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Abstract

Gait analysis is a clinically relevantmethodto assess walking patterns in rehabilitating 

patients, especially transtibial amputees. Prior work in biomechanics has detailed the impacts of 

below-the-knee amputation and anthropometric characteristicson patient gait,but little work has 

been done in the intersection of these fields, particularly with consideration towards the 

contralateral (intact) limb. This study utilizes OpenSim, a biomechanics simulation package,to 

investigate the impact of anthropometry on the stresses and response behavior of the hip, knee, 

and ankle joints in the contralaterallimb of transtibial amputees. Six total groups, comprising of 

able-bodied and left amputee variants of three anthropometric percentiles (5th, 50th, and 95th) were 

defined. Musculoskeletalgeometry, gait, and ground reaction force data for each model were 

sourced froma healthy subject and appropriately adjusted based on trends in amputation status 

and anthropometry from literature. Inverse dynamics operationswere performed on each model, 

yielding normalized moment dataas well as a calculated moment proportion, quantifying the 

relative stress on the right, contralateral limb. The interaction between anthropometry and 

amputation was significant for amputeesduring stance phase, where the 95th percentile model had 

a significantly higher moment proportion compared to other percentiles. Results indicate the need 

for special clinical focus on the ankleof heavier, taller amputees, along with the prescription of 

appropriate prosthetic componentry with a sufficientrange of motion, to prevent long-term joint 

damage within the lower extremities. Initial data is preliminary, but serves as a foundation for 

additional simulations and related work in biomechanics simulations.
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Chapter 1

Introduction

One in every four diabetic patients is at risk of developing vascular disease, which could 

require amputation [1]. This is alongsidemany other at-risk groups thatsuffer loss of limb, 

sometimesdue to factors out of their control. Because of the drastic effects that amputation has on 

body shape, size, and motion, as well as the increasedrisk of further injury that amputation brings, 

much of the post-amputation phase for lower-limb amputees is spent attempting to re-establishthe 

same general walking patterns, or gait, that they had prior to amputation[2]. In almost all cases, 

the amputee is aided in this rehabilitation by a prosthetic of some sort, which serves as an artificial 

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 experience pre-amputation, and a general redistribution of body mass causes an 

overdependence on the contralateral limb, or the healthy limb, of these amputees [3]. While 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 limit the quality of life as well as 

long-term mobility of the patient.
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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 weight, collectively known as the anthropometry of a 

subject,have 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 duringsome 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 subjects, among other 

factors, is rendered much easier when using computer-based 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 of this thesisdetailsthe simulation-based researchperformed in order to 

investigate relationships between patient anthropometry and loading of the lower extremities, 

particularly in the contralateral limb. First, a background is presented in Chapter 2, which explores 

prior work in a variety of intersecting fields related to this research, before framing two research 

questions which serve as the motivation and driving force behind this work. In Chapter 3, the 

methodologies used for experimentation are explained, including specifics on model preparation 

and simulation. Results from the simulation along with statistical analysis are presented in Chapter 

4, while a detailed discussion of these resultsandtheir practical clinical implicationsarepresented 

in Chapter 5. Chapter 6provides a brief summary of the completed work and concludes the thesis

with suggestions for future directions for research work.
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Chapter 2

Background

The measurement of gait among patients, including amputees of all types, has been heavily 

investigated in prior work. Gait analysis refers to the study of posture and motion, particularly with 

regards to human activity [4], and strategiesfor capturing this data have evolved over time to 

embrace different technologiesand body types. This chapter details prior work in the fields of gait 

analysis, anthropometry, and biomechanics simulationmethods, and seeks to highlight theareas 

of research in which this work can provide novel insights. Because 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 heavily explored, 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 lower-limb prosthetic technologies [5]. This advancement has 

proved critical to streamlining the recovery and rehabilitation process for patients from a variety 

of demographics and backgrounds[6]. As research related to this prosthetic technology has 
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become more abundant, supporting work involving the testing and validation of these devices has 

also increased in prevalence[5]. 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 risk for joint or muscle 

damage, especially for thoseworking towards rehabilitation following lower-limb injuries or 

surgery [2]. With the usefulness of gait capture well-established through the volume of work in 

the field, additional focus has been directed towards developing new methodologies for capturing 

gait. For example, becausetraditional clinical gait analysis systemsare expensive and relatively 

immobile [7], alternative proposed systems have looked tominimize cost and portability while 

attempting to match industrialefficiency. 

A typical gait analysis system 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 capture spatial coordinate data for a variety of human joints over some time period [4]. Using 

fundamental principles of mechanics, this spatial coordinate data can then be processed to 

understand angles, forces, and moments for a given joint or anatomical location[8], [9]. Typically, 

a greater number of cameras or sensors providesa greater breadth of acquired data, allowing the 

analyzed walking patterns to have a higher resolution[10]. Traditionally, such systems have 

involved the use of large-scale camera systems which focus on critical jointsin theupper and lower 

extremities [11]. Recently, however, systems which instead utilize wearable, attached sensors on 

the human subjectôs body have also shown merit in producing accurate results [12]. Regardless of 

data capture method, the defining characteristic of an effective gait analysis system is its ability to 

output accurate, time-dependent spatial coordinate data for a set of joints of interest for a given 

subject.
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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 been defined as the time period between 

two instances of first contact of a given limb with the ground [13]. This gait 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 point to move the body forward [13]. The remaining portion of the gait 

cycle (roughly 40%) is known as swing phase, where the limb being tracked swings forward and 

is therefore not in contact with the ground [13]. There are also a variety of intermediate sub-phases 

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 timepoints can be seen in Figure 2.1.

For lower-limb biomechanics, markers or sensors are typically placed in the middle of 

major limb segments (femur, tibia, foot) and at the major joints (hip, knee, ankle) [14]. In order to 

convert spatial coordinates into generalized coordinates relative to joints, a mathematical process 

Figure 2.1. Visualization of gait cycle timepoints and phases with respect to orientation of 

the human body [15].
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known as inverse kinematics is used [8]. This process allows 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 flexionof the joint, while negative angles are associated with 

extensions of those same joints [16]. Figure 2.2 visualizes theseangles in the human leg.These

data can then be used to calculate forces and moments in individual components of the lower limb

by using inverse dynamics, a related mathematical process[9]. A common quantity that is used to 

both accurately represent the stresses on a given joint in the lower extremitiesis the joint moment 

[17]. Figure 2.3 depictsa flow diagram which outlines commonconversions during the gait cycle 

and their respective,intermediate outputs. Moments, in particular, have been used extensively as 

a metric for power generation in lower limb joints, which can be quite indicative of overall limb 

performance when compared among subjects [18], [19].

Figure 2.2. Representation of the respective joint angles for the knee and 

anklein the right leg[20]. Notethat while the hip angle is not depicted, 

the conventions for its joint are analogous to those of the knee.
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In general, being able to convert raw coordinates into meaningful data that can be used to 

characterize the health of a given lower-limb is a critical aspect of gait analysis. Within the context 

of amputees and human subjects in general, analyzing gait data and 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

Transtibial, or below-the-knee (BKA), amputees are patients who have had an amputation 

severing the tibia, fibula, and corresponding soft tissue, causing a complete loss of foot and ankle 

joint in the amputated leg [22]. Figure 2.4 details theanatomy and prosthetic fit of a typical 

transtibial amputee. An estimated 74% of lower-limb amputations are transtibial[23], with most 

being performed as a result of trauma, diabetes, or other vascular diseases [24]. The residual limb, 

referring to the remnant of the leg which has sufferedamputation, is thentypically attached to a 

uniquely designed prostheticand socketto begin rehabilitation towards attaining normal gait. 

During this process, the surface geometry of this limb residuum can greatly varydue to post-

operative edema, muscular atrophy, and general fluctuations in the limb-socket interface [25], [26].

Figure 2.3. Flow diagram detailing role of inverse kinematics and dynamics in 

computer-aided gait analysis [21].
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As a result of the loss of limb and associated changes in lower-body weight distribution, 

transtibial amputations significantly affect patient gait[28]. As patients attempt to establish 

normal, pre-amputation motility, the health of thecontralateral (or intact, non-amputatedlimb)

may be compromised as it assumes a greater role compensating for the abnormal gait of the 

amputated limb[3]. While patients typically increase reliance on the intact limb hopingto achieve 

pre-amputation gait patterns, increased dependence on the intact limb also stems from adesire to 

minimize pain in the residual limb[29]. In addition, poor prosthesis fit caused by the 

aforementioned changes in residual limbgeometry over time result in furtherpatient discomfort

[30], [31]and an over-reliance on the intact limb. This compensation can causeincreased muscular 

activity in the intact limb [28], and can result in the need for knee or hip replacement surgeries

[32], further limiting mobility and posing additional risks to the patient. 

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

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

Figure 2.4. Diagram detailing location of 

typical transtibial amputation (left) and 

placement of prosthetic (right) [27].
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variations in gait parameters, especially across the main joints of the leg. Winter and Sienko 

performed a range of biomechanical analyses and electromyography (EMG, see Figure 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 major joints during each gait phase. Asimilar study using EMG

analysis revealed that transtibial amputees were found to have considerably higher combined 

activity in the knee flexors and extensors relative to healthy subjects during normal gait[34]. Data

primarily comprising of external joint momentsshowed that the overall motion and muscle action 

patterns did not align fully with typical kinetic data from a healthy patient,suggesting significant

changes in patient muscular activity across both limbs.

Bateni and Olney performed a study seeking to understand the amplitude of muscular 

flexions and extensions for patients in both limbs[28]. Results suggest that amputeesexert 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 residual 

limb by Chen et al. [35]. EMG is a conventional way to track muscular 

activity by sensing electrical signals from motor neurons.
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compared to those of a healthy, non-amputated patient. In addition, the studyfound that push-off 

contact was limited in the prosthetic leg, implying that ground reaction forces weremore heavily 

exerted on the intact limb during gait. Further work has also sought to understand the impactthat 

prosthetic design has on the gait and loading of the intact limb [36]. It was found that modifying 

material properties and degrees of freedom of motion in the prosthetic foot could minimize loading 

in the healthy limb relative to other designs, and that floor impact is the most critical contributor 

to the deterioration of the intact limb in transtibial amputee gait.  

Overall, gait of transtibial amputees is highly dependent on residual limb geometry and 

post-amputation health, and prosthetic design, among other factors. A variety of work has sought 

to identify the particular gait parameters affected bytranstibial amputation. While variations in 

gait of the amputated leg areexpected, comparisons of the intact limb with those of healthy patients 

confirm higher muscular activity. This deviation in gait, while often mentioned,has not been 

thoroughly documented in prior work, andthus invites consideration in this work as well as future 

gait and prosthetic design studies. 

2.3 Anthropometry and Gait

Anthropometry refers to the quantitative measurement of muscles, bones, and tissues used 

to determine overall characteristics andcomposition of the human body[37]. Typical 

measurements used to define anthropometry include height, weight, body mass index (BMI), and 

limb lengths and circumferences. Anthropometric data proves most valuable when generating 

human models of an individual subject in a specific population. The 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 measurements[38]. Figure 2.6 outlines themethodical process 

of measurement from this survey.Other databases such as the National Health and Nutrition 

Examination Survey (NHANES) [39] and the Civilian American and European Surface 

Anthropometry Resource Project (CAESAR) [40] offer additional datawhich is less detailed but 

representative of larger, more diversepopulations. 

Anthropometry of amputees is of particular interestin research due to the abnormal 

changes in limb geometry and weight over a rehabilitation period, asdetailed by several studies 

which tracked the volume and surfacechangesof limb residuumdue to a variety of parameters 

post-amputation [31]. Detailed, accurateanthropometric measurements of limb residuum on a 

regular basis are pivotal to ensuring optimal prosthetic fit and effective gait rehabilitation [41]. 

Anthropometric data are also key to understanding body weight loss due to amputation, and the 

development of methodologies to estimate this weight loss based on amputation type [42], [43]. 

Effective anthropometric measurement of amputee-specific body segments provides great 

quantitative insight into the differences between amputees and able-bodied individuals. 

Figure 2.6. Reference measurement of acromial height from ANSUR II database 

[38]; (a) measurement of test subject; (b) measurement on computer-rendered 

model; (c) statistics for measurement across male and female survey participants.
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Gait in subjects as a function of anthropometry has also been investigated in a myriad 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 includingage, gender, and BMI [44]. Out of 

18 total key-points across the hip, knee, and ankle, 14 included BMI as a significant predictor for 

measurement, detailing the impact anthropometry has on an individualôs flexion and extension at 

these joints. While this study dealt with spatial coordinates, additional workby Iosa et al.has also 

studied the impact anthropometryhas on the timing of common gait landmarks[45]. Results 

showed that the alteration of specific body segment lengths had an impact on the proportion of 

time spent in the stance and swing phases during one walking cycle, furthering the notion of a 

connection between the two fields. Anthropometric characteristics can also have an effect on 

human locomotive preferences. Prior work has found that moderate correlations between body 

size/shape and preferred walking speed exist, and that gait preferences can be impacted by physical 

characteristics of a subject[46]. 

Because of the impact even subtle body size and shape differences can have on subject 

walking patterns, anthropometric considerations are of great importance when understanding 

patient responses to lower-limb amputations.While 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.

2.4 Simulation Methods in Biomechanics

Simulation-based gait analysis has proved to enhance the understanding of amputee gait 

and serves as an alternative to human subject testing. While typical gait capture systems provide 
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accurate spatial coordinate data for test subjects, biomechanics and simulation software can 

enhance these results by performing more complex dynamic analysis of joints and muscles in the 

human body. Computer-based biomechanics simulations are only limited by processing power, 

and have the potential to simulate as many (or as few) different aspects of the human

musculoskeletal system as desired. 

OpenSim, one suchbiomechanical modeling software [21], [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 factors. In particular, OpenSimallows for high customization of 

many aspects of a human subject, includinganthropometric parameters of all body segments, 

muscle location and attachment, and even skeletal structure. This customizability lends itself to 

serve as an excellent tool for procedures such as simulated surgery [48]. OpenSim also includes 

tools to perform the inverse kinematics and dynamics operations mentioned earlier in this chapter. 

As a result, it becomes an effective tool to understand gait patterns and loadings, especiallyin 

patients withbone deformities [49] or lower-limb amputations[50]ï[52], where traditional 

methods may render themselves more difficult. 

A specialization of OpenSim is its ability to replace body structures with custom-designed 

models, allowing for the development of amputee models with specially designed prosthetics. 

LaPrè et al. employed OpenSim to understand the interaction between residual limb and prosthetic 

socket geometry as a function of motion of several lower-limb muscles[50]. This study was able 

to generate a realistic, scaled model of a transtibial amputee using anthropometric data coupled 

with prior knowledge of residual limb geometry, as shown in Figure 2.7. The team was able to 

control the number of degrees of freedom of the socket and pylon joints of the prostheticusing 

modeling elements in OpenSim, and determined the design which best modeled subjectmotion 
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while minimizing error during the live gait capture process. A similar study utilized OpenSim to 

understand the efficacy of a powered ankle prosthesisin minimizing socket moments during post-

amputation gait[51]. The model developed in this study included the ability for dynamic joint 

alignment, allowing for the minimization of reaction forces in the socket while displaying the 

versatility of OpenSimôs modeling capabilities. 

In general, the ability of OpenSim to model difficult-to-control elements of amputee 

walking patterns makes it an incredibly useful tool for a wide range of biomechanics simulations.

Because of its versatility, it has been chosen as the biomechanics software for use inthis study.

Figure 2.7. Left-side below-knee amputee model used by LaPrè et 

al. [50] in OpenSim computer simulations; (a) full-body model with 

lower-limb muscles and prosthetic attachment; (b) detailed view of 

4-DOF prosthetic model, including socket, pylon, and foot 

components.
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2.5 Synthesis of Literature and Research Questions

As shown, countless studies have investigated the variations in gait that transtibial 

amputees experience as a function of loss of limb, but little consideration has been given to the 

effects of anthropometry. The effects of anthropometric factorson able-bodied patient gait have 

been well-documented in literature, but there is little known about the effects of these factors with 

regards to amputee gait. 

In general, an abundance of work has been published investigating these fields 

independently, but little consideration has been given to their intersection. The main objective of 

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 to observe in a single clinical visitand 

could take years to manifest, but such variables are very manageable to control using the 

capabilities of simulation software. These simulation methods will also be critical in developing 

transtibial amputee models which represent a set of anthropometrically diverse subjects. As such, 

this work will focus on including anthropometric variation in assessing the gait of transtibial 

amputees, focusing on the intact limb and its compensatory effects in establishing normal gait.

This study is driven to answer the following research questionsas a first step towards addressing 

this gap:

1) How doesthe anthropometry ofa transtibial amputee affect the stresses in the 

contralaterallimb when compared to an able-bodied subject? 

2) How does the anthropometry of a transtibial amputee and the affected gait of the 

amputated limbaffect the response behavior of the contralaterallimb?
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Chapter 3

Methods

To understand the effect of anthropometry in contralateral limbbehavior of an amputee, a 

procedure to develop anthropometrically and dynamically representative models was used. For 

appropriate comparisons, anable-bodied equivalent for each amputee model was also created. 

OpenSim 4.1, the 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 answering the questions 

posed by each research question in the previous chapter.

3.1 Model Generation

Model generation in the context of this study involved attention in three distinct areas.A 

generic model was first geometrically scaled using anthropometric measurements. Then, gait in 

each limb was assigned to each modelbased on the presence of an amputation. Finally, ground 

reaction forces were associated and appropriately distributed across both limbs depending on 

amputation status and subject weight. This allowed for the development of six total distinct models 

for downstream analysis. 
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Baseline models were required initially to provide a foundationfor modification. For the 

able-bodied subjects, the OpenSimGait2354 model[53]ï[55], a generic model featuring a full 

skeletal system and muscular representation of the lower extremities, was used. To model 

amputees, a left transtibial amputee model derived from the Gait2354 model and used by LaPrè et 

al. for analysis was used [50]. This model is identicalto the Gait2354 modelin almost all aspects,

but uses a severed left tibia and fibula along withprosthetic componentryinstead of the 

corresponding left leg structures in the able-bodied model. Figure 3.1displaysa side-by-side visual

of both modelsfor comparison, while Table 3.1 includes a list of geometric bodiesin each model.       

            

Figure 3.1. Side-by-side comparison of (a) OpenSim 

Gait2354 model and (b) left transtibial amputee model 

used by LaPrè et al.
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3.1.1 Anthropometric Scaling

Anthropometric scaling was guided by the Anthropometric Survey of U.S. Military 

Personnel, using the ANSUR II database in particular [38]. To align with data presented in the 

ANSUR II database, models characteristic ofthe 5th percentile,50th percentile, and 95th percentile

of anthropometric data were developed. Because the human subject representative of the geometry 

and data associated with the Gait2354 model was male, only male anthropometric data was 

considered for scaling purposes. To ease the scaling process, focus was first directed towards 

scaling the generic Gait2354 model to the 50th percentile measurements. Following this scaling, 

the 50th percentile model was then scaled downwards and upwards to the 5th and 95th percentile 

measurements, respectively.

Table 3.1. Geometric bodies included in both OpenSim models.

Geometry Name Represented Bodies Gait2354 LaPrè et al.

torso Skull, spine, ribs ṉ ṉ

pelvis Pelvis ṉ ṉ

femur_l Left femur ṉ ṉ

femur_r Right femur ṉ ṉ

tibia_l Left tibia, fibula ṉ

tibia_l_amputated Left tibia, fibula (amputated) ṉ

pylon_socket Prosthetic socket and pylon ṉ

tibia_r Right tibia and fibula ṉ ṉ

talus_l Left talus ṉ

talus_r Right talus ṉ ṉ

calcn_l Left calcaneus, tarsals, metatarsals ṉ

calcn_r Right calcaneus, tarsals, metatarsals ṉ ṉ

toes_l Left phalanges ṉ

toes_r Right phalanges ṉ ṉ

foot1 Upper prosthetic foot ṉ

foot2 Lower prosthetic foot ṉ



19

First, measurements of five different bone segmentson the Gait2354 modelwere made to 

define scaling regions. In addition, corresponding anthropometric measurements for the 50th

percentile for these body regionsfrom the ANSUR II database were recorded. Based on the percent 

differences in measurements, scaling factors for each body segmentcould be determined. 

Alongside length measurements, body massscaling also took place for each model. Able-bodied 

individuals were scaledto the raw weight data from the ANSUR II database, while amputee models 

were scaled to 96.5% of this weight value(neglecting prosthetic componentry mass), accounting 

for an on-average 3.5% loss in body weight associated with transtibial amputation [43], [56]. 

Prosthetic componentry was geometrically scaled based on the analogous structure in the intact 

limb. For example, the prosthetic socket and pylon were scaled as per tibial measurements,

whereas the foot componentry was scaled as per ankle and foot measurements. The prosthetic was 

ed a mass of 1.5 kg based on prior reviews of prosthetic mass[57]. A summary of scaling 

measurements, factors,and associated model geometry for this procedure can be seen in Table 3.2.

After scaling to a standard 50th percentile, length and mass scaling also tookplace to 

generate able-bodied and amputee models that represented the 5th and 95th anthropometric 

percentiles. A similar procedure as before was used, except scaling factorswere now determined 

by comparing the desired outer percentiles with the newly generated 50th percentile model. 

Prosthetic componentry mass was not kept constant and was scaled proportionally to the increase 

of overall body weight. Data analogous to those in Table 3.2 for these scaling procedures can be 

seen in Table 3.3.

A view with all six generated models can be viewed in Figure 3.2, while a summary of 

subject data for each model can be seen in Table 3.4. These six models prove sufficientto study 

anthropometric effects as desired.
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Table 3.2. Anthropometric measurements and scaling factors for scaling of base model to 

standard ANSUR II 50th percentile.

ANSUR II 

Measurement

Associated 

Bodies

Measurements

Scaling 

Factor

Base 

Model

50th

%tile

Suprasternale-tenth rib length torso 29.0 cm 31.8 cm 1.097

Pelvis width

(from bicristal breadth)
pelvis 26.8 cm 27.5 cm 1.026

Femur length

(from trochanterion height)
femur_l, femur_r 42.9 cm 43.2 cm 1.007

Tibia/fibula length

(from tibial height)

tibia_l, tibia_r

tibia_l_amputated

pylon_socket

38.1 cm 39.4 cm 1.034

Lateral malleolus height

talus_l, talus_r

calcn_l, calcn_r

toes_l, toes_r

foot1

foot2

6.7 cm 7.3 cm 1.090

Stature 168.2 cm 175.5 cm

Body weight (able-bodied) 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 of 50th percentile model to 5th and 

95th percentiles.

ANSUR II Measurement

Measurements Scaling Factors

5th

%tile

50th

%tile

95th

%tile

5th

%tile

95th

%tile

Suprasternale-tenth rib length 28.1 cm 31.8 cm 35.3 cm 0.884 1.110

Pelvis width (from bicristal breadth) 24.7 cm 27.5 cm 30.5 cm 0.898 1.109

Femur length (from trochanterion height) 39.8 cm 43.2 cm 47.2 cm 0.921 1.093

Tibia/fibula length (from tibial height) 36.2 cm 39.4 cm 43.0 cm 0.919 1.091

Lateral malleolus height 6.4 cm 7.3 cm 8.3 cm 0.877 1.137

Stature 164.8 cm 175.5 cm 187.0 cm

Body weight (able-bodied) 64.4 kg 84.6 kg 110.7 kg

Body weight (amputee, without prosthetic) 62.1 kg 81.6 kg 106.8 kg

Body weight (amputee, with prosthetic) 63.3 kg 83.1 kg 108.8 kg
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Figure 3.2. View of six generated models for this study; (a) 5th percentile, able-bodied; (b) 

5th percentile, amputee; (c) 50th percentile, able-bodied;(d) 50th percentile, amputee; (e) 

95th percentile, able-bodied; (f) 95th percentile, amputee.

Table 3.4. Clinical subject data for six generated models.

Subject Metric Subject 1 Subject 2 Subject 3 Subject 4 Subject 5 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 II percentile 5th 5th 50th 50th 95th 95th

Gender Male Male Male Male Male Male

Amputation None
Left 

transtibial
None

Left 

transtibial
None

Left 

transtibial

3.1.2 Modeling of Gait

Spatial marker coordinatedata over a period of time for a generic, able-bodied subject was 

included with the Gait2354 model as supplementary data[58]. OpenSimôs inverse kinematics tool 

was then used to convert this spatial data into relativekinematic coordinatesfor individual joints 

in the model. Using findings from prior literature in amputee knee kinematics [59], peak knee 

angle values in both limbs of both subjects were scaled to appropriate values using linear 

interpolation. This work demonstrated peakhip and ankle anglesfor amputees to be similar to 
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