic factors are a concern because if the cost is too high then a country will not be able to sustain
its growth Sincemost ofthe amputees in need of prosthetics are destitute, they wit be able to

provide for their medical costs, nor will they likely be able to receive assistance from their governments
Socially, poplein some cultures mawot be accepting of those with prosthetics, so the prosthetist
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should aim to bring someone bairko society Additionally, cultures have different needs, making it
unfeasible to create a universal desigPathological factors are a concern where many of these
countries are located in disease ridden are&sivironmental factors limit the resourse¢hat are
available to produce the prostheticdhe humanitarian factor means that not all of the most costly
donated items will be the besh non-industrialized environments (Vosstggl999. The consideration

of all these factors can increase the chas that a prosthetic will be accepted and continually used

2.2.Center for International Rehabilitation

The Center for International Rehabilitation (CIR) was started in 1998 in the city of Chicago by William
Kennedy Smith and a group of doctoRrior tostarting the CIR these doctors were involved in an

organization called Physicians Against Landmines (PAIld)center focuses its efforts teard

rehabilitaing amputee victims affected by landmine¢ K S/ L w Q ato agsistipaople with A & &
disabilitSda 62 NI R6ARS Ay I OKASPGAYy3A GKSANI Fdz £ 200004 Sy G AL €

¢tKS /LwQa STFF¥F2NIla aLly GKS 3Ft20ST 2FFSNRAY3I SRdzO!I i
Africa, North America, Central America, MiddletEBarope, Asia, and South America (Stark6a6).

The CIR is able to reach out to these countries throutgaEning initiatives to teach international

prosthetic techniciansThe CIR aims to produce products that are sustainable and can be produced in

the host country using local materials and tool$he CIR also operatafkehabilitation Engineering

Research Center (RERC) which is nationally recognized for its accomplishments (The Center for

International Rehabilitatiol2007).

23/ LwQd az2y2tAYo

In an attempt to bring effective and inexpensive prosthetics and orthotics tarioame countries, the
Center for International Rehabilitatidmas developea transtibial prosthetic leg and foot unifThey
have developed and are in the process of refgnanmonolimbwhich is theprosthesis betwen the knee

and prosthetic foot.

The first step of developing the monolimb is measuring the patient to find the center of the Eaah
monolimb is custom made for each patie cast of the residual limb ibén made using clayThe clay

is built up as seen iRigure3.



Figure3: Clay Casting of Residual Limb and Plaster Casting of Redignb(CIR 2006)

A nylon sheath is then applied over the clay and layers of plaster are put over the shsatie plaster

is layered, splints are added to add to the structure of the castiifen the casting has dried, the
alignment marks are put ontthe cast The cast is then put onto a system where a positive plaster mold
will be made of the monolimbThe cast is put onto a mandrel and plaster is poured into the cast as seen

in Figureb.

_ Caxut
Holder

Figure4: Monolimb Alignmentand Cast Holde(CIR 2006)

The next step is to make the actual monolimithe mandrel must be sanded and preppdde mandrel
with the positive mold is then covered bystockinette and covered in talcum powdeFhe plastic is
prepped by heating it in an oven for 27 minutes until it turns completely cl€he clear plastic is then
drape molded over the mandrel and positive mokrom the distal end of the mandrel, thdastic is
pressed together to seal it around the mold@his is done until the mold is completely encased with the

plastic



Figure5: Pouring Plaster into Limb Castinlandrel with Positive Mold, and Cutting the Plast{€IR 2006)

The excess plastic is then cut off and when it cools, edges are sandethanthed.

Figure6: Finished Monolimbwith Prosthetic Foot{CIR 2006)

The monolimb is made of 90% polypropylene and 10% polyethylEne progerties are found imable
1. The shank of the monolimb is a hollow cylinder two inches in diameter and 0.2 inches thick (Kim

2006).

Property Value
Modulus of Elasticity 1500 MPa
Poi s sRatind s 0.3
Tensile Yield Strength 30 MPa
Compressive Yield Strength | 50 MPa

Tablel: Polypropylene Copolymer Properties

According to Kim Reisinger, Phiormer Director of Engineering Research at the CIR, the monolimb is
to be attached to a separaferosthetic footby a standard bolt Researchers from CHre currently
performing fieldtestingof the monolmb with the SRfoot. These tests have occurred in Nicaragua and
are planned for Guatemala and Hondurd$e peliminary feedbackrom the testshas beerargely

10



positive There are currently about sixty users in the field that are using this circular cross sectioned

monolimb with theSRprostheticfoot ¢ KS Y2y 2t AY06 Aa dzaSR o0& GKS (K2dz

foot (Personal Communication, Casaa, Feb 21, 2008)

One concern has arisédrom a study donen the SRfoot with the monolimbin the United States

Sress markdhaveappeaed on the anterior of the monolimb directly above tineetal insert This took
place when a larger user, about 185 pounds was using the monolimb for rigorous activities, like
karae. Generally, the monolimb is prescribed for uskess thanl65-175 pounds The concerns that
were raised from the test where stress marks were found brought up some concetrefoverall
stiffness that is exhibited when tH&Rfoot is coupled with the monolimb when used by more active and

heavier patients

Previousanalysisof the monolimbhas been conducteth Chinao study ability of the monolimb to
withstand the forces appd during gait One study had found that theepth of theposteriorseam on
the back of themonolimbhad little effect on the stresses that occur on the monolihbg2005. A
study conducted at \&rcesterPolytechniclnstitute modeled the monolimb, seeim Figure7, to study
the peak stresses that occurred at the connection between the socket and shank portion of the
monolimb (KinR2006). There have not beeanyexperimentalstudies donaegardingthe interaction
between the monolimand theL / w/ Q&  prithé $SRor@stheidibot.

Qo 580 10000 (i)
[ Se— Se—
250 ; 2500

Figure7: CIR Monolimb (Kim)
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2.4.The Gait Cycle

In order to understand the behavior of lower limb prostlstithe act of walking must be understood

¢KS LINPOSaa 2F gl t1Ay3a A& ONB1SY R2gy Ayli2z2 | &ASNA
supported by one leg while the other leg moves forward, with the weight being transferred between the

two. Thi sequence of actions, occurring on one leg, is called the gait cycle 1P8gy

The gait cycle is broken into two periods, the stance period and the swing pdifedterm stance

NEFSNE (2 GKS GLSNA2R 2FLURSSOERN a6 KPITHBESNE 2%
F220 A& Ay AN F2 NI9D. AhedaiticyRlGdaryalsS be Subdivided dnto SidNdain

tasks: weight acceptance, single limb support, and limb advanceniémse main tasks are

accomplished trough the eight distinct phases that occur within the gait cycle, as sef€igumes.

Gait Cycle
PERIODS /\
Stance Swing
- /\
Weight Single Limb Limb
Acceptance Support Advancement

PHASES
[ Initial | Loading I [ [ Terminal I
Contact Response Mid Swing Swing
)
W .

Figure8: Divisions of the Gait C{e (Perry1992
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There is then single limb support, where only one limb is supporting the weight of the body, during the
midstance terminal stance, and prswingphases Finally, the limb advances forward during the pre

swing, initial swing, mid swing, and terminal swing phases.

2.4.1. Stance Period

Weight Acceptance: Initial Contact

The initial contact phas@-igure9) occurs in the first 2% of the gait cycle, and begins the moment the

foot touches the groundAt this point the other limb is at the end of the terminal stance

Initial Contact

Figure9: Initial Contact (PerryL992
In the initial contact phase, the foot is at a neutral position perpendicular to the lowerTleg heel is in
contact with the ground, in preparation for the upcoming loading phase in which iaacsheel rocker

(Perry1992.
Weight Acceptance: Loading Response

The loading response phaffeigurel0) occurs in the first 0% of the gait cycle and allows for shock
absorption, weight bearing stability, and the continuation of progressibns phase starts from the
F220Qa A ywkhithe flobr th@@gyf dntil e other foot lifts fronthe ground to begin the swing

period. The other limb is in prewing phase at this time.

FigurelQ: Loading Response (Perip92
13



In the loading response phase, the anktelergoes plantar flexion as the foot rapidly rotates about the
heel to the ground As the foot drops to the ground pretibial muscles act to decelerate the drop, and as
result the tibia moves forwardThis causesi K S 0 2 R &dshift fbr BeHirid ite heel to in front of

it. This is called the heel rocke®ince the pretibial muscles act to decelerate the falling foot, some of
the force due to initial contact is reducedf the body is unable to achieve exactly neutral position at

initial contact,instead having 3 to 53f ankle plantar flexion, the heel rocker is reduced (P&892.
Single Limb Supporiidstance

Themidstancephase(Figurell) occurs during the 130% of the gait cycle, and in this phase the body
moves forward over the stationary foot while maintaining stabilitthis phase starts when the other
foot ends contactith the ground and ends when the weight of the body is directed over the forefoot

At this time the other limb is in the misiwing phase

Figurell: Midstance(Perry1992

In themidstancephase, the ankle undergoes dorsilen and acts as an ankle rock@the foot remains
fully on the ground while the tibia rotates forward to an eventuéldersiflexion Duringmidstancethe
soleus muscle, which connects the tibia and heel, provides the majority of force to decelaratekie

dorsiflexion (Perry.992.
Single Limb Support: Terminal Stance

The terminal stance phasecurs during the 30% of the gait cycle, and in this phase the body
continues to move forward past the foot on the grounthis phase begins as the heékhe foot rises
and ends when the other foot first comes in contact with the graumile other limb is in the terminal

swing phase during this time.

In the terminal stance phase, the tibia is continuing its movement forward, but at this phase raises the

heel as it moves forwardThe foot rotates about the forefoot, which consists of the metatarsal heads
14



and proximal phalange¢ A 1 K G KS NAaAy3a 2F GKS KSSt FyR R2NBATT
gravity moves anterior to the point of rotatioon the foot This causes the foot to rotate further, and

leads to a point where the center of gravity has moved so far that the foot cannot support the body on

its own At this point the other foot touches the ground and the terminal stance phase ipleten

(Perry1992.

2.4.2. Swing Period

Limb Advancement: Pf¥8wing

The preswing phas@ccurs duringthe 5@ /x> 2F (GKS I AG 00t Ss YR Ay @K
weight is transferred to the other foot in preparation for the swing peri@#cause ofttis, the pre

swing phase is also called the weight release or weight transfer pfdse phase begins when the

other foot touches the ground and ends when the foot being studied lifts off the grotihd other limb

is in the loading response phase.

In the preswing phase, as soon as the other foot comes in contact with the floor, tHe bagins to
plantar flex to 20° The soleus and gastrocnemius muscles, which had been working in the terminal
stance phase, quickly reduce their activity, which in tcnelerates the limb forwardThe foot plantar

flexes, which allows the toe to be stabilized on the ground (PE382).
Limb Advancement: Initial Swing

The initial swing phaseccurs during the 609%63% of the gait cycle, and during this phase the tdears
the floor while the leg begins to move forwartt begins when the foot has ended contact with the floor
through until the foot is in line with the other foot on standing on the grouitie other limb is in the

beginning of thanmidstancephase.

Inthe initial swing phase, the foot begins in plantar flexion df Zthe foot is not interfering with the
advancement of the leg because of this positidie foot then begins to dorsiflex until it is &t
plantar flexion by the time it crosses théher foot in stance positionThe toes of the foot also undergo

dorsiflexion at this timeRerry 1992.
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Limb Advancement: Mid Swing

The mid swing phasaccursduringthe 60-73% of the gait cycle, and during this phase the leg advances
while the foot continues to remain above the floofhis period starts when the swinging limb and other
stance limb are opposite each other, and ends when the swinging limb is irofrtive body with the

tibia in a vertical positionThe other limb is in the latter part of thmidstancephase (Pernt992.

In the mid swing phase, the ankle continues its dorsiflexibmoves to a neutral position, or just
below, in the early part ahis phase, but this position is not maintained completely throughout (Perry
1992.

Limb Advancement: Terminal Swing

The terminal swing phasecurs during the last 8700% of the gait cycle, and during this phase the
body completes moving the limb fonnéiwhile preparing to enter the stance perio@his phase begins
when the tibia is vertical, continues as the lower leg moves ahead of the thigh, and ends the moment

the foot comes in contact with the flooiThe other limb is in early terminal stance (Bel992).

In the terminal swing phase, the ankle is held at the neutral positihile pretibial muscles act to hold
this position, the ankle will often move to 3 t8 &f plantar flexion This is in preparation for the initial

contact phase that wilbe occurring (Perr§992.

2.4.3. Biomechanics of the Foot and Ankle

As seen by the gait cycle, the ankb®t group has complex movement and does not stay in the same
configuration the entire time The ankle and subtalar joints have a range of motion whiténels past

the neutral position in both directions (Pert992. ¢ KSNBE | NB G KNBS GNRBRO]SNR:¢ (K
cycle, changing the angle of the foot and ankle: heel rocker, ankle rocker, and forefoot (feickee

12). Each rocker contributes to the progression of the limb.
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Heel Rocker Ankle Rocker Forefoot Rocker

Figurel2: Rockers Occurring In Gait Cycle (Per®@2)

In addition to the plantar flexion andorsiflexion of the ankle during gait, the metarsaophalangeal
joints, otherwise known as the toes, also moviie toes have a maximum 66°of dorsiflexion(Figure

13), occurring during the prswing phase, and a minimum angle of zero (P£892).

|

25°
L 0° 21° 55°

C—

Figurel3: Flexion of Toes (Perr{Q92

2.5.Prosthetic Feet
Prosthetic feet are a highly customizable produgach foot serves to provide for tieeds of a slightly
different user than the nextA prosthetic provides a stable weigbéaring surface, absorbs shock,

NBLX I OS&a 240 YdzaoOfS FdzyQliAz2ys NBLXAOFGSa GKS |yl
[AY0 tNRAGKSGAOAQU

Users ofprosthetic feet can be broken down into functional levels which relate to their activity level and
needs for their prosthesesA Level 0 amputee does not have the ability to go through the gait cycle due
to massive injuriesA prosthetic would not helpsneone at a Level.A Level 1 has the ability to
ambulate, but does not have the stability to walk on sloped groukd.evel 2 amputee can travel on
some varying terrain and slope# Level 3 can traverse ranging slopes and conditidhsy have
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varyng activity levelsndmany need a prosthesis for a vocational taSke last level, a Level 4, has high
mobility and will subject their prosthetic to high imgaand high stress situations (Clinical UM Guideline
2007).

2.5.1. RolkOver Shape

The rollover shapeof a foot is better understood as the geometric representation of the shape which
the studied foot takes throughout the stance period of the gait cycle, which includes the loading
response, miestance, and terminastance phasesThis shape is the movemeof the location of the
center of pressure (COP) during gait, in reference to the hip joint center positienbelieved that a
0SGGSNI dzy RS NE (i -9 Bhfe wilk ekplain wiy Bidhilarait ambBsis fesults have been

observed for feethat exhibit drastically different mechanical properties (Han2605).

For a normal limb structure, the radlver shape of a specific foot is calculated using sagital plane

markers attached to the lateral malleolus (ankle), left and right anterior sap#iac spines (LASIS and

RASIS), and the sacral (three lowest vertebréeK S& S T2 dzNJ YI N] SNR | NB (GKSy dz
22AYy 0 OSy il SNI L2 &AGA BystEM mapda@stablishedmighrel ) | ThiGd@dmie v I (0 S
system makes it possible to plot the COP throughout the gait cycle.

SACRAL

RASIS
& LASIS

Figurel4: RollOver Shape Coordinate System with Marker Locations

2.5.2. Energy Storage and Return

It is important for a prosthetic foot to be able to store energy expended by the user and return it later in
the gait cycle This return of energy makes gait both less energy intensive and more realistic because
humanfeet are naturally able to return emgy throughout the gait cycleTo achieve this return of

energy most feet use a deformable forefront keel to act as adpahg and either a foam heel or
18



another leafspring as the heelThese leakprings elastically deform and then return to theirginal

position, and thus releasing the energy originally put into them to cause deformatior2(Bd)jl

2.5.3. Mechanical Properties

In the design and analysis of a prosthetic foot many different mechanical properties must be considered,
including fatigue restance, stiffness, and ductilityC G A 3dzS NBaA aidl yOS RS&AONROGSA
to changes in shape or material properties over a period of cyclic loadimgloads applied during this

period may be fixed or varying to represent the loads duringaase Fatigue Test 2007 Stiffness

describes & S & Arébigtahde to deflection or deformation caused by an applied fdfigu(el5). All

materials and therefore prosthetic feet exhibit characteristics of both the elastic and plastic ranges of
deformation over their livesAs previously mentioned to achieve energy return a foot must undergo

elastic deformation, which is completely reversib\&hen a foot deforms past the point of elastic

deformation it undergoes plastic deformation, which is only party reversible due to the fact that the foot

has passed througimto the plastic region

A
Stress

_—X

e
Fracture

L.

Strain

Figurel5: Diagram of Deformatia ("Deformation™)

2.5.4. SACH Foot

The Solid Ankle Cushioned Heel (SACH) prosthetic foot was designed in 1958 by Eberhart and Radcliffe
(Gailey2005. The SACH design has a solid gnklede ofwood, metal,or plastiG which is then

surrounded by rubbeor foamwith a cushioned heelThe cushioned heel is for absorbing shock in the

initial phases of the gait cycle to allow the user to mimic more nature gait pattdrne rigid keel also
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provides a stable weigHtearing platform, which provides the user withrdimlence in their prosthetic
The cushioned heel lessens impact of weight transfer and the flexible material of the toe allows for a
smoother rollover at the end of the gait cycle (Sup@95. The SACH foot will be the major focus of

research and comp@on with theSRprosthetic

Figurel6: Examples of SACH Feet

ICRC SACH Foot

¢KS LYGSNYyFrdAzylrt /2YYAGGSS 2F GKS wSR / NRPaaQ oL/
this project The foot is currently used (80,00330,000 amputees in the field (personal

communication, Cassanova, Feb 21, 2008)e foot is made gholyurethanefoamthat is injection

moldedin an aluminum casingThe inner keel of the foot is made pélypropyleneplasticto be shown

in the CAD modeling section of the repofithe foot is actually manufactured by CR Equipments in

cooperation with the ICRC in Geneva.

Figurel7: ICRC SACH Foot
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Advantages

The SACH prosthietdesign has many varians, but they are all based @similar conceptA SACH

foot is generally used when mitance stability is desired for the user (Sugé®95. The SACH foot has
been considered the standard prosthetic prescribed to those with low function and adtivéls The
SACH foot was the first prosthetic foot to exhibit4mler shape (Hanse2D05. The minimal parts

allow for easier use and maintainabilitfhe SACH foot is available at low cost because of the minimal

parts needed and is the most presa(Supar2005).

Disadvantages

Several shortcomings of the SACH foot have been discovered in clinical trials and in human subject
testing A study completed at Northwestern indicated that the SACH foot often exhibits shortcomings in
plantar flexion due tats rigid design (Stark005. This aspect of the foot also plays into its success
because the rigidity in turn offers stability in the early phases of the gait.cyble SACH foot has also

had issues with low energy return when compared to the Flet &tark2005. It has also been found

that the SACH foot has a shorter roller shape than a human foot and other prosthetic feet, such as

the SR which means that at the toe region it is not as able to support weight 2.

2.5.5. Shape andRoll Foot

TheShape and RalER)Prosthetic foot was developed by a team of researchers at Northwestern
University in 2004 It was created for use in loimcome countries, as an alternative to the prosthetic
feet commonly distributed The design is based on thallrover shape characteristics of a human foot,

and can be manufactured using low cost mater{gigurel8).

Figurel8: SRFoot (Sanm2004)
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TheSRProsthetic design is basenh the idea that the roHover shape of a prosthetic foot should match
the roll-over shape of a human foofl he foot consists of a wedge shape with parallel cuts through the

center. The prosthetic can based with or without a commercially available foot cover (2004).

_Cuts

T~

- Pyramid
—
Roll-over shape Forefoot
Heel Force

Force

Figurel9: Sagital Plane CrosSecton of SRFoot (Sam 2004

As seen irfrigurel9 showsa sagital crossectional view of the foot, the height begins low at the toe
region and increases in height until the ankle connection paiiie spacing of the vertical cuts was
determined through a computer algorithms, KA OK ' G 4 SYLIWGSR (G2 3IA GBS (GKS
radius based on the individi@la & 41 I di RDBBAL the ankle connection point, the prosthetic has a
flat surface that can be connected to a standard endoskeletal pyramid plate or other conniypsn

The heel of the foot has a wedghaped piece removed, which allows the foot to provide shock
absorption during the initial contact phase when theelstrikes the floor This wedge also provides the
foot with roll-over shape similar to a humamormal foot The foot is also hollow, in order to reduce the

weight (San2004).

The bottom plate of the foot can be created in various thicknesses in order to provide different levels of

stiffness This allows the foot to be used with people with diffeteveights and different activity levels
The level of stiffness does not affect the foller shape, up until the point where the vertical cuts are
unable to come togetherBecause of this, the retlver characteristics and stiffness of this prosthetic

foot can be selected independently, as required by the user (Z¥04).
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TheSRFoot is made out of a polypropylesmlyethylene copolymer, because this material meets all of
GKS RSAANBR LINPLISNIASAY GKAIK Tl inbf@rdes, aniblenira G | y OS =
Y2ald O2dzyGNASazZ ¢ GSNI NBaAradlydsz Roeditsst S Tl Af dzNB

compression molded using technology that is available in most countries
Manufacturing

Gopolymer sheets are placed between wooden or alumimaoids(Figure20). The bottom part of the
mold shapes the bottom part of the foot, while the middle sectiomeartvise known as the mandrel,
shapes the hollow inside of the faoThe top part of the mold forms the top part of the foot (Sam
2004).

mold
piece

s —
Top
copolymer
layer
Middle
mold

piece

Bottom
copolymer
layer

Buoitton
mold
picce

Figure20: SRProsthetic Foot Pressure Mold (Sam 2004

After the heated copolymer sheets gpiaced between the layers of the mold the top and bottom mold
pieces are bolted together to compress the copolymer and left to.cAfier several hours the

copolymer is removed, and the mandrel is removed using a simple tool consisting of a threaded rod
nuts on a pipe An aluminum tube, which will be the support for the pyramid connector, is inserted into
the hollow inside of the foofFigure21). The precalculated cuts are made on the top surface of the

wedge andhe heel wedge is removed (Sam 2004
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Figure21: Aluminum Insert Piece and Attachment Point (Sam et al., 299)
There are other options for the manufactuoé the SRProsthetic Foot, including a compression molding

apparatus that utilizes leverdt has been found that the lever methods reduce the number of tools and

complexity of the mold, while decreasing the time regdito manufacture the foot (Sam 2004
Laboratory Testing o8RFoot

The rollover shape of th&RFoot was created using a quasatic rollover method The rollover
shape was compared to those of a Fi&alk prosthetic, SACH prosthetic, and a typical physiological
anklefoot (AF)complex The SRFoot has a rolbver shape similar to the normal human fg&igure
22)(Sam2004).
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Figure22: RolkOver Shape ComparisoriSam2004)

Figure22 showsthat the distance between the prosthetic foot and place of attachment to the leg,
otherwise known as the profilés less for the SRét than any of the other feet testedThis would

allow people with longer residual limbs to use the prosthe{i8am 2004

The foot was also fatigue tested on a privately made tester according to ISO standérilis ISO
standards state that a sine wavealting should be applied, the researchers applied a more squave
shape load It was justified by the argument that a squamave produces a more severe loading than a
sinewave Four feet were tested to over two million cycles and another tor8il8on cyclesall without

failure, before the decision was made to stop testif@am 2001
Disadvantages

Several limitations of th&RFoot have been noted by the developefBne weakness is the flat area
locatedunderneaththe ankle connection attachent point Some of the subjects that have used the

foot have noticed this areayhich does not bend as much as the rest of the foot during walkiaig,
according to the designeiscannot be reduced without introducing premature failures second

weakress is that the copolymer takes a set after being used, but it has been found that the foot still has

good energyreturn properties, although these results are unpublishétds thought that using
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alternative materials could provide higher energy storage return and not undergo settingrhere is
also a need for testing of the foot and recording of the-oolér shape on actual subjects with and

without proper alignment in order tstudy the rollover shape (Sam 20p4

2.5.6. Additional Prosthetics for Develnng Countries

Niagara Foot

The Niagara FooE{gure23) is a lowcost high energy prosthetic
RSAAIYSR o0& SyaaAySSNAR FTNBY v.dz
The designers were set on the mission of designing for victims of

landmines in develping countries

The foot is made with impact resistant DuPont plastic in order to

sustain the wear and tear of those living in rural are@sK S F 2 2 * (7 103 Niagara Foot (IDEAnen)
energy storing design decreases the overall muscular effort requireu
by the user There isconsiderdle flexibility under loading in the heel region, which is beneficial during

stride, but it can also lead to instability during standing

Studies of the Niagara foot began in November of 2001 and several design iterations have been made,
although the oveall response from users has been positiiest patients did not experience any

failures in the heel of the Niagara Foot, a seemingly weak design characteristic,y@aglomgstudy of

the device at the Aranyaprathet Clinic in Thailaiithe wear waslao limited in other contact areas

The study found that there were no failures of the device after one year (Niagara Foot: Pilot Study)

Jaipur Foot

The Jaipur Foof{gure24) is an economical prosthetic foot
designed for developing countrieg he foot was created in

Jaipur, India by doctor Pramod Karan Sefftiefoot is made

from local materials such as discarded rubber tires and waste rigyre24: Jaipur Foot (“Jaipur Foot” 2005
items which are readily available in areas similar to Jaipur, Inuia
(Serlin2001). The foot has a wooden keel with a carriagét @ connect it to an upper prostheticThe

T 2 2nia@ form is created in an aluminum mol@he body of the foot is then created using a plastic
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which is hand cut to match the mold and thisncovered in tyreord and the foot is covered with a

cushioning compound and placed back into the mdite fod is then vulcanized in an oven.

Figure25: Jaipur Foot Mold"Jaipur Foot" 2005)

The Jaipur Foot is different from most prosthetics because was designed to be fitted quickly to the user,
generally in less than an hauNormal dhily activities like sitting, running, squatting, and climbing can be
accomplished using this prosthetic fodthe foot was designed in India after its designers discovered

that most of those in need of prosthetics are below the poverty.likey desiged the prosthetic to

retail for less than thirtyfive United States dollarsThis improves the sustainability of this product

Studies have suggested that the Jaipur Foot is preferred over the SACH foot for various. réasons
bolting of the Jaipur igist at the ankle, whereas the wooden keel of the SACH foot extends to the mid
foot restricting movement The Jaipur Foot better mimics the appearance of a natural fdbe Jaipur
Foot does not require the use of a cosmetic shoe cover, althougH itestibins an option Another
important aspect in many developing countries is squatting; the Jaipur Foot allows the user to squat,
unlike many prostheticsUsers are able to walk barefaokMost importantly, the Jaipur foot can be
manufactured using lod¢anaterials (Jaipur Fo@005. The Jaipur foot has already helped over 900,000

amputees around the world.
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Mobility For Each One

Mobility for Each OneRjgure26) is another prosthetic that has been
developed for use in developing countriebhis prosthetic is thavinner

of the 2007 Index Award for innovative desigrhe design can be

produced for$8. The prosthetic foot can be fitted to several types of leg

prosthesed YR A 6l a ONBF (ISR (hdexAvérd (KS w/ Qa adl yRIT

2007).

The foot is made of composite neatal and it based on the premise of

. . . . . Figure26: Mobility for Each
energy storagelt is made of glass fiber instead of carbon fiber, which is  one (Index Award 2007)
about ten times cheaperThe prosthetic can be molded on a wooden
frame by hand Also, less material is needed because the curved dasigmently adds structure and

support (Mobility for Each On2006).

2.6.Ground Reaction Forces during Gait
There are reaction forces during the stance phase of the gait cycle as the foot interacts with the. ground
These forces form a typical shape for theerage personThe normalized horizontal and vertical forces

during the gait cycle are seéfigure??.

Ground Reaction Forces (N/Kkc

14
A Slow Cadence
12 Vertical Force
§ 10 Normal Cadence
£ 8 Vertical Force
g 6 Fast Cadence
£ Vertical Force
c 4
8 Slow Cadence
§ 2 Horizontal Force
S ) R N S Normal Cadence
2 80 100 Horizontal Force
4 Fast Cadence

% Stride Horizontal Force

Figure27: Ground Reaction Foces During Fast Walking (Winter 1991
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The horizontalor lateral forces areseen to benegative acting in the posterior direction, dung the

first part of the cycle through to approximately rsthnce when they become positivacting in the

anterior direction They peak at aaverage of 2 N/kg during natural walking and almost 3 N/kg for fast

walking For an 80 kg person, this would be 160N for natural walking and 240N for fast walkieag

average vertical forces are much greater, at the greatest point kedingst 11 N/kg during natural

walking and almost 13N/kg for fast walkingor the 80 kg person, this is 880N for natural walking and

1040 N for fast walkingThe vertical forces hava double hump shape, which represents the period of

initial contact with the ground and the period prior to swilg dzNA y3 G KS FANBRG LISEH]1 Ay
center of mass endures an upward acceleration as it is moving downwatdke second peak, knere

GKS £S3 A& LMMzZAKAY3I 2FF 0SF2NB agAiyadr (KS o02ReQa
1991).

O

The moments of forcduring gait can be calculated using inverse dynanlicgerse dynamics derives

the forces and moments acting on a jofrdm the kinematics of walking (Kirtl&007). Another

methodA a G2 Ot OdA I S GKS a22Ayd Y2YSyid o6& OFf Odz I A
FYR GKS LISNLISYRAOdzE I NJ RA &Gy WterIIOR. YhisimétBodddea A y i OSYy
not account for the moments at a jdidue to the acceleration of the limbS he errors are

compounded as the moments are calculated up the ankle, knee, andthdfso does not allow for the

calculation of the moments during the swing phageording to Winter this methodshould only be

used as a first approximatiasf the moments at a joinWinter 1991).

2.7.StrainGauge

The strain at the ankle is critical to the overall functioning of the coupled monolimb and prosthetic foot
If the stiffnes=f the foot is too high, the interaction of the foot and the monolimb could potentially
result in premature deformationr fractureof the monolimb When seeking to assist those in

developing countries, the CIR would like to ensure the highest life ahtmlimb that is possibleFor

the purposes of this project the stragauges were used b determine theresultant strains in the

monolimb due to the interaction between thmonolimb and the prosthetic feet.

Uniaxial strairgauges are used to measurgrain in one single axis'he straingaugehas a grid in a
single direction A rosette strairgaugeprovides the stresses along multigges The equations to

transform the strain from th@augecoordinate system to the x, y, X coordinate system aensn
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5,yiS the shear strain.
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Figure28: Rosette StrairGaugeand Applicable Strain Equation®Rkpsette StrainGauge 2009
The 0, 4590 rosette strairgauge also known as the rectangular rosettegite type of rosettesised to
measure strain along multiple axe$he delta rosettés another type, wittgauges placedat 60 degree
increments For a 45° straigauge(Figure29)g K SNB h A & nis4p, the equationsigrec = | Y R

simplifiedto the following

Y
€
/ €x =€q
&:b By =fg
. _tate
45° Sxy—Eb T
o, -
= X
O -

Figure29: Rectangular Rosette Strai@augeand Strain EquationgRosette StrainGauge 2009

2.8.1SO Standards

There are two standards that outline procedures for testing prostieticand foot systemsTheselSO

standards were created for prosthetics to ensure that prostheses are adequate and safe for. users

The first iSO 10328Structural testing of lowelimb prostheses]! OO2 NRAY 3 (2 L{h wmMnoHy
prosthetic meansn externally applied device used to replace wholly, or in part, an absent or deficient

f AY0o aSHhshydards@pecify testing methods, loading conditions, and other param@tees
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standards in ISO 10328 apply to transtibial, kdesarticulation and transfemaal knee prostheses (ISO

103281996)

There are three types of testing structures indicated in ISO 10328: complete, partial, and any other
structure. This research primarilyealtwith the complete structure testingln preparation for tsting,
all cosmetic components must be removed if they do not provide structural strength tdethee (SO
103281996) The products being testederefitted normally, further description on this method can be

found in the methodology.

The20061SO 22675T[esting of ankld¢oot devices and foot unitstandard was used more heavily in the
research for this projectThis ISO standard discusses the proper proceftureyclic testing of ankle

foot devices It reviews the loading conditions thaar be used to mimic natural gaoading In

addition to the cyclic loading tests, the 1ISO 22675 specifies a static test that can be performed on
prosthetic anklefoot devices It shows appropriate lines of action for the static loading tests (ISO 22675
2006)

During testing the sample must be aligned appropriately being aware of the effective ankle joint
centerline, the effective ankle joint center, the effective knee joint centerline, and the effective knee

joint center. All tests should be conductagsing thed (i | y Foltim@&Qérstcase alignment

Through the use of ISO standards and following proper jpat@mne can have a better chem of
obtaining valuable results for a wide range of applicatiohlse standards can also ensure safety during

testing
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3. Methods

BEvaluation of the foot prostheticasasconducted in two partially concurreqthasesn order to
determine and compare thstiffness of the prosthetic systems and the stresses that occur on the
monolimb when coupled witthe SACH an8Rfeet. The firstphasewasanalyticalmodeling the
foot/monolimb assemblieand conductig finite element analysis (FEA)he seconghasewasthe

validation of the FEA throughe physical testingf the feet.

3.1.Determination of Axes for Prosthetic Cormopents

In order to ensureonsistentand comparable measurements and resuittsyas important to determine
the alignment for all of the testing component$he coordinates thatvere used to describe the
alignmentwerethe Cartesian coordinate system wiplositive Y in the upwards vertical direction,

positive X in the right horizontal direction, and Z outwards

3.1.1. Prosthetic Feet
The alignment for the prosthetic fe@tasdetermined using the 1ISO 2267%he ISO standard indicates

that the longitudinal axisf the foot should pass through two identified point®ne is located at the
center of the widest part of the footand the other is located @he center of the ankle region,
specifically one quarter of the distance from the posterior of the foldte @nterline is then considered
the zero/neutral axis for the alignment of the test setupigure30 shows the 1SO 22675 diagram for the
determining the central axis fahe feet(ISO 22765 2006

mp—— \ | ‘ 2

Figure30: Determining Longitudinal Axis
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The 1SO 22675 indicates that the prosthetic feet should be placedaigleof 76 2 dzi ¢ NR FTNRB Y
neutral axis that was determined using the methods ab@8© 22762006).

Figure31 gives an example of the calculated longitudinal datum forSRoot, along with the rotated

axis used in the model to align the foottiwthe monolimb.

WIDEST PART

=WIDEST _PT1

T TTQUARTER PT1/ |

| — ',

| ‘mISO_LONGITUD\NAL_DATUM
;ﬁ(//r#;—r%JLal_ptlvltK
\\/\(oﬁRTERjCEN’TER
ISO\_R “7OEG
=QUARTER PTZ
QUARTER LENGTH WIDEST PT2

Figure31: SRModel with Longitudinal Axis

3.1.2. Monolimb
It was important to ensure that during testing the forces applied to the prosthetic assembly occurred

along a central axisSince the monolimb was made in anvironment where little precision was taken,

the axis was not located in the visual center of the hole of the monolififite axis created by the

threaded hole through the metahsertwas chosen as the axis for the monolinthe forces for testing

would be applied along this axi§ o ensure that the forces were applied accordingly it was necessary to
RSGSN¥AYS 6KSNBE GKIG FEAa gl a t20FGSR Ay NBFSNByO

First, a one metelongM10 threaded rodwvas insertednto the metal inserand secured it using M10
washers and nuts on either sid&he top surface of the monolimb was then milled perpendicular to the
rod, and therefore the axisNext,the top surface of the monolimtvas markedat 22.5 intervals, with

the center at the cerdr of the threaded rod, staring from one side of the posterior seam and ending just

below it (Figure32).
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Figure32: Marked Monolimb

Thedistance (B) between the innewall of the monolimb and the edge of the threaded rod at each
mark was measuredThe total distance between the central axis of the threaded rod and the wadir
of the monolimb (B) was calculated by adding the radiugiod threaded rod (5 mm, 0.197 in) to each

value of . The points can be seen kigure33.

Figure33: Graph ofMonolimb Center(incheg

3.2.CADModeling

In order to conduct the finite element analysis, all of the components needed to be modaleaf the

componens to be tested were modeled iPro/EngineeiVildfire 2.Q

3.2.1. SRFoot
TheSRfoot consists of a polypropylerfeot shape with anetal insert inside Both components were

measuredusing calipersTo obtain the shape of the bottom portion of the foatline was drawn
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lengthwisethrough the foot Points were measured at redar intervals around the outlineith respect
to a tempomry origin Figure34). These pointslistedin Appendix Awere then input into Pro/Engineer
to form the outline of the foot The outline washen extruded to form the base of the foot, and the

bottom edge was rounded.

Figure34: Outline of SRBase

The wedgdike shape was then drawn on a datum pldPaM1) The shape used datum planes RIGHT
and DTM2, which were offset from each other the exact length of the wedge, as end fdietaedge
was then extruded to form a $§id shape, and from the outline of the base an extruded cut trimmed the

overhanging sidef~igure35).

Figure35: Datums forSRFoot

The inside of the wedge was the then cut through a sketch drawbDTavi2 Figure36). Next, the cuts

on the top portion of the foot were then exided at the measured intervalg-inally, the wedge shaped
cut at the back of the foot was extruded throughhe bolt hole at the top of the foot was placed offset
from the upper cut and the side of the top of the wedge, andldrger tool acceskole atthe bottom

of the foot was placed coaxial to it.
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Figure36: Inside Cut foiSRFoot

The insert waéirst created as a single solid extrusiorhe inside material was then removed in a single

cut (Figure37).

Figure37: SRInsert

An assemblywas createdwith the insert to ensure that there was no imference between the two

parts (Figure38).

Figure38: Assembly ofSRand Insert

3.2.2. SACH Foot
The SACH foot was more difficult to model due to the complex geometry of the Thet SACH was

modeled as an assembly of two parts, the polypropylene inner keepalydirethane foam outer cover
The two parts were modeled separately, then assembled together and used to modify the construction

of the outer cover.
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The inner plasticéel of theSACHvas measured using@G5000 MetronicgCoordinate Measuring
Machine (CMM) The points werdghen used to create spline curves on the outline of the ingeigure

39). The coordinate system origin for the insert was selected to be the center of the bolt hole.

Figure39: CMM SACHoot Insert

The spline curves were used to accurately create thi@espunning down the front oftte insert, the top
curved surface, and the bottom curved surfadée sgine curve and the bottom curved surface curves
were used to make the initial extrusion, while the top curved surface curve was used to cut material

away(Figure40).

Figure40: Initial Extrusion andQut Using Spline @rves

The back of the foot was then cut to create the elliptical surfd&@®m thissurface the rear angled cut
and support rib could be createdrinally the center hole and the pockets were model&tie final solid

modelappearsn Figure4l.
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Figure41: Final Solid Model of SACH Foosért

The complexouter SACH fooshellwas created using the CMM hree dimensional points were taken
periodically athorizontal planes. These were taken at four parallahps at 0.6 inch intervals. In

addition, points were taken along the seam at the bottom of the SA@Halong the top surface of the
foot. Fourteen points were taken around each plane. These were savegaste Excel filesThese

files were then cowerted to*.ibl files (IBasic Component Language) and imported into Pro/Engineer as
datum points Closed spline curves were then created through these poidtsolid blended surface

was then created using a smooth general blend from spline to sptigere4?2).

Figure42: SACH Model witlCurvesfrom CMM

The bottom profile of the foot was also measured using the CMMimported into Pro/Engineer using
the same method as the previous spline cutv@his sketch was then created from this curve and it was

extruded as a cut from the bottom of the faoThe new edge was then rounded.

The SACH insert was then assembled ®0SCH foot outer shell, and cut out of the sfietjure43).
Finally assembly datum planes were created by making a centrabagisd on the specifications 0fQS

22675and offsetting a datum plane from it by 7°.
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Figure43: Multiple Views of Complex SACH Model

This model was found to be too complex when loaded into ANSYS and it was not able to mesh the foot

Because of this, a simpldess refined model was created

The simplified SACH foot was created using only one set of points taken from the Tit\et was
taken near the base of the foot around the outermost eddeain the points were imported as an .ibl
file and convertedrito a closed spline curvelhis curve was then converted into a sketch and extruded

to the height of the foot A round was then placed on the bottom edge.

The profile of the fore foot was then estimated and cut from the solid modiae sharp edges offi¢
fore foot were then rounded Finally assembly datum planes were created by making a central axis and
offsetting a datum plane from it by 7The SACH insert was thassembled anthe insert shape was

cut out.

Figure44: Simplified SACH Foot

39



3.2.3. Monolimb
The monolimb was measured using calipéfiere is variation in the dimensions of the monolimbs

created by the CIR, because of the imprecise method of construdienause of this, the CAD model
was created based on the dgsa intent for the monolimb The dimensions of five monolimbseve
measured, identified as monolimbs A through E, and monolimb B was selected to be used for the
modeling dimensions, as it da limited number of imperfectionsncluding variable edge thiness at
the bottom and above the metal inserThe model was created to capture design intefheactual
physicalmonolimbdoes not have a perfect circular shaps seen fronkigure33in the determinaton of
the axes In addition, he posterior seam is not always perpendicular to the monolimb shaimé
therefore its plane does not always pass through the center axis of the monlirhis variation was
eliminatedin the model, and thenonolimb was modeleds a perfectylinderwith a constant wall
thickness In addition, the posterior seam wasodeled to be perpendicular to the shank and aligned

with the monolimb center axis.

The monolimlshankconsists of a metfansert with plastic molded around. ifThese two components
were modeled separately then joined in an assemfllge metal insert was modeled as a revolved
protrusion, creating a short cylindefThe coordinate system origin was placed on the bottomasiaf
on the center axis, to correspond with the chosen coordinate syst€nts were then made on either

side of thefront plane The top and bottom holes were added I&Btgure45).

Figure45: CAD Model of Monolimb Insert

The base was created as a revolyedtrusion cylinder with two sectionsThe coordinate system origin
was placed on the bottom surface, on the cergeis, to correspond with the chosen coordinate system
The upper portion has a smaller diameter than the lower portion, where the metal insert is located
Side cuts were then placed on opposite sides of the monolifrite monolimb was then shelled to a

thickness obmm.
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The posterior seam was centered on tinent plane, since the design intent of the monolimb is to have

the posterior seam equidistant from the flat edges of the mamébliand perpendicular to the ground

It was determined that the mostritical round on the monolimb was the bottom round, as it is in

contact with the foot Other rounds, including the ones between the posterior seam and cylinder, and

around the side cuts, are formed ordg a resulbf the manufacturing process and aretraitical to the

.L

modd (Figure46).

Figure46: CAD Model of Monolimb

An assembly of the monolimb and insert was builtrides to ensure that there was no interference
between the monolimb and inserfThe insert was mated to the bottom inside surface of the monolimb
and alignedwith the assembly fronplane This meant that the flat edges of the monolimb and insert

werealigned Since interference did occur, the interfering material was cut from the monolimb.

3.3. Coefficient of Friction

In the physical testing, all of the feet were pressed agdinstmk y ¢ G KA O]l | f dzY Ay dzY & dzNJ

deformation during testing.-Tohave the CAD model accurately reflect the behavior of the physical
testing, the coefficient of fribon (1) between each prosthetic foot and truminum boardvas
determined experimentally thnagh a slip test Each prosthetic foot was placet analuminum that
waslater affixed to the angle blocksluring the experimental testingTheplate was then tilted upward
in five degree increments until the fodiegan to slip Theplate wasmoved atapproximatelys°© per

secondbetween increments and held for three seconds at each increrfegrthis rough estimate The
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test was accurate within one degre@&he testwasrerun, startingl0°below theestimated slip angle
andheld at increasing ondegree increments, in order to &blish the angle of thelate when slipping
occurs to the nearest anglérheplate was moved abne degree per secontetween incrementgor
this more precise estimate Five trials for each footererun, in order to find the average angle of
slippage From this angle the coefficient of frictiamasthen be estimated using the relationship p=

GFyo: oo

The feet were each tested and the gathered results can be foumdhbie2. The raw data for these

tests can be founéh AppendixD.

ICRC SR
SACH

47T A $1 | 049 0.32
(AAT $1 0.39 0.28

Table2: Coefficient of Friction Results

3.4.Finite Element Analysis

ANSY 8Vorkbenchwas chosen as the FEA software package because of its abilitgdpta 3D

computer aided design (CAD) modeld assemblgf high complexity The programalso allowdor the
accurate placement of angled pressures and loads, in addition to the modeling of contact surfaces and

large deflection

In the finite element analysis, the elemeype waschosenbasedon the geometry of the prosthetic

foot, the infarmation available to input, and the results that are to be extractBdch element type has
different available degrees of freedom, real constants, material properties, allowance of surface and
body loads, and other special featurddNSYS This analysi requiredelement typesthat have three

degrees of freedom, can undergo potentially large deflections, and model contact f&?oegous FEA
studies of prosthetics have used tetrahedral elements, including a previous study on the monolimb (Kim,
6) and me on a SACH foot (Saunders, et&l). For this study 10 node 3D tetrahedral elements,

SOLID187, were used as the solid elements

3.4.1. Simple Test Case
Before the complex model of the assembly was analyzed, simple test cases were used to select the

properanalysis methods and choices including element type, contact element type, and sugdparts

these tests &&Rfoot was used The assembly was created with each part modeled with simple
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geometries(Figure4?). For example, the monolimb was modeled as a cylindére configurations of

toe-off and midstance were used for these initial test setups.

Figure47: Toeoff and Midstance Simplé&Seometry Assemblies

Eachassemblyconfiguration was modeledsing the contact properties seenTable3. The first part is

the contact surface while the second p&the target surface.

No Separation Bonded Frictional
SRo Monolimb SRo Bolt SRo LowerBlock
SRo Insert SRInsert to Bolt

Monolimb to Monolimb Insert  Monolimb Insert to Bolt
Monolimb to Top Block

Table3: ContactProperties Between Surfaces

The No Separation contact was selected for the parts that were able to move relative toteachbut
would remain touching the entire timeThe Bonded contact wasglgcted for all contacts with the bolt,
since in actualityhe bolt would be secured wittoctite®and therefore unable to move relative to the
other parts It was also selected for the upper block, as it is only used to apply the force to the
monolimb. The frictional contagtwith a coefficient of friction of @, was selected for the connection
between the foot and lower bloclsincein reality there would be frictional forces between the foot and
lower block This coefficient of friction was chosen frahe initial testing to determine the coefficient

of friction between theSRfoot andthe metal plate.

It was important to ensure that the model createdANSY ®ould behave similarly to the actual

prosthetic setup To confirm this, theoretical calculationsing the basic equations for stress and strain
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were completed to determine thapproximatetotal axialdeformationthat would occur in the

midstancesetupunder a compressive 1300N lo&sbpendix @

The resultng catulated change in length was 0.3dim. An analysis was run on the midstance setup
with a compressive pressumn the top block 0fL300N divided by the area of the attached blodihe
resulting deformation in the vertical direction can be seefigure48. The totaldeformationwas 0.28
mm, givinga percent difference of 8%r his error could be a result of the approximations made in the
hand calculationslIt could also be a result of the insertion of the metal inserts and bolt in the FEA
model, and the interaction between the contact surfaces of the pastisich were not included in the

hand calculations

“ANSYS
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-0.0001608

-0.0001808
-0.000201
-0.0002211
-0.0002412
-0.0002613
-0.0002814 Min

0300m 2 X

Figure48: Y DirectionaDeformation in Midstance Assembly
3.4.2. Meshing of SRFoot
In the modeling oBRfoot, the standard tetrahedral elements were usetihe contact surfaces ifable
4 were defined The connections between the majority of paviere bonded, in order to allow the
model to solve The connection between the contact portion of the foot and the block was frictional,
with a value 0.3, determined as an average findriction testing as seen iffable2 of the

determination of the coefficent of frictionA rough connection was created between the bottom
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surfaceof the footand the baseo allow pontential contact as the load was appli&iure49). A rough
contact allows for gaps to occur between contactfages This was important for the contact surfaces
between the bottom of the foot and ground block, betwetre cut surfaces of the heel, and between
the cuts on the forefoot, as these surfaces are eitingpartialcontact or have no contact initialpnd

after the applied load.

Bonded Frictional Rough
SRto Monolimb Heel/Toe Contact Ares Bottom Foot Potential
to Lower Block Contact Area
SRto Insert Toe Cuts
Monolimb to Monolimb Insert Heel Cut
SRto Bolt

SRinsert to Bolt
Monolimb Insertto Bolt
Monolimb to Top Block

Table4: SRContact Surfaces

Figure49: SRContact Surfaces
For the toeoff andheelstrike positions, special contact surfaces were placed on the. fbotoe-off
(Figure50), contact surfaces were placed between the cuts on the top of the foot, to allow these
surfaces to bend towardsach otherand touch For theheelstrike position Figure51), contact
surfaces were defined between the top and bottom portions of the heel cut, to allow the cut to touch

during loading.
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Figure50: Toe Cut Contact Surfaces

Figure51: Heel Cut Contact Surfaces

The automatic size control was used to mesh the threslels(Figure52), with refined meshing

occurring at key areas such as the bottom of 8&oot and around théheel cut(Figure53).

Figure52: MeshedSRFoot Models
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Figure53: Refined Mesh aSRHeel

3.4.3. Meshing of SACH Foot
For the SACH foot, the initial accurate CAD model of the foot was not able to be meshed because of the

complex spline surfaced he simplifed SAQiHodel was used for the FEA instedd the modeling of
SACH foot, the standard tetrahedral elements were usHtke contact surfaces ifiable5 were defined
The cmnections between the majority of parts was bonded, in order to allow the model to .solve
connection between the contact portion of the foot and the block was frictional, with a \GIQ0e3,
determinedas an averagérom friction testing as seen ifable2 in the determination of the coefficent
of friction. A rough connection was created between thettom surface of the foot to allow pontential

contact as the load was appli€digure54).

Bonded Frictional Rough
SACH Insert to Monolimb Heel/Toe Contact Area to Lower Bottom Foot Potential Contact
Block Area

SACH Outside to SACH Inse
Monolimb toMonolimb Insert
SACH Insert to Bolt
Monolimb Insert to Bolt
Monolimb to Top Block

Table5: SACH Contact Surfaces
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Figure54: SACH Contact Surfaces

The automatic size control was used to meshhkelstrike and toeoff orientations Figures5), with

refined meshing at the bottom of the foot.

Figure55: Meshed SACH Foot Models
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3.4.4. Model Constraints
Each foot in each orientation had the same constraints and loads afpigure56). The botom

surface of the block was selected as a fixed surfdte top block connected to the monolimb was
constrainedo no movement in the X and Z directionsastly, averticalforce of 1300Nvasapplied to

the monolimb To accomplish this, a pressure 0d2MPa was evenly applied to the top of the 0.08m x

0.08m block.

Figure56: FEA Model Constraints and Loads

3.5.Physical Testing
Physical testing was performed to use as a method of comparison for finite element analysis. There are

many components to the physical testing that was performed. The alignment of the test setup, the foot

orientations, strain gages are all explained along with the BlueHill programming software for the testing,
force application, data collection and analysi
3.5.1. Alignment
The testing of the prosthetic feébok place on an InstroB544 A coordinate systerwasset up at the
initial ankle position of the monolimprosthetic foot system The originvaslocated n the center of
the ankle joint(Figure57).
49



Figure57: Test Setup with Coordinate System

In order to connect the monolimb to the Instron compression testing machinestamruadaptor was
required This &uminum adaptor was designed so that the force was transmitted through the center
axis of the monolimlasdetermined previously The top of the adaptowasdesigned to fit around the
circular protrusion at the top connection point of the Instron machine, @meéhssecured with a dowel

pin that was inserted though the adaptor and machine protrusidhe bottom of the adaptowas

designed to fit snugly insidhe top of the monolimb, with set screws used to secure the monolimb in
place The monolimb profile was determined previously, and the points were used to design the bottom
face of the adaptar The final design can be seerFigure58, with the red dashed line showing the axis

of alignment
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Figure58: Instron to Monolimb Connection Adaptor

3.5.2. Foot Orientations
Testing of the prosthetic featasconducted at three orientationsThe first positiorwasthe heelstrike

that occurs during initial contact, henceforth referred toheststrike. Thiswasaccomplished in the
physical testinghrough the use of 15° agle block made out of wood with1/8¢ (i &uni@im

surface to limit surface deformation during testinghe aluminum surfaces were affixed by six nails
attached to the sides of the angle block as to not interfere with the contact surface where thedest
tested. The second positiowasmidstance where the foot is flat on a level 1®iece ofaluminum

The last positionvaspre-swing, where the majority of the weight is on the toe before the swing phase,
henceforth referred to as toeff. This require the use of a 20° angle block also with an aluminum
surface mounted to the surfadgigure59). These blockeere attachedto the base of the Instron 5544
with arod that was insertedhrough the center of the angle bloendconnection cylinder on the

Instron machine

Figure59: Toeoff Angle Block
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During the physical testing, pressure paper was placed between the foot and the angle block, as
described in the next sectiort wasattached using tape lined up against a mark on the blddks
position wasdetermined when the final test setp wasestablished in the labThis ensued that each

pieceof pressure papeis attached at the same spot in relation to the coordinate system.

3.5.3. Strain Gauges
In order to measure the straithat occurson monolimb, strain gauges were attachidthe monolimb

shank The strain gauge$igure60) were a uniaxial gauge mounted to the posterior seam and a
rectangular reette strain gauge mounted to the anterior of the monolinthoth of the gauges were
located on the outside of thenonolimh directly above the metal inserfThese locations were chosen
because the CIR indicated them as a critical region for faikadire was seen above thmeetal insertin

a case study performed on an active 185lb male (personal communication, Cassanova, Feb 21, 2008).

) - Rosette strain gauge
Unlaxial.gauge on . centered above the
posterior seam ' | : 2 ankle bushing

Figure60: Strain Gauge Placement dthysicalTest Setup

The rectangular rosettgaugewas selectediace theprincipalaxes of thestrainsare not known fothe
monolimb. The rectangular rosette straigaugewas selectedbecause it is @sier todetermine the
directions of theprincipalstrainswhen compared to a delteosette. The roseté gauge so that a gauge

was located horizontal (0°), 45°, and vertical (90°).
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The strairgauges and the mounting surface on the ankle portion of the monolwase prepped for
testingusinga fine grade polishing paper and then applying alcohol to the seiti@remove any oils or

fingerprints that may be on the surfac@he strain gauges were then applied with super glue.

3.5.4. BlueHill Software
The testing for this project was run through the use of the BlueHill softwaheBlueHill program

allows for load and timing input to be red&m the screw driven compression pgratus of the Instron

machine(Figure62).

8m®m Key 11 2 Key & @ o
-8939 m [-2551 N | 5591 % dJ
Specimen 1 ©Q How do | cnange the

ayout of me 1est
workspace?

50 100 150 200 1400 <1200 1000 How do | add felds

Time (sec) Load () 1o the Test Inputs
area’?

Faow Data Viewsr

Tima.
e

(s
000000 -1, -39 53911
0.20000 -1, 2145 -39 5391
040000 -1, 174 -39 5391
040000 -1, 12 -39 5391
080000 -1, . -39 5391
100000 -1,147,06326 -39 53973
1.20000 -1,147 06862 -39 53994

<) {mm)

L)
Ssryice and Susser

WPL | Live machine | Compression Relax/Creep = Sample: SACH_Mid_1170-1300% | Method) -MQP-100%-1300 | Report; Report - Al ltems

Figure61: BlueHill ProgranSampleScreenshot

BlueHill is ideal for this test because it allows for the user to generate a custom test bhpsadhe

loading, materials, and timing required for each experim@&iti¢Hill2007). For the puposes of this

study, only compression tests were uselken separate BlueHill files were created to apply the forces for
the physical testingSpecifically, the individual tests werelBON, 136260N, 26@390N, 396620N, 520
650N, 656780N, 78@910N, 9161040N, 104aL170N, and 1172300N After running one file, the test
heldthe force so that the data from the stragauges could berecorded Time, forceand extension

were automaticallyreadfrom the BlueHillprogram and recorded t&xcel

3.5.5. Compression Testing Machine
For the testing of the prosthetic feet coupled with the monolimb, the Instron 5544 compression/tension

machinewasused(Figure62). The Instron 5544 is capable of applying 2000N of force, where the
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testing for this project only requigta maximum of 1300NSince the testequired onlyabout one foot
of vertical test space, the forifwo inches of available space with the Instron maeteasilymet the
needs of the experimentThe machine is capable 0.5% load accura@nd has grecisionaccuracy

of £0.02mm

Figure62: Instron 5544

3.5.6. Force Application
The prosthetic foot and monolimivere attached to thetop grip location of the Instron machind o

begin, a baseline measurementstaken at10N of forcewhich allowed for the initial compression of
the gaps in the assemblyrheforce wasapplied to the monolimb/foot setuat 75Nmin. The forcewas
applied to the levels indicted iffable6. The position was theheld for45 seconds whe the strain

gaugedatawas manually recorded from the 3500

Test Percent Total Force Pressure
# Loading Applied (N) Paper?
1 10% 130 *

2 20% 260

3 30% 390

4 40% 520

5 50% 650 *
6 60% 780

7 70% 910

8 80% 1040

9 90% 1170

10 100% 1300 *

Table6: Test Procedure

Each test shown ifiable6 wasperformedtwice for each footin each orientation The firsttest run
included the use of pressure papavhile the second testvas just theforce application The same

alignmentwasused so that the data gathered from the pressure paper and any realignwasctarried
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througheach test The purpose of the pressure paper was to determine if there were any loading
irregularities or pressure distributions that were not expect@dhepressure paper that was needed was
predetermined by predicting the expected contact area and force relationsHie table of these
predictions can be found iAppendix E

Theastersks on the table indicatéhe tests where the pressure papesasused The 130N forcevas
applied, theload arm was lifted and the pressure paper was removed and. rikathe event of any
discrepancies, like spotting or other unexpectedding, the alignment of the assembiyasmodified

and the testwasrerun. Once there were no issues with the pressure paper, a new pagsmounted
and the foot was reloaded and the force was applied to 50% as indicated in the table, the testsmvere ru
to each 10% increment and strain gauge dataerecorded The paper washecked again at 50% and
if therewere no errors, a new papewrasinserted and the testvasrun at 10% increments of forag to
1300N

3.5.7. Data Collection

Figure63: SB10 Switch & Balance Unit and-3500 Digital Strain Indicator

Datawere collected using the uniaxial and rosette strgeuges as seen ifkigure60. The straingauge

datawereread usingc A A KI-RRa{ §A G OK g . I f I yOS-350¢Digital StgiR + A a KI &¢
Indicator. The SBLO Switch & Balance Un# designed to provide a method of reading the output of ten
straingauges on a mgle strain indicatar For the purposes of this test, only four strgiauges were

used each ima quarter bridge configuratianThe strainsvereread on the F3500 which is a portable

battery powered strairgaugereader.
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3.5.8. Data Analysis
The loading and displacementre recorded from the physical testing and were compared with the FEA

along with theposterior uniaxial, anterior 39 and anterior @strain values The principal strains were
calculated using the rosette strain 45, and 98gauges. The stiffness of the foamonolimb systemk,
wascalculated from the displacement of the Instron arithis displacement is measured from the
center of the Instron arm and was set to zero when the load equaledri@bimpression This was

done to compensate for any movement in the test setdjne vertical displacement of the top surface
of the top block from the neutral zero force position to final deformed position in the FEA model was
also recorded The equatiork = H d wasused to calculate this stiffnessvherek is stiffnessFis the

force applied, andl is the displacement
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4. Results
From the physical testing and FEA models, data were collected regarding the strain on the monolimb

and the compression of the prosthetissembly. In addition, information collected from the FEA

included the principal stresses on the monolimb and the von Mises stresses.

4.1.Physical Results
The physical testing that was performed wiected atestablishing the reactions that thenonolimb

disgayedwhen underthe specifiedoading conditions Each footand monolimb combinatiomwas
loaded as indicated in the methodologyhe uniaxial gauge located dhe posteriorseam of the
monolimb, and three strairgauges of therosette were read and recated. The datafrom these tests

arecompared in the analysis sectiofithis report Values may be seen Appendix E

4.1.1. Heel-strike
During theheelstriketest for theassembly with thesRfoot was stopped aa load 0f910N because

plastic deformation began to occaearthe heel of the foot This deformation is shown as a bright
white spot on the fooindicated with the arrown Figure64a. The foot did not undergo fractureThe
SACH fooassemblywas run to the full 1300N loadingifure64b).

5

Figure64: Heelstrike End LoadindSR 910N; SACH 1300N)
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The results fronthe heelstriketesting of both the SRand SACHbot assembliesire shownin Figure6b.

A x 4 A x

5041 O2ttS8SOGSR FTNBY dzy Al EALE &GN} Ay 3l daSa

strain gauges is labeled by the angle of the corresponding strain gélg€° gage was horizontal

while the 90° gauge was verticdtach point represents the averaged value of two tests.

1500

1000

500

-500

-1000
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-3000

Heelstrike Strain Results:
Shape and Roll (BLUE) and SACH (RE

—#— SR Uniaxial
- SR 90

—e—SR 0

—#—SACH Uniaxia
\A —i—SACH 9C

—o—SACH O

Force (N)

Figure65: Heelstrike Strain Results

The foot loading was distributed as seerigure66 on the pressure paperThere were not any

concerns with the loading distribution.

Figure66: Top View ofPressure Bper Resultsfrom SRHeelstrike Test
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4.1.2. Midstance
Theresults fromthe midstancetesting ofboth the SRand SACH fe@re shown inFigure67. Data

collected from uniaxial strain gaugesef 6 St SR & &! yAFEALFE & 6KAES RIGI
strain gaugesrelabeled by the angle dhe corresponding strain gaugEach point represents the

averaged value of two tests.

Midstance Strain Results:
Shape and Roll (BLUE) and SACH (RE
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g —i— SR Uniaxial
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e 0 —=—SR 90

§ 1000 650 780 910 1040 1170 1300 SR O

[%2]

é 2000 \l\ == SACH Uniaxia

\ —8—SACH 90

-3000 —e—SACH 0
-4000
-5000 -
-6000

Force (N)

Figure67: Midstance Strain Results
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4.1.3. Toe-off
Thetoe-off test for the SRfoot assemblywas stopped at 520N because ttest setup was creating a

torsional force on the Instron machine that could have beefrigental to the test setuFigure68b).

The SACH foaissemblytest was stopped at 910N for the same reagbigure68a).

(b)

Figure68: Toe-off EndLoading(SR 520 N; SACH, 910)

The results fronthe Toeoff testing of both theSRand SACH feeire shown inFigure69. Data collected
from uniaxial strain gaugesef 6 St SR & &! yYAFEAI ¢ 6KAES RFEGE O2ff
arelabeled by the angle dhe corresponding strain gaugd=ach point represents the averaged value of

two tests.
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Toe-off Strain Results:
Shape and Roll (BLUE) and SACH (RE
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Figure69: Toeoff Strain Results

The foot loading was distributed as seerfigure 70 and Figure71 on the pressure paperThere were

not any concerns with the loading distribution.

Figure 70: Top View ofPressure PapeResultsfrom SRToeoff Test

Figure71: Top View ofPressure PapeResultsfrom SACH est Toeoff Test
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A summary of the strain data the maximum loading applied feach testfrom the physical testing is

shown inTable?.

Table7: Strain Data from Physical for Comparison

Posterior Uniaxial Anterior Uniaxial Anterior Horizontal

Load (N) Strain (O Y Strain (O Y Strain (O P
Heel-strike 910 2542 942 -95
SR Midstance 1300 80 -2262 463
Toe-off 520 14780 -15567 5052
Heel-strike 1300 -1538 -362 178
SACH | Midstance 1300 2942 -5403 1397
Toe-off 910 5896 -10690 317

4.1.4. Compression Results
The displacement of the Instron arm, from the starting positioa &ading ofLlON to the final loading

condition was recordedThe total compression for each test founddppendix F Table8 shows the

averageof two trials ofvertical displacement of the top arm of the Instron frd®Nto position to final

position at the given loading.

Table8: Compressia from PhysicalTesting

Loading Compression

(N) (mm)

SACH Heel-strike 1300 22.60
Toe-off 910 41.62

SR Heel-strike 910 10.7
Toe-off 520 33.86

The tests were stopped at different final loading conditions. it was shown that under heel strike, the
SACH foot assembly deformed more than the SACH foot assemi@g0M (where theSR assemblgst
was stopped) thassemblywith the SRand SACH compressed in magnitude by 2®um and 18.08mm
respectively, thus showing that the SACH foot assembly defoaimedst 7mm more than the SR.
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4.2.FEAResults
FEA was performeal the maximum loading of 13004 compare to the physical testindhe FEA

testing showed the following results for ti&Rfoot assemblyand the SACH fo@tssembly The data
points were calleaut on the FEAt the specific sites of the strain gauge applicatorthe FEA for each
experimentaltest that was run, specifically trf8Rassembly aheelstrike, midstance and toeoff, and

the SACHissembly aheelstrike and toeoff (Table9). For each model, ten points were sampled within
a circularlOmm in diameter located 0O mm above the metal insertThe dataare further explained and
compaed in the analysis section of the repoifhe FEA screenshaifthe modelscan be foundn

AppendixG.
Table9: Strain Data from FEA

Posterior Vertical Anterior Vertical Anterior Horizontal

Strain O P Strain O Y Strain O P
Heel-strike -2550 to -2650 650 to 990 -240 to -420
SR Midstance -280 to -350 -1550 to -1580 80 to 85
Toe-off 7300 to 7600 -9300 to -11000 2700 to 3600
Heel-strike -0.0009 -0.0012 to -0.0013 0.0006
SACH
Toe-off 6400 to 6800 -7800 to -8850 2900 to 3400

Thevon Misesstresses were also extracted from the FEA models, and the resulting images can be found
in AppendixG. Thevon Misesstress Figure72) will be important for the analysis of the monolirabd

the feet Thevon Misesstress is an indicator of failurdt is an index that combines the three principal
stresses of the materialAlthough the material may not indicate failure based on the principal stresses
alone, thevon Misesstress can she how these principal stresses combined can potentially cause a
failure in the material For analysis thgon Misesstress is compared to thensileyield strength of the

YFGSNRALFE 09y 3IAYSSNDR&a 9R3IS wnnyod

(cr]'crg)2+ (crg'crg,)zJr (crl'cr3)2

2

where 5|, ;5. 5 are principal stresses.
Figure72: von MisesStress (Engineer's Edge 2008)
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The compression of the entire prosthetic assembly was also extragdteole10 showsa summary of
the vertical displacement of the top surface of the top block from the neutral zero force position to final

deformed position in the FEA model.

Tablel0: Total ProsthetidCompression

Compression (mm)

Heel-strike 7.40
Shape & Roll | Midstance 0.253
Toe-off 21.33
Heel-strike 14.90

SACH
Toe-off 19.43
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5. Analysis

After gathering the data frorthe physical tests and FEA, the datare analyzed and compared in order

to draw conclusions about the interaction of tls&RF 2 2 G | YR GKS {1 /1 F®he i o6AGK
strain data collected from the physical testiwgre compared to the dat@omputed usind-EA TheFEA

results were then used tdetermine the stresses on the monolimb and their effecihe observed

behavior of theSRheel during the physical testingas very similar to the observed behavior of the FEA

model, while the SACH model did not exhibit the same behavior during phystabtas the FEA

model.

5.1.Strains on the Monolimb

The physical testing indicatehat the strain producean the monolimbby the SRfoot was higher

under the same loading conditions as compared to the SACHRmpiré73 andFigure74). This

comparison can be seeninthe blue linesof8fniaE A I £ | YR cdne NRBaASGGS &GNF AY
O2YLI NBR (2 GKS NBR fAySa 2F GKS {! /1 dzyAFLEAFE |y

The extended trend lines of the physical dathownas dotted lines, represenhe predicted values for
the strainsat higher loading conditions. These trend lines were calculaséty a regression analysis to
fit a first order polynomial to the measured data poingeraged from the two trialsThese equations
were used tocalculate the expected values at higheadling conditions. These trend lines may be
inaccurate due to the fact that the relationship between strain and loadliitighot be linear if the

monolimb undergoesanyplastic deformation
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Toe-off Strain Results:
Shape and Roll (BLUE) and SACH (RE
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Figure73: Toeoff Strain Results
Heelstrike Strain Results:
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Figure74: Heelstrike Strain Results
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