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Abstract

Gait analysis is a clinically relevantethodto assess walking patterns in rehabilitating
patients, especially transtibial amputees. Prior work in biomechanics has detailed the impacts of
belowthe kneeamputation and anthropometric characteristicpatient gaitbut little work has
been done inhe intersection of these fieldparticularly with consideration towards the
contralateral (intact) limbThis study utilize€OpenSim, a biomechanics simulation package,
investigate the impact of anthropometry on the stresses and response behawidripf khee,
and ankle joints in the contralatefimhb of transtibialamputeesSix total groups, comprising of
ablebodied andeft amputee variants of three anthropometric percentiles5®', and 95" were
defined Musculoskeletageometry, gait, @d ground reaction force datar each modeivere
sourced froma healthy subject and appropriately adjusted based on trends in amputation status
and anthropometrfrom literature Inverse dynamiceperationsvere performedon each model
yielding normaliz&l moment datas well as acalculatedmoment proportion, quantifying the
relative stress on the right, contralateral limMihe interaction between anthropometry and
amputation was significant famputeesluring stance phase, whehe 95" percentile modehad
a significantly higher moment proportion compared to other perceriRiéssiltandicate the need
for special clinicafocus on the anklef heavier, taller amputees, along with the prescription of
appropriate prosthetic componentry with a sufficiemge of motionto prevent longerm joint
damage within the lower extremities. Initial data is preliminary,dauves as a foundation for

additional simulations and related work in biomechanics simulations.
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Chapter 1

Introduction

One in every four diabetic patientsat risk of developing vascular diseaséich could
require amputatiorjl]. This is alongsidemany other atisk groups thatsuffer loss of limb
sometimeslue to factors out of their control. Because of the drastic effects that amputation has on
body shape, size, and motion, as well asrtbeeasedisk of further injury that mputation brings,
much of the posamputation phase for lowdimb amputees is spent attemptingaeestablistthe
same general walking patterns, or gait, that they had prior to ampyition almost all cases,
the amputee is aided in this rehabilitation by a prosthetic of some sort, which senestdgial
structural replacement for the lost limb.

While prosthetics have improved in areas such as design, comfort, and even energy
harvesting, they are not perfect. Amputees will never truly reach the exact gait patterns which they
were able to exgrience preamputation, and a general redistribution of body mass causes an
overdependence on the contralateral limb, or the healthy limb, of these anjplit¥ekile this
shift may seem innocuous at first, the increased loading and forces on these limbs accelerates the
deterioration process of the internal joints, which in turn can lingitquality of life as well as

long-term mobility of the patient.



Whether or not these trends depend on specific parameters of a patient have yet to be
discovered in biomechanics research. In particular, there is no real understanding of whether or
not basic measurements such as height and weigltectively known ashe anthropometry of a
subjecthave any impact on the level of dependence on this contralateral limb or its deterioration.
This knowledge is not easily obtainable; while there exist methods that allow readings of force
within the leg to be captured durisgme activity, it is not as possible to vary the height and weight
of individual subjects exactly as desired in a typical experimental setup. Although certain aspects
of in-person experimentation are lost, controlling the height and weight of subjeotsy ather
factors, is rendered much easier when using comjpateed simulations to estimate these walking
patterns and forces. This makes modeling and simulation a very attractive option in biomechanics
studies involving human subjects.

The remainder ofhis thesisdetailsthe simulationbased researgberformed in order to
investigate relationships between patient anthropometrylaading of the lower extremities,
particularly in the contralateral limb. First, a background is presentéldapter 2which explores
prior work in a variety of intersecting fields related to this research, before framing two research
guestions which serve as the motivation and driving force behind this wo@hdpter 3 the
methodologies used for experimentation are explained, including specifics on model preparation
and simulation. Results from the simulation along with statistical analysis are preséiegtier
4, while a deailed discussion of these resudtsdtheir practical clinical implicationarepresented
in Chapter 5Chapter Grovides arief summary of theompleted work and concludes the thesis

with suggestions for future directions for research work



Chapter 2

Background

The measurement of gait among patients, including amputees of all types, has been heavily
investigatedn prior work. Gait analysisefers tahe study of posture and motion, particularly with
regards @ human activity{4], andstrategiedor capturing this data have evolved over time to
embrace differertechnologiesandbody typesThis chapter details prior work in the fields of gait
analysis, anthropometry, and biomechanics simulatiethods, and seeks to highlight greas
of research in which this work can provide novel insigBéxause this work lies in the intersection
of these fields, analysis of prior work in these fields is critical to understanding the areas of research
which have not been as heavilyplored, as well as framing overarching questions which can be

answered through research.

2.1 Gait Capture and Analysis

Medical technology has developed drastically through the decades, especially when
considering the advancement of lovienb prosthetictechnologied5]. This advancement has
proved critical to streamlining the recovery and rehabilitation process for patients from a variety

of demographics ahbackgroundgd6]. As research rated to this prosthetic technology has



become more abundant, supporting work involving the testing and validation of these devices has
also increased in prevalengd. A common avenue for this work has been utilizing gait analysis

to evaluate the effectiveness of prosthetic devices in establishing healthy walking patterns.
Studying gait can be critical to suggesting improvements for patients at righknfioor muscle
damage especially forthoseworking towards rehabilitation following lowdimb injuries or
surgery[2]. With the usefulness of gait capture weditablished through the volume of work in

the field, additional focus has been directed towards developing new methodologies for capturing
gait. For examplebecausdraditional clinical gait analysis systerage expensive anelatively
immobile [7], alternative proposed systems have lookethittimize costand portabilitywhile
attempting to match industriefficiency.

A typical gait analysisystem consists of a human subject, whose motion patterns are to
be analyzed, as well as a system of cameras, sensors, or other motion tracking devices that are able
to capturespatial coordinatélata for a variety of human joints over some time pedddUsing
fundamentalprinciples of mechanics, this spatial coordinate data can then be processed to
understand angles, forces, and moments for a given joint or anatomical |§8g{i®h Typically,

a greater number @lameras osensors provides greater breadth of acquired data, allowing the
analyzed walking patterns to have a higher resoluti®j. Traditionally, such systems have
involved the use of largecale camera systems which focus on critical jeimtiseupper and lower
extremitieg11]. Recently, however, systems which instead utilize wearable, attached sensors on

t he human subjectbdés body have al[RoRegaldlessaf mer i
data capture method, the defining characteristic of an effective gait analysis system is its ability to
output accurate, timdependent spatial coordinate data for a set of joints of interest forra give

subject.



Specific terminology is commonly used with gait data to offer context with regards to
human activity, most commonly walking. To provide a normalized time scale across subjects with
different walking speeds and strides, one gait cycle has béeedlas the time period between
two instances of first contact of a given limb with the grojdr&]. This gai cycle is split into two
phases. First, the stride phase, which accounts for roughly the first 60% of the gait cycle, is
characteristic of the time period when the limb being studied is in contact with the ground, using
this contact as an anchor pointnimve the body forwarflL3]. The remaining portion of the gait
cycle (roughly 40%) is known as swing phase, sghbe limb being tracked swings forward and
is therefore not in contact with the groy8]. There are alsa variety of intermediate syfhases
and characteristic nomenclature used to describe the orientation of the lower limbs at a given
moment during the gait cycle. A simple depiction of the gait cycle and body profiles corresponding
to different timepointsan beseen inFigure2.1.

For lowerlimb biomechanicsmarkers or sensors are typically plaégedhe middle of
major limb segments (femur, tibia, foot) and at the major joints (hip, knee) §bKeln order to

convert spatial coordinates into generalized coordinates relatjgmty a mathematical process

NEW
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Figure 2.1. Visualization of gait cycle timepoints and phases with respect to orienta
the human bodj15].



known as inverse kinematics is ug8{l This processllows spatial coordinate data captured by

data analysis systems to be interpreted as joint angles within these lower extremities. Joint angles
which are positive represent a flexion the joint, while negativangles are associated with
extensions of those same joifi$]. Figure2.2 visualizes thesanglesin the human legrhese

data can then hgsed to calculate forces and moments in individual components of the lower limb
by using inverse dynamics, a related mathematical pr¢@e#s common gantity that is used to
bothaccurately represent the stresses on a given joint in the lower extresritiegoint moment

[17]. Figure2.3 depictsa flow diagramwhich outlines commononversios during the gait cycle
andtheir respectiveintermediate outputdloments, in particular, have beased extensively as

a metric for power generation in lower limb jantvhich can be quite indicative ofverall limb

performance whenompared among subjedfis8], [19].

Extension
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20
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Ankle Joint
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40"

Plantarflexion(-)

Figure 2.2. Representation of the respective joint angles for the kne
anklein theright leg[20]. Notethat while the hip angle is not depict
the conventions for its jot are analogous to those of the knee.
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Figure 2.3. Flow diagram detailing role of inverse kinematics and dynam
computeraided gait analysigR1].

In general, Bing able to convert raw coordinates into meaningful thetbcan be used to
characterize the health of a given loviietb is a critical aspect of gait analgsiVithin the context
of amputees and human subjects in general, analyzingdgi@tand comparing it to healthy
subjects is often the first step towards diagnosing irregularities in the lower extremities, especially

when this analysis is being conducted in response to rehabilitation

2.2 Gait of Transtibial Amputees

Transtibia) or belowthe-knee (BKA) amputees arpatients who havieadan amputation
severing the tibia, fibula, and corresponding soft tissue, causing a completeftoxtsanid ankle
joint in the amputated lef2]. Figure 2.4 details theanatomy andorosthetic fit of a typical
transtibial amputeeéAn estimated’4% of lower-limb amputations ar@ganstibial[23], with most
being performed as a result of trauma, diabetesther vascular diseag@sl]. Theresidual limb,
referring to the remnant of the leg which lsagferedamputationjs thentypically attached to a
uniquely designed prosthetiand socketo begin rehabilitation towards attainingprmal gait.
During this process, the surface geometry of this limb residuum can greatlduany post

operativeedemamuscular atrophygnd generdluctuations in the limksocket interfacg5], [26].



Figure 2.4. Diagram detailing location
typical transtibial amputation (left) a
placement of prosthiet(right) [27].

As a resulof theloss of limb and associated changes in lel@ity weight distribution,
transtibal amputations significantly affect patient gé#8]. As patients attempt to establish
normal, preamputationmotility, the health of theontralateral (ointact, noramputatedimb)
may be compromised as it assumes a greatercootgensating for thabnormal gait of the
amputated limlj3]. While patients typicallyncrease reliance on the intact litnbpingto achieve
preamputation gait patterns, increased dependence on the intact limb also steraddgire to
minimize pain in the residual limip29]. In addition, poor prosthesis fit caused by the
aforementioned changes in residual liggmmetry over timeesult infurther patient discomfort
[30], [31] and an wer-reliance on the intact lim@d hiscompensation can causereased muscular
activity in theintact limb[28], and canesult in the need for knee or hip replacemengesies
[32], further limitingmobility and posing additional risks to the patient.

An abundance of data has been collected regarding the kinematics and kinetics of below

knee amputee ait. Past studies have employed several methods to understand the intricate



variations ingait parametersespecially across the main joints of the leg. Winter and Sienko
performed a range of biomechanical analyses eledtromyography EMG, seeFigure 2.5)
profiles on eight transtibial amputees with prostheses and compared their results to healthy subjects
[33]. Their study revealed that the type of prosthesis used by the amputee plays a crucial role in
flexion and extension of the ajor joints during each gait phase.shnilar studyusing EMG
analysisrevealed that transtibial amputees were found to have considerably bayhbmed
activity in the knee flexors and extensors relative to healthy subjects during nornizgd p&ata
primarily comprising of external joint momergsowed that the overall motion and muscle action
patterns did not align fully witkypical kinetic data from a healthy patiestjggesting significant
changes in patient musculaetivity across both limbs.

Bateni and Olneyerformed a study seeking to understand ahwlitude of muscular
flexions and extensions for patients in both linff]. Results suggest thatnputeegxert more

effort during hip extensions, knee flexions, and ankle dorsiflexions on the healthy leg when

Figure 2.5. Placement of EMG sensors on a transtibial amputee re
limb by Chenet al.[35]. EMG is a conventional way to track musc
activity by sensing electrical signals from motor neurons.
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compared tahose of a healthyjonamputated patienin addition, the studjound that pustoff
contact was limitedh the prosthetic legmplying thatground reaction forces weneore heavily
exerted on the intact limb during gaurther work has also sought to understand the intpatt
prosthetic design has on the gait and loadintpe intact imb [36]. It was found that modifying
material properties and degrees of freedom of motitimeiprosthetic foot could minimize loading
in the healthy limb relative to other desigasd that floor impact is the most critical contributor
to the deterioration of the intact limb in transtibial amputee gait.

Overall, gait of transtibial amputeeshighly dependent oresidual limb geometry and
postamputation healtrand prosthetic design, among other factors. A variety of work has sought
to identify the particular gait parameteffected bytranstibial amputatiarWhile variations in
gait of the amputated legeexpectedgcomparisons of the intact limb with those of healthy patients
confirm higher muscular activityThis deviation in gait, whileften mentionedhas not been
thoroughly documented in prior wargndthusinvites consideration ithis work as well afuture

gait and prosthetic design studies.

2.3 Anthropometry and Gait

Anthropometry refers tthe quantitative measurement of muscles, bones, and tissues used
to determine overall characteristics amdmposition of the human bodj37]. Typical
measurements used to define anthropometry include height, weight, body mass indexa@MI)
limb lengths and circumference&nthropometric data proves most valuable when generating
human models of an individual subject in a specific populaiitve. Anthropometric Survey of

U.S. Military Personnel (ANSUR) is one of the most popular sources of anthropometric data for
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modelingdueto its vast number of measuremef&8]. Figure2.6 outlines themethodical process
of measurement from this surve®ther databasesuch as the National Health and Nutrition
Examination Survey (NHANES)39] and the Civilian American and European Surface
Anthropometry Resource Project (CAESARD] offer additional datavhich is less detailed but
representative of largemore divers@opulations.

Anthropometry of amputees is of particular intergstresearch due to the abnormal
changes in limb geometry and weigiver a rehabilitation periqdasdetailed byseveral studies
which tracked the volume and surfadeangesof limb residuumdue to a variety of parameters
postamputation[31]. Detailed accurateanthropometric measurements of limb residuoma
regular basisre pivotal toensuring optimal prosthetic fit and effective gait rehabilitafihy.
Anthropometric data are also key to understanding body weightles to amputatiorand the
development of methodologies to estimate this weight loss based on amputatipt2lype3].
Effective anthropometric measurement of ampusigecific body segments provides great

guantitative insight into the differences between amputees anthadiiked individuals.

MALES
cm IN
144.07 MEAN 56.72
0.10 STD ERROR (MEAN) 0.04
6.33 STANDARD DEVIATION 2.49
0.07 STD ERROR (STD DEV) 0.03
119.40 MINIMUM 47.01
168.30 MAXIMUM 66.26
SKEWNESS 0.12
KURTOSIS 3.12
COEFFICIENT OF VARIATION 4.4%
NUMBER OF PARTICIPANTS 4082

FEMALES

cM N
13351 MEAN 52.56
0.13 STD ERROR (MEAN) 0.05
5.81 STANDARD DEVIATION 2.29
0.09 STD ERROR (STD DEV) 0.04
111.50 MINIMUM 43.90
153.60 MAXIMUM 60.47
SKEWNESS 0.09
KURTOSIS 3.10
COEFFICIENT OF VARIATION 4.4%
NUMBER OF PARTICIPANTS 1986

(c)

Figure 2.6. Reference measurement of acromial height from ANSUR Il dat
[38]; (a) measurement of test subject; (b) measuremerdomputesrendere
model; (c) statistics for measurement across male and female survey parti
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Gait insubjects as a function of antpametry has also been investigatedimyriad of
work. One detailed study sought to understand the variations of gait coordinate parameters, such
as joint angles, with respect to a variety of variables includgeg gender, and BM#4]. Out of
18 totalkey-pointsacross the hip, knee, and anKld included BMI as a significant predictéor
measurement, detailing the | mgdlexiortandeextansionatp o me t
these jointsWhile this study dealt witBpatial coordinates, additional wdrl losaet al.has also
studied the impacanthropometryhas onthe timing of common gait landmark45]. Results
showed that the alteration of specific body segment lengths had an omptet proportion of
time spent inhe stance and swing phases during one walking cycle, furthering the notion of a
connection between the two field&nthropometric characteristics catso have an effect on
humanlocomotive preferencedrior work has found thahoderate correlations beter body
size/shape and preferred walking speed existtlatdait preferences can be impacted by physical
characteristics of a subjgdt].

Because of the impaeven subtle body size and shape differences can have on subject
walking patterns, rhropometric considerations aoé great importance when understanding
patient responses to lowkmb amputationsWhile research in the individual fields of amputees
and anthropometry is abundant, little research has explored the intersection of the two, especially

when considering the magnitude of gait differences across characteristic anthropometric groups.

24 Simulation Methods in Biomechanics

Simulationbased gaitinalysis has proved to enhance the understanding of amputee gait

and serves as an alternative to human subject te®¥hide typical gaitcapture systems provide
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accurate spatial coordinate data for test subjects, biomechanics and simulation software can
enhance these results bgrfprming more complex dynamic analysis of joints and musaltdse

human body. Computdrased biomechanics simulations are only limited by processing power,
and have the potential to simulate as many (or as few) different aspedhe human
musculoskeletal system as desired.

OpenSim,one suchbiomechanical modeling softwaf1], [47], allows for analysis of
forces on a variety of musculoskeletal components which can be useful in analyzing stresses on
limbs and joints among other factorsn particular, OpenSinallows for high customization of
many aspects of a human subject, includamghropometric parameted$ all body segments,
muscle location and attachment, anckn skeletal structur@his customizability lends itself to
serve as an excellent tool fprocedures such as simulated surgdB}. OpenSim also includes
tools to perforntheinverse kinematics and dynamics operations mentioned earlier in this chapter.
As a resultjt becomes an effective tool to understand gait patterns and loadspes;iallyin
patients withbone deformits [49] or lowerlimb amputations[50]i [52], where traditional
methods may render themselves more difficult.

A specialization of OpenSim is its ability to repldmedy structures with custcuohesigned
models, allowing for the development of amputee models spttially designed prosthetics.
LaPréet al.employed OpenSim to understand the interaction betweemniatsib and prosthetic
socket geometry as a function of motion of several ldings muscled50]. This study was able
to generate a realistic, scaled model of a transtibial amputee using anthropometric data coupled
with prior knowledge of residual limb geometigs shown irFigure2.7. The team was able to
control the number of degrees of freedom of the socket and pylon joints of the prasthngtic

modeling elements in OpenSim, adettermined the design which best modedatljectmotion
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Figure 2.7. Left-side belowknee amputee model used by LaE!
al. [50] in OpenSim computer simulations; (a) flbdy model wit
lower-limb muscles and prosthetic attachment; (b) detailed vis
4-DOF prosthetic model,including socket, pylon, and fc
components.

while minimizing error during the live gait capture processimilar study utilized OpenSim to

understand the efficacy of a powered ankle prostlresmsnimizing socket moments during post

amputation gaif51]. The model developed in this study included the ability for dynamic joint

alignment, allowing for the minimization of reaction fordasthe socket whilaisplaying the

versatility of OpenSimbés modeling capabilitie
In general, theability of OpenSim to model difficutto-control elements of amputee

walking patternsnakes it an incredibly useful tool farwide range of biomechanicsrsilations.

Because of its versatility, itas been chosen as the biomechanics soffwatese inthis study
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2.5 Synthesis of Literature and Research Questions

As shown countless studies have investigatdbe variations in gait thatranstibial
amputees experience as a function of loss of limib little consideration has been given to the
effects ofanthropometryThe effects of athropometridactorson ablebodiedpatient gaithave
been welldocumenrgd in literaturebutthere idittle known abouthe effects of these factors with
regards to amputee gait

In general, an abundance of work has been published investigating these fields
independently, but littleonsideration has been given to their intersecfitve. main objective fo
this study is tounderstand the relationships between patient anthropometry specifically in
transtibial amputees, and the resulting load patterns that occur in the major leg joints in both limbs.
Modifications to patient anthropometry are impossible iseove in a single clinical visdand
could take years to manifest, but such variables are very manadeab&ntrol using the
capabilities ofsimulation softwareThese simulation methods will also be critical in developing
transtibial amputee models which represent a set of anthropometrically diverse sAbjsatsh,
this work will focus on including anthropometric variation in assessing the gait of transtibial
amputeesfocusing on the intact limb and it®empensatory effects in establishing normal gait.
This study is driven to answer the following research questisrasfirst step towardsldressing
this gap

1) How doesthe anthropometry ofa transtibial amputeaffect the stressem the

contralateralimb when compared to an abbedied subje&t

2) How does the anthropometry of a transtibial ampuatee the affected gait of the

amputated limtaffect theresponséehavior of thecontralateralimb?
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Chapter 3
Methods

To understand the effect of anthropometrgamtralateral limkbehaviorof an amputee, a
procedure to develop anthropometrically and dynamically representative models waSoused.
appropriate comparisons, ablebodied equivalent for each amputee model was also created.
OpenSim 4.1the software of choice used for simulation in this study, was then utilized to compute
joint moments in each leg as necessary. Capture of this data was critical to answeegtibas

posed by each research question in the previous chapter.

3.1 Model Generation

Model generation in the context of this study involagntion in three distinct areas.
generic model was first geometrically scaled using anthropometric measurementggaithien,
each limb wasssigned to each modehsed on the presence of an amputation. Finally, ground
reaction forces werassociated and appropriately distributed across both limbs depesrling
amputation status arstibject weight. This allowed for the development of six total distinct models

for downstream analysis.
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Baselinemodels were required initially to providef@ndationfor modification. Forthe
ablebodiedsubjects, the OpenSiBGait2354 mode[53]i [55], a generic model featuring a full
skeletal systemand muscular representation of the lower extremities, was used. To model
amputees, a left transtibial amputee matdzlved from the Gait2354 model and used by L&®re
al. for analysis was usd80]. This model is identicab the Gait2354 mod&h almost all aspects,
but usesa severed left tibisand fibula along withproghetic componentryinstead of the
corresponding left leg structuriesthe ablebodied modelFigure3.1 displaysa sideby-sidevisual

of both modeldor comparisonwhile Table3.1 includes a list of geometric bodigseach model

(a) (b)

Figure 3.1. Sideby-side comparison of (a) OpenSim
Gait2354 model and (b) left transtibial amputee model
used byLaPréet al.
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Table 3.1. Geometridbodies included in both OpenSim models.

Geometry Name Represented Bodies Gait2354 LaPre et al.
torso Skull, spine, ribs n n
pelvis Pelvis n n
femur_| Left femur n n
femur_r Right femur n n
tibia_| Left tibia, fibula n
tibia_|_amputatec Left tibia, fibula (amputated) n
pylon_socket Prosthetic socket and pylon n
tibia_r Right tibia and fibula n n
talus_| Left talus n

talus_r Right talus n n
calen_| Left calcaneus, tarsals, metatarsa n

calen_r Right calcaneus, tarsals, metatars n n
toes_| Left phalanges n

toes_r Right phalanges n n
footl Upper prosthetic foot n
foot2 Lower prosthetic foot n

3.11 Anthropometric Scaling

Anthropometric scaling was guidday the Anthropometric Survey otJ.S. Military
Personnelusing the ANSUR Il database in particuld8]. To align with data presented in the
ANSUR Il database, modetharacteristic othe 3" percentile 50" percentile, and 95percentile
of anthropometric data wedevelopedBecausehe human subject representative of the geometry
and data associated with the Gait2354 model was male, only male anthropometric data was
considered for scaling purposes &ase the scaling process, focus was first directed towards
scaling the generic Gait2354 model to th& Bercentile measurementollowing this scaling,
the 50" percentile model was then scaled downwards and upwards t8' tred®%' percentile

measurements, respectively.
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First, measurements e different bone segments the Gait2354 mod&lere maddo
define scaling regiondn addition, corresponding #iopometric measurements ftre 5¢
percentile fothese bodyegionsfrom the ANSUR Il database were recorded. Based gpetfuent
differences in measurements, scalifagtors for each body segmerdould be determined.
Alongside length measuremeni®dy massscaling also took place for each modsble-bodied
individuals were scalet the rawweightdata from the ANSUR Il database, while amputee models
were scaled t86.5% ofthis weight value(neglecting prosthetic componentry mass)counting
for an onraverage 3.5% loss in body weightsasiated withtranstibial amputatiof43], [56].
Prostheticcomponentrywas geometrically scaled based on the analogous structure in the intact
limb. For example, the prosthetic socket gndon were scaled as per tibial measurements,
whereas the foot componentry was scaled as per ankle and foot measurEnegmtssthetic was
ed a mass of 1.5 kg based on pri@views of prosthetic mag$7]. A summary ofscaling
measurementgactors and associated model geometry for giriscedure can beeen inTable3.2.

After scaling to a standard B(ercentile,length and mass scaling also toplace to
generateablebodied and amputee models thapresented the'™Sand 94" anthropometric
percentiles. A similar procedure as before was used, egcalimgfactorswere now determined
by comparing the desired outer percentiles with the newly generatégeBbentile model.
Prosthetic componentipass was not kept constant and was scaled proportionally to the increase
of overall body weightData analogouto those inTable3.2 for these scaling picedures can be
seen inTable3.3.

A view with all six generatedhodels can be viewed figure 3.2, while asummary of
subject data for each model can be se€hainle 3.4. These six models prove sufficieiat study

anthropometric effects as desired.



20

Table 3.2. Anthropometric measurements and scaling factors for scaling of base model

standard ANSUR Il 50percentile.

Measurements
ANSUR I Associated Base 50" Scaling
Measurement Bodies Model %tile Factor
Suprasternakenth rib length  torso 29.0cm 31.8cm 1.097
Pelvis width .
(from bicristal breadith) pelvis 26.8cm  27.5cm 1.026
Femur length
(from trochanterion height) femur_l, femur_r 429cm 43.2cm 1.007
o tibia_|, tibia_r
zi-“lrzﬁ/ftlill))?;? tlfé?g:]?) tibia_| amputated 38.1cm 39.4cm 1.034
9 pylon_socket

talus_I, talus_r

calen_|, calen_r
Lateral malleolus height toes |, toes r 6.7 cm 7.3cm 1.090

footl

foot2
Stature 168.2cm 175.5cm
Body weight (ablébodied) 75.2 kg 84.6 kg
Body weight(amputee, without prosthetic) 71.5 kg 81.6 kg
Body weight (amputee, with prosthetic) 72.3 kg 83.1 kg

Table 3.3. Anthropometric measurements and scaling factors for scaling"gfés@entile model to"Sanc

95" percentiles.

Measurements Scaling Factors
5t 50" g5h 5 g5h
ANSUR Il Measurement Y%tile Ytile Ytile Ytile Ytile
Suprasternakéenth rib length 281cm 31.8cm 353cm 0.884 1.110
Pelvis width (frombicristal breadth) 247cm 275cm 30.5cm 0.898 1.109
Femur length (from trochanterion height) 39.8cm 43.2cm 472cm 0.921 1.093
Tibia/fibula length (from tibial height) 36.2cm 394cm 43.0cm 0919 1.091
Lateral malleolus height 6.4 cm 7.3cm 8.3cm 0877 1.137
Stature 164.8cm 175.5cm 187.0 cm
Body weight (ablébodied) 64.4kg 84.6kg 110.7 kg
Body weight (amputee, without prosthetic) 62.1kg 81l.6kg 106.8kg
Body weight (amputee, with prosthetic) 63.3kg 83.1kg 108.8kg
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Figure 3.2. View of six generated models for this study; (Ap8rcentile, abldodied; (b)
5 percentile, amputee; (c) B@ercentile, abldodied;(d) 50" percentile, amputee; (e)
95" percentile, abldbodied; (f) 9% percentile, amputee.

Table 3.4. Clinical subject data for six generated models

Subject Metric Subjectl Subject2 Subject3 Subject4 Subject5 Subject 6
Height (m) 1.648 1.648 1.755 1.755 1.870 1.870
Mass (kg) 64.4 63.3 84.6 83.1 110.7 108.8
ANSUR Il percentile 5" 5 50" 50" g5" 95"
Gender Male Male Male Male Male Male
Amputation None (ol ipar None Lo el NONe Lo

3.1.2 Modeling of Gait

Spatialmarkercoordinatedata over a period of tinfer a genericablebodied subject was
included with the Gait2354 model as supplementary[@8a OpenSi més i nverse K
was then used to convert this spatial data into rel&thematiccoordinategor individual joints
in the model.Using findingsfrom prior literature inamputee knee kematics[59], peak knee
angle values in both limbs of both subjects weralesl to appropriate values using linear

interpolation This work demonstrated pedkp and ankleanglesfor amputees to be similar to
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