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Abstract

Prosthetic foot systems are typically composed of both structural keel and foot shell components. The
interaction between these components is considered by the prosthetic device industry with respect to
designing higher performance systems with stratdgigaired components. However, the influence of

foot shells on prosthetic foot systenechanical performandglimited in academic literature

The overall goal of this study was to inform future prescription guidelines and design practices of prosthetic
foot components by quantifying the effects of foot shells on mechanical properties of prosthetic foot
systems. A methodology was proposed enabling characterization of midstance properties that was adapted
from a protocol used to predict continuous defdromacharacteristics of prosthetic feet throughout stance.

The proposed method waalidated against previous results, and successfully detected differeteted

to foot design during mitance loading. Specifically, increasedfa@mation correspondea tearlier

doublekeel loading intiation and later transition into singkeel forefoot loading.

The new protocol was implemented to quantify effects of various foot shell desigpsedicted

deformation and stiffness characteristics of prosthetic fystems. Observed effects on the system
included pathdependent changes tbe force-displacementcurves instances of both decreased and
increased stiffness up to 73% and 49%, respectively, and up to 13% increased durations ddedbuble

loading. Variedeffects were observed depending on keel and foot shell design, and phase of stance.

In a final study, effects of isolated foot shell design features on mechanical performance of prosthetic foot
systems were investigated. Resiitficatea complex inteaction likely exists between keel and foot shell
components, and should therefore be taken into further consideration in the evaluation, design, and

prescription of prosthetic foot systems.
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Chapter 1

Introduction

1.1 Prevalence of Lower-Limb Amputation

By 2005,approximately623000 people were living with majorlower-limb amputatiorin the

United States alone, and a study by Zie@eahamet al, predicted that this value woufdore

than double by year 2050 herapid increasé the occurrence dbwer-limb amputation is

thought to result fronthe predominancef vascular diseasdlat directly affect lower limb health

of individuals around the world? It is estimated that approximately 7Glowerlimb

amputations worldwide are a result of vascular disease, with the majority of cases being related to
diabetesmelitis»24 Other predominant causes of low&nb ampuationinclude trauma, anih a

small percentage of cases, due tignancy in the bone and joiht

The wo major classifications of lowdimb amputation includ transfemaal and transtibial,
referring to amputations above and below the knee, respecifliveyremaining portion of the
affected limb is referred to as the residual liffibe amputee cagitherbe affected on one sidar
both sidesreferred to as unilateral bilateralamputes, respectivelyWith unilateral amputees,
the unaffected limb is referred to as the sound lifiie focus of this studig on the design and

performance oflevices associated with unilateral transtibial amputees

1.2 Typical Transtibial Prosthesis

Lower-limb loss is typicalljcompensated for with prostheses teeplace the missingfructural
systemenablingamputes to regaintheir mobility. A typicaltranstibial prosthesis comprisedf
thesocket, pylonconnection hardwarand prosthetic foot syste(Rigurel). The socketd used
to fit the prosthese® the residuadimb of the amputee, whiléné pyloncompensates for loss of

heightin the shankVarious connection hardwaieusedincludingstandardized components
1



such as the pyramid adapgard tube clamp. The pyramid adapgstemis a malehardware
component typicallymplementedat the foot-pylon and pylorsocket interfacet fecilitate
alignment of the system. Tligbe clampprovides a frictiordfit connection mechanism thd
pylonon one sidgwhile the female hardwareomponenis located on theppositeside to mate
with the pyramid adapteifacilitatingconnectiorand alignmenbetweerthefoot, pylonand
socket component$he prosthetic foot system is comprised of an underlying structural
componentreferred to as thkeel, whichis typically shethed in a cosmetic foot sherosthetic
keels can be separatedarivo broad categories, active and passive. Active prosthetic keels are
those that add energy to the system, while passive keels dihedbcus of this studig on the
design and performanaé passiveprosthetic foot systemlt is acknowledged that ¢hfoot
system can ab include footwear, however thisdatside the scope of the current study

objectives.

4 Socket

&
® .

Prosthetic Foot System W w4 Pyramid Adaptor

. Connector
e PylON

4= Connector
4= Pyramid Adaptor

e Cosmetic Foot Shell
e Keel (Under Foot Shell)

Foot Shell
Figure 1 — Transtibial Amputee Prostheses

Typical transtibial prostheses and componentry: [A] Connection hardwzweing pyramid
adapter and tube clamp, [B] KeHL] Foot shell, and [D] Sockét



1.3 Unilateral Transtibial Amputee Gait

1.3.1 The Gait Cycle

Human bipedal gait is the locomotion pattefrthe body produakby coordinated movemeioff

body segmentsAble-bodied gait refers to typical gait biomechanics exhibited in persons devoid

of abnormal gait patterns resulting from pathological conditidhe gait cycle is defined as the

time period or sequence of events occurring during forward progression between when the foot of
the ipsilateral limb contacts the ground to when the same famntacts the groun(drigure?2).

The opposite limb is referred to as the contralateral limb. The gait cycle is comprised of two main
phases: stance, and swing. The stance phase is the period of gait during which the foot is in
contact with the ground and constitutes approximately 60% of the gait cycle. The swing phase
comprises the remaining 40% of gait, and is the period during which the foot progresses forward
above ground. The stance phase, in turn, is comprisédeaf phasesveightacceptance,

midstance, and pusbff.®

Weightacceptance is the period betwderelstrike at the instance of initial ground contaand
toe-off of the contralaterdimb when bodyweight is fullytransferred tdhe ipsilateral isle,

initiating singlelimb support The ankle muscles and hip extensors act to absorb energy at initial
impact, while the knee continues to absorb energy until maximum flexion is achieired

terminationof weightacceptancé.

Midstance is the period between weigteptance and pusiff, during which the body and limb
progress over thetationary footFollowing heelstrike, ankle plantaiéxion enables the foot to
transition into thdoot-flat posiion, during which both the rearfoot and flwet are
simultaneously in contact with the groumiidr an amputee, this simultaneous contatiodi

reafoot and forefoot components of the prosthetic foot system is referreditullekeel



loading Following footflat, the shank of the lower limb rotates over the stationary foot about the

ankle joint, facilitatingorward progression of the bodgnterof gravity.

Pushoff is the period of latstance during which the limb is pushing away from the ground, and
occurs shortly after heelff until the foot lifts off the groundt toeoff. The ankle plantafiexors

contract concentricil during pushoff to produceenergy for forward progression into the swing

phasé’
“ - " " - [ 4 "
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Figure 2 — Gait Cycle
The gait cycleadapted from that presented Versluys et al” The ipsilateral limb of interest i
depicted on the right side highlighted in yellow, and the conéralblimb on the left side in

greenKey gait cycle eventm the stance phasee included: heditrike (HS), toeoff (TO),
foot-flat (FF), midstancgMS), and heebff (HO).

1.3.2 Biomechanical Measures of Gait

Typical categoriesused to quantify theiomechanics of gait include stride and temporal
characteristics, joint kinematics, kinetics, muscle activity, and energy experiditessures of

stride and temporal characteids include selselectedwalking-velodty (SSWV), cadence,

stride lengthstep lengths, and gait cycle durations. Kinematic and kinetic measures include joint

range of motion and moments at the ankle, knee, and hip, and ground reaction forces. Muscle



acivity and energy expenditure meassiirclude electromyograpiiEMG) output, energy cost
perunittime, energy cost per unit distance or energy efficiency, angragited maximum

heart ratd APMHR).

1.3.3 Amputee Gait in Comparison to Able-Bodied Gait

Unilateral transtibial amputedsave an altered structural system that resuliksitinct differences

in gait biomechanicahen comparetb ablebodied individualsA number of studieseport

SSWV to be approximately 44% lower than that of people withpathobgical gait? A reliance

on the sound limiis alsocommonly observed due to deficiersigresent in the prosthetic lirtb
This compensatioim the sound limb is observed through greater sdiumu stance times, ground
reaction forcesand joint moments, and greamosthetic step length throughouitgd!* These
differences result iasymméries between limbs, potentially exposing the sdimdt to excess
loading and increased incidencesetondary disability including osteoarthritis in the sound limb
osteoporosis in the selual limb and lower back patflt is also frequently reported that the gait
of individuals with transtibial amputations is less efficient than that oftadudiéed populations,

requiring greater energy expenditdre

1.4 Evaluation of Passive Prosthetic Foot System Performance during Stance

1.4.1 Functional Requirements of Transtibial Prostheses

Therequirementselating toimprovedbiomechanical functioof a transtibial prosthesis during
the stance phase of gait are summarizzskd on a revielwy Majoret al, as (1) providingearly
stance phase shock absorption during wieagheptance, (2) adapg to the ground surface
throughplantarflexon to a stable foeflat position, (3) provithg similar shank kinematics during
stance as with ableodied gaitand(4) contrituting similar puskoff characteristics as with able
bodied gait for transition into the swing phd$&hese requirements are used as the basis of the

evaluation of foot system performance.



1.4.2 Methods of Evaluating Prosthetic Foot Function

A number of studies have investigated the performance of various prosthetic feet in terms of
amputee biomechanical performaié¢&l® These methods enable direct quantification of end

user performance for comparison between designs. However, these methods are limited in that
the recorded performance is dependent eruder. Amputee subjects vary with respect to
characteristics such as residual limb length, individual gait characteristics, and activity level. The
motion capture methods typically used to evaluate biomechanical performance are also limited in
accessibiliy due to the need for a large space, associated high costs of equipment, skin artifact
affecting accurate and repeatable marker placement on the body, and limited capturé“8lume.
Mechanical characterization methods have also been used in a number of‘$tidieese

methods cannot directly measure amputee user performance. However, they do provide a more
accessible alternative that quantifies the performance of prosthetic fepéntgnt of the user,

and under loading conditions simulating realistic gait conditions.

1.4.3 Amputee-Independent Prosthesis Properties

Transtibial prosthesis function is dependenspecificmechanical properties that directly

influence the performance amputees, which are defined as Amptteependent Prosthesis
Properties (AIPPSY. Four AIPPsthatcan beusedto describe the performancepHssive

prosthetic foot systesduring stancénclude (1) two-dimensional roHover shape, (2) alignment

of the roltover shape, (Btiffnessproperties, and (4) damping propertté$hese AIPPs can be
measured using various mechanical characterization method®ined geometj alignment,

and stiffness propertiex the system are typically modelled using-mler based methods. The
roll-over shape ithe center of pressure (COPBjofile along the plantar surface of the foot

relative to the shdnbased coordinate framEiQure3a). The curvature of this profile under a

standard load captures the geometric properties of the prosthesis. Stiffness properties can alter the

curvature of the rblover shape, and thus can also be captured through a series of curves obtained
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under varied applied loadChanges to the alignment of the prostheses alter the position and
orientation of the rolbver shape relative to the shank. Tiasanges irmalignment to the system

can also beapturedhrough roltover properties.

(a) Roll-over (b) Lumped-parameter

Roll-over a;e l

Figure 3 — Methods for Modeling Amputee Independent Prosthesis Properties

Two methods oévaluating AIPPs{a) Rollover shapand alignmentonsisting of the
projected COP location of the foot in the shdnalsed coordinate frameith a radius of

curvature,Y,>*and (b) lumpedparameter models consisting of a combination of spring an
damper elements to represstitfness,Q and damping, , respectively?

The elastic and damping properties of the prostluasibe modeledusinglumpedparameter

based method$-igure3b). Thestiffnessand damping properties are modeled with simple spring
and damper elements, respectively. These elements are combined into a simple system to
characterize the viscoelastic pesise at a particular locati@md direction on the foot, typically
representative of a key instance during stance. Multiple models must be used to represent the

response at various instances throughout stance.



1.5 Study Rationale

Studies have previously investigated and charactepassiveprosthetic feet based on the

described AIPPs. However, the majority of studies daaosider the influence of foot shells on

the mechanical properties of the prosthetic foot system. Fods shetribute different material
properties and altered geometry to the systenththadthe potential taffectexhibitedroll-over,
stiffness and damping AIPPs. Previous studies into the mechanical properties of passive
prosthetic feethowever, typicaly do not specify what foot shells were paired with each of the
tested keels, or whether they were included in testing at all. Therefore currently, there is a lack of
understanding surrounding the influence of foot shells on the mechanical performance of
prosthetic foot systems, and on the sensitioftyhe systento differences inthe design of paired

keel and foot shettomponents

The majority of mechanical characterization methods previously used to quantify mechanical
properties of prosthetic foot ggsnsdo not account fothe loading conditions experienced during
midstanceMechanical testare typically performeduring isolated reafoot only loading, or
fore-foot only loading, and sometimes include one test atffabtThere is dack of
characerizationbetweerthe transitiorinto and out osimultareousloadingof both rea-foot and
fore-foot componentswvhich isreferred to as doublieeelloading One of the main functions
required of a transtibial prosthesis is to provide plantarfledd@uaptto the loading surface and
to progress the foot into a stable fdiatt position!? Therefore characterization of the system
under doubleeel loading conditions is important for tbempleteevaluation of prosthetic foot

systemperformance.



1.6 Objectives

The overall goal of this study is to inform future prescription guidelines and design practices of
prosthetic foot components by quantifying the effects of foot shells on mechanical properties of
prosthetic foot systenthroughout stanceSpecific study objectives are
(1) Developand verifya protocolthat predictghe continuousdeformation characteristics of
prosthetic foot systems throughout stance, including both skegleand doublé&eel
loading
(2) Quantifythe effect offoot shells on theredicteddeformation and stiffneggopertiesof
prosthetic foot systenthroughout stance, and
(3) Investigatethe influence of isolated foot shell desigatures on the mechanical performance

of prosthetic foot systems.

1.7 Thesis Overview

This document is presentedriranuscript formatThree manuscripteereprepared that will be

revised for futuresubmission to Prosthetics and Orthotics Internatiohdliterature Review

(Chapter 2is includedthat combines the individual manuscript introductions and supplemental
information to provide sufficient background to the research topics while avoiding unnecessary
repetition &d to improve readabilityThe first manuscriptChapter3ent i t | ed “ Met hod f
Predicting Midstance Deformati onpriptsesaraict er i st i
evaluates a methodology for characterizing continuous mechanical properties of prosthetic foot
systems throughout stance, including both sikglel and doubkkeel loading. Tie second
manuscrip{Chapter4ent i t | ed “Eff ect of Pr@octedhstifiness Foot She
CharacteristicsdPr o st het i c ekammés th8 gffscts ef mesiqus$ foot shell designs on

the predicteddeformation and stiffres properties of prosthetic foot systems. The third

manuscrip{Chapter }entitled”Effect of Foot Shell Design Features on Mechanical

Performance of Prosthetiobt Systems investigates the influence of isolated foot shell design

9



features on the effects to mechanical performampesed bythe intactfoot shell.Some
methodology details in the second two manuscripts were abridged to improve readability
(Chapter 4andChapter %. A General DiscussiofChapter §is included to address the main
findingsrelated to all three nmaiscripts and includes the combined limitations from each
individual manuscriptThe Conclusions arfeuture Work(Chapter ¥ outlines the main findings
and provide recommadations for future evaluation of prosthetic foot systdReferences have

been renumbered to correspond to a singteprehensiveeference list.
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Chapter 2

Literature Review

2.1 Passive Prosthetic Foot System

The prosthetic foot system is comprised of anedgithg structural keelan overlaying cosmetic
foot shell and can sometimes include footwedre design and alignment of these components is

relevant to the overall performance of the system.

2.1.1 Keel Design

The structural component of the prosthetic fostam is referred to as the ke&leels can be
placed intdour main design categoridmsed on thestructuresand functionrigid, single-axis,

multi-axis,andenergystorageandreturn (ESAR}?®

2.1.1.1 Rigid

Rigid keelsare basic nofrticulated designs that are intended to restore basic walking and
mobility. The solidanklecushioneeheel or SACH design is the most commonly useid keel
designandis the industry standax@igure4).’ It is comprised of m internalsolid woodor plastic
keel structurgerminating at the metatarsal region of the foot, a wedge of soft foam at the heel

and an integrated foot shéfl

PLASTIC
COVER

CUSHION
HEEL

it S Gt
&%"b“‘ln#unnnﬂ/ =
BELTING ™ BOLT

Figure 4 — SACH Foot Design

The SACH Foot andts components, which typically include a rigid underlying keel, flexibl:
forefoot structure, cushioned heel, and integrated overlaying foo£shell
11



2.1.1.2 Sngle-axis

Single-axis keelshaveanarticulated design, arak their name implies, contaarsingleaxis
bearinglocated in the sagittal plate simulate dorsiflexion and plantarflexion of the ankle
(Figure5a).?® This allows forincreased rangef snotionin an attempt to better replicate that
achieved by the intact anki@ he keel structures can be composed of wood, metal, or
composites, with a flexiblee regionln addition to the axis of rotation, theseekdesigns also
typically haverearfoot and forefoot bumpeto limit and control dorsiflexion and plantarflexién
The bumpers can have customized stiffness propani@positiorto accommodate different
users and activitie¥* Thesstiffness of thdorefoot bumpefor examplecan be altered to enalde

faster transitioninto footflat to aid in stability’

(a) Single-axis (b) Multi-axis

Figure 5 — Articulated Prosthetic Foot Designs

Articulated prosthetic foot designs: (a) singbds, and (b) multaxis?®

2.1.1.3 Multi-axis

Multi-axis keels also have amticulated design, but differ from singgeis keels by containing
more degrees of freedofRigure5b). The additional axes of rotation allow for increased range of
motion in multiple planes to enable walking on uneven teffaline multiaxis keels also contain
bumpers to limit and control the level of rotatitit with decreased stability as a result of

increased deges of freedom

12



2.1.1.4 Energy Storage and Retu(BSAR)

ESAR keel designs deflect and store energy during stance and return it to the user in late stance to
assist in forward propulsiohSome designs that technically store and reemargydo not meet

the classifications set out by the testing standards developed by the American and Orthotics
Association(AOPA) to bedynamic These designs are classified as flexible keels, and are
describedby AOPA aselastic components designed to deflect under load, but that lack the ability

to store and returgreater than 75% energyThese keels are typically composed of a flexible

keel componet combined with a cushioned or flexible heel, and sheathed in a plastic cover.

Alternatively, the dynamic classification appltesprosthetidkeel designs thaixhibit deflection

and energy storage properties abthee75% thresholdrhe dynamic classification is applied
separately to the rearfoot and forefoot poments, and can also be applied to an extended ankle
and pylon componenthere ae a variety of ESAR keel designs on the market that are typically

made of composite materials, such as with carbon fibre and elastomer layers.

Dynamic keels are congded higher performance devices thaa assult are more expensive,
and are prescrilagfor higher activity user&.Althoughthese keel eésigns are classified as higher
functioning, there is a lack of substantial evidence to support this ®&mrently,the literature
is unclear as to whether dynamic and conventional devices prboiumechanicatlifferences in
user gaif3%2 Qualitative studies haveported that transtibial amputees tend to prefer ESAR
designs over conventional orfe8 Thus thefocus of passive prosthetic keélss progressed
towardsmore technologically advanced designs in an attempt to produce higher pederman

systemgqFigure6).
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Figure 6 — ESAR Prosthetic Foot Designs

A variety of technologically advanced ESAR keel designs as presented by Veshlys

2.1.2 Foot Shell Design

The description and function of foot shell designs is summariz&dblel, and is based on the
terminology originally described idS Paten20060015192A%* The four main foot shell
components include ttankle covering, forefoot covering, heel covering, and sole. These
components, in turn, are comprised of desigtiuiees withspecificfunctions** All of the foot
shellfeatures can bmodified with different material properties and geomeatgiuding but not

l i mited to: material density? Young’'s modul i,
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Table 1 — Foot Shell Components and Design Features

Summarized description of physical design and function of a typical foot shell and its main
components and subsequent design features. A visual representation of each of the design features

is also included for reference.

Section II:De e;stlgpe Description Figure
Enables insertion and
removal of the keel
structure
Facilitatesaccess to
1.1 Opening alignment hardware Internal
Provides interface with Opening Ankle Surface
1. Ankle additional prosthetic
Covering and cosmetic ,
and components \
Opening 1.2 External Cosmetic and p_rotectiv __— /’
Ankle feature regembllng the i
Surface ankle portlon of the - —
prosthesis.
1.3 Internal Provides intefiace with
Ankle ankle componentry of
Surface the keel
Enables propefit with
overlaying footwear by
2.1 External preventing the footwea
Forefoot from collapsing or
Surface caving in during use
Cosmeticand protective External
Forefoot Surface
5 feature
= ' 2.2 Internal Enables proper fit with
orefoot ) )
Covering Forefoot superior surface of kee| Toe Clip IF':::;: Surface
Surface forefoot structure
Enables proper fitvith
end of keel forefoot
2.3 Toe Clip structure and prevents
unwanted motion
between keel and foot
shell components
Enables progr fit with
overlaying footwear
3. 3.1 External andpreventuunwanted
Rearfoot | Rearfoot motion or removal of
Covering | Surface the foot
Cosmetic and protectiv
feature
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External Rearfoot
Surface

- Mechanism to secure
keel structure in foot

3.2 Heel Clip shell and prevent

unwanted movement o

removal
4.1 External | - Enables proper fit with
Sole Surface footwear

- Enables proper fit with
inferior surface ofhe
forefootcomponent of

4.2 Forefoot the keel .

Pad - Hypo'the_S|zed
contribution of
increased compression
through thickness of
material

- Enables proper fit with
inferior surface of the
rearfoot component of

4. Sole 4.3 Rearfoot thekeel _

Pad - Hypo.the_S|zed

contribution of
increased compression
through thickness of
material

- Enables proper fit with
inferior surface of keel
mid-sole region

- Hypothesized

4.4 Midsole contribution to

restricted rearfoot and

forefoot deflection
throughstretching
along material

Midsole Rearfoot Pad

Forefoot Pad

External Sole Surface

2.1.2.1 Description of Features

1. Ankle CoveringThe superior portion of the cover is composed of three main features:
1.1. Opening.The opening is located at the superior surface of the cover and enables the

insertion and removal of the keel structure and facilitates access foykaelalignment
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hardware. The surface surrounding the opening also provides an interface or connection
mechanism for the mating and attachment of additional prosthetic and cosmetic
componentsSpecificdesignmodificationsinclude the shape of the opening, surface

area or thickness of the edge surrounding the opening, and the attachment mechanism.

1.2. Ankle Surfae.The outer cosmetic surface that resembles theegddion of the
prosthesis. Specificedignmodificationsinclude height of the ankle covering, and shape
including cosmetic features suchrasnicking theankle malleoli.

1.3. AnkleKeel InterfaceThe inrer surface that provides an interface with stru¢taméle
components of the keel, and therefore the main design modification includes the shape
based on the underlying structure.

Forefoot CoveringThe superior and anterior portion covering the forefmat toe includes

three main features:

2.1. ForefootShoe InterfaceThe outer surface of the forefoot covering provides the
cosmetic appearance of the forefoot and enables proper fit with typical footwear,
specifically preventing shoes from collapsintp unfilled space. Specifidesign
modificationsinclude thickness, space filler mechanisind the shape, specifically with
regard to toe design and top curvature of the flmotosmetic purposes

2.2. ForefootKeel InterfaceThe inner surface enables proper fitwthe superior surface of
the keel forefoot structure, and therefore the main desaificationincludes the
shape based on the underlying keel structure.

2.3. Toe Clip.The attachment mechanism that enables propettfitthe end of the keel
forefoot or be structure and prevents unwanted motion of the keel insidedahshell
The desigmodificationsassociated with the tedip include the shape, thickness, and

interface mechanism.
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3. RearfootCovering.The superior and posterior portion covering the heel includes two main

features:

3.1

3.2.

RearfootShoe InterfaceThe outer surface of the heel covering provides the cosmetic
appearance of the heel and enables proper fit with typical footwear, specifically
preventing unwanted removal or movement of the rearfoot duringTise main design
feature inclué@s the shape for cosmetic purposes.

Heel Clip.The inner surface of the heel covering that includes a mechanism to interface
with and secure the keel structure lage to prevent unwantedovement or removal of

the keel from the foot shellhe design variables include shape, thickness, and the heel

clip mechanism.

4. Sole.The inferior portion of the cover includes four main sections:

4.1.

4.2.

4.3.

SoleShoe InterfaceThe outer surface that provides cosmetic appearance of the inferior
heel, sole and arch, ball, and toes of the foot and enables proper fit with typical footwear.
The man design modifications are to the shape and curvature, typically designed to
resembleghe bottom of the foot, and material for altering traction.

Forefoot PadThe anterior inner surface that interfaces wli inferior surface of the
keelforefootand toe structures. Typical design modifions are to theaterial

stiffness thickness, ad shape.

RearfootPad. The posterior inner surface that interfaces withinferior surface of the

keel rearfoostructure Typical design modifications ate thematerial stiffness,

thickness, and shape.
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4.4. Midsole.The interior midlle surface that intedices with the inferior mdle or arch
surface of the keel structurBypical design modifications ate thematerial stiffness,

thickness, and shape.

2.1.2.2 Assembly and Fit

The external sizing of the cosmetic foot shells are based on standardized prosthsite$od he
internal fit is typically based on the external shape and size of the paired underlying keel
structure. The paired components are typically designed with a tight fit to prevent movement of
the keel within the foot shell. Due to this tight &itprosthetic shoe horn is typically used for the
insertion and removal of the keel structure into and out of the foot shell, also referred to as

donninganddoffingthe foot shell, respectively.

2.1.3 Prosthetic Foot Socks

Prosthetic foosocks are used with itain keel designs for use with the foot shell. They are
typically paired with ESAR keel designs to provide a protective barrier between the composite
materials of the keel and foot shell to help reduce wear of the gmfteshell material. The

socks, typically made of Spectralso help to reduce noise resulting from friction between

components, and help prevent the accumulation of dirt and moisture.

2.1.4 Footwear

Although footwear is not necessary for a prosthesis, it is often included as part of the prosthetic
foot system. Footwear is outside the scope of this study, but it is still important to consider its
influence on the systerithe use of footwear is accoudttr in the design and alignment of the
prosthetic foot system, specifically to accommodate for differences ifhbiggit. Footwear has
been shown to influence the mechanical properties of prosthetic feet in terms of stiffness, roll

over shape and aligrent, and energy dissipation, with the majority of effects occurring in the
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rearfoot!92937.23The effects of footwear vary depending on the design, and currently there is no

standard shoe used for testfig.

2.1.5 Alignment

The alignment of a transtibial prosthes$ers tathe orientation ofthe footrelativeto the socket

in spaceThe alignment iset by the prosthetist and can have a | arge i nfl
comfort andgait performance. The alignment of the system is performed in three steps: (1) bench
alignment, (2) static alignment, and (3) dynamic alignnf&Bench alignment is performed

while theprosthesis is isolated from the us@ndis based on individdamputee requirements

such as severity of knee contractui€Ehe bench alignment sets an anterior and lateral shift to

distribute the load over the length of the tiffiigure7),*® and is set in the middle of the range

expected from static and dynamic alignmé&nt.
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Figure 7 — Transtibial Prosthesis Alignment
Transtibial prosthesis alignment in anteroposterior and mediolateral Viewesior and lateral
bench alignment is shown in parentheassecommended by Radcliffe and Fdbft.The
instantaneous reaction vector of contact force at the foot and its direction refeseatedcad
line are also displayed for reference.
The static alignment is performed while the prosthesis is worn by the patient in a static weight
bearing position. The main objectives during static alignment are to set appropriate height of the
prostheis to enable thdistribution ofweight evenly across both limfsand to adjust the
anterior and lateral shifts to minimize knee lo&déthe anteroposterior shifesults in the load
line occurring todar anterior with respect to the knee centre, it can resalidngeexternal
extension moment at the knee that stresses the ligaments and posterior capsule. Alternatively, if

the anteroposterighift results in an isufficiently anterior or too posteritwad linewith respect

to the knee centre, an extension momentftaxdon moment can be creat&drl his results in
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increased action by the quadriceps muscles to stabilize the joint, which can increase the amount

of metabolic energgxpended3342

Lastly, the dyamic alignment is performed as an iterative process by which the prosthetist
observes the amputee walking with the prosthesis, and makes adjsdbamsed on empirical
knowledge. The main objectives during dynamic alignment are to provide an optimaleadignm
from both prosthetist and user perception that provides smooth rollover through stance, medio

lateral stability, and comfo#t.

2.2 Mechanical Characterization of Prosthetic Foot Systems

The mechanical pperties of prosthetic foot systems, such as keel flexibility and stiffness, have
been shown to be important factors influencing gait biomechanics and stability ofiloier
amputees?**%5 These mechanical properties, if measured independem ofer, can help
characterize prosthetic foot function without confounding factors related to individual gait
characteristics? Therefore mechanical characterization of passive prosthetic foot devices is of
particular interst for providing insight into the influence of different design properties on

amputee walking performance.

Methods for mechanical characterization of lodweab prosthetic components have been
proposed in a number of standards around the world. Theatitaral Society for Prosthetics

and Orthotics (ISPO) initially published strength and durability testing protocols to provide
standardized safety guidelines, which later developed into the widelynieethtional
Organization of Standardization (IS€tandard<’®*® To classify prosthetic foot systems based on
their structural properties, tHOPA andHaute Autorité de San{@lAS) in Francegpublished
testing protocols classifying devices with ai€hde or PCode, respectivel§** These
classification protocols are similar, in that they both use linear compression tests to measure
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force-deflection at points representing key instances during the stance phase of gait to calculate
deformation and energy return properties. The points testedle the instances of peak load for
each the redioot and forefoot, which occur when the foot is at an angular orientation of
approximately15 and 20 degrees, respectively. The applied forces and angles used are
approximated based on ground reacfamces (GRF) and shank angles measimedvo, to

represent realistic amputee stance phase loading condititres sagittal plane

The key difference between these protocols is that each proposes a different loading

configuration. The tECode (AOPA) tet uses a shank based setup, while timée (HAS) test

uses a ground based setup. For the shank based setup, the loading orientation is set by altering the

|l oading surface tilt angle and the | oads are a
creating simulated GRFs between the loading plate and point of contact on tHédo&a).

In contrast, for the ground based setup, the loading orientationbisysetr ot at i ng t he “ st
pylon and the forces are applied normal to the loading surface to directly simulate vertical GRFs
(Figure8b). Although,both setups arersilar, there is a key difference in the direction of

loading, which requires a geometcanversiorfor direct comparison between methods.
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Figure 8 — Variations of Loading Configurations
Comparison of loading geometriasthe-15deg and 20deg orientatioa$ Shank based

loading setup (schematic created based on AD#de standardfy) Ground based loading
setup as presented in the HASBde standart?.

A number of studies have used variations of both setups to measure the mechanical properties of
commercially available passive prosthetic foot syst&rfis45053.2122The majority of these

studies performed mechanical testing at similar points to H@nde and FCode tests to

represent heel strike and o characteristics, hile some also included a third point at tdlat,

which occurs at approximately O degrees, to characterize midstance |&ddfighis method of
characterization is limited howeven, that it only captures two to three instances throughout the

entire stance phase, and therefore lacks the ability to detect temporal aspects throughout stance.

There have been limited studies to date that have performed mechanical tests at an increased
number of pointsA recent study by Zhaet al, proposed a method based on that initially

reported by van Jaarsvedtl al,'® for predicting the continuous deformation characteristics of
prosthetic feet throughout stance, providing the ability to detect temporal features related to foot

design?? The limitation to this study is the inability to include characterization of dekesé
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loading due to the constraints in testing setup and equipikistphase of loading was

addressed in a separate study by Adamezryk, that discussed a novel method for determining
angular stiffness of prosthetic feet using linear compression tests during simultaneous loading and
unloading of reafoot and forefoot componentst However, the method is not easily adapted to

includecharacterization of the transition periods between sikegd and doubl&eel loading.

These pevious studieprovidal insight intomechanicaproperties related to prosthetic foot
loadingthroughout singl&keel and doubl&eel contact, however there is a lack of
characterization during the transitions between the two phases of loading. Prosthetic foot
deformation properties are particularly relevant during these transition periods wéhtresp
simulated plantarflexion for advancement into a stableffabposition, and dorsiflexion for

progression out of midstance into puafh 222

A number of studies have investigatedcimenical characterization of passive prosthetic feet for

the comparison of structural performance between designs. Stiffness in particular is an important
mechanical property that has been shown to directly influence walking performance of transtibial
ampuees?4445.21.5%6 Based on this predicted relationship to biomechanical performance,
prosthetic foot deformation and stiffness properties quantified independéetuger, have
subsequently been the focus of multiple studies aiming to provide evidence based clinical

prescription guidelines and design practit?e$:1923.50.53.21,22,57.58

' The limitation is mainly due to a need to transmit a large bending moment to theelbatithe testing
device in the initidon and termination of stanc&his is overcome by offetting the pylon ithe $iank
based loading systerA.similar loading geometry is found in ISO22675 testing standard for lower limb
prosthetic componenté.

25



2.3 Mechanical Properties of Prosthetic Foot Systems

The prosthetic foot system is comprised of not only the underlying structural keel component, but
often includes the cosmetic foot shell, and can also include footwear. The majority of studies
investigating mechanical properties of prosthetic feet however, do not consider the effects
imposed on the system by the overlaying components. Often, studies do not specify which foot
shell is tested with each system, or whether they imehededfor teding at all A few papers

have speculated on the influence of cosmetic f

In a study investigating stiffness and hysteresis of prosthetic feet, van Jaatiekliggested

that the soft rubber coatirsgarcely contributes to the mechanical properties and is only essential
for cosmetic appearanétGeil et al, investigated energy, stiffness, and viscoelastic properties of
passive foot systems, and alternatively suggested the foam covers add cushioning to the system
and a damping component influencing the viscoelastic behaVdithBased on this, Smitét al,,
guantified the effects of cosmetic covers on the viscoelastic properties of prosthetic foot

assemblies, and reported that the foot shells decreased energy efficiency acros&®designs.

Additional studies have alsovestigated the effects of footwear the overall mechanical
performance of prosthetfeet. Studies reported increased and decreased stiffness responses
thought to be a sailt of compression and bending of the shoe Sotereasednergydissipation
atthe heef>?*andshiftedroll-overproperties due to increasedehbeight®” Although these

effects cannot be directly applied to foot shells, the evidence does suggest that certain design
fedures, such athecompliance or height of added material to the sole and in particular at the
heel could result irsimilar effecs. It is oftenanecdotallysuggestedhat foot shellsendto soften

the loading respons# prosthetic feet due to their compliant material properties, but otieeal
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influence orthemechanical performance of prosthetic foot systdmsughout stancis limited

in academic literature

In contrast, therosthetic devicendustryhas beeshown to consider theffects of foot shells

with respect to foot system design. Ossur, one of the largest prosthetic companies in the world has
published multiple patents on a functional foot calesign®* and on methods utilizing foot

shells to influence performance of prosthetic foot systems by providing smoetiveothrough
stance®>%t is also recognized thabme prosthetic companiggentionally desigrheir keels

with matching cosmetic foathels to deliver an overall desired mecheadiperformance. This

implies there is a developing trend towards designing higher performance systems through
strategically paired components. Conversely, there is still the option for keels to be paired with
generic cover designs. Due to the limited evidence reported, the sensitivity of these systems to

differences in foot shell design is largely unknown.

2.4 Effect of Foot Shell Features on Prosthetic Foot Mechanical Performance

Studies havepreviouslyfocused omuantifying the stiffness and viscoelastic behaviour of
prosthetic feet, with some proposing simple lumpadameter model8:20-95158Alternatively,
other studies have also investigated-ooler properties of prosthetic feet to demonstrate the
combined influence of geometric, alignment, and stiffness characteristics on the mechanical
performance of prosthetic fe&tt*°> With themajority ofthesestudies not considigg the
influence offoot shels on the mechanical propertiesgpiousmodels to evaluaterosthetic foot
mechanical performance lack the abilityigolate theeffects of foot shell components on the

system.
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It is thought that foot shells will influence the mechanical properties of the prosthetic foot system
in terms ofthe stiffness and vi®elastigoroperties?515%6Previous studies have proposed

various simple viscoelastic elements and models to represent the mechanical behaviour of
prosthetic feet and shoes. The study by van Jaar®tedt, proposed a simple stiffness model

with spring elements both in series angbarallel to describe the influence of footwear, which
contributed both softeningndstiffening effects Figure9a).1° Geuil, et al,, proposed the use of the
standard linear model for the viscoelastic effects of prosthetic foot systems, sugipasting

foot shells contribute to the damping elemétig(re9b).5 Klute, et al, investigated the heel

region properties of prosthetiedt and shoasnder simulad dynamic impac¢tind described the
viscoelastic response of the rdaot using the Voigt moddFigure9c). Footwear was shown to
increase energy dissipation, ahérefore it is thought that shoes contribute to the damping
element® An addtional study by Lukeet al, did notconsidemprosthetic feet, but investigated

the effects of footwear on the sprifike function of the human foot during running. It was
suggested that shoes contributed either a series element or a parallel element for instances of
softening or stiffening, respeetly (Figure9d).5” Based on the similaiés that are proposed
acrosdoot shells ad footwear, elements of these models may be useful to model the response of

the foot shell on the mechanical performance of the prosthetic foot system.
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(a) Combined Series (b) Standard Linear (¢) Kelvin-Voigt (d) Alternative Series
and Parallel Elements Model Model or Parallel Elements

Figure 9 — Proposed Lumped-parameter Models for Prosthetic Foot and Footwear

Viscoelastic Behaviour

Proposedumpedparametemodels for viscoelastic behaviour of prosthetic feet and footwe
(a) combinedspring elementsepresenting footwear positioned in series and in parallel witl
spring element representing the k¥éh) standard linear model for overall behaviour of
prosthetic feet with a spring in zdlel with a series spring and dampgfc) Kelvin-Voigt
model to represent behaviour of the prosthetic rearfoot during impact I¢adimdy(d)

alternative spring elements representing footwear positions either in series or in parallel
spring element representing the longitudinal arch of the humaf’foot.

It hasalsobeen previously shown thehanges in geometry and alignment properdfggrosthetic
feetresult in differences to the overall stiffness respon&eP3e“Differences m heelheight as a
result of different footwear paired with the prosthetic foot system, were shown to affectthe roll
over alignment, but not the redlver shapé’ The foot shell contributesimilar alterations to the
geometry and alignment of prosthetic foot systehherefore, it is possible that both viscoelastic
and geometric features of cosmetic foot shells impact the oweeahanical performance of
prosthetic foot system3¥he design features of the foot shell are also described as having

modifiable properties in order to produce different respotfs&€Bue to a limited consideration
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in the literature, there is a lack of understanding surrounding the influence of specific foot shell

design features adime mechanical performance of foot systems.

2.5 Specific Study Objectives

This study includes three main objectives, each with corresponding specifibjsghives:
1) Develop a method to predict deformation characteristics of foot systems throughout stance,

including both singlkeel and doubl&eel loadingand specifically
a. Verify the proposed protocol against results from the existing method,
b. Determine the precision of system measuremants,
c. Demonstrate the ability of the method to detect differences related to foot design,
specifically during transitionsetween singkkeel and doubl&eel loading phases.
2) Quantifythe effects of foot shells on the mechanical properties of passive prosthetic foot
systems throughout théasice phase of gait, and specifically:
a. Determine thesensitivity of multiple foot syems to differences in foot shell design
and
b. Compare the effects @ matching oot shel | on onethesg st em’
imposed by other generitesigns
3) Evaluatethe effect of foot shell design features on the mechanical pexfm@rof prosthetic
foot systems, and specifically:
a. Quantify the influence of isolated design features on structural stiffmepsrties of
the foot system, and
b. Determine the influence of foot shell and keel geometric features on the effects on

the intact foot shell on theenhanicaproperties of the foot system.

30



Chapter 3
Method for Predicting Midstance Deformation Characteristics of

Prosthetic Foot Systems

This manuscript was prepared for submission to Prosthetics and Orthotics International, and was
written in collaboratiorwith the following ceauthors:ZhaoSR,HamiltonM, Saddlemyrel, and

Bryant JT. The introduction including the appropriate literature review far mlanuscript was
included inChapter 2 the limitations were included @hapter 6 and future work was

summarized ilChapter 7to reduce repetitiveness and improve readability. An abridged
introduction including the objectives is presented.

3.1 Introduction

Mechanical characterization of passive prosthetic foot dehiBebeemf particular interesin

providing insight into the influence of differedésigns on amputee walking
performance?>1923.44.483.21.22prayigusstudieshaveprovided insight into prosthetic foot

properties related to loadinigroughout singl&keel and doubl&eel contact, however there is a

lack of characterization during the transitions between the two phases of loading. Prosthetic foot
deformation properties are particularly relevant during these transition periods ihtries
simulated plantarflexion for advancement into a stableffabposition, and dorsiflexion for

progression out of midstance into pusfh 222

The main goal of this study was to eéép a method based on the protocol proposed by &hao
al.,?2 by which the vertical deformation characteristics of foot systems could be predicted
throughout stance, including both gie-keel and doubléeel loading. The specifistudy
objectivesare to 1) verifithe proposed protocbly comparing to results frothe existing

method, 2) determinie precision of system measurements, Zrdemonstraténe abilityof the
methodto detet differences related to foot design, specifically during transitions between-single

keel and doubkkeel loading phases.
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3.2 Methods

3.2.1 Loading Configuration

The loading configuration used in this study was based on that described i€tk land
ISO22675 teting standard€;*®which has been previously adapted for mechanically testing
prosthetic feet at foot flaf*4>3 Forceand displacemersdre meaured in the shank based setup,
which permits doubkkeel contactin contrast, irthe original configuration used by Zhaat,al.,
measurements are maidethe ground based setapdescribed in the€ode standartf:>To
represent realistic loading conditions during stance, foot deformation shouiddieted based

on measured displacement resulting fraypplied ground reaction forcasthefoot. However, a
shankbased setus needed in order to overcome the technical challenges of modifying algroun
based setup for characterization of dothk#el contactThere is a practical limitation in thetfer

due to a need to transntarge bending moments to the load cell of trstitg device in the

initiation and termination of stanc€his is overcome by offetting the pylon ithe shankbased
loading systemA similar loading geometry is found in ISO22675 testing standard for lower limb
prosthetic componenté Therefore, for direct comparisdretween the two configurations it is

necessary to caertmeasuredorce and displacemedatato the ground basesktup(Figure10).

The forceconversioris based on the free body diagram showhigure 10a between theertical

force measured at the load g0 ), and thenormalreaction forcg™0), atthe contact point). It

is assumedhat friction between the test specimen and loading surface is negligible, thus there is
no transverse component of the contact fdfce.a giverorientation of the tilt plate-, the

contact force is given Bp "0 ¥ & -

Thedisplacementonwersionis based on the geometrykigure10b. The measured vertical

displacemenfQ ) results in deformatioof the fod atthe contact point norméb (Q ) and
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tangentiato (Q ) the loading surface. Thudeformationof the footin the normal direction is
givenbyQ Q AT-OThese equations were adapted from the basic dmgle relationships
described in ISO22678ising the assumption that the friction force tangenti#thé ground is
equal to zerd® Note that measurement of the reaction momin),(horizontal reaction force

("O), andtangentiadeformation(Q ) werenot usedr the characterization protocol as they would

require additional measurement equipment.

I dm

6(

(a) Force (b) Deformation

Figure 10 — Loading Geometry

Definition of measured and reaction forces detbrmationsat tilt angle—a) Measured force
at the load cell'O, corresponds to the vertical component of the reaction f&catcontact
point, 6. The moment acting on the system is equal to the vertical component of the reac
force multiplied by the eccentricity, "OQb) Displacemenimeasured at the load cél, ,
corresponds to keel deformation at tmatact point in the normal dirgen, Q , and in the
tangential directionq . Note that thenoment,0 , horizontal force;O, tangential
deformation’Q, contact point location, and corresponding eccentricity,arenot measured.
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3.2.2 Apparatus

Mechanical testing of eadbot condition was performed using an MTS (Eden Prairie, MN)
universal testing machine (Bionix Model 370.02) with &N %oad cell (MTS, 662.2004) used

to measure forc@rigurell), and a closetdhousing axiaLinear Variable Differential Transducer
(LVDT) (MTS, 1056AC370003 to measure displacemefnesolution= 0.004mm). The loading
surface was composed of a flat steel baseplate attached to a sine vice. The plate was covered with
a0.8mmTeflon sheet and all foot conditions were tested with an additional 5mm nylon sheet to
reduce friction. The sine vice was used to adjus loading tilt angl¢+0.3deg)using a range of

sine blocks, and was rigidly connected to the base of the machine using an elevated aluminum
platform. The foot system was attached to the top load cell using an adapter plate to offset the
point of loadihg by 50.8mni to minimize applied moments on the testing equipment. The
prosthetic foot system was connected to the distal end of the pylon using a standard pyramid
adapter with a tube clamp. The proximal end of the pylon was attached to the adaptétiptate

standard fouhole pyramid adapter received by a second tube clamp.

I The offset was selected from five options on the adapter plate: Omm, 25.4mm, 50.8mm, 76.2mm, and
101.6mm. Through visual observation, 50.8mm was determined as the most appropriate offset t@ minimiz
applied moments on the testing equipment during both rearfoot and forefoot loading.
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Figure 11 — Testing Apparatus

Testing apparatus adjusted for réaot loading at15 degree tilt angle. The load cell is
attached to the loadiragtuator (not shown). Nylon and Teflon sheets are used to negate
traction forces along baseplate. Right inset: foot specimen using zeroed alignment with
standard 1cm heel block spacer.

3.2.3 Protocol

Thetesting protocol including steps for alignment, loadingfife, and loading protocol. The
detailed standardized operating procedure (SOP) for the proposed protocol is provided in

Appendix A

3.2.3.1 Alignment

Each foot conditionwvas alignedvith the keel inside the foot shell and with a heel block, as per
the manufacturer’s guidelines. A 1lsystemBforock was
consistencyThe systenwas placed on a flat level dace while attached to the adapter pkatel

alignedin a neutral orientation in all axéSigure11— Right Inset)
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3.2.3.2 Loading Profile

The I1SO reference waveforms (1ISO22675) were used in this study to simulate amputee stance
phase loading conditioffs The force and shank angles with respect to time were implemented in
a quasistatic mechanical testing procedure for the purpogeeasfictingdeformation

characteristics of prtisetic foot systems. To capture mechanical properties throughout the stance
phase of gait, 17 critical points were extracted from the reference force and shank angle
waveformsthat are represented b{ &nd %' order polynomial curves, respective{ffigure 12,

Table2). Assuming a 600ms stance phase, each poirdlsarbe associated with an instance in

time or percent of stané&??Based on the overall direction of loading, these points are also
associated with instances of loading or unloading during the stance lglaaisgactured sine

blocks were used to set the loading tilt plate orientation to &fdtie selected critical angles, and

the maximum cyat test force was set to 1300N

1600 60
Rearfoot Loading Rearfoot Unloading Forefoot Loading Forefoot Unloading
1400 = — Force Waveform 50
— Angle Waveform
= 13 1 17_~40
15 —
16 g
1000 2 i o =
Z 14 o
2 800 16 o &
2 13 <
= 4
600 - -10 =
<
7
400 17 10
200 —-10
0 T Il Il | | 20
0 10 20 30 40 50 60 70 80 90 10&

% Stance
Figure 12 — P4 Force and Angle Waveform Critical Points

Force and angle waveforms generated using polynomial curves published in ISO226&5
P4 load level. Seventeen critical force and angle data points were extracted to represen
stance phase.

il The test force was reduced to 1200N for 25, 30 and 35 degree orientations to reduce excessive reaction

forces in the ground based system.
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Table 2 — Critical Points

The 1S022675 reference waveforms were used to extract 17 critical points to represent the
medanical properties throughout the stance phase ofigaih critical point corresponds to a
specific time, assuming a 600ms stance phase, force, direction of loading, and shank angle.

Point Time Stance Force Loading Shank Angle
(ms) (%) (N) Direction (deg)
1 28 5 237 Loading -20
2 90 15 917 Loading -18
3 152 25 1173 Maximum -15
4 214 36 1012 Unloading -10
5 238 40 915 Unloading -7.5
6 260 43 841 Unloading -5
7 281 47 797 Unloading -2.5
8 301 50 783 Minimum 0
9 320 53 798 Loading 2.5
10 339 56 837 Loading 5
11 357 60 894 Loading 7.5
12 376 63 963 Loading 10
13 412 69 1097 Loading 15
14 449 75 1158 Maximum 20
15 487 81 1057 Unloading 25
16 525 88 748 Unloading 30
17 564 94 309 Unloading 35

3.2.3.3 Loading Protocol

Thefoot specimens were mechanically tested using a similar loadingcolasproposed by
Zhao,et al,?? and implemented using MTS multipurpose softw&a@ch specimen was mounted

to implement either a forefoot offset with the adapter plate for positive shank angles between 0
and 35 degrees including fefbat, or a reaifoot offset for all negative shank angles betweh
and-2.5 degrees. Thane vice was set to the desimientdion using the corresponding sine

block. A50N load was applied andaintainedor ten seconds to stabiizooth machine and test
specimen, and a cyclic loachs appliedetween 50N and 1300N for 19otes A loading rate of
3mm/swas used, which is simildo previously applied loads for implementation of a guséestic

testing procedur& 22 All force anddisplacement data were recordéc aate of 100 samples/s.
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Each test was also observed visually for the approximate force at which-teebleading

occurred to later determine the duration of dotelel contact for each foot condition.

3.2.3.4 Critical Point Extraction

For each angular cougfiiration, one steady state cycle of fedigplacement dataasextracted.
Each curve was then separated ilwading and unloading curves. The 17 critical displacements
were extracted based on the critical forces and shank angles, and correspondiggdgéatis
(Figure12, Table?2).?? If the critical pointcorresponded tan instance of loading or xianum

peak loadsuch as with Critical Poin® and 14 Figure13), the critical point was extracted from
the loading region of the curvéConversely, if the critical poirtorresponded tan instance of
unloading or the local minimum during midstansash as with Critical Point 8Higure13), the
critical point was extracted from the unloading region of the curve to account for viscoelastic

effects(Figure13).22

v For examplepoint 3 onTable2 represents the maximum peak rearfoot load, and therfeleading
curve for rearfoot loading al5deg is analyzedqFigure13). The displacement at 1173N is recorded as the
data point in the predictatkformationprofile (Figure14).
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Figure 13 — Force-displacement Curves and Critical Point Extraction

Corresponding forcdisplacement data for the Niagara Footlat 0, and 20 degrees during

each ofthe contact loading conditions, respectively. Critical displacement values were

extracted from the corresponding loading or unloading curve at the didgticalmagnitudé?
Thel7 extractedritical displacemestrepresent the predicted foot deformation, auede fit
with a spline interpolant and plotted with respect to percent s{gigure14). The resulting plot
is referred to as th@eformation profileand displays the predicted continuous deformation

characteristics of the prosthetic foottgya throughout stané@A thicker line is used to display

the region along the curve corresponding to the predicted duration of dmableading.
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Figure 14 — Deformation Profile

Correspondingleformation profile for the Niagara Foot bare keel displayind thextracted
critical displacements. Predicted durations of dowkelel loading are displayed on the
deformation profiles with a thicker line in thedstance region of the curv@ritical Points 3,
8, and 14 extracted from the fordiesplacement curves Figurel3are also circled for clarity.

3.2.3.5 Determination of Doubl&eelLoading

There are three distinct phases of loading throughout the stance phase of gait-eefrfoot
contact, doubléeel contact during which both the rearfoot and forefoot are simultaneously
loaded, and forefoednly contaciFigurel15). Instances o$inglekeel anddoublekeel contact
weredistinguished byomparing the force at which doukeel contact was initiated
(approximated through visual observation during cyclic loadingfiftness transitions othe
force-deflection curves. If the extracted critical point fell above the transition from single to

doublekeelcontact, it was consideréd fall within the doubleeel loadingohasgCritical Point

8, Figure13).
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(1) Rearfoot-only (2) Double-keel (3) Forefoot-only

Figure 15 — Loading Contact Conditions
Examples of the three contact loading conditionstanceaepresented by the Niagara Foot

bare keeHuring loading in thel5, 0, and 20deg orientatior{¢) RearfootOnly, (2) Double
keel, and (3) ForefoeDnly.

3.2.4 Experimental Design

3.2.4.1 Test Samples

To demonstrate the ability of the proposed testing naetth@etermingredicteddeformation
characteristics of the prosthetic foot system during dekex loading, a sample of currently
available prosthetic foot systems were included in the s&igdyontemporary passidesels and
seven foot shellg/ere obained from the manufactusgiand a total of 1600t systems were
assembled representing a range of feel shell combinations. For this studiye commercial
foot systems comprised of keel and foot shell combinadsnscommended by the
manufacturersvere includeda right Otto Bock SACHuwith integrated foot shell, a Model 2
Version 21 Niagara Foot paired withedt Kingsley foot shell, and a College Park Celsus,
TruStep, and Velocityleft foot oriented)each paired with their matchimeft foot stells (Figure

16). The Celsus, TruStep, and Velocity keels are typically worn 8gctrasocks when paired
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with foot shells. Therefore the socks provided by the neotufer were also included for testing.
The SACH or solieankle-cushioneeheel is a commonly used conventional foot design that is
targeted towards lower activity users. The Niagara Foot is a unique controlled passive energy
management (CPEM) keel desigretdow cost for moderate to high activity useiithe Celsus is

a flexible keel design that provides prolonged ground contact for increased stability targeted for
low to moderate activity usef&The TruStep is a mutaxial dynamic keel designed based on the
anatomeal foot for moderate to high activity usé?d.astly, the Velocity is a high impact

dynamic energy storage and return keel that also providesaridtimotion for moderate to high

activity users?

|\

(a) SACH (b) Niagara Foot (¢) Celsus (d) TruStep (e) Velocity

Figure 16 — Keel Test Specimens

Foot specimens: (a) Otto Bock SAGHRight, (b) Niagara Foot M2V21, (c) College Park
Celsus, (d) College Park TruStep, and (e) College Park Veletigft. Keelspecimens are
shown without cosmetic covers for comparison of structural design features, except for t
SACH where the cover is not removable.

3.2.4.2 Comparison between Ground Based and Shank Based Protocols

To validatethe proposed methodology, one bare Niaggoot M2V21 sample was tested by
different operators on separate occasions usitigthe original ground based loading protocol
and apparatus proposed by Zheial,?? and the promsed shank based method. Orihgie-keel
loadingpoints were used for comparisorhérefore the5 degree reafoot loading angle from
the original protocol was excluded due to the occurrence of déeblecontacbf the Niagara
Foot bare keel at thatientationwith the proposed methodihis resulted in 11 data points

averaged acrods/e tests usinghe original ground based protocol, angtragedcross six tests
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usingthe proposed shank based protoEol.each method, thegredicted deformatioand

variability across operators were represented by the mean and standard deviation of each critical
point. The agreement between the two methods was then evaluated using a Bland Altman
analysis’* Both unit differencesnd percent differences with respect to the average value were

computed between repeat meastifes.

3.2.4.3 TestRetest Agreement

The testretestanalysis included data from all 16 available foot systems to evaluate the agreement
between repeat tests. Fiftegystems were comprised of keels and removable shells and were
tested in both bare and covered conditions. The SACH has an integrated cover and thus only one
condition was tested. Each of the resulting 31 conditions was tested twice. Since each test
includes 17 data points, a total of 527 data points were includeBland Altman analysis to

compare the agreement between repeat tests using the proposed testing protocol.

3.2.4.4 Predicted Deformation Characteristics of Prosthetic Foot Systems

To demonstrate themnsitivity of the proposed testing methtmidifferences related to foot

design, samples of eachthe fivecommerciaffoot systers were tested in random order, twice.
The mean and standard deviations were calculatdidpredicted deformation valueseach
critical point todeterminehe variability between tests. The data were fit with continuous spline

interpolans to represent the predicted deformation prefileoughout stance

3.3 Results and Discussion

3.3.1 Comparison between Ground Based and Shank Based Protocols for the Niagara Foot

Bare Keel

To assesthe continuous predicted deformation results throughout stdefmation profiles
were producedor the tested foot in both setufid-or the comparison between setups where no

doublekeel points were measured, the deformation profiles were created by separately fitting
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rearfoot and forefoot data with spline interpolants to characterize predicted deformation during
singlekeel loadig. The predicted deformation profiles of each method were plotted with respect

to percent stance f@omparisonEigurel7a).

Visually the two profles are similar and the majority of critical points fall within one standard
deviation of each other. Based on the Bland Altman analysis, the level of agreement observed
between methods is acceptable, with previous results showing that both methodes=zohtbe
differentiate between foot desigriiidure17b).22 In the figure, eachata point corresponds to the
average of five repeat tests for tgr@und basegrotocol, and six repeat tests for gteank based
protocol.The bias between averaged measures was calculateddtdt@ 2mm(-3+2%), and the
upper and lower limits of agreemt were calculated using corrections described by Bétrad,

for a comparison including repeat measYyfeand were found to be 0.6+0.3n{B13%)and-
1.3+0.3mm(-12+3%) respectively. All data points were obsertedall within the limits of

agreement spanning a range of 1.9(@i#Po).

Observedlifferences between configurations could be explainettidgifferences in
methodologiesAlthough the applied peak forces are simitag reaction forces between the foot

and loading surface changed depending on the tilt angle. As a result, larger reaction forces would
occur as the tilt angle increased, and the largest amount of disagreement was observed at the
larger tilt angles for both heel and forefodhisin combinaion with increased traction forces

that maynot have been completely negatsdthe low frction Nylon and Teflon sheetspuld

v For comparison of two methods including repeat measures, typically the mean values from each method
are presented. The estimate of bias will be unaffected, however the estimate of standard deviation of
differences may be reduced due to some measutemenbeing removed by averaging. Therefore Bland

et al, proposed equations to calculate the standard deviation of differencémits of agreement) ¢ @,

and their variancep G i3 ps& ¢ , and confidence intervalg v . » for repeat measures.
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haveaffeckedthe extractediata. Additionally théorce-displacemenhysteresis coultave
increased, resulting in altereéldsplacementalues on the unloading curve.

a) Deformation Profile Comparison
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Figure 17 — Agreement Between Loading Configurations

Comparison of the originground based metha@hd proposedhank based methdolading
geometriesa) Mean deformatioresultsfor the Niagara Foot in both setuipsBland Altman
plot analyzing the agreement between the two methods. Bias and limits of agreement, a
respective 95% confidence intervals are also plotted.
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3.3.2 Test-retest Agreement

The testretest agreement of the proposed method was evalusitegia Bland Altmaanalysis

with 31feet, including 1%arekeel tests, 18overedcondition tests, and one SACH foot test
(Figurel18). Thebias was calculated to b@.08+0.03mm(-0.9£0.4%)and the upper and lower

limits of agreement were calculated to be 0805mm(8.4+0.7%)and-0.82+0.05mm

(-10.3+0.7%) respectively! The bias between repeat tests is small and was likely influenced by
some of the larger outliers, indicating the systematic variation between repeat tests is negligible.
These outliers were generally a result of one or two specific foot conditions that included specific
keel designs with greater range of motion, which may have resulted in the larger variations in
predicted deformatiarhe limits of agreement span a ramjd.5mm(18.7%) which was
consideredicceptable for the purposes of differentiating between Fagiie 19).22 It was also
observed that the largest outliers were mostly from one foot condition, which suggests that
although two repeat tests are generally acceptable, for certain foot conditions a third repeat test

may be beneficial to further redeigariance.
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Figure 18 — Agreement Between Test-Retests
Bland Altman plot comparing teseétest measures. Bias and limits of agreement and their

confidence intervals are also plotted.

3.3.3 Predicted Deformation Characteristics of Prosthetic Foot Systems

Deformation profiles of five prosthetic foot systems were plotted for compafsguré19), and

the details for doubkkeel contact aressnmarized infable3. The SACH (pink lineFigure19),
exhibits large deflections during early stance due to its cushlw®dwhich acts to reduce
impact forces at heel strike and to simulate plantarflexion for progression into midstance. The
duration of doublé&eel contact occurs between approximatehd36o of stance, which is
relatively short with a quick transition imodoublekeel to forefootonly contact. The SCH
incorporates a solid ankle that is meant to provide stabtiti,it also limits forefoot deflection
during the transition out of doubkeel contact, until the contact point along the forefoot moves

forwards at higher shank angles resulting in late pefdrmation?? 3
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Figure 19 — Predicted Deformation Characteristics
Predicted &ance phase deformation characteristics comp#nmgroperties of the five foot
conditions: Niagara Foot, Celsus, TruStep, Velocity, and SACH. A-cipgetween 20 and
65% stance including the durations of dodkel contact for all foot conditions is also show
Error bars represent differences beénagepeated measurements.

The Niagara Fodlack line,Figure19), incorporates a stiff heel design meant to provide a

rolling response for transition into midetae® This response is represented by its low

deformdion in rearfoot only contactThe foot transitions into doublesel contact later than the
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other foot desigs, with a total duration occurring between approximatelp@® of stance. The
flexible forefoot of the Niagara Foot is intended to store and return energy feofiiidhis first
activated as the foot progresses into doddelel loading resulting in a sudden increase in

deformation, continuing until pealeformationin late stance.

The Celsuggreen lineFigurel19), is promoted as a low to moderate impact foot that provides
greater ground conta€tThis feature is exhibited through jtsedicteddeformation

characteristics. The Celsumpides similar deformation during refirot loading as the SACH

foot, acting to reduce impact forces, but also progresses into dadilading earlier and for a
longer duration compared to other foot designs. Dekibé loading occurs between
approximately 2563% of stance. The Celsus is composed of a dual leaf spring design with two
bolt heads that protrude out from the forefoot s@ar themid-foot region. As the rearfoot
mechanism is loadethe forefoot leaf spring is pulled downwards. Similadyg the forefoot
mechanism is loadethe rearfoot mechanism separaaiewing for a greater duration of double

keel loadingf®

The TruStegorange lineFigurel9), is a multiaxis design with duglaralleloffset joints that

provide greater rotatioat the prosthetic ankle joinghich is controlled by the compression of

the rearfoot and forefoot bumpéPDuring rearfoot loadingthe foot exhibits a moderate level of
deflection that is controlled by compression of the stiff heel bumper. As the rearfoot continues to
compress, the offset axial joints allow the foot to exhibit pléletaon for transition into double

keel contact, occurring between approximately6866 of stance. During doubleel contactthe
paralleloffset joint mechanism enables the joints to rotate atnoednotherto provideincreased
vertical compliancé&® During the transition from doublieeel to forefoot only contacthe foot

exhibits greater deflection compared to other foot conditions. The foot transitions into forefoot
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only contact as the pylon angle progresses.iitreased compression of the forefoot results in

the rearfoot lifting off the ground.

The Velocity(blue line,Figure19) is promoted as a higimpact dynamic keedesigned to

provide smooth rolbver® It incorporates a layered spring design, with parallel springs in the
forefoot region to provide a stiffer respori&he velocity dsplays the greatest level of rearfoot
deflection out of the five designs, likely to accommodate higher impact forces expecigiaeof h
activity users. The posteriend of the rearfoot is also curved, forcing the contact point to remain
posterior The athchment of the rearfoot leapring is also located in the rdidot to forefoot

region. Both of these design features allow for a greater lever arm, which could contribute to the
larger observed deflections. The foot displays an early transition intdeelaedd contact similar

to the Celsus design, with a duration between approximatebd®&of stance. During double

keel loading and forefoot only loading, the forefoot leaf spring displays reduced deformation due

to its parallel spring desigrilhis islikely to accommodate higher impact activities.

3.3.4 Double-Keel Contact Characterization

Doublekeel contact properties differed across foot conditiasshown iffable3. Generally

more compliant rearfoot designs with larger amounts of deflection were associated with earlier
transitions into doubl&eel contact. Likewise, more compliant forefoot designs \@eseciated

with later transitions out of doubleeel contact. Stiffer rearfoot and forefoot designs were

observed to exhibit the opposite effect.
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Table 3 — Predicted Event Timing and Deformation of Double-keel Loading

Summarzed predicted event timing, presented as percent stance (and angular orientation in
degeeg and associated deformation, measured in mm, including: initiation into dcedidle
loading, instance of foetat, termination out of doublkeel loading, and thital duration of
doublekeel loading betweemitiation and termination.

Initiation Foot-Flat Termination Duration
04 (-10° 43% (-5°) 47% (-2.5°) 11% (7.5°)
SACH 36%0 (-10°)
9.60mm 3.30mm 4.46mm
_ 40% (-7.5°) 40% (-7.5°) 50% (0°) 10% (7.5°)
Niagara Foot
2.45mm 2.45mm 7.14mm
25% (-15°) 43% (-5°) 63%0 (10°) 38% (25°)
Celsus
13.39mm 3.48mm 22.78nm
36%0 (-10°) 43% (-5°) 60% (7.5°) 24% (17.5°)
TruStep
7.83mm 5.10mm 23.38nm
_ 25% (-15°) 43% (-5°) 53% (2.5°) 28% (17.5°)
Velocity
18.66nm 6.74nm 9.2Imm

Thecontact conditions maglso have an impact on timing of the doukéel loading phase. For
example, the Celsus has a dual protruding bolt head design on the sole, which is thought to affect
initiation and termination of doubleeel loadingThe Celsus rearfoot when compared to the

SACH had similarand at timesless deflection during the transition into doukdl contact

(13.39 vs. 13.48mm al5deg and 8.38 vs. 9.60mm-40deg), but displayed an earlier initiation

at 25% compared to tIf®ACH at 36% of stance. Similarly the Celsus forefoot when compared to
the TruStep deflected less during the transition out of dekddecontact (18.22 vs. 23.38mm at
10deg and 22.78 vs. 27.67mm at 15deg), with a later termination at 63% comparedustap T

at 53% of stance. Therefore both keel compliance and surface geometry are thought to influence

prosthetic foot temporal behavior during doukée| loading.
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3.4 Summary

A method was described to predict the continuous deformation characteristicstbéficdoot

systems throughout stance, with the ability to include both skegttand doubl&eel loading

phases. The method was shown to be comparable with a similar existing protocol, and to produce
repeatable resultsithin an acceptable levef precision. The method successfully detected

expected differences related to foot design, specifically demonstrating that the initiation and

termination of doublekeel contactelatedto keel stiffness and geometry
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Chapter 4
Effect of Cosmetic Foot Shells on the Predicted Stiffness Characteristics

of Prosthetic Foot Systems

This manuscriptvas prepared for submissionRwosthetics and Orthotics International, and was
written in collaboration with the following eauthors:ZhaoSR, &ad Bryant JT.The introduction
including the appropriate literature review for this manuscript was includéchimpter 2 the
limitations were included i€hapter § and future work was summarizeddhapter 7to reduce
repetitiveness and improve readability. Amidbed introduction including the objectives is
presentedSome aspects of the methodology resebeen omitted for brevity as they have been
presented in detail elsewhere in the thesis.

4.1 Introduction

Previous studies have investigated itiechanical chaicterization of prosthetic foot deformation
and stiffness properties to provide evidence based clinical prescription guidelines and design
practices22519.2350,53.21.2257.56he prosthetic foot system is comprised of not only the underlying
structural keel component, but often includes the cosmetic foot shell, and can also include
footwear.However theinfluenceof the foot shell®nthe mechanical performance of prosthetic

foot systemshroughout stancis limited in academic literature

Theoverall goal of this study was to quantify the effects of foot shells on the mechanical
properties of passive prosthetic foot systems througheugttince phase of gditis

acknowledged that the addition of footwear will likely alter any effects observed as a result of
foot shells. Howeveran initial investigation into foot shells is required to better understand the
influence of overlaying praletic foot components. Footwear is outside the scope of the current
study, but will be considered in future woilkhe main objectivesf the studywere tol)

determine theensitivity ofthe mechanical characteristicsmféiltiple foot systems to differeas

in foot shell designand2) to compare the effects afmatching oot s hel | on one

performance tohose imposed by other genediesigns
53
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The results of this studgre intended to providguantitative evidence to inform future clinical

presciption and design practices of paired prosthetic keel and foot shell components.

4.2 Methods

4.2.1 Apparatus and Loading Procedure

The mechanical testing apparatus and protocol implemented in this study was adapted based on
those described by Zhao al,?? to predict the continuous deformation characteristics of
prosthetic foot systems, and subsequemtbglified by Low et al.*’ to include doubléeel
loading(Chapter 3. Mechanical testing of each foot condition was performed using an MTS
(Eden Prairie, MN) universal testing machine (Bionix Model 370.02) with a 15kN load cell
(MTS, 662.20H04) and a closedhousing axial LVDT (MTS, 105&C370003, used in
conjunction withthe apparatus and configuration described by ebal. (Sections3.2.1and
3.2.2Figure11)®” The imposed forces and angr orientations are based on the generalized
vertical ground reaction force and shank angle waveforms published in the ISO22675 testing
standard for characterizing amputee loading conditions duriné®@etenteen critical forces

and angles were extracted to represent the stance phase and used to implementstiaticjuasi

testing proceduréSection3.2.3.9.%

4.2.2 Critical Point Extraction

One steadystate cycle of forcelisplacement data was extracted for each of the 17 angular
configurations. Applied force andisplacement were measured in the pylon based setup and
convertedo the ground based setup (Sectio®.]).>” Theconvertecturves were separatedan
loading and unloading curves, and critical displacest@piresenting the predicted deformation
of the foot throughout stanegere extracted based on critical angle and force values, and

corresponding loading regions (Sect®@.3.4.225" Critical points falling wihin the doublekeel
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loading phase were determined based on the protocol described &t bhvior characterization

of midstance properties (Sectigr2.3.5.>’

4.2.3 Experimental Design

To isolate effects of foot shells on the mechanical properties of prosthetic feet, each foot system
was mechanicallyested in both bare and covered conditions. The bare condition involved testing
the keel without a foot shell and provided the baseline mechanical properties for the structural
component of the system. The covered condition entailed testing the keeffeatshell, and

was compared to the baselinesaparate ouhe effects imposeby the surrounding foot shell.

4,2.3.1 Test Specimens

To demonstrate the effects of cosmetic foot shells on mechanical properties of passive prosthetic
foot systems, a sampté six size 26contemporaryrosthetic keels angkvenfoot shells were

obtained from the manufactuseiand a total of 16 foot systems were assembled representing a
range of keefoot shell combinations. For this studgur keelsand five foot shells were tested in

in a total of 14 foot system test conditioite keel specimens included a Model 2 Version 21
Niagara Foot, an Otto Bock Axtion 1E56, a College Park Celsus, gl &tto Bock SACH

(Figure20).

(A) Niagara Foot (B) Axtion (C) Celsus (D) SACH

Figure 20 — Keel Test Specimens for Testing Effects of Foot Shells

Keel specimens: (A) Niagara Foot M2V21, (B) Otto Bockign, (C) College Park Celsus,
(D) Otto Bock SACH Right.

55



The SACH, or solieankle-cushioneeheel foot, has an integrated foot shell and therefore could

not be tested in a bare condition, but was included in the study for reference to a commonly used
conventional design. The Axtion and Celsus keels are typically worn with Spectra socks when
paired with foot shells. Therefore the socks provided by the manufacturer were also used for
testing in the covered conditions. The foot shell samples includedyarsi&oot Model 1 (NF

M1) right foot shell, an Otto Bock 2C4 (OBC4) left foot shell, a Kingsley left foot shell, an-iB

ER right foot shell, and the matching College Park Celsus left foot Sligliré21).

(1) NF-M1 (2) OB-2C4 (3) Kingsley (4) iB-ER (5) Celsus

Figure 21 — Foot Shell Test Specimens for Testing Effects of Foot Shells

Foot shell specimens: (1) Niagara Fbtit (NF-M1) Left, (2) Otto Bock 2C4 (ORC4) Left,
(3) Kingsley Left (4)B-ER Right (5) College Park Celsus Left

4.2.3.2 Test Matrix

To investigate the sensitivity in mechanical performance of foot systems to different foot shell
designs, the Niagara Foot, Axtion, and Celsus bare keel structures were each tested with four
generic fot shells, including the NAM1, OB-2C4, Kingsley, and iEER designs. To consider the
effects of foot shells designed for specific keel structures, the Celsudsesssted with its

matching foot shell. All keel and foot shell pairs included in the stmeysummarized ifable4.

Each foot system was tested in both bare and covered conditions in randomized order, except for
the SACH that includes a permanently attacfomt shell and could therefore only be tested in its

base condition. Each condition was tested twice to determine variation in system measurements.
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Table 4 — Keel and Foot Shell Test Matrix

Summarized test matrix including allddeand foot shell combinations tested in the study. Keel
specimens included: ANiagara Foot, B- Axtion, C— Celsus, and B- SACH. Foot shell
specimens included:-ANF-M1, 2—0B-2C4, 3—Kingsley, 4-iB-ER, 5— Celsus, 6- SACH
(integrated with keelekign).

.. Foot Shell
Test Conditions - -
NF-M1 | OB -2C4 | Kingsley iB-ER Celsus NA
Niagara Al A2 A3 Ad
Foot
Keel | Axtion Bl B2 B3 B4
Celsus C1 Cc2 C3 C4 C5
SACH D6

4.2.4 Alignment Protocol

Each foot condition was setup using a specific alignment prot&ealisticloading conditions of
prosthetic foot systemacludekeels paired withbothcosmetic foot shells and footwear.

Therefore each foot system was aligned whthkeel inside the faghell. Although footwear

was notincluded inthestudy a heel bl ock spacer was used as
to accommodate for heel height differentiest would bémposed by shoes. For consistency, a

1cm heel block spacer was used torahd) foot systems. The foot system was placed on a flat

level surface while attached to the adapter plate and aligned in a neutral orientation in all axes
(Figure22a). For the bare condition, the alignment was kept constant, reducing the effects due to
changes in structural alignment for direct comparison between covered and bare conditions.

Sagittal plane orientation of the bare keel with respect to horizontakeasied to implement

consistent alignment in future experimerig(ire22b). Recorded alignments are summarized in

Appendix B
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(a) Covered Condition (b) Bare Condition

Figure 22 — Alignment

a) Covered condition with zeroed alignment using standardized 1cm heel block spacer.
condition with unchanged alignment from covered conditfodigital level was used to recor
sagittal plane angle.

4.3 Results and Discussion

4.3.1 General Trends in Mechanical Response with Foot Shells

The effect of foot shells on the ndinear forcedisplacementurveswere observed across foot
systems. The foredispgacement response was thought to experiencedegibndent changes due
to sequential loading of the keel and foot shell materials. A set of representative curves were
plotted to demonstrate the effect of one foot shell on various prosthetic keelrsgUugaiaare
presented from the first testatifor the OB2C4 foot shell paired with each the Niagara Foot,
Axtion, and Celsus keels (A2, B2, and C2 foot conditions respectively) at the

-15 degree loading orientatioRigure23). Numbered figures corresponding to key points on the

curves are also included for each of the keelsNiagara Foot, 2 Celsus, and 3 Axtion.
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Figure 23 — Force-Displacement Curves and Contact Conditions

Representative foredisplacementiataat-15 degrees for the Niagara Foot, Axtion, and Celsus
keels in the a) Bare Condition and b) Covereddition with the OB2C4 foot shell (foot
conditions A2, B2and C2, respectively). Extracted critical point datealso plotted for
reference.

Contact conditions at key instances are presented for each foot condition: 1) Radféoading
of the Niagara Foot at the critical load in (a) bare and (b) coveneditions; 2) Doubldeel
loading of the Celsus at the critical load in (a) bare and (b) covered conditionsC8hn{agt point
located away from the pylon near the end of the forefoot structure, (b) Cpaoiicinovement

towards the pylonand (c) reafoot only transition to (d) doublkeel loading of the covered
Axtion at the critical load.

A softening &ect was observed with the GBC4 foot shell athe-15 degree®ading

orientation, with increased deformation displayed across all three ddsigressed hysteresis is
also evident in the foredisplacement curves across all foot systems, supporting reported results
suggesting foot shells influence energy return propéettieffects on the forcelisplacement

curves were thought to be related to the different loading states displayed by each foot system

between bare and covered conditions.
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The Niagara Foot in its bare condition has a stiff heel désiggylting in a steep foree

displacement curve during rearfemtly loading Figure23—1a). Inthe covered condition, the

response remains in rearfemtly loading, but the foredisplacement response is initially

softened until approximately 600N, when the cu
response similar to that of the bare kfetjure23— 1b). This altered response results in an

overall increased deformation at the critical point. The cover material is thought to have

compressed during itiél loading to soften the response until it could not be displaced further, at

which point it would act as a rigiike material. This effect would result in the final portion of

the curve displaying a stiffness response similar to the bare keel.

TheCelsus in its bare condition is observed to have two distinct periods of loading, which are
associated with a transition from rearfaotly loading to doubl&eel loading where the curve

displays a distinct shift in slop&igure23—2a). In the covered condition, this transition is

retained but both periodsf loading have a reduced slope, whiebulsin an overall softened

response at the critical poirigure23—-2 b ) . Unl i ke with the Niagar a
does not converge back to a stiffness similar to the bare conditiensuggests the foot

condition exhibitsa different response where tb@ver material does not reach miar end

compression condition. This is thought to be aresultofttosot sy st em’ sgler ansi ti
keel to doublekeel loading, which could result in prolonged compression ofdtieranaterial

due to the force being shared across both rearfoot and forefoot surfaces.

Lastly, the Axtion in its bare condition also exhibits two distinct periods of loading, but during
rearfootonly loading. The transition in slope to an increased&#$ response is thought to
result from a reduced lever arm from the contact point maewagrds the pylomlong the keel

(Figure23—3ab).?2 The critical point was again extracted at a higrauein the covered

61



condition. The key distinction when compared to other foot conditions, was that the curve did not
display reduced slopes. The initial period of loading appeared to be moderately stiffer, but the
transition to the second period of loading occurred latsultig in an overallargermeasured
displacement. Interestingly, the critical point in the covered condition was extracted during
doublekeel loading. The transition from singteel to doublekeel loading was not evident on

the curve and actually occed later than the noticeable stiffness transitligyre23— 3c-d).

Overall, distinct loading responses were observed between keel structures paired with the same
foot shell. Effects of the foot shell included both decreased and increasedifmieeement
slopes, resulting in an altered final critical displacement. Effects were also observed on the

transition to doubldkeel loading, suggesting effects to tempgralperties throughout stance.

4.3.2 Stance Phase Deformation and Stiffness Characteristics

The critical displacements extracted from the fatisgpla@ment curves each correspondjiteen
force, angle, antime values from the reference 1ISO waveforrasd represd the predicted foot
deformation® Assuming a 600ms stance phaseshtime point was converted to a percent

stance and thdeformatiorvalues were fit with a continuous spline interpolant. The resulting plot
is referred to as th@eformation profileand displays the predicted stance phase deformation
characteristics throughbstance? Dividing the given forcéoy the predictedeformation

provides an estimate oftructural stiffnessThe structural stiffness characteristics of the foot
systemarealso plotedas a function of percent stanesd the resulting curve is referred to as the

stiffness profi.

Deformation and stiffness profiles were produced for each foot systesamparison between

bare and covered conditiorRepresentative profiles for th©B-2C4 foot shell paired with the
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Niagara Foot (A2) and Axtion (B2) were plotted to display the effects of a foot shell on the

predicteddeformation and stiffness properties of two keel desigitgi(e24).

(a) Deformation Profile
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Figure 24 — Deformation and Stiffness Profiles

(a) Deformation profile, and (b) Stiffness profile, for the A2 and B2 foot conditiomparing
the effects of the ORC4 foot shell orthe mechanical properties of the Niagara Foot and
Axtion keels throughout stance, with the darker shaded regions indicating-#teebleading.
SACH (D6) data is also plotted for reference.
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Varied effects were observed across foot systems aslagtsach foot shell. The GBC4 foot

shell for example, resulted in increased deformation and decreased stiffness of the Niagara Foot
consistently throughout the stance phase, except at very late stance. In comparison, a more varied
effect was observed for tifection, with instances of both increased and decreased deformation

and stiffness throughout stance. This example emphasizes the variation in effects on mechanical

properties of foot systems resulting from one foot shell design.

4.3.3 Midstance Temporal Properties

Foot shells were observed to impact midstance temporal properties of foot systems. A consistent
effect was displayed across foot systems, with increased dkedlléoading duration in the

covered condition compared to baFigure25). A varied effect was observed for Niagara Foot

and Axtion keels, while the Celsus displayed later termination with all foot shells. The prolonged
doublekeel loading periods all corngsnd with instances of increased deformation. This effect is
consistent with the correlation betwegenedicteddeformation properties and doutieel loading
durations reported by Loet al®’ It is speculated that depending on the influendbeqredicted
deformation and stiffness properties, alternative effects could result from other foot shell designs,

such as decreased or shifted duratiof doublekeel loading.
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Figure 25 — Durations of Double-Keel Loading

Durations of doubldkeel loading measured in percent stance comparing the covered and

60

65

Bare Keels

A -Niagara Foot
B -Axtiun
Cc Celsus
D @lsacH

Foot Shells

1 @NF-M1
2 [@oB-2c4
3 -Kingsley
4 [iB-ER
5 .Celsus

conditions for each foot system. Durations plotted separfatebach keel structure: (A)
Niagara Foot (B) Axtion (C) Celsus. SACH (D6) data is also plotted for reference.
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4.3.4 Summary of Stiffness Effects

The percent difference in stiffness between the covered conditions with respect to each bare
condition were calcalted to isolate the effect of each foot stélhe results were plotted as a
function of percent stance, with effects due to the four conventional foot shells plotted separately
for each bare keeF{gure26a-c). Effects due to the matching Celsus foot shell were also plotted

for the bare Celsus keel for direct comparisoth&mthergenericdesigns Figure26c).

Consistent tendencies were observed across keel and foot shell designs. The Niagara Foot
displayed a general trend of decreased stiffness with all foot shells, with certain exceptions. The
Axtion exhibited the largesendency for increased stiffness with all foot shells, with increased
stiffness up to approximately 49@igure26B). The exception to this trend occurred during

rearfoot loading and unloading with the GBC4 foot shell, and around midstance with all

designs. The Celsus showed a consistent pattern throughout stance, with a greater tendency
towards increased stiffness during rearfoot loading and forefoot unloadindeemdsed

stiffness for he remainder of stance. The @B4 foot shell was observed to have the largest

overall influence, reducing rearfoot stiffnegsto approximately 73%digure26). The OB2C4

foot shell has a larger heel pad thickness than the other three designs, which was thought to result
in larger compression at the rearfoot. TheME, Kingsley, and iBER foot shells all displayed

similar effects across foot systems, but with distitiféences depending on the keel structure

and period of stance. Although some trends can be discerned from the data, a large disparity is
present, with a range of decreased and increased stiffness responses throughout the stance phase.
The variation in d&cts suggest that differences in structural shape and material of both keel and

foot shell designs interact and control the overall response.

Yo QM @RNQQ QE-HR—— zpmmp
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When comparing the response of the matching Celsus foot shell to those resulting from other
designs, it displaya distinct stiffness response. Specifically, it results in lower stiffness during
rearfoot loading and unloading, and increased stiffness during midstance with up to
approximately 60% difference compared to generic designs. This suggests that ifafyecific
matched components from higher performance foot systems are paired with other generic
designs, it may result in considerably altered properties. This could affect the intended function of

the foot system and compnise the desired influence on ampubé@mechanical performance.
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Figure 26 — Foot Shell Stiffness Effects
Percent difference in stiffness measured as the covered condition with respect to the ba

condition. Effects plotted separately for each keel strucfajeNiagara Foot (B) Axtion (C)
Celsus.
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4.4 Summary

Cosmetic foot shells are hjust cosmeticlt has been previously speculated that foot shells

would either contribute a softening effect due to their compliant material properties or have no
influence at dl The results indicatdnowever, that a more complex interaction likely exists
between the foot shell and keel components. Foot shells were observed to alteditted
deformation and stiffness response of foot systemsiritgsrtantto emphasize #hoccurrence of
both softening and stiffening as a result of the foot shell, and that this response varied depending
on the keel and foot shell pairing and also phase of stance. Foot shells increased theofluration
doublekeel loading, which correspondaalinstances of increased deformation. The results
indicate the potential influence of both stiffness and geometry properties of keel and foot shell
components on the overall mechanical performance of the foot system throughout stance. The
complex interadon between keel and foot shell components should therefore be taken into

consideration in future design and prescription practices of prosthetic foot systems.
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Chapter 5
Effect of Foot Shell Design Features on Mechanical Performance of

Prosthetic Foot Systems

This manuscriptvas prepared for submissionRwosthetics and Orthotics International, and was
written in collaboration with the following eauthors:Zhao SR, ad Bryant JT.The introduction
including the appropriate literature review for this manuscript was includéchimpter 2 the
limitations were included i€hapter 6 and future work was summarizeddhapter 7to reduce
repetitiveness and improveawability. An abridged introduction including the objectives is
presentedSome aspects of the methodology resebeen omitted for brevity as they have been
presented in detail elsewhere in the thesis.

5.1 Introduction

Previousstudies have focused on quifyihg stiffness and viscoelastfropertieg®20.50.51.5nd
roll-over propertieincluding the combined geometric, alignmeamgd stiffness properti€é+5°
to demonstratéhe influence of various prosthetic foot design features on mechanical
performanceThe majority of studiedhiowever,do not consider the influence of tfaot shell on
mechanical properties of the foot system. Previous methods of evaluating prosthetic foot
mechanical performance therefore lack the ability to evaluate isoldéetisedf fod shell

components.

Theoverall goal of this study was &valuate the effect of foot shell design features on the
mechanical performance of prosthetic foot systems.spkeific studyobjectives were td)

guantify the influence of isolated desifgratures on structural stiffness properties of the foot
systemand 2)determinethe influence ofoot shell and keel geometric featumesthe dfects on

the intact foot shell on the mechanical properties of the foot sy$tesrstudy aimed to provide
guantitative evidence to improve the understanding of complex interactions between specific keel

and foot shell design features using a standardized mechanical characterization method.
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5.2 Methods

5.2.1 Apparatus, Alignment, and Loading Procedure

Mechanical testing was performed using an MTS (Eden Prairie, MN) universal testing machine
(Bionix Model 370.02) with a 15kN load cell (MTS, 662.20M) and a closethousing axial

LVDT (MTS, 1056AC370003, with a previously described apparatus and condiion
(Section3.2.2— Figure11).5”%¢The alignment protocol proposed by Letval, for isolating foot

shell effects was also pplrementedSection2.1.5— Figure22).%6 The mechanical loading

protocol was based on that proposed by Zitaad., andmodifiedby Low et al, to predict

continuous deformation characteristics of prostHetit systems thraghout stancé?®’ This has

also been previously implemented to quantify effects of cerfomt shellg(Sections3.2.3and

4.2.1).58

5.2.2 Foot System Stiffness

5.2.2.1 Foot Shell Design Features

The foot shelis composed of foumain sections: ankle coveriagd openingforefoot covering,
rearfootcovering, andsole(Figure27). These section$n turn, are comprised of desitgatures

with specific functions. The main features that are expected to have the largest influence on the
stiffness responsef the systenare located in the sole of the foot shell, and include the rearfoot
pad, midsole and forefoot pdd.addition, the rearfoand forefoot coverings respectively,

contain heetlip and toeclip mechanisms thaecurehe ends of th&eel structurevithin the

foot shell,prevening unwanted movement or removal.
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Figure 27 — Foot Shell Components
Main foot shells components: ankle covering and opening, rearfoot covering, forefoot

covering, and sole. The sole is further broken down into three main design features: rea
pad, midsole, and forefoot pad.

5.2.2.2 Hypothesized Contribution of Design FeaturesStiffness Response

Based on reported findings of both softening and stiffening effects as a result of foot shells on
mechanical properties of prosthetic foot systeasémplephysicalmodel is proposed based on

that reported byan Jaarsveldt al, for the consideration of footweaffects!® It is assumed that

foot shells are comprigleof both a series element contributiogoftening effects and a parallel
element contributingp stiffening effects on the systefiigure28). Based on the hypothesized
influence of the sole design features, they were categorized as either series elements or parallel

elements.
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(a) Series Softening Element: (b) Parallel Stiffening Element:
Foot Shell Compression Foot Shell Stretching Under Tension

Figure 28 — Foot Shell Free Body Diagram

Simplified free body diagrarof the foot shell during loadinga) Due to an applied load on th

systemnormal reaction force&) , act to compress the foot shell contributingéoies

softening effects(b) Based on aimplified pulley with no friction, tension in the foot shé¥,

results in a normal forcé&) ¢"YO E+-that resists deformation, contributingparallel

stiffening effects
The bare keel exhibits a given deformation under a given force. toteeed condition, to
achieve the same deformation, it is necessacptapress the cover angercome tensiori f in
the foot shell Eigure28). An applied load tahe system results in a reaction normal fafGe )
acting to compress the foot shell, resulting in a softening respotisgreaterdisplayed
deformatiorthrough the foot shell material thickne&sgure28a). However Jess deformation is
exhibited due to the resistive tension in the foot shell; sortteecdpplied forcéo the system
must overcomeéhenormal force 10 ) that esults due to tension in the fooedil{(Figure28b).
Based on a simple pullayith no friction,”O  ¢"YO E-LIt is thereforehypothesized that the
material thickness in thearfoot and forefoot pacare series elements that soften the sydtem
to increased deformation resulting from compression. Alternatively, it is hypothesized that due to

the tension in the foot shell, that stiffness in the midsole regauid resisdeformation, and

would theefore beconsidered a parallel element acting to stiffen the system
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5.2.3 Experimental Design

5.2.3.1 Test Specimens

To demonstrate effects of foot shell design features on mechanical properties of passive
prosthetic foot systems, a sample of two size 26 commeraiadijable prosthetic keels and three

foot shells were included in the study. The keel specimens included a Model 2 Version 21
Niagara Foot, and an Otto Bock Axtion 1EB#glre29a). The Axtion keel is also typically worn

with a Spectra sock when paired with a foot shell. Therefore the sock provided by the
manufacturer was also used for testing in the covered conditions. The foot shell samples included
a Niagara Foot Mdel 1 (NFM1) right footshell, an Otto Bock 2C4 (OBC4) left foot shell, and

an iB-ER right foot shell Eigure29%). A comprehensive outline of the specific desigatdires of

each foot shell are summarized Appendix §. Crass sectional profiles were obtained to

identify features of the sole profile that may influence itgimamical characteristi¢s.

a) Keel Specimens b) Foot Shell Specimens
(A) Niagara Foot (B) Axtion (1) NF-M1 (2) OB-2C4 (3) iB-ER

Figure 29 — Keel and Foot Shell Test Specimens for Testing Isolated Design Features

a) Keel specimens: (A) Niagara Foot M2V21, and (B) Otto Bock Axtion. b) Foot shell
specimens: (1) Niagara Fadtl (NF-M1) Left, (2) Otto Bock £4 (OB-2C4) Left, (3) IBER
Right.

Vil The FaroArm PCMM was used to manually trace the outer edge of the isolated soles to obtain the
approximate crossectional profiles of each design. The resulting profiles were plotted for each-the NF
M1, OB-2C4, and iBER foot shells irFigure57a-c, respectivelyAppendix Q.
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5.2.3.2 Foot Conditions

To isolate effects due to specific foot shell design features on mechanical properties of prosthetic
foot systems, each foot system was tested in four conditionsitta, partial, and sold-{gure

30a-d). The bare conditiofFigure30a) involved testing the keel without a foot shell to provide

bare keel stiffness properties. The intact condigiigure 30b) entailed testing the keel with an

intact footshell, and was compared to the bare conditiaadiateeffects imposed by the entire

foot shell. The partial conditiofirigure30c) included testing the keel anddt shell with the

ankle covering, and upper forefoot and rearfoot components relmblre partial condition

retainedthe heelclip and toeclip design features to preserve the stretching along the midsole
during loading. Comparison between partial anddhtonditions enables the effects due to
hypothesized series and parallel design featuresittehéfied Lastly, the sole conditiofFigure

30d) involved testinghe keel and foot shell with all foot shell components but the sole removed.
Removing the heel and toe clips is thought to prevent any stretching along the midsole. Therefore
the sole condition isolates series element effects. Comparison between sadiahdgmditions

also enables the paralidement effects to beolated Two additional variations of the sole

condition were tested. The variations included retaining either theléFigure30e) or toe

clip (Figure30f), to assess whether these design features individually influence the stiffness

response of the sal
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(a) Bare (b) Intact (¢) Partial

-
(d) Sole (e) Sole + Heel Clip (f) Sole + Toe Clip

Figure 30 — Test Conditions
Foot system test conditionspresented with the Axtion keel andBR foot shell: (a) bare, (b

intact, (c) partial, and (d) sole. Additional sole condition variations: (e) sole with heel clip
iB-ER foot shell, and (f) sole with toe clip of @&4 foot shell.

5.2.3.3 Test Conditions

The Niagara Foot, and Axtion keel structures were each tested in bare, intact, partial, and sole
conditions with all fot shells, including NAM1, OB-2C4, and iBER designgTable5). To

consider effects of heel and toe clip design features, the Niagara Foot and Axtion keels were also
tested with the hedllip and toeclip sole condition vari&ns with the iBER and the ORC4

foot shells, respectively. Testtests wer@erformed to determine the variability in measured
displacement. The partial condition of each foot system was only tested once however, due to

consistentlyobservecdhegligible differences across foot systems.
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Table 5 — Keel and Foot Shell Component Test Matrix

Summarized test matrix of all keel and foot shell combinations and test conditions included in the
study. Keel specimens included-MNiagara Foot, and B Axtion. Foot shell specimens

included: 1- NF-M1, 2—OB-2C4,ard 3—iB-ER. Test conditions included-eBare, b- Intact,

¢ — Patrtial, d- Sole, e- Heelclip Sole, and £ Toe<clip Sole

Test Conditions | Bare Intact | Partial sole | Heel-clip | Toe-clip
Sole Sole
Foot Shell NF-M1
Niagara Ala Alb Alc Ald
Keel Foot
Axtion Bla Blb Blc Bld
Foot Shell OB -2C4
Niagara A2a A2b A2¢c A2d A2f
Keel Foot
Axtion B2a B2b B2c B2d --- B2f
Foot Shell iB-ER
Niagara A3a A3b A3c A3d A3e
Keel Foot
Axtion B3a B3b B3c B3d B3e

5.3 Results and Discussion

The data analysis protocol described by Zégaal, and Lowet al, was used to produce
deformation profiles, which represent {hredictedcontinuous deformation characteristics of
prosthetic feet throughout stan@ections3.2.3 and4.3.2.225" The supplementary protocol
described by Lovet al, was also used to produce stiffness profiles representing the continuous
structural stiffness characteristics of prosthetic fleetughout stancéSection4.3.2.% Both

profiles were plotted as a function of percent stakcear bars are included on the deformation

profiles for foot conditions with repeat tests to demonstrate measurement variance.

Deformation and stiffness profiles were produced for each foot systerarfgrarison between

tested foot conditionsStiffness profiles are not presented for brevity, as the stiffness response can
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be inferred from theleformationprofiles but are provided for referenceAppendix D An
increasedieformatiorfor a given force impliea fteningresponse. Conversely, a decreased
deformationinfers a stiffening response. Thefdrmationprofileswere plotted to display

differences between foot conditions with edoh NFM1 (Figure3la-b), OB-2C4 (Figure32a-

b), and iBER (Figure34a-b) foot shell designwith the Niagara Foot and Axtion keels,
respectively The three covered conditie including intact, partial, and sole conditions, were
compared to the properties of each bare keel to isolate the effects of foot shell design features on
the overall mechanical properties of the system. The intact foot shells were observed to impose
both decreased and increased stiffening efféshintact foot shell design displayelistinctly

different effects on the two keel structurbst similar differencesvere observetletween partial,

and sole conditions comparison to the intact condition.

5.3.1 NF-M1 Foot Shell Effects

The intact foot shell in comparison to the bare keel condition exhibited mostly a softening
influence on the Niagara Fodtigure31a). However, the intact foot shell alternatively exhibited
mostly a stiffening influence on the AxtioRigure31b). In comparison to the intact foot shell
condition, regligible differences in deformation and stiffness were observed for thdINBot
shellin the partial and soleonditions with both keel structurésigure31). The lack of

difference observed between intact and sole conditionstwétNiagara FoafFigure31a) could
suggest that thebserved softeningffectsin the intact conditiomesulted entirely from the series
cushioning elements of the foot shell, with no influence from the parallel elements. In the sole
condition, the foot shell is compldy detached from the keel, and likely no stretching could
occur to stiffen the system. Therefore, the lack of difference observed between intact and sole
conditions withthe Axtion(Figure31b), alsosuggests that the parallel elements may have less

influence on the stiffness response than originally hypothesized.
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Figure 31 — Deformation Profiles for the NF-M1 Foot Shell
Comparison opredicteddeformation characteristics between bare, intact, paatidisole

conditions of the NAM1 foot shell with (a) Niagara Foot (Al), and (b) Axtion (B1) keel
structures.
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5.3.2 OB-2C4 Foot Shell Effects

As with all foot shells testechegligible differences were observed between intact, partial, and

sole conditions fothe OB2C4 foot shell with both keel structur@&igure32). TheintactOB-

2C4 foot shell generally exhibits a softening influence aalesgyns during rearfoot loading and
unloadig. During forefoot loading, the GBC4 foot shell exhibits mostlysoftening influence

to the Niagara FoofF{gure32a), and a stiffening influence to the Axtidfigure32b). The lack

of difference between the intact and sole conditions for both keels imply that both the softening or
stiffening effects exhibited by the GBC4 foot shell are not influenced by the removal ofttbel

and toeclips that deactivate theidsole regionSimilar to the NFM1 design, this suggestisat

the rearfoot and forefoot pads may be contributing to the softening effects, but that an additional

stiffening mechanism other than tension in the midsole must also exist.

The forefoot pad thickness and the external sole surface of t20@Boot shell are shaped
resembling the padded portion of a human intact foot that overlays the metatarsal heads,
coll oquially referred to as tvideoresuitmhb shitedof t he
loading contact point on both keels. The Axtion has a flat forefoot leaf spring designringt
forefoot loadingypically results inthe contactpoint occurring away from the pylon near the end
of the forefoot structuréVith the OB2C4, the contact point was observed to mimweards the
pylonalong the Axtion, which could result in the observed stiffening effects with the intact foot
shell Figure33). Conversely, the forefoot of the Niagara Foot has a curvature to accommodate
for toe-clearance, which results incntact pointocated closer to the pylamompared to the

Axtion keel design during forefoot loading. With the @B4 foot shell, the contact point was
observed to movaway from the pylomlong the Niagara fed effectively lengthening the lever
arm,which could be contributing to the obsensmkening effectsn the intact condition

compared to bare

80



a) A2 - Deformation Profile

30
Rearfoot Unloading Forefoot Unloading
25
s e
_~ L
g
20
£
S
=]
=
.ig 15
g
5
g 10 —Bare
~—ry —Intact
s R ==-Partial
——-Sole
===Toe-Clip
0 \ \ I I
0 10 20 30 40 50 60 70 80 90 100
% Stance

b) B2 - Deformation Profile

Rearfoot Unloading Forefoot Unloading

(]
=

—Bare
—Intact
==-Partial
—==Sole
—=-Toe-Clip
! !
10 20 30 40 50 60 70 80 920 100
% Stance

Deformation (mm)
= n

Figure 32 — Deformation Profiles for the OB-2C4 Foot Shell
Comparison opredicteddeformation characteristics between bare, intact, partial, sole, an

clip sole coulitions of the OB2C4 foot shell with (a) Niagara Foot (A2), and (b) Axtion (B2
keel structures.
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Figure 33 — Keel Lever Arm Changes due to Internal and External Sole Geometry
Comparison of keel and foot shell lever arm clegnigy the rearfoot@ ) due to internal
geometry features between sole, anddigesole conditions of the GBC4 foot shell.

Additional comparison of the keel and foot shell lever arm changes in the fof€foof) (due
to external geometrfgatures between bare Axtion and covered condition.

Interestingly, tle toeclip sole conditiorwas alsmbserved to alter the response of the rearfoot of
both keel designdn comparison to the intact condition, an increase in stiffness up to
approximately 44% and 35% was observed in thelipesole condition during rearfoot loading

of the Niagara Foot and Axtion keels, respectivEhesedifferences were nalsoobsered in

the sole condition, but it is not liketipatthey are a result of the tadip mechanism.

It was noted that in conditions with either or both the toe anddfipelremoved, the foot shells
could no longer be properly stretched to fit over the &aktures. With both clips removed the
sole portion of the foot shell could be approximately placed below the keel in a position thought
to best represent its placement during intact conditions. Conversely, with only the hedlipr toe

removed, the fawoshell placement could not be adjusted. This resulted in the sole being shifted
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anteriorly when the teelip was retained, or posteriorly when the hel@d was retaied. The

rearfoot pad of the OC4 foot shell also contains a rounded protrusion of cdasterial on the
internal surface. The anterior shift of the foot shell in thectimesole condition resulted in this
protrusion being shiftetbwards the pylomalong the rearfoot surface of both keel desigiigure

33). This could alter the loading contact conditions on the keel, acting to reduce the lever arm and
effectively increasing stiffnes$.’*Therefore it is speculated that the observed differences in the
toeclip sole condition ara result of altered geometric properties of the interface between keel

and foot shell components.

5.3.3 iB-ER Foot Shell Effects

Negligible differences were displayed between intact and partial conditions with-EiR i8ot

shell. The iB-ER foot shell resultsiaslightly softened response with the Niagara F&ure

34a), and a stiffening response with the Axtigiglre34b). A reduced stiffness response was
observed for both sole and h&tip sole conditions in comparison to the intact condition with
both Niagara Foot and Axtion keels during rearfoot loading and unloading u@btariB 10%,
respectivelyFigure34). Additionally, an increased softening effect up to 16% was exhibited in
the sole condition with the Niagara Foot during foretoating and unloadin@Figure 34a).

These results could suggest that hypothesized series and parallel elements both influence the
response of the HER design. The deeased stiffening effects, and increased softening effects,
between sole and intact conditiactauld be a result of the stretching along the midsole being
deactivated, enabling increased compliance in compression of the rearfoot and forefoot pads.
However no difference was observed to the stiffening effects between intact and sole conditions
with the Axtion during forefoot loading and unloadifiigure34b). As withall foot shells tested,

resultsimply thatan alternate stiffening mechanidikely exists in the sole.
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Figure 34 — Deformation Profiles for the iB-ER Foot Shell
Comparison opredicteddeformation characteristics betwdaare, intact, partial, sole, and

heekclip sole conditions of the HER foot shell with (a) Niagara Foot (A3), and (b) Axtion
(B3) keel structures.
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5.4 Summary

The mechanical performance of the foot systesmprised of the keel and foot she#isults from

the interaction between structural and geometric properties of both components. Furthermore, the
interaction is affected by the loading conditions, and alignment experienced under service
conditions. The foot shells all displayed negligible differencésdmn intact and partial foot shell
conditions, indicating that the ankle covering and opening, and upper rearfoot and forefoot
components likely have no influence on the mechanical properties of the system. Foot shell design
features that altered mechaaliproperties of the foot system included the structural stiffness and
geometric properties of the sole. Compliance of the rearfoot and forefoot across designs were
observed to contribute to the softening stiffness respacresgoot shelldesigns Stiffness along

the midsole was observed to contribute to the stiffening respotisthe iB-ER foot shell. Internal

and external geometry features were also observed to alter the stiffness properties of the prosthetic
foot system, which contributed to theffething effects of the NfM1 and OB2C4 foot shell
designs on the Axtion keel. Differences in geometry are also thought to contribute to the softening
effects for these foot shells on the Niagara Foot keel. Therefare, fjiven keel design, it is
possibe to alter the mechanical properties of the foot system by introducing specific features in the
foot shell. Interestingly, much of the performance can be controlled by the elements of the sole,
which is one of the lowestost components of the system. Ténéiadings could helpfuture
developmenof lower cost, higher performance systetmugh strategically designed keel and

foot-shell paired components
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Chapter 6

General Discussion

6.1 Summary of Findings

The overall goal of this study was to inform future evalumtprescription, and design passive
prosthetic foot systems by evaluating the effecteofovablecosmetic foot shells on the
mechanicapropertiesof the systemkoot shells are expected to affect the mechanical

performance of the system by alteringterial and geometric properties. Howevbere is

limited literature to date that considers the influence of foot shells on the system. Therefore there
is a need foaninvestigationinto the effects of foot shells to determine the sensitivity of

prostheic foot mechanical performandte differences betweeattesignsMechanical

characterization methods for evaluatprgsthetidoot systems awell developedor singlekeel
loading,and fordiscrete measurement at fdtatt. However, hereis a need fordrther

development of methode quantifythe mechanical propertie$ prosthetic feethroughout

midstanceand in particular during the transitions into and afudoublekeel loading

A method was proposed that modified a previously described prdtwqmiedicting the

deformation characteristics of prosthetic foot systems during stance, to include botkes@hgle

and doublekeel loading?® The proposed method utilizes a pylon based loasttgpsimilar to

that implemented in the AOPIA-Codetesting standards, in which the loading orientation is set

by rotating the loading plate surfaead the applied forces and displacements are measured

along the longitudinal axis of the pyléhConverselythe original method used a ground based
setupsimilar tothat implemented in the HAT-Bodetesting standards, inhich the loading

orientation is set by rotating the prosthetic foot system, and the applied forces and displacements

are measured normal to the loading surfdé&Therefore a geometriconversiorfor force and
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displacement values was proposed for direct comparison between methods. Results from the
proposed methoderecompared to those collected with the oraiprotocol, and were found to

be comparable. The method was implemented to evaluapeatieteddeformation

characteristics of five contemporgrgssiveprosthetic foot systems, and wesgpable of detecting
differences related to design. In relatiomtmistance properties, desigtisplayinggreater
deformation in the rearfoot exhibitearlier transitioainto doublekeel loading. Similarly,

designs displaying greater deformation in the forefoot exhibited latertiomssiut of double

keel loading. @posite effects were observed for designs with stiffer components exhibiting less

deformation.

The proposed method was then implemented to isolate the efféataadEosmetic foot shells on
thepredicteddeformation and stiffness characteristics ofsginetic foot systemisy comparing
covered and bare system propertigse €nsitivity of thesystemmechanical properties

differences infoot shell designs was investigated for differkaéHoot shell combinationshe

foot shells were shown to exhildifferencesn mechanicaloading response, induce both
softening and stiffening effects, and increase durations of déebldoading. The paired foot

shell design for one of the included keel structures was also tested, and it was found that the
straegicallymatched component displayed a distinct stiffness response in comparison to other

generic designs.

Lastly, the influence of individual isolated foot shell design features on the mechanical
performance of the prosthetic foot system was investigdtee upper components of the foot
shell including the ankle covering and opening, and upper rearfoot and forefoot covesengs
shown tdikely haveno influence on the mechanical properties of the system. Alternatively, the

effects resulting from the intact foot shells on the system appear to be a result of the structural
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stiffness and geometric prapies of the sole. Specifically, trends are camsiswiththe rearfoot
and forefoot padsontributing tosoftening effectsandthe midsole of one design contrimg to
stiffening effects. The internal and external geometric features of the sole were obseltezd to a
loading contact conditions alorige keel Movement of the contact poitdwards the pylomlong

the keel is thought to contribute to stiffening effects, and moveavesyy from the pylomo

softening effects.

6.2 Comparison with Previously Reported Results

6.2.1 Predicted Stance Phase Deformation and Stiffness Properties

Thedeformationprofiles and magnitudewedicted using the proposed protoam comparable
with thosereported by Zhaet al, using a similar methodology. Results were similar across
rearfoot and forefoot loading of the NiagaraEdxtion, and SACH keel desigAsSlight
differences in results could lokie todifferentloading setups or due keels being tested in their
bare condition fothe purposes of thattudy, whereas the kaeah this study were evaluated

including foot shells.

Individual data points were also compared with results from studies that implemented more
commonly used protocothatquantifythe mechanical properties at discrete orientatio
representin@ few key instances in stancaeil et al, repated an average stiffness 27.7N/mm

for the College Park TruStep at a 12deg loading orientdthaded to 800N at 1mm/kn
comparison, thetructural stiffness calculated at the 10deg loading orientation for the College
Park TruStepn this studywas déermined to be approximateB4.8N/mm, extracted based on a
critical force of 983NDifferencescould be aesult of a slightly faster loadjrate applied in this
study of 3mm/s, and differences in both loading orientation and force. In the study by van
Jaarsveld the stiffness of thare SACH was reported to B8.7N/mm at 30deg extracted at

either peak deflection or load. In this stuthe SACH foot structural stiffness for the 30 and
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35deg loading orientations extracted at the critical load4®and309N, respectivelyyere
determined to be 45.7 and 20/&Nn. The SACH foot was also tested by Magaral, at the-15,
Odeg, and 20deg loa orientations andalculated stiffness using linear regression methods.
The stiffness was reported to be approximaé&ly200, and 48N/mior each of the respective
loading orientationsin this study the SACH foot structural stiffness at these otientawas
calculated to be approximately 87, 210, and 107N/mm.argediscrepancy with the forefoot
stiffness could be due to differences in stiffness or length of the underlying structural keel
between SACH designshe results produced in this studg within asimilarrangeto those

previously reportedregardless of differencestiestingmethodologyand measure of stiffness

6.2.2 Effects of Foot Shells and Footwear

A limited number of studies have previously considered the effects of foot shells banicat
properties of prosthetic foot systems. Smithal.tested the effects of foot shells on two passive
dynamic prosthetic foot systems using a protocol similar to that applied in this study based on
loading conditions from the 1SO22675 testing stad& The foot systems were tested in both
bare and covered conditions at thédeg, 0deg, and 20deg loading orientations. The foot shells
were observed to decrease both tangential and structtira stiresponses across systems and

orientations testet.

Based on similarities in material and geometric properties, a comparison of the effects of
footwear are considered. Van Jaarsvetdl, found that footwear imposed both a decreased
stiffness response as expected by up to approximately 31% in the rearfoctlatidgeloading
orientation, and more surprisingly, stiffening effects by up to 37% in the forefoot at the 30deg
loading orientatiort® Results also varied depending on the fglbe pairing. Similar effects with

foot shells were observed in this study with both increased and decreased stiffening effects. The
recent study by Majoet al, displayed similar effects on the characteristicthe force
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displacement curves of prosthetic foot systems as a result of footwear, with alterations to the
slope, especially with regards to transitions into doébld loading, with smoother displayed

slope in the footwear conditidf. During rearfoot loading, a consistent decrease in stiffness was
reported, while a more varied response with both instances of increases and decreases in stiffness
at footflat and in forefoot loading® These results also varied ass footwear designs. Lastly,

Hanseret al, investigated the effects of differences in shoe-hegght on the rollover properties

of prosthetic foot systenié The results indicated that differences in Hegight resulting from

footwear altered the alignment of the system, which was observed through alteoseéroll

orientation®” Footwear, however, did not appear to alter the shape of the curve, which is

representative of the geometric and stiffness properties.

6.3 Effects of Foot Shells on Stiffness Properties

Although both softening and stiffening results have been previously reported as a result of
footwear on the mechanical properties of prosthetic foot systems, foot shells have only been
previously reported to contribute softening effects. Therefore o ahain findings of this

study is the varied influence of foot shells on the structural stiffness response of prosthetic foot

systems throughout stance with both instances of decreased and increased stiffness.

The foot shells were observedingpose patidependent changes to timechanical loading
response of prosthetic foot systerashibited through altered slopes on the fatigplacement
curves It is expected that these effects result from sequential loading lafy#redfoot shelland
keel materits. Thissuggestshatthey may als@lter the tangential stiffness properties of the

prosthetic foot system.

The foot shells resulted instances of both decreased and increased stiffoi¢ise overall
structural stiffness response of the prostheiit systemFoot shells resulted in reduced stiffness
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up to approximatelyON/mmand increased stiffness up to approximatelyN/mmin

comparison to the bare conditiorhesedifferencesare likely to fall within the range of clinically
relevant values. Bwious studies have shown differemeceearfoot, footflat, and forefoot linear
stiffness propertieas low a3, 56, and 12N/mm, respectively, resulted in noticeable alterations
to prosthetic ankle range of motion, and bilateral GRF peaks, knee moza&st pnd muscle
activity. 244 This suggests #tfoot shelsincorporate both softening and stiffening inaaisms
thathave the potential to greatiyfluence the overall structural stiffnessd biomechanical
performanceahe system. Additionally, the paired foot shell of one system was found to exhibit a
distinct stiffness response to the system throughout stance in comparison to other generic designs.
This impliesstrategicallymatched components from higher performarna §ystems, when

paired with othefoot shelldesigns, may exhibit considerably altered mechanical performance.
This could in turn affect the intended function of the foot system and conigar the desired

influence on amputee biomechanical performance.

Based orthefinding of both softening and stiffening effectswas hypothesized that specific

design features located in the sole of the foot shell contributed to either of these responses based
on their individual material properties. It was found tihat rearfoot and forefoot pads of the sole
likely contribute to the softening effectBought to resultrom increased compression through

the additional material thickness. It was also found that for one of the testeshéll designs,
stretching alog the midsoldikely contributed to the observed stiffening effett®ught to result

from a resistive tension in the foot shétlis therefore possible to alter the stiffness response of a
prosthetic foot system througkesign modifications of theateial propertiesand thickness of

these specific design features.
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6.4 Influence of Foot Shell Geometric Properties

Previous studies considering the effects of foot shells and footwear on the mechanical properties
of prosthetic foot systems have primarily foaiss stiffness and viscoelastic
properties'®202351.5The one study that investigated the influence of footwemassive

prosthetic footollover properties, found that the differences in Hegtht atered alignment, but

did not affect the rolbver shapgwhich implies the combined geometric and stiffness properties
were not altered Therefore the main finding of this studytiwvregards to geometry, is tHadth

internal and externdibot shell sole geometric featuriedluencethe overall structural stiffness
response of thprosthetic foosystemCertain geometric featusdikely alteredthe loading

contact pointalong the keeleithershortenitg or lengthening the lever arm of the applied force,

thought to result irither increased or decreased s&ffe responses, respectively.

Specifically the OB2C4foot shell design contained two distinct design features, one on the
internal surface of the rearfoot pad and one on the external surface of the forefoot pad, that were
both observed to contribute to the softening and stiffening effBiotsinternafeature consisted

of aprotrusion of materidbcatednear the end dhe rearfoot pad, anslas observed tmovethe

loading contact poiraway from the pylomlong the rearfoot of both tested kdekigns, which
contributed talecreased stiffness up to 73¥he second feature consisted of a thick forefoot pad
with externalgeometry resembling thadded portion of human intacfoot that overlays the

met at ar sal heads, colloquially referred to as
move the lading contact pointowards the pylomlongthe Axtion contributing to thestiffening
effect,andaway from the pylomlongthe Niagara Foatontributing to thesoftening effect.
Thereforeboth geometric interactions between the keeliatetnalsurfaceof the foot shell, and
between the external surface of the foot shell and the loading suiabecontribute tdoth

softening and stiffeningffects tathe prosthetic foot system.
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A first approximation of the magnitude of effects that can be imposede system through
contact point movement can be considered by a simple beam deflection Rigded 35).22 74
The prosthetic rearfoot and forefoot components are modeled as a rigidly attachedrgaf spr
with uniform crosssecton, with0 representing a contact poitibser to the pyloandé
representing a contact poivay from the pylon closer to the end of the foot strucfthie ratio

of deflections] and| resulting fromaload(0 0 ) applied athetwo sepaate locations
anda , respectivelyis given by>™*—  — . The deformation responsetigrefore

approximated as havirathird power relationship to changes in contachpaoiovementEven
small changes to the contact point location, such as diffétence, wouldesultin an
approximately 16% decreasedaformatiorresulting from simulated movement of thentact

pointtowards the pylonand 14% increase in deformation for movenwdrihecontact point

locationaway from thepylon.

-

A PA B

Figure 35 — Cantilever Beam Approximation for Prosthetic Foot Deflection

Effects of contact point movemea¢formation of thgrosthetic foot systermodeled with
deflection in simple cantilever beam representing deformation of the rearfoot and forefoc
structureg? The cantilever beam with uniform cross sectixhibits two differenteflections

(¢ h )underhe same load)( 0 ), applied at two locations along theam ¢ h ). A load
applied at a simulatddcationcloser to the pylofa results in lessleflection and thus a
stiffer response. Conveely a load applied at a simulated location away from the ggdon
results in greatedeflectionand a softer response.
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Therefore the structural response of phasthetic foot system can be controlled through the
interaction of geometric features of the keel and foot shell. This suggedtsetishape of both
keel and foot shell component design feateasdd be strategically designeal control their

interacton during loading, in order to achievelesired stiffness response.

6.5 Effects of Foot Shells on Prosthetic Foot System Alignment

Alignment of the prosthetic foot system has a large influence on both mechanical and user
performance, anshould be considered when comparing bare and covered foot conditions.
Hansenget al, showed that differences in hdaights of footwear resulted in altered alignment
of the rollover shapes of various prosthetic fédthere are standards in place to accommodate
differences in hedheight resulting from footweavhen aligning the prosthetic foot system for
mechanical testingf:*® However, no such standagdists to accommodate for differences

imposed by foot shells.

Foot shells were observed to consistently increase the duration of -#teebleading duration
across designs by up to approximately 13%. It is thought that differences in thickness lire both t
rearfoot and forefoot pads affected both the alignment and geometry of the system, resulting in

altered contact conditions.

Additionally, the éignment of each prosthetic foot system, measured as the sagittal orientation of
the bare keel with a 1cm dleblock with respect to horizontal, was recordedhle7 - Appendix

B). It wasobserved that the alignmerittbe keel structures varied betwe&b and 3.35 degrees,
with varied alignment between foot shell and keel designs. The restatiagions inalignments
suggest that the foot shells impose differences to botkhieégit and forefoot heigluf the

prosthetic foot systenin principle, hese differencesouldalter the dorsiflexion and

plantarflexion alignment of the system. A previous stilyestigating e effects of alignment on
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trangibial amputee gaiteported that overly dorsiflexed or plantarflexed prosthetic foot
alignments can result ialtered knee loadirfAs a resulthe ampute&ould compensatby
altering their upper body position over the prosthetic foot COP for balance and to prevent
mechanicallyoverloading the joint? The dfferences in alignmentmposed by foot shellwere

also observeth this studyto directly affect the mechanat properties of the bare ée

Specifically, alignment alterd the magnitude of deformation and stiffness properties near peak

load, and the temporal grerties of double keel loading initiation and terminagi@ppendix B.

Thereforethe alignment of the prosthetic foot system should not only account for difésse
resulting from footwear, but should also account for the differences imposed by the foot shells.
Specifically future evaluation and experimentation of prosthetic foot systems should control for

differences in alignment between bare and covered ptasfbet conditions.

6.6 Limitations

6.6.1 Limitations Resulting from Alignment

The ISO22675 standaspecifies use of a heel block fixed to the tilt plate fosbad test

conditions. The lgnment proceduresed in this studgccommodates heel heigiitowance for
footwear, however the testing apparatigsnotinclude an attached heel blodkhis is due to
constraints in the apparatus, in thdiaseplateapable of rotatioabout a single poinwould be
requiredto ensure théxeel block locatiomemainedconstanwith respect to the foptvhile also
maintaining a rigid loading surface. This type of tilt plate design was not possible in the existing
setup. The purpose of an attaclhee!| block is to maintaithe alignment and orientation of

loading that representsalisticconditions during gait. The lack of a heel blackhe current

studyis notexpected taffect the loading conditions imposed during siFigéel contact,
assuminghetop surface of the heel block is parallel to the loading plate. Howdueng

instances of double keel contact, thagnitudes opredicteddeformation and the timing athich
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they occur during stangraybe affectedAll foot conditions were aligned and tested with the
same protocol, and therefore the proposed method is sfilil isedirect comparison between

designs.

The alignment procedure proposed in this study for isolating foot shell effects was intended to
reduce any secondary effects due to changes in structural alignment. Adding or removing a foot
shell from the systemesults in height differences along the sole, which can alter the alignment of
the systend! It is possible that by not corréag for differences in alignment between bare and
covered conditions, that some of the observed effects are confounded by differences in alignment.
The sagittal plane alignment of the bare conditions ranged bet&&eand 3.35 degrees across
designs. Algnment was observed to alter the stiffness of the bare condition mechanical properties
by up to approximately 375%, which suggests that altering the alignment of the underlying

structural component likely has a larger confounding effsgpéndix B.

6.6.2 Limitations in Loading Apparatus and Protocol

The characterization of predicted midstance deformation properties in this study was performed
using a load cell capable of measuring only axial force and displacement. The applied forces used
in this study simulate the overall ground reaction forces @ctinthe foot, but do not take into

account the simultaneous loading and unloadirgjfedrent components, such as with the

protocol proposed by Adamczyét al?!

The displacement ratd 8mm/s used in this study is low in comparison to those experienced in
vivo. However, this rate is similar to those used in the AOPA and HAS testing staftdéaats

in similar previous investigatiori8 A pilot study by Zhaet al, showed that the predicted
deformation results were relatively insensitive to increasdisplacement rate between the range
of 2-20mm/s22 Implementation of more realistic loading rates would require additional protocol

96



considerations to account for dynamic effects stnactural mass propertiésTherefore the
guasistatic method is an appropriate approach for capturing key structural deformation

characteristics of prosthetic foot systems for the purposes of this study.

6.6.3 Stiffness Measures

The measure of structural stiffness used in this study may not representqubaggarent

stiffness properties of amputee users. Other studies have used different measures of linear
stiffness to represent mechanical properties of prosthetic components. Measures used included
average stiffness, similar to the measure used in thisrfut calculated at peak applied load and
deformation'®*®andvariations on taking the slope of fordesplacement curves, including

qualitative comparisoff,*®average slop#, and linear regression nietds?35358.7°Alternatively,
onepaper discusses a novel method of calculating angular stiffness to better represent mechanical
properties of prosthetic feet during doukkel loading?! Due to the number of different theds
currently utilized, and the subjective measure of user perceived stiffness, it is unclear which
measure is most appropriate. The results from this study and the previous investigation by Smith
et al, suggest thate forcedisplacement response iatp-dependent, and may have distinct

periods of differing slope depending on both structural properties and contact coridifioas.
observedforcel i spl acement curve sl opes are wuseful for
response. However, the average structural stiffness measure was presumed appropriate for

capturing the overall response at a particular instance ioestanthe purposes of this study.

6.6.4 Differences between Left and Right Prosthetic Foot Components

Both left and right foot shells were included in the study due to limited available specimens,
which could affect direct comparison between designs. Axiahargcal testing was performed,

and thepredicteddeformation and stiffness measures waraluatedn the sagittal plane. Based

on observed geometric differences in left and right foot shell desigriardgiest effects to

mechanical properties were assuane occur in the frontal and transverse platiésThe study
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by Geilet al, showed negligible differences between sagittal pteoperties of left and right

foot systems! Additionally, a pilot study was done to compare the effects of both left and right
variations of one foot shell design predicteddeformation properties of one keel structure.
Results displayed a maximum diféace of approximately 1.2mm, which was considered
negligible based on a previous analysis of system measurement precision. The study reported
limits of agreement between repeat tests spanning a range of 1.5mm, which was considered

acceptable for differerdting between different foot conditios.

6.6.5 Detecting Differences Related to Isolated Design Features

In the sole conditions, the foot steetlould no longer be properly stretched to fit over the keel
structures, and could only be approximately placed below the keel in a position thought to best
represent its intact condition. Therefore any differences in position compared to the intact

condiion could confound the measured differences in deformation and stiffness.

The implemented protoctd observe the effects of isolated design features on prosthetic system
foot mechanical properties waksolimited in that it could not directly quantiiffects observed
due to geometric properties. The key findings that suggest shifted geometry of design features

influenced the stiffness response, did not include a measurement of the shifted placement.

6.7 Impact of Findings

6.7.1 Evaluation of Prosthetic Foot Mechanical Performance

Previous investigations on the mechanical performance of prosthetic foot systems are limited in
that they typically do not consider the effects of foot shells, or measure the performance of the
systemhroughouthe duration of doubl&eel loading. Tts study has proposed a method that
enablegredictedprosthetic foot systemharacterization of deformation astiffness properties

throughout the stance phase, including both sikgid and doublé&eel loadingResults obtained
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using his methodologyrovide additional insight into prosthetic foot system performance during
midstance. Specifically, the ability of prosthetic foot systems to addpe ground surface

through plantarflexion into a stable feftat positionmay be related tpercent stance timing of
initiation, termination and duration of doukeel loading This study has also quantifidae

effects of foot shells on prosthetic foot systeradicteddeformation and stiffness properties
throughout stance. The results suggleat the combined structural stiffness, geometric, and
alignment properties of both keel and foot shell components contribute to the overall mechanical
performance of the prosthetic foot system. Therefore future studies investigating the mechanical
propeties of prosthetic foot systems should consider and contrdiéagffects imposed by

differences in foot shell design.

6.7.2 Design of Paired Prosthetic Foot System Componentry

There appears to be a trend in prosthetic industwardsthe design ohigher performance
prosthetic foosystems throughtategically paired keel and foot shell componehte findings

in this study inform future design of these componeérite. results of this study have shown that
the ankle cover and opening, and upparioot and forefoot covering components do not
influence the mechanical properties of the system. This suggests that these components could
incorporate a number of cosmetic design features without compromising the mechanical
performance of the system. Timajority of allobserveceffectsto the foot systerwereinsteada
result of the sole component of the foot shell. In particth@complianceof the rearfoot and
forefoot padsontribute to softening effects, while the stiffness of the midsole cotesibo
stiffening effects. Additionallythe internaland external geometric profile&gpendix Q of the

foot shells campotentiallyalter the structural stiffnegesponse by either moving the contact point
away from the pyloto result in softening effects, tywards the pylomo result in stiffening

effects. Therefore it is possibleitdentionallyalter the mechanical properties of the foot system
by introduéng specific design features in the foot shell. The foot shalksone of the lowest
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cost prosthetic components, and therefore this is of particular interest for the development of

lower-cost, higher performance prosthetic foot systems.

6.7.3 Prescription of Prosthetic Foot Systems

Previous investigations have shovmat differences in mechanical propertiégprosthetic foot
systems alter the biomechanical performancendéteral transtibial amputees in terms of
stiffness, geometry, and alignmeht345556176The results of this study cannot be directly
extended to predict the influence of foot shells on the biomechanical perfermigmosthetic
foot systems. However, one study showed that differences in linear stiffness prdjeviiesn

12 and 56N/mnmesultedn noticeablealterations to prostheticrikle range of motiorand

bilateral GRF peaks, knee moment peaks, and musoliyaét**Foot shells were shown to
imposeeffectsexceeding these valuganging betweer66N and7ON/mm tothe stiffness
propertiesof bare prosthetic keel3herefore the obseed effects of foot shells on prosthetic foot
system mechanical propertie@suld likely result insimilar or greatealtereduserbiomechanical
function Additionally, the inentionally paired foot shell component exhibited distinct
characteristics compared to the generic designs on the prosthetic foot system. Therefore the
influences resulting from differences between foot shell designs should be taken into

consideration withthe prescription of paired kefdot shell components.
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Chapter 7

Conclusions and Future Work

7.1 Conclusions

1) A method was proposed by which predicted deformation characteristics of prosthetic foot
systems could be determined including both sikglel and doublé&eelloading. The
protocol was determined to be comparable with existing methods, archpsatse of
detecing differences related to prosthetic foot design.

2) A connectiorwas observed betwe@nedicteddeformation characteristics and the
initiation and termination of doublesel loadingProsthetic foosystemsexhibiting
higher levels of deformation corresponded to earlier transitimo and later transitian
out of doublekeel loading. Prosthetic fewith less deformation were observed to exhibit
the opposite effect.

3) Foot shells were observed to impact the mechanical girepefprosthetic foot systems
with both softening and stiffening effects, and increased durations of ekeddlvading.
Resutsimply the potential influence dioth material andtructuralstifiness and
geometit properties othe paired keel and foot shell components.

4) The ankle covering and opening, and upper rearfoot and forefoot compohérd foot
shelllikely have no influence on the mectieal properties of the system.

5) The structural stiffness and geometric properties of the foot shell sole alter the mdchanica
properties of the foot system. Compression in the rearfoot and forefoot pads contributed a
softening response, stretching along the midsole contributed a stiffening response, and
internal and external sole geometry moved the loading contact point, which likely resulted

in both softening and stiffening effects.
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7.2 Future Work

Future workto expand orthe results of this study andaddresghelimitationsinclude:

1) Further investigations into the effects of alignment:

a. An investigation of the influence of a fixed heel block during testing. An

apparatus capable of attaching the etk spacer to thivading surface
would allow comparison teesults with the current setup to determine the
implications of theheelblock on themeasurednechanical propertseof the
prosthetic foot system.

For determination of appropriate alignment protocols used inef@xperiments,
further investigation should be conducted into the influence of alignment

between bare and covered conditions.

2) Additionalinstrumentationsetup, testing protocols, and test specimens:

a. Future studies should incorporate additional equipmedtmethods to measure

b.

C.

moments in the system for the calculation of angular properties, such as with the
angular stiffness measure proposed by Adamazy#l, for characterization of
midstance kinetic$:

An altered protocol should be developed for better fit between the sole and keel
components for future studies measuring the effects of isolated foot shell
components.

Additional instrumentation should be implemented to enable measuremen
contact points between both keel and foot shell surfaces, and &carsth

loading plate surfaces to enable accurate calculation of stiffness effects resulting
from contact point movemernthis instrumentation should be implemented in a
study to corpare effects of altered foot shell geometry by controlling the

location of key geometric features.
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d. Future studies should incorporate a more comprehensive analysis of the effects
imposed between left and right foot systems, especially when considering
anguhr properties or effects in transverse and frontal planes.

3) Additional measures of mechanical properties:

a. Future work should investigate differences in currently used mechanical stiffness
measures. ldeally, the results would be compared with qualitativeteenp
feedback for determination of a measure that best represents perceived apparent
stiffness.

b. In addition to structural stiffness, other measures such agvallshape should
be considered for future work to quantify and compare combined effects
resultng from foot geometry, alignment, and stiffness propetfies.

4) Future studies for applications to advanced design techniques:

a. A study including more refined measurement of mechanical propestiels as
thecompliance of thede material, needs to be perfornfedfuture application
of advancedomputationamethods, such as with topology optimization

proposed by Fegt al, for the development of prosthetic foot design.
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Appendix A — Standard Operating Procedure for Proposed Mechanical

Testing Protocol

Standard Operating Procedure: Niagara Foot Mechanical Characterization Test with
Double-keel Contact

Document Location: HMRC Version: V06
Name: Sydney Low Last Edited Date: July 18, 2017
Scope

This document applies to all operators of the MTS Force Testing machine when testing the

Niagara prosthetic foot in the new configuration allowing for double keel characterization.

Objective

This SOP is intended to standardize the operating process of the MTS force testing machine when

testing the Niagara prosthetic foot under the new configuration.

Procedure

Start-up

1) Login in to computer: password is admin

2) Ensure machine is in o@ct configuration

3) Correct load cells are connecte@kN on top (Axial Force 2), 15kN on bottom (Axial Force
1)

4) Open Station Manager program on desktop and
Foot M2V21v02” (paramet er menaQodro)PI D val ues se:

a) Verify parameters and limits are corr¢€igure36) shows parameters for Displacement

Control)
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i) Make sure Axial DisplacementLower Limit is set to60mm NOT-50mm
EXCEPT when using Celsus Foot set&@0mm (new setup displaces 35T

configuration past 50mm)

List: lNI Detectors « IE

Limit Detectors| Eror Detectors | i i

Ll

| Upper Limit  Upper Action  Lower Limit ‘Lowequn T

[ Acal Displacemet: | _lDisabIed SEE -s0 00 Station l‘Der‘roﬁ‘ - o

Axial Force: | _W I StationPowerOff "v“‘

Bl o0 - [EET R (e m—
Axial Force 2: ] _IStaﬁon Power Off " I _l—m"

Rl oo (sl [ ——

Figure 36 — Initial Detectors Parameters and Limits
Limit detectors to be set in Station Manager program prior to implementation of the
mechanical testing protocol.
5) Open -oAb@set’ wi mdnager i n stati on
a) Click auto offset
6) Turn on pump
a) Enable Exclusive Control (check box in main station manager window
b) Hit ‘' Reset’' to efor mi nate | imit detector
c) Set pumps to low (yellow) then once they stop blinking => high (grddoje*Sequence
7) Open *‘ Mammahd’ window in station manager
a) Enable manual command (check box)
b) Slowly jog up the platen by manually moving the tab to the right.
i) If you hit 100mm before at correct heighduto offset and continue until ~3in of space
is left on actuator arm
8 Opent b AOf fset’ window
a) Click auto offset

9) Disable Exclusive Control (uoheck box)
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Warm-up

(It is essential to warm the machine up before testitgakes approximately 16.5min)

1) Open MulttPurpose Elite program on desktop

a)

b)

d)

Select custom templates andthensse | ect  * war m up templ at e
i) Click procedure
i) Check that the procedure is reasonable (should be set to move betwee Snamd
for 500 cycles)
Disable exclusive control in main station manager windowcfustk box)
Select New Test Run (upper left hand corieiulti-Purpose Elite
i) Add a specimen in the Specimen Selection by clicking the green plus sign
i) You do not need to rename the Specimen for warm up, and you do not need to enter

any comments in next window

Run the warm up in MuliPurpose Elite (green stdutton)

Double Keel Jig Setip

1) Place riser into test spadeidure37)

a)

b)

c)

SAFETY CONCERN: This may require two people to move and orient, or someohe wit
upper body strength because it is heavy and awkward so be careful
Push Fnuts all the way to back and slide riser ardurts into slots on MTS platform

Do not securénto place yet
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Figure 37 — Riser Orientation

Orientation otthe base riser within the MTS test space with tholf slot positioned
horizontally.

2) Place Sine Vice onto riser (baseplate may already be attached)

a)

b)

d)

SAFETY CONCERN: Itis very heavy so be cautious and only lift if you feel comfortable.
Ask for help ifnecessary.

Orient so sine blocks are changed out on the left side (see orientdfignia3s)

Center with respect to load cell (lefght direction)

Secure with Tnuts andvrench(Figure39)
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Figure 38 — Sine Vice Orientation

Orientation of the sine vice on thase riser, with the sine block angular orientation set on
left.

Figure 39 — Hardware to Secure Vice to Riser

Two T-bolt nuts are used to rigidly set the sine vice onto the baseisisg the horizontal slof
to set theorientation.

3) Insert baseplate into vicskip if already in place
a) Insertin correct orientation (long end at far side). Baseplate can be slightlnofé (left
right) to allow just enough space to turn Allen Key to adjust the sim&dlmn the left side.
SeeFigure40—Just make sure thaéce below the plate is centered on MTS*

b) Tighten vice using ratet
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Figure 40 — Baseplate Alignment

Slight off-centre alignment of baseplateallow clearance of Allen Key during sine block
exchange.

4) Attach foot to pylon
a) Do notchangeaalignment of pylon- but double check it is zeroed using electronic level
b) Place foot on pyramid adaptercatighten using Allen key
5) Align Foot
a) For bare keel,lmn similar to existing protocol using level to zero alignment along both
axes Figure4l)
) Check and adjust toe out angl eaxitabfoorer o i f
should be approximately aligned with adapter plate)
i) With bare keel zero inversion/eversion angle
iii) Use 1cm heel spacer to align depkntarflexion angle, and place on highest point

(Figure4l)
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Figure 41 — Foot Alignment and Heel Block Spacer Position
Set neutral orientation of foot in all axes on pylon using four set screws. Set sagittal plar
alignment using 1cm heel bloskacer.

b) If testing with covers-perform same alignment procedure as above wiiercon and test.

i)  When finished testing the covered condition, remove thecov and t est
condition do not change alignmefalignment must remain consistent witbvered
condition)

i) When setting up bare condition for cover testing: record gasitarflexion angle

alignment using digital leveFjgure42)
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Figure 42 — Record Bare Condition Alignment for Foot Shell Testing
For testing of isolated foot shell effects, set alignment with keel inside the foot shell. For

testing the bare condition keel, remove the foot shell and rdeeshgittal plane alignment,
and not change for bare keel testing.

5) Attach load cell adapter (with pylon and foot4at¢éached and praligned)
a) If there is not enough spage skip to next step and then come back to this step
b) Place adapter onto load celith 2-in offset (3¢ or middle hole)
i) Position so that it is offsetting contact point for the TOE (Sgare43)
i) Use large Allen Key to tighten M1k
(1) Hardware order: bolt head, lock washer, flat washerkgpae44)

iii) Make sure adapter is approximately centred and aligned with vice and baseplate
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Figure 43 — Offset Orientation for Forefoot Testing

Set position of pylon in @-in offset position for forefoot testing.

Figure 44 — Adapter Plate Bolt Configuration

Attach offset adapter plate to load cell using a 12mm bolt, lock washer, and flat washer.

6) Adjust height of crosshead
a) Set height taccommodate height for foot in 35deg forefoot loading positiagufe45)
i) Loosen bolts using LARGE Allen Key next to MF3oosen only by 91.80deg
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i) Adjust height using knob on MTS

iil) Retighten bolts

Figure 45 — Configuration of Crosshead Height for 35deg Orientation

Set height of MTS crosshead to fit the testing apparatus within the MTS test space.

7) Adjust and set bagéser position
a) Adjust in foreaft direction until forefoot is completely on the baseplate in 35deg
orientation (similar td-igure45)

b) Use Allen Keydo set riser into place

Test Setup

1) Set angle to desired testing configuration (will need to adjust height of actuator using manual
command)

2) For all foot conditionexceptthe Niagara Foot: Need to use the 5mm Nylon Sheet between
foot and Teflon on basepéato negate friction

3) Testing order

a) Forefoot Testing:

118



i) 35, 30,25deg

i) Insert 20deg block and adjust crosshead height (i.e. lower it for remainder of testing)

(1) Enable manual command and jog the actuator back up to its highest point (~3in of
space)

(2) Auto Offset
(3) Loosen bolts on Crosshead, adjust height for 2@0H angles

iii) Before testing 2@eg to-20deg change axial load from 1200N to 1300N on test

program in MultiPurpose Elite in ProcedurEi§ure46)

Parallel Path: "
el Path: Paralle! Paths Parallel Path: DAQ: Axial Disp / /

|
Parallel Paths ) ’

4\;*1

Parallel Path: Ramp: -80. Parallel Path: Limit Detection A ‘
R )

Completion: {Any Limit

[ Log: {None

[ _~ Signal Uimits

______________

Figure 46 — Adjust Cyclic Load for 20T - 20H
Change peak cyclic load in ™ Multi-Purpose program from 1200N toQIBN.

iv) 20, 15, 10, 7.5, 5, 2.5, fieg
(1) ADJUSTRISER POSITION for double keel contact

(a) Make sure contact of both heel and forefoot are located ~ above solid vice

block (Figure47)

(b) Specific angle to do this at will change depending on foot design
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Forefoot Offset — Forefoot Offset — Heel Offset — Double
Forefoot Loading Only Double Keel Loading Keel Loading

Figure 47 — Riser Position
Change riser position so that loading is consistently over thesiigidvice structure to prever
unwanted bending of the apparatus.
b) Rearfoot Testing:
i) Rotate foot for hel testing using Allen KeyHigure48)
i) Adjust riser position again tensure contact will occur above solid vice blgElgure
47)
i) -2.5,-5,-7.5,-10,-15,-18, -20deg
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Figure 48 — Rotate Keel for Rearfoot Testing
Rotate the orientation of keel using the tube clamp between the keel andopgéta An
offset for rearfoot testing.
Run Test
1) Auto Offset
2) In Station manager, ensure exclusive control is off (uncheck box in main window)
3) Open Multipurpose Elite
4) Select File => New => dropdown menu: Test from Template => S€El&ative => Select
Niagara_FootFolder => Select your folder => Select desired Template (For Cover Testing
Select Sydney- Midstance—Te mp | at e: “ F u A Mistanoer ammpsHomnt f ne s s
Limit?”)
a) Verify that the procedure is correct (For 35T, 30T, and 2%Jyclic maxload should be
set to-1200N, and for 20T to 20H load should be changed3@0N)
i) need to changd:or loading— axial displacement limit needs to be changed@@mm
in procedure instead eBOmm IF testing a soft foot i.e. Celsus (it is the block inlfEra
and on thdeft of the block that specifies loading is-t200 or 1300N)
5) Run atest
a) Click New Test Run
b) Add a specimen in the Specimen Selection by clicking the green plus sign

i) Give your specimen a relevant name
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(1) For Double Keel Testing: Foot, Modeberial Number, Testype, Initials (i.e.
NFM2V21 833 Mid SL)
(a) For Cover Testing:
(i) Covered Condition: Foot, Te3$ype, Cover, Initials (i.e.
CelsusMidCcovSL)
(i) Bare Condition: Foot, Tedtype, Cover, Bare, Initials (i.e.
CelsusMidCcovBareSL)
¢) Add a comment
i) FootCode and Orientation (i.e. NF 35T or NF 20H)
d) Click the green arrow to run a test
6) Testing Ordersee test setup for specific setup changes
a) Forefoot: 35, 30, 2teg
b) Adjust cross head height and cyclic Idad. lower it for remainder of testing and change
load from-1200N to-1300N)
c) Forefoot: 20, 15, 10, 7.5, 5, 2.5,d¥)y

d) Heel:-2.5,-5,-7.5,-10,-15,-18,-20deg

Exporting Data
1) After each testienameand export the data immediately
a) In the Explorer rename the Test Run to indicate the specimen and loading configuration
(Rename using same formatgmecimemame—b ut don’ t us-edesapdc e s
separate the foatode and angleode with an underscore (i.e. NFM2V21833MidSL_35T)
2) Right click and Export Raw Data
a) Choose Test Run
b) SelectC Drive => SelectNiagara_FootFolder (Save in appropriate folder under your

name and create a new folder for the foot being tested)
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¢) Choose Signal List => OK

3) After each session, save raw data withinltipurpose elite test program to save data with
original graphs
a) Save as: Test Run

b) SelectC Drive => SelecNiagara_FootFolder (Save in same folder as above data)

Disassembly
1) Disassembly of the foot testing setup
a) Remove sine block from under the vice gmud vice back to zero degrees
b) Remove adaptor from load cell
i) Remove foot from pylon
¢) Remove the baseplate from the vice and put it in the bottom blue bin
d) Remove the vice and place in upper blue bin
e) Return the riser to its storing space on back bench
2) Auto-offset and then turn off pumps in station manager
3) Clean up the space
a) Ensure all the MTS tools are put back where you found them
b) Ensure all the foot testing equipment and tools are put away in the blue bins in an orderly

manner

Troubleshooting

ERROR1

1) Pumpwill not turn on due to otheerrois being detected other than limit tripgdrt for
example)

2) Erroris most likely due to the slow/fast motion knob being touched (with rabbit and turtle

labels)
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a) Check to see if this knob is light up redf no then this$ the problem
b) Turn knob to left and check if it is again activated
¢) Reseterrors and turn on pump

3) If errorpersists-see Leone or call MTS for tech support

ERROR2
1) Stati on Manager won’ tEradpen due to ‘Controll e
a) Ensure internet cord is not conreatt will not work with both controller and internet
cords plugged in
b) Turn off controller and then turn back on
c) Reopen Station Manager

2) If errorpersists-see Leone or call MTS for tech support

ERROR3
1) Pump stops due to limit being tripped or from &OP button being pressed
2) Reset the pump:
a) Ensure first that red STOP button is reset by twisting to unlock
b) On the pump’s graphic display MAIN screen
press STATUS => RESET
c) Select MAIN to check that it is green agaimd ON
d) Reset hydraulics on computer as welhange hydraulics to high pressure
e) Reset force to zero

3) If errorpersists-see Leone or call MTS for tech support
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ERROR4
1) Actuator arm/platen gets stuck at end of loading cydetected with weird data,
popping/struggling noises from the transducer arm, and from reduced or complete stop of
motion from the transducer arm
2) Erroris due to crostiead being set too high for current testing setup
a) Stop current test run
b) Enable exclusive control
c) Enable manual commd and jog up platen *because it is stuck, if it does not move
immediately just give it a little bit and it should release and move up*
d) LowercrossheadSe e ‘' TFueps’'t Seectt i on for details
e) Ensureerror did not affect any testing results prior éoror being noticed (i.e. visibly
affected data that was not detected immediately while actuator was not completely stuck)

3) If errorpersists-see Leone or call MTS for tech support
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Appendix B — Effects of Foot Shell Alignment on Bare Keel Predicted

Deformation and Stiffness Characteristics

The alignment of each foot system tested in bare and covered conditions was recorded on the bare
keel with a 1cm heel block spacer as the sagittal plane orientation with respect to horizontal
(Figure49). The alignment for all tested foot conditiofisable6) from Chapter 4are summarized

(Table?).

Figure 49 — Prosthetic Foot System Alignment Recorded in the Bare Condition
Prosthetic foot systems were aligned in the covered conditions with a 1cm heel block sp

Alignment was recorded as in baendition with a 1cm heel blodas the sagittal plane
orientation with respect to horizontal.
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Table 6 — Complete Test Matrix Including All 16 Foot Systems (31 Test Conditions)

Summarized test matrix including all keel and foot shell combinations testedspéeainens
included: A—Niagara Foot, B- Axtion, C— Celsus, D- SACH, E—TruStep, and F Velocity.

Foot shell specimens included-NF-M1, 2—0B-2C4, 3—Kingsley, 4-iB-ER, 5- Celsus, 6-
SACH (integrated with keel design)~ruStep, and & Velocity.

Test Conditions : ___Cover _
NF-M1 | OB-2C4 | Kingsley | iB-ER Celsus NA TruStep | Velocity
Niagara Al A2 A3 Ad
Foot

Axtion Bl B2 B3 B4

Keel Celsus C1 C2 C3 Cc4 C5

SACH D6

TruStep E7

Velocity ES

Table 7 — Foot System Sagittal Plane Alignment of Bare Keels

Summary of recorded sagittal plane alignment in degrees for each keel and foot shell combination
included inTable6, for both sets of tests completed

Test Round 1 Round 2
Condition | Align [deg] | Align [deg]
Al 1.3 1.5
A2 -3.45 -3.5
A3 1.05 1

Ad -0.6 -0.65
B1 0.8 1.05
B2 -0.5 -0.3
B3 3.35 3.1
B4 0.7 1.05

C1 0 0
C2 -0.9 -1.1
Cc3 0.3 0.8
C4 0 0
C5 0.65 0.6
D6 0 0
E7 1 1.1
F8 2 1.8
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The differences in bare kegledicteddeformationand stiffnesgroperties of the Niagara Foot,

Axtion, and Celsus Keels are plottedrigure50a-c andFigure5la-c, respectively.

(a) Niagara Foot - Bare Keel Alignment Differences
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(b) Axtion - Bare Keel Alignment Differences
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(c) Celsus - Bare Keel Alignment Differences
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Figure 50 — Deformation Profiles for Bare Keel Alignments with Foot Shells
The deformation profiles for the) Niagara Foot, b) Axtion, and Celsus bare keghre

plotted for comparison between alignments wlithdifferent foot shell designdNF-M1,
OB-2C4, Kingsley, iBER, and the Celsus, which was only tested with its paired keel).

(a) Niagara Foot - Bare Keel Alignment Differences
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(b) Axtion - Bare Keel Alignment Differences
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(c) Celsus - Bare Keel Alignment Differences
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Figure 51 — Stiffness Profiles for Bare Keel Alignments with Foot Shells
The stiffness profiles for the a) Niagara FootAlgdion, and c) Celsus bare keels are plotted

for comparison between alignments with the different foot shell desigrM@MF OB-2C4,
Kingsley, iB-ER, and the Celsus, which was only tested with its paired keel).
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Appendix C — Foot Shell Design Features

This appendix contains the documentation of specific design features of all shells included in the
study inChapter 5The foot shell components and design featafahe NFM1, OB-2C4, and

iB-ER foot shells are depicted ligure52, Figure53, andFigure54, respectivelyCross

sectional profiles of each foot shell are also included and the measurement methodology used is

described.

NF-M1 Foot Shell Design Features

(a) Intact Foot Shell (b) Upper Rearfoot and Forefoot Covering

(¢) Sole with Heel and Toe-Clips (d) Sole

T ————

(e) Heel-Clip (f) Toe-Clip

Figure 52 — NF-M1 Foot Shell Design Features
NF-M1 Foot Shell components including (a) Intact foot shell, (b) Removed upper rearfoo

forefoot covering, (c) Partial foot shell including the sole wétained heetlip and toeclip
mechanisms, (d) Isolated sole, (e) Helgp mechanism, and (f) Tedip mechanism
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OB-2C4 Foot Shell Design Features

(a) Intact Foot Shell (b) Upper Rearfoot and Forefoot Covering
(¢) Sole with Heel and Toe-Clips (d) Sole
(e) Heel-Clip (f) Toe-Clip

Figure 53 — OB-2C4 Foot Shell Design Features
OB-2C4 Foot Shell componenitgluding (a) Intact foot shell, (b) Removed upper rearfoot

forefoot covering, (c) Partial foot shell including the sole with retaineddiigeand toeclip
mechanisms, (d) Isolated sole, (e) Helgd mechanism, and (f) Tedip mechanism
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iB-ER Foot Shell Design Features

(a) Intact Foot Shell (b) Upper Rearfoot and Forefoot Covering

(c) Sole with Heel and Toe-Clips (d) Sole
(e) Heel-Clip (f) Toe-Clip

Wiiing-; .

Figure 54 — iB-ER Foot Shell Design Features
iB-ER Foot Shell components including (a) Intact foot shell, (b) Removed upper rearfoot

forefoot covering, (c) Partial foot shell including the solthwetained heetlip and toeclip
mechanisms, (d) Isolated sole, (e) Helgd mechanism, and (f) Tedip mechanism
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Foot Shell Sole Cross-sectional Profiles

Thedetachedoles of the NFM1, OB-2C4, and iBER foot shellavereset in upright positions,

andapproximatelyrigidly constrained using plaster in separate contaiégsi(e55).

Figure 55 — Setup of Foot Shell Soles for PCMM Testing

The foot shells were set in plaster in separate containers to implement approximate rigic
the system for application of the ROV measurements.

Each container was approximately aligned with the system coordinatedrahmigidly attached
using a clamp to the table. TRaroArmPCMM wasthenused to manually trace the outer edge
of the soleslong the settled plaster surfaoeobtain theapproximatecrosssectional profiles of

each designHigure56).
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Figure 56 — FaroArm Tracing of Foot Shell Soles

The FaroArmPOMM was used to manually trace the crssstional profiles of each foot she

An offsetwas present as a result of the 6mm spherical probe, therefore as a first approximation,
the internal and external curvatures of the soles were separated, and the 6mm offset was
subtrated from the yaxis coordinates of the internal curvature with respetiie external
surfaceThe resulting profiles were plotted for each theME, OB-2C4, and iBER foot shells

in Figure57a-c, respectivelyThe internal surface ofi¢ foot shell sole is displayed as the top

curvature, and the external surface as the bottom curvature.
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(a) NF-M1 Foot Shell Cross-sectional Profile
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(b) OB-2C4 Foot Shell Cross-sectional Profile
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(c) iB-ER Foot Shell Cross-sectional Profile
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Figure 57 — Foot Shell Sole Cross-sectional Profiles

Crosssectional profiles of the foot shell soles for the (a}ME, (b) OB2C4, and (c) iBER
designs. Approximated measurements made in the coordinate framd-afalemPCOVM
and 6mm probe offset subtracted from theoprdinates of the internal surfa@ep curvature)
with respect to the external surface (bottom curvature).
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Appendix D — Stiffness Profiles: Effect of Foot Shell Design Features on

Mechanical Performance of Prosthetic Foot Systems

Deformation and stiffness profiles were produced for each foot system for comparison between
tested foot conditions. Stiffness profiere plotted to display the differences in stiffness

between foot conditions for each the-NR (Figure58a-b), OB-2C4 Figure59a-b), and iBER
(Figure60a-b) foot shell designs with the Niagara Foot and Axtion keels, respecfifedythree
covered conditions including intact, partial, and sole conditions, were compared to the properties
of each bare keel isolatestiffnesseffects of foot shell design features on the overall mechanical

properties of the system.
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(a) Al - Stiffness Profile
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(b) B1 - Stiffness Profile
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Figure 58 — Stiffness Profiles for the NF-M1 Foot Shell
Comparison of predicted stiffness characteristics between bare, intact, padiagle

conditions of the NAM1 foot shell with (a) Niagara Foot (Al), and (b) Axtion (B1) keel
structures.
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(a) A2 - Stiffness Profile
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(b) B2 - Stiffness Profile
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Figure 59 — Stiffness Profiles for the OB-2C4 Foot Shell
Comparison of predicted stiffness characteristics between bare, intact, partial, sole;cipd

sole conditions of the OBC4 foot shell with (a) Niagara Foot (A2), and (b) Axtion (B2) ke
structures.
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(a) A3 - Stiffness Profile
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(b) B3 - Stiffness Profile
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Figure 60 — Stiffness Profiles for the iB-ER Foot Shell
Comparison of predicted stiffness characteristics between bare, intact, partial, sbhegland

clip sole conditions of the HER foot shell with (a) Niagara Foot (A3), and (b) Axti(B3)
keel structures.
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