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Abstract

Contemporary prosthetic solutions vary widely, from purely passive devices to
microprocessoxcontrolled powered device€ontrolling theprosthesis requissextensive
training sessions for thaser, and still relies on some manual operations by the user to
ensure proper mode transitions. Thal-and-error nature of such training is burdensome
for both the user and clinical team, thus ting the potential of this technology to be

clinically adopted.

In this thesisthefull-body musculoskeletal model of the transfemoral ampghtae
inputs subjecespecific anatomy, biomechanics, and muscle electrophysiology to simulate
the human movemenf the usewas successfully deliveregs a potential solutiomhe
developed modetasthen usd to control the prosthesis bll@ving a different prosthesis
control strategy that can mimic the control mechanism of thee@ prosthesigo be
applied In this approach, a torque was applied to the knee prosthesis of the simulated
amputees to assess the effect of the muscle performance and the ability to aevetog
pattern to artificially produce the desired movem@iite currently existing neamuscular
model (23degreeof-freedom, 92 muscles model) of the human upper and lower body was
adapted to include an amputee's leg with a prosthesis. The modified model was validated
by acquiring 3D motion analysis data dfléctromyographyEMG) from 15 ablebodied

limbed individuals and two transfemoral amputees during a variébgaiotoractivities.

The simulated joint kinematics closely tracked experimental quantities with
coordination error of less than 2 degréaship position and less than 1 degree for knee

position during all gait speed$n Computed Muscle ControCMC) results the timing of



muscle contractions predicted by CMC was similar to those exhibited by EMG signals
measured during the experiméot bothable bodied and amputee participafsisowed a
good agreement between the measured EMG and both muscle activity and muscle force

for both able bodied and amputee participants)

The approach ahe added knee moment hadositiveeffect on some of the lower
body joint while no effect on others. Therefore, it is necessaapty different scenarios
of the approach to allow for variable amounts of added knee moment and quantify how the
lower body joint and muscles respond undestvariable values. Moreover,\tould be

beneficialto expand the approach to include the mechanics of the prosthesis ankle joint.



Table of Contents

TABLE OF CONTENTS.....e ééeééeeéeeéeeéeeéececeée.iv

rrrrrrrrrrrrrrrrrrrrrrrr

CHAPTER 1-1 NTRODUCTI|I ONéeéeéeéeéeéeéeéecerd
1.10BJECTIVESANDAIME é e e éeééeééeééeeé. b ... 6

21BACKGROUNDe é e e éeeéeéeéeéeceéeeéeeée. .. 8
2.2STATEEFORARTOF PROSTHESIE é e é ¢ e é e é é e éée .éé 8
2.3 PREVI OUS WORK éééecéeLelrLel. . 15

2.5 SUMMARYééeeéeeéeeéeeéeeeceeceéeceeéeeeée.

CHAPTER SIMETHODSE € € € .€6.€ € € . oo 3.2

B1IINTRODUCTI ON@&&&& écécécééeéeéeéeéeéeé. ... 3

B2 SUBUJIECTS ..ottt e e e e e e e e e e e a e e e e aaaa e 3.2
3.2.1Able Bodied Participantsé ¢ ¢ e ¢ 6 é 6 éééééeééeééeéeée. 32
3.2.2Transfemoral Amputee Participagt ¢ é e ¢ é éééééeééé. .4 . .2

3.3MEASUREMENTS SETUPANDPROCE®SSt ¢ ¢ é ¢ é 6 é e é é é 5
3.3.1Lab Reliabilityt € € € € . € € € € €..oeeeeiirieeeee e 1.2
3.32MarkerSet € € € € € € € € € € € € . i 8.2
3.3.3Electromyography (EM@) é ¢ ¢ é é € 6 éééeéééé. .. ééeé2. 3
3.3.4ExperimentProtocél ¢ é é é é é € e e ééééééé................... 3

,,,,,,,,,,,,,,,,,,,
////////////////
,,,,,,,,,

rrrrrrrrrrrrrrrrrrrrr

42KINEMATICRESULTSééeéeeéeéeéeééeecééecéecée. . é.

21

s 7



4.3KINETIC RESULTS ...t s eme e 65
4AEFFECT OF ADDED KNEE MOMENTEé. . ééeéeeecécéeéecece
45COMPUTED MUSCLE CONTROL RESULTS. . éé&éeeééeé

5.3VALIDATIONOFTHEMODELE ¢ é ¢ e é e é e ..éeéeéeéee. . . &b .11
531 Muscl e Acti veand é @dh& cé@aééeacéeéecédls

532 Muscl e Rereceee€ eceéeceeéceeéeeeecéedre

,,,,,,,,,,,,,,,,,,,,,,,,

APPENDIXCT SUBJECT RECRUTI MENTéééeéeéeéeéemeée. . éé

APPENDIX | 7 TIME DELAY MATLABCODE ééeééeéée. . eééed. 19
APPENDIXJT EMG AND MUSCLE ACTIVITY PLOTSéeée. . ée.
APPENDIXKTRAW EMG PLOTSééé. ééeecéecéecéegéecé?2

CURRICULUMVITAEOr CVéeeéeeeecééeecéeecéeecéeccée



List of Figures

Figure 2.1: Evolution of transfemoral KngaoStheses...............vvvciiiiiiiiiiieeeeeeeeeiiiiin, 10
Figure 2.2: POwer KNee ProStNESES.......uuuiiiiiiiiiiiiiieeee e 12
Figure2.3:Ai Pr opri o Footo ankl.e..p.r.o.s.t.hes.es..12 .
Figure 2.4: The power tethered prototype..........eeeeeeiiiiiiiiiiiiiiiei e 13
Figure 2.5: The MIiCroproCeSSOr-CeQ.....ccoeiiiieeeeeeiieeeeiitiiieee e e e e e e e e e e eee e e e e eeeaes 14
Figure 3.1 Transfemoral amputee with knee caps preserve@[é2] . . .

Figure 3.2: Vicon cameras and force placedHRLé é é € € € € € é é é .

Figure 3.3: Gait 232_simbody model marker System..........ccccccoeeeeiiiiiiiiiiiiiiiinee 2.3
Figure 34: Electrode locatiorsé é e € € € € éééééeeeeéeééééée.B
Figure 35: Trigno wireless £hannelsenséré é e é e éeéééeééeéeé. 5. 3
Figure 36 EMG sensor pléadcceenenttéééeéedé éééeéeeéee. 53
Figure 3.7: Concentric Detection Electrodes &y Bioelettronicé é ¢ ¢ ¢ € é ¢ . B
Figure 3.8: BioSl Sensor Interffaéeé é e e e € ¢ ééééééééeeeeée. 7.3
Figure 3.10: Example XML code fronGait 2392modelrepresent ajoint. . é .&é41
Figure 3.11: Example XML code fronGait 2392model representa muscle . é é 2 .
Figure 3.12: Gait 2392_simbody model with some bones and muscles reddved 43
Figure 3.13: The socket geometry STL file created by Mestd.@pé ¢ é ¢ ¢ é . . &. 4
Figure 3.14: The tibiageometry STL file created by Meshleap . . . . . . . . .6.

Figure 3.15: The footgeometry STL file created by Meshlsaag é é . € €. . € €6 €.

,,,,,,

,,,,,,,,

Vi

.25

.4



Figure 4.1: Snapshoot during kinematic processing for able bogtiadicipané é € 56

"""
/////
,,,,,,

7z a4

Figure 4.6: Mean hip flexion moment (N.m/kg) for all able bodied subg@disé € . 7 6
Figure 4.7: Mean hip adduction moment (N.m/kg) for all able bodied suljeéts .69 .
Figure 4.8: Mean knee flexion moment (N.m/kg) for all able bodied subgeét . .71
Figure 49: Mean ankle flexion moment (N.m/kg) for all able bodied subfeés . 8 7
Figure 4.10: Mean hip flexion angle (deg) for all able bodied subfedise ¢ € € . 5. 7
Figure 4.11: Mean knee flexion angle (deg) for all able bodied suljeétss ¢ . . &7 .
Figure 4.13:Mean hip flexion moment (N.m/kg) for all able bodied subjedtsé . .1. . 8
Figure 4.14:Mean knee flexion moment (N.m/kg) for all able bodsebject® ¢ . . 8 8
Figure 4.15: Mean ankle flexion moment (N.m/kg) for all able bodied subjeé&st .85
Figure 4.16: The average of Mean absolute value of measured &M@ é é é € .92
Figure 418 The average of Mean absolute value of measured&M@ ¢ € € € . 3
Figure 4.19: Raw EMG of right gastrocnemius muscle of abtelied . é ¢ . é ¢ é6é . 9
Figure 4.20. Raw EMG of left gastrocnemius muscleadifiebodied® € . é é é é..97
Figure 421: Raw EMG of Vastus Medialis muscle of prosthesesénébé é ..é & .98

Figure 422 Raw EMG of Biceps Femoris med muscle of intactlénb . é é éé 99.

,,,,,,,,

/////////////

Vil



,,,,,,,,,,,,,

Figure 4.27: The average of simulatianuscle force.............ccccvvvvvviiciceiieeeeeen . 410
Figure 4.28: The average of simulation muscle fatCe...........cccoooeviiiiiiiciiiinnnnee, 510
Figure 4.29: The average of simulation muscle farce.........ccccovvvviiiciiiin e, 510
Figure 4.30: The average of simulation muscle farCe..........ccccoveriiiiiiiiiiiinnnnd 610
Figure 4.31: The average of simulation muscle farce...........ccccvvvvviiiiiiivieceennns D7
Figure 4.32: The average of simulation muscle farCe...........cccooovieiiiiiiiiiinnnnd 071
Figure 4.33: The average of simulation muscle farce...........ccccvvvviiiiiiie el 081

Figure A.1: A conceptual representation of an OpenSimmédélé é ¢ é ¢ é . .36 1

Figure A.2: Schematic MATLAB code required to create the OpenSim inpuéfiles881

Figure A.3: Experimental and virtual markers.............ccccoiiiiiiiiii 0.14
Figure A.4: Input and output files of the scale tools.............cooieeeeee i, 14
Figure A.5: Inverse kinematic (IK) tOOIS OVEIVIEW. ..........cooviiiiiiiiiiiiiiiiiieieeeeeee e 24
Figure A.6: Input and output aothe inverse kinematic tools.............cccoeevvviiiiieennn. 34

Figure A.7: Inverse dynamic (ID) tools overvieavé é € € é € € é é € é é . € .41 4
Figure A.8: Input and output of the inverse dynamic toQlS..........cccceeeeeeeeiiiiiiinnnnn, 34
Figure A.9: Schematic of the Computed Muscle Control Algoriéhéh é € € é . € D5

Figure A.10: Input and output files of the Computed Muscle Control tvaisé é . .11 5

///////////

""""""""

Figure A.16: Ankle, subtalar, and metatarphalangeal joints with axes oriénted .59 . 1

viii



Figure A.17: Location of the bodygegmental reference frangeg ¢ € ¢ ééé. . 0. 1 6
Figure A.18: Simplified geometric representation of muscle fibers and tenhdoe 1 8
Figure A.19: Muscledriven simulations use a modelmfisculotendon. é é ¢ é .5. . . 16

,,,,,,,,

Figure A.21: Window foranalyzetoat é é e ¢ é e ¢ ééeéééeéeéée. .4 17

Figure F.2: Nexus 1.7.1 3D prospective capture volume SCre@N..............ccoeeee 8

Figure G.1: Force plate axes for force and moment measurement and Dz .valueB9

Figure J.1: The average of Mean absolute value of measured&R@ ¢ é ¢ é . 49
Figure J.2: The average of Mean absolute valuensfasured EM&é é ¢ é . . é 5. . 19
Figure J.3: The average of Mean absolute value of measured&€d@ ¢ é ¢ . . 5. . 19
Figure J.4: The average of Mean absolute value of measured&R@ é é é é .196

Figure J.5: The average of Mean absolute value of measured&l@ € é € . .196.

Figure J.6: The average of Mean absolute value of measured&l@ € é é . .197.

Figure J.7: The average of Mean absolute value of measured&l@ € é . . d97.

Figure J.8: The average of Mean absolute value of measured&l@ € é . . &98.

Figure J.9: The average of Mean absolute value of measured EMGE € é € é .198

Figure J.10: The average of Mean absolute value of measured &M@ € € € . 199

Figure J.11: The average of Mean absolute value of measured&EM@ é € é . 199

Figure J.12 The average of Mean absolutduaof measured EM&é é é é é. .0 20
Figure J.13 The average of Mean absolute value of measured&E®@ e e é. .0 20
Figure J.14: The average of Mean absolute value of measured&M@ é é é . .1 20
Figure J.15: The average of Mean absolute value of measured&E®@ e e é . .1 20
Figure J.16: The average of Mean absolute value of measured&M@ é é é . . 2 20

Figure J.17: The average of Mean absolute value of measured&E®@ e ¢ . . €2 20

Viv



Figure J.18 The average of Mean absolute value of measured&M@ € é é .
Figure J.19 The average of Mean absolute value of measured &M@ € € é .
Figure J.20: The average of Mean absolute value of measured&Md@ é é é .

Figure J.21 The average of Mean absolute value of measured &M@ € € € .

s 7z 7z oz

Figure J.23. The average of Mean absolute value of measured EMGe € € é .

Figure J.24: The average of Mean absolute value of measured EMGE € é € .

////

Figure J.26: The average of Mean absolute value of measured EMGE .

Figure J.27: The average of Mean absolute value of measured EMGe é é .

Figure J.28 The average of Mean absolute value of measured EMGE € é € .
Figure J.29 The average of Mean absolute value of measured EMGe € é é .
Figure J.30: The average of Mean absolute value of measured EMGE € é € .
Figure J.31 The average of Mean absolute value of measured EMGe € é é .
Figure J.32 The average dflean absolute value of measured EMI@ é € é ¢ .
Figure J.33 The average of Mean absolute value of measured EMGE € € é .

Figure J.34: The average of Mean absolute value of measured EMGE € é € .

rrrrrr

Figure J.36: The average of Mean absolute value of measured EMGE é é .
Figure J.37: The average of Mean absolute value of measured EMGE € .
Figure J.38 The average of Mean absolute value of measured EMGe é é .
Figure J.39 The average of Mean absolute value of measured EMGE é .
Figure J.40: The average of Mean absolute value of measured EMGE é .

Figure J.41 The average of Mean absolute value of measured EMGE é .

Figure J.42 The averge of Mean absolute value of measured E&1€ € é é é .

.3 20
.3 20
.4 20
.4 20
.52 0
062

. 082
. 09.

10.

112
12
132
142
152
162
172
182

.19, . 2

. e20. . 2

.21, . 2

. e22. .2
. e23. . 2

. e24. .2

252



Figure J.43. The average of Mean absolute value of measured EMGe é

Figure J.44The average of Mean absolute value of measured EMGE é é é .

7 s 7

Figure J.46. The average of Mean absolute value of measured EMGe é
Figure J.47: The average of Mean absolute value of measured EMGE é

Figure J.48 The average of Mean absolute value of measured EMGe é

ée.

s 7

ée.

ée.

é .

Figure J.49 The average of Mean absolute value of measured EMGE € .

Figure J.50: The average of Mean absolute value of measured EMGe é

Figure J.51: The average of Mean absolute value of measured EMGE € .

Figure J.52 Theaverage of Mean absolute value of measured EM&Gé é .

Figure J.53: The average of Mean absolute value of measured EMGE € é é

Figure J.54: The average of Mean absolute value of measured EMGE é €

7z s 7

Figure J.56:. The average of Mean absolute value of measured EMGe é

s 7

Figure J.57: The average of Mean absolute value of measured EMGE € é é

Figure J.58 The average of Mean absolute value of measured EMGe é €

Figure J.59 The average of Mean absolute value of measured EMGE € é é

Figure J.60: The average of Mean absolute value of measured EMGE € é €

Figure J.61 The average of Mean absolute value of measured EMGE é

Figure J.62 Theaverage of Mean absolute value of measured EMEGE é

Figure J.63 The average of Mean absolute value of measured EMGE é é

Figure J.64: The average of Mean absolute value of measured EMGE é €

7 sz

Figure J.66. The average of Mean absolute value of measured EMGE é €

sz

Figure J.67: The average of Mean absolute value of measured EMGE é é é

262

27 2

. 282

292
302

2 . 372
. 382
2 . 3%

.02 4

2 .24

.22 4

.32 4

.42 4

.92 4

> . 462
2 . 472
. 482
2 . 492

.02 5

. 23
. 23
.23
. 23

.23



Figure J.68 The average of Mean absolute value of measured EMGe é

Figure J.69: The average of Mean absolute value of measured EMGe é

Figure J.70: The average of Mean absolute value of measured EMGE € .

Figure J.71 The average of Mean absolute value of measured EMGe € é €

Figure J.72 Theaverage of Mean absolute value of measured EMEé é

Figure J.73 The average of Mean absolute value of measured EMGe é €

Figure J.74: The average of Mean absolute value of measured EMGE é

7 s 7

Figure J.76: The average of Mean absolute value of measured EMGE é é

s 7

s 7

Figure J.77: The average of Mean absolute value of measured EMGE € é €

Figure J.78 The average of Mean absolute value of measured EMGE é

Figure J.79 The average of Mean absolute value of measured EMGE € é €

Figure J.80: The average of Mean absolute value of measured EMGE é

Figure J.81 The average of Mean absolute value of measured EMGe é

Figure J.82 The average of Mean absolute value of measured EMGE € é é

Figure J.83 The average of Mean absolute value of measured EMGE é €

Figure J.84: The average of Mean absolute value of measured EMGE é é

7 s 7

Figure J.86: The average of Mean absolute value of measured EMGE é

Figure J.87: The average of Mean absolute value of measured EMG

sz sz

Figure J.89 The average of Mean absolute value of measured EMGE é

Figure J.90: The average of Mean absolute value of measured EMGE é .

Figure J.91 The average of Mean absolute value of measured EMGE é .

s 7

s

Figure J.92 The average of Mean absolute value of measured EMGE é é é

. e.3.

2 . 512

.22 5

. é.3

.42 5

.92 5

> . 562

2. 572

. 582

2 . 592

.02 6

.22 6
.32 6
.42 6

.52 6

2 . 662

2 . 672

. 682

2 . 692

. e 4.

.92 7

. 25

. 26

.27

.27

.27



Figure J.93. The average of Mean absolute value of measured EMGE € é é . 762

,,,,,

,,,,,,

Figure K.2: Raw EMG of leftvastus lateral muscle of abtediect ¢ é ¢ é € é . 782
Figure K.3: Raw EMG of left semitendinosus muscle of abteliedé é é é é ¢ . 70

Figure K.4: Raw EMG of left semitendinosus muscle of abteliect ¢ é ¢ é € . .02 8
Figure K.5: Raw EMG of right semitendinosus muscleabfebodiede ¢ ¢ ¢ é . . 1. 2 8
Figure K.6: Raw EMG of right gastrocnemius muscle of abtelied é ¢ é ¢ é € .22 8
Figure K.7: Raw EMG of left gastrocnemius muscle of abtaliede é é é é é € 2 8

Figure K.8: Raw EMG of right vastus medialis muscle of abtelied é ¢ é ¢ é . 28
Figure K.9: Raw EMG of left vastus medialis muscle of ablediedt é ¢ é é é. .5 2 8
Figure K.11 Raw EMG of right semitendinosus muscle of dieliece é . é . . 87. . . 2
Figure K.12 Raw EMG ofleft gastrocnemius muscle of allediede é ¢ € é . . 88 . . 2
Figure K.13 Raw EMG of left semitendinosus muscle of abteliect ¢ ¢ € . € . 89. . 2
Figure K.14: Raw EMG of right gastrocnemius muscle of C éegé ¢ éé. . . 0é 29

Figure K.15. Raw EMG of left vastus medialimuscle of passive prostheSig € . . 1 2 9

,,,,,

rrrrr

rrrrr

Figure K.20: Raw EMG of left biceps femoris muscle of ablediect € € é é . €296

rrrrr

Figure K.22 Raw EMG of right gluteus medius muscle of abteliec® ¢ &€ . . €298

Figure K.23 Raw EMG of left gastrocnemius muscle of abtedied® € é é é . €299

"""

wiii



Figure K.25. Raw EMG ofright semitendinosus muscle ofl@gé ¢ ¢ ¢ é ¢ . é .13 0
Figure K.26. Raw EMG of right biceps femoris muscleofl€i¢ ¢ € € € é é € . 20

Figure K.27: Raw EMG of right vastus medialis musclect€g¢ ¢ ¢ é é e ée . .3 30

Figure K.28 Raw EMG of left biceps femoris muscle ofl@gé ¢ € e e € €. € .43 0

,,,,,,,

,,,,,,,

ViX



List of Tables

,,,,,,,

Table 42 Comparison of hip flexion angle at the peaks of intete§té ¢ ¢ ¢ ¢é¢ . . . . . 59

,,,,,,,

Table 48 Comparison of hip adduction moment at the peaks of intérés¢ . . é .0e . 7
Table 49 Comparison of knee flexion moment at the peaks of interest................. Z
Table 410 Comparison of ankle flexion moment at the peaks of interésé é é é 74
Table 4.11 Effect of knee moment added on hip flexion angle at the peaks é . .76
Table 412 Effect of knee moment added on knee flexion angle at the peaks . .78 .
Table 413 Effect of knee moment added on ankle flexion angle at the geaks ¢ .0. . 8
Table 414 Effect of knee moment added on hip flexion moment at the peaks & 82
Table 415 Effect of knee moment added on knee flexion moment at the peéks . 8
Table 416 Effect of knee moment added on ankle flexion moment at the peaks 86
Table 417 Thresholdvalues used to evaluate Residual Reduction Algogthémé . .87.
Table 4.18 Average residual force and moment for able body and ampuéee2 é .88
Table 419 Average residual force and moment for able body and ampuéeé ¢é . 83
Table 420 Average residual force and moment for able body and ampuéeé . . 88

Table 421 CMC RMS error position (deg) for able body and amp(teeo r ma |l Q é é .

VX

.9



Table 422 CMC RMS error position (deg) for able body and amp(tdea st ) é@ € é . 9
Table 423 CMC RMS erromosition (deg) for able body and ampues | ow) é@ é .
Table 424 Mean time élayfrom the peak activation obtained by the C&€ é é ..

Table 425 Mean time @layfrom the peak activation obtained bythe CMME € . é 5 9

Table 426 Mean time @layfrom the pealactivation obtained by the CMCé é € . 6 9

Table A.1lInertial parameters for the body segmeft&ait 2392mo d el é é € é2 . 1 6



Chapter 1

Introduction

Gait is a particular way or manner of walkingpn normal conditions, functions
regarding human gait are developed by the nervous system at a very early age. However,
in order to walk, besides a nervous systlat coordinate and supervisegait action, a
musculoskeletal system that enables motionthef legsis indispensable. For some
individuals, use othdar musculoskeletal system is limitedlhis is the casevith alower
limb amputee Amputation of the leg above the knéeansfemoralamputdion) has a

significant i mpact qoahtyollfeper sondés mobil ity

When any part of the musculoskeletal system is damageussing muscles of
the intact limb must adapt in order to compensate for the lack of muscle force and control
of the residual limb. This can make common activities of daily limmage challenging for
the amputees. Previous research suggested that 1); amputees tend to increase loading on
the intact limb with decreased loading on the prosthetic limb compared thahé
subjects 2);He energy cost or energy expenditure duringgdieis greater for amputees
than for noramputeesiue to the compensatory gait adopted by amputees (the pressure on
residual limb within the socket, walking difficultyxygen consumptionand risk for

falling) [1].

After transfemoralamputation, patiestmust learn to rely othe residuallimb,
upper body, andcontralaterallimb, and whichever prosthetic device they will use.

Controllingthe prosthesis and the training associated withane of the most significant



drawbacksof current lower extremity prosthetic technology2]. The ability of the
prosthesis to restore safe and normal function during many locomotive activities, including
walking up stairs and slopes, running, level walking, and jum|@isig)] depends on how

well it can be controlled. Therefore, in order to develapbust prosthetic control system
and more functional prosthesis, it is important to be able to predict and to explain the
characteristics of amputee gait and the patterns of muscle forces in thalrésit of a

transfemoral amputee during daily living activities.

Numerous studies have examined the gait of ampulaegers et al. introduced a
kinematic study of transfemoral ampwee gkanéematic parameters and gait teats of
the trunk, hip, ad kneejoints of both sound and residual limbs were determii4gl
Cappozzo et al. presented a kinematic study to analyzetttenal displacements the
upper body during level walking @bove kneeunilateral amputees and normal subjects
[12]. Winter et al.investigated the sagittal plane biomecharo€ hip and kneeand
conductedEMG analysis of the residual limb from eight beldwee amputees [13].
Mensch et alcompare the biomechanical differences between walking and running in
normal locomotion and analyzed the running modes used by transfemoral ampdjtees |
Schmalz et al. compared the metabolic cost of the@ with a conventionally controlled
hydraulic singleaxis knee joint (3Cl, Otto Bock) in six transfemoral ampuf&g All of
the above studies emphasized the importangevestigating the gait fommputeesthusa
better understamayg of the pattern of muscle force of the residual and contralateral limb
can be obtainedHowever, theability to predict movement is particulariynportant
because it offers the possibility of investigating how strucim@acts coordination and

function.



Computer simulation in gait analysis is one of the most powerful metioods
explain the relationship étween the biomechanical performance and physiological
structure. The framework of such simulations is to predict the effect of the neural or the
skeletal change on performanBae et alpresented a study of evaluating amputee gait by
applying the dynangianalysis of the musculoskeletal system during level walking and stair
climbing [16]. The aim of the study was to predict the muscle forces and moments of above
knee amputeely applying thehreedimensional musculoskeletal dynamic modi&ng
et al. utilized a musculoskeletacomputer simulatiorto investigate the effect othe
prosthetic alignment on the pattern of the muscle forces in the residual limb of a left trans
tibial amputee during walkingl[/]. Keekenet al. presented a study of tlanensional
mathematical forward dynamics model based on Newtader and gait termination data
to investigate how the combinations of leading limb angled internal active ankle
moments of the sound ankle or passivdretgs of he prosthetic ankle affected the CoM

(center of massjelocity during the single limb support phaseait termination 18].

Dynamic simulations are not limited to evaingtamputee gait and solving the
inverse dynamic problem but cafsobe used to predicthe load bearing associated with
the prosthesis socket interfadaring daily living activities. Thusn the design of the
prosthetic socketcare can be taketo minimize discomfort and possible tissue trauma
Schwarzet al. presented a study to investigate the acting loads on the-suekietice
applying a multibody simulation (MBS)19]. The main goal of the study was to validate
the MBS [D] by comparing the simulation resultsadirect measurement device suh

a custom strain gauge based femcement sensoian Der Linden et apresented a pilot



study to investigate the effects of a torque absorber (TA) and its location relative to the
knee on the kinematic and kinetic parametéth@gait of two transfeoral amputees [3.

Computer simulations can also be used to measure the effect of applying different
desigrs of a prosthesis or medical devices on the gait pattern and muscle function. LaPre
K. et al. presented a simulation comparison of amputee gait using a novel design of
powered ankle prosthesis, passive carbon spring prosthesis, and a powered rotational
prosthesis22]. The OpenSim forward dynamic simulation was performed to simulate and
andyze the stance phase of gait forabiebody model and three prosthesis mod&8]]

Chien MS. et al developed mathematical dynamic model of the Mauch Knee to quantif
the functional capacity of the prosthesis and to be used in musculoskeletas, rttudel
providing abetter understanding of amputee ga#][ SuzukiY. et al.introduced a new
dynamic optimization simulation model of a transfemoral prosthesis including a residual
limb muscle model during the swing phase to obtain the optimal prosthetic mechanical
parameters and to show how well teegth of the residual limbff@cts muscle control of

the prosthesis2p]. The above reviews indicated that computer simulations can offer a
significant potential in improving our ability deeply understand human movement and
central nervous syste(@NS) structure. Therefore, usitigpse simulations to assist in the
design and control of devices that patients use is indispensable.

For example microprocessor knees (MPKjffered a microprocessecontmolled
systemto improve mobility and reduce the risk of injury from falls, whiehds to better
overall health and welbeing for wearerdzew studies havexamined thenicro-processor
controlled prosthetic kneeseyels et al. developed a passive prosthetic system controlled

by a microcomputerZg]. In thisstudy, a simple control grithm to control stanephase



knee flexion was applie®up et al. preseatian overview of the design and control of an
electrically powered knee and ankle prosthgah. The prosthesis design indedtwo
motordriven ball screw units to drive tHanee and ankle jointsA more recent study
compared two microprocessoontrolled variabledlamping prosthetic knees {@&d® by

Otto Bock Duderstadt, Germany and Rheo by Ossur Reykjavik Iceland) with-a non
computerized knee (Mauch SRSDssur) after a 2@our acclimation with each knegq].
Another study by Kastner et al. compared thee@® with two other conventional knees
(models 3R45 and 3R80, Otto Bock) in 10 subje2®. [Horn developed prosthesis with

an electrically activated knee flexion lock, aheénused surface EMG from the residual
limb of a transfemoral amputee to trigger the engagement and disengagement of the lock
[30]. Aeyels et aldeveloped a computeontrollable passive knee prosthesis based on an
electrically modulated brake antllized surface EMG from three sites on the residual limb

of a transfemoral amputee for gait mode recognition, which in turn was used to switch the
prosthesis into the appropriate gait mogte 33].

Although micrecontrolled devices are commercially aahile and have shown
improvements in walking ability of the transfemoral amputee compared to the passive and
passive assist devicdgw to incorporate a control system that is able to identify user state
and intent and react by sending appropriate commantise same time is a challenge
immediately facing any proposal to develop a powered knee prosthedistms of
controlling the prosthesiseveral challenges existor example numerous parameters are
used to control the prosthesis motion during atigaar mode and must be tuned
approprithetbeyy. ndhi s requires extensive tra

relies on some manual operations by the user to ensure proper mode transitions.-The trial



anderror nature of such training is burd®me for both the user and clinical team, thus
limiting the potential of this technology to be adoptéidically. A potential solution to
this problem was to develop a mod@sed platform that inputs subjegecific anatomy,
biomechanics, and musclesetrophysiology to simulate human movement and movement
transitions of the user, and thepplies various prosthesis control parameters and

strategies.

1.1 Objectives and Aims

The objective of this thesis was to extend the use of computer simulations to allow
modeling of variougprosthesis strategies to artificiallgproduce the desired gait pattern
of amputees that is close to normal gait pattern. To accomplish this obj&uotiapecific

aims of this thesis were as follows:

Aim 1: To develop a fulbody musculoskeletal model of the transfemoral amputee. A
combination of a custom written MATLAB routines and an existing egmirce software

platform called OpenSim (SimTK, Stamél University) [34] were applied. OpenSim is
driven by SimTKo6és power ful array of physi
environment for creating models of animal locomotion [see Appendix A]. The software
offers a wide range of analysis in diéet areasncluding studies of sports performance,
simulations of surgical procedures, and animation of human and animal movement. A 3
dimensional, 28OF, 92muscle body model complete with two legs, pelvis and torso

[35], was adapted to enable one limb to be maxtlalith prosthetic components. The foot,



shank and distal thigh bones of the modetaveplaced by the mechanical components of
the prosthesis.

3D motion analysis data and EMG from limbed individuals and transfemoral
amputeeduring a variety of locomotoactivities were acquired using a Vicon Nexus
motion [36] analysis system with six Kistler force plaf@¥] and 16 channels wireless
EMG (Delsys)[38]. Locomotor activities such as walkirag different speeds, normal,
slow, and fastwere performedDatafrom transfemoral ampute@gereused in the model
to validate the transfemoral amputee model for particularsusmad theirprosthess.
Comparison of measured (from EMG) and predicted (frommtbdel) muscle activity of
the residual thigh and pelviwere used to establishhe validity of the model. The
hypothesis being testadas that the modelvas able to faithfully predict themuscles
activation on the residual limiif the residual limb
Aim 2: To developasimulation tookhat can be used to assist jwosthesis controln this
approach, a torque was applied to jiniat center of th&knee prosthesis of the simulated
amputees to assess the effect of the muscle performance and the ability to aewetoy
pattern to artificially produce the desired movem&he hypothesis being testedsthat
applyinga biomechanical model to simulate control ofpthesthesishatcanimprove joint

kinematic and kinetic patterns.



Chapter 2

Literature Review

2.1 Background

Amputation of the leg above the kngensfemorabmputaion) has a significant
i mpact on a per sono6s Canterbporary progtheticrsautiogsuvary i t vy
widely, from purely passive devices to miarontrolled powered deees.In transfemoral
amputation, the patient has lost the knee and reheke residuallimb, upper body, and
contralateralimb to controlwhichever prosthetic device thpatientuses to walk again
The intentof thetransfemoraprosthesis is aimed &inctional and aesthetiestoratiorof
the amputated leg. Mosbnventional prostheses offer a dpcelatively simpleefficient
and cosmdically appealingsolution forrestoring function.Various prosthesis designs
exist but they all have some generdlaracteristics in common. More details about the

history and developmewf prosthess are presented in the next section.

2.2 Stateof-Art of Prosthesis

A complete prosthesis for a transfemoral amputee is compdsesocket, &nee
prosthesis, aanklefoot prosthesisand a link between thvo. The componenthat has

taken the biggest effort to develop has been the knee prosthedige[1g the additional



degrees of freedom that need to be controlled in order to make the knee prosthesis safe and
functional The first designs that introdwt@otable featureto substitutefor the natural

knee, compared to the peg legedtheconstantfriction and the frictiorbrake designs [1].

The 3R60, 3R80, 3R92, and 3R95 prosthesmsnmercialized by Ottwck (Figure 2.1)
weretheresult of scientific research that took place in Europe after the end of World War

I [39]. Afterward, during the 19509Hans Mauch introduced the concept of fluid
controlled prostheses (Figu2dl) that later received technical agichical support40, 41].

The introduction of fluid in actuators used in knee prostheses opened new horizons
regarding the reachable performance witlesthdevices. By the 1970s, given the
development in electronics, scientists began to experiwigntntelligent prosthesegip-

44] to controlthe motion of the knee during important gait events, such as the transition
from swing phase to heel strike. In 1918 first attempts to implemeattive assist (power
generation)into intelligent prostheses weperformed at the Massachusetts Institute of
Technology[45]. However, t hroughout t heontbleB 0s an

prosthesis dominated the market, and there were many varieties.
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Figure 2.1: Evolution of transfemoral knee prostheses41]
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Duringthel 99 0 6sc h@ancdintr ol 0O scheme wmtlis dev el
control approach, thknee trajectory from theontralateral found leg was utilized as a
desired knee joint angle trajectory on the prosth&dis[46]. Borjian et al. introduced a
wireless sensory system that meaduosver limb inclination angles and trangfed the
data between the active prosthetic knee and a healthy8kdrhey developed a control
mechanism thatbk advantage of an adaptietworkbased fuzzy interference system
(FIS) to determine knee torque as a function of the echoing angular sta¢esotund leg.
The FIS membership function parameters and rules defivee knowledgebase of the
system. This knowledge/as based on existing experience and known facts about the
walking cycle.RecentlyOssur, deadingprosthetics companiyn Europe introduced the
APower Kneedo that used an approach, which |
leg [47] to prescribe a trajectory for the knee joint of the prosthesis (FijRyeOssur also
introduced W@AProprio Foot ogureal3) vihclo dicemod anKk |
contribute net power to gait, but rather qestsitically adjusted the ankle angle to avoid

stumbling and to better accommodate sit{i4éj.

Sup et al. preseatlan overview of the design and control of an electrically powered
knee and ankle prosthe$2¥]. The prosthesis design indedtwo motordriven ball screw
units to drive the knee and ankle joiats shown in Figurg.4. A spring parallel with the
ankle maor unit was introduced to increase the torque output and decrease the power
consumption for a given motor siZehe devi ceb6s s edasustomlipaalc k age
cell to measure the sagittal socket interface moment above the kneegommbercial
potentometers to measure the torque and joint positions, and custom sensorized foot to

measure the ground reaction force at the heel.
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Figure 2.2: Power knee prosthesept7]

Figure2.3:Ai Pr opri o Foot, d48lankl e prosth
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Figure 2.4: The power tethered prototype[27]

A novel knee prosthesis incorporating a microproceseantrolled and variable
damping mechanism was recently developgdDttobock(Figure2.5). Onboard sensors
are attached to the prosthesis to collecttiead data and subsequently control stance and
swing phase movements. In this technology, the swing and stance phaseswargait
normalized over a wide range of walking speeds offer "the clsest possible

13



approximation to natural gait," as stated by the manufactd@grThis type of prosthesis
is automatically adjusted, so the need for muscular compensation on the contralateral limb
can be reducedb()]. Positive claims from subjects wearitigese prostheses have been

reported $1]. However, onlyafew scientificstudiessupporedthese claims.
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Figure 2.5: The microprocessor GLeg [49]
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2.3 Previous Work

Few studies have reviewed the novel microprocessotrolled prosthetiknees.
Aeyels et al. developed a passive prosthetic system controlled by a microcor@@jutar [
this scheme, a simple control algorithm to control staizese knee flexion was applied;
they reported that one subject achieved controlled knee flexiongdiine first 30 percent
of stance after receiving extensive dadtining This study emphasized the feasibildfy
obtaining prostheti&knee flexion during stance. However, because users associate knee
flexion during stance with buckling, patient acceptance has been lirAitedherstudy
compared two microprocessoontrolled variabledamping prosthetic knees {&g by
Ottobock Duderstay Germany and Rheo by Ossur Reykjavik Iceland) with a non
computerized knee (Mauch SNS, Ossur) after-Aadlr acclimation with each knéem
eight unilateral amputee particita[28]. In this study, Johansson et al. reported that the
variabledampingknees provided1) abetter omorenatural gait pattern by a lower reot
meansquare jerk derived from accelerometer dé2aa decrease in hip work produced,
peak hipflexion moment at terminal stance, and peak hip power generation-aff tofe
the posthetic limb. Moreoverapproximately a four timeimcrease in knelexion angle
at terminal swing for the €Ceg group was reported. No significant differences, however,

wererecorded in the intact limb gait biomechanics with thee@.

Another study byKastner et al. compared thel@€g with two other conventional
knees (models 3R45 and 3R80, @tok) usedtensubjects 29]. The study claimed that
the angular velocity at the knee was significantly slower for thegat the beginning of

swing phase, copared with the other knee prostheses. Also, subjects achieved the fastest
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time for a 1,000 m walk test with thel®g. Because of the limited acclimation period of
only 10 minutes per knee, minimum differences were reported between the three prosthetic

knees

Schmalz et al. compared the metabolic cost of tHee@ with a conventionally
controlled hydraulic singlaxis knee joint (3ClI, Ottaock) in six transfemoral amputees.
A decrease in metabolic cost associated with walking at slomamdalwalking speeds
(0.51.2 m/s) with the €.eg was reportedlp]. However, the biomechanical variables
associated with this decrease in metabolic costoatal and slow walking speeds

remairedunclear.

Although micracontrolled devices are commercially dable and have shown
improvements in walking ability of the transfemoral amputee compared to the passive and
passive assist devices, how to incorporate a control system that is able to identify user state
and intent and react by sending appropriate condsam the same time is a challenge
immediately faing any proposal to develop a powered knee prosthdsis.ideal
prosthesis would be able to detect transitions foratask to another (from sitting to
standing or from walking to ramp or stairs ascemsdent)or submodes of movement
(gait cycle, stance, heel strike, swing phase, ermdresponihg to those variations or
transitions appropriatelyA sgnificant barrier to achieve such robust control is the
difficulty of resolving user intent during latrary locomotor activities. Surface
electromyographypased solution(EMG) can be applied to resolve the user intent during
locomotion activities. This approach has succeeded gredtigfield of upperextremity

prosthesis where volitional control imost desired by the usebd 53]. Recently
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researchers have investigated the use of surface EMG for the control of lower limb
prostheses. Horr2(] developed a prosthesis with an electrically activated knee flexion
lock andthenused surface EMG fromeiresidual limb of a transfemoral amputee to trigger

the engagement and disengagement of the lock. Aeyels déwvadloped a computer
controllable passive knee prosthesis based on an electrically modulated brake and utilized
surface EMG from three sites tre residual limb of a transfemoral amputee for gait mode
recognition, which in turn was used to switch the prosthesis into the appropriate gait mode
[31-33]. More recently, Huang et alitilized surface EMG from multiple electrosien
transfemoral ampués to classify movement intents while walkingg] 55]. Varol et al.

have demonstrated an ability to discriminatetsistand and stantb-sit movement by
utilizing surface EMG from residual thigh muscl&6][ However, use of such an approach
during lo@mmotive activitiesespecially during gaifwould be challenging due in partttee
difficulty of obtaining reliable EMG measuremsiiitd ue t o noi se pick up
artif a c 37]o Thdrefore, further biomechanical research is necessary to determine the

efficacy of these devices.

2.4 State-of-Art in Musculoskeletal modeling

As mentioned in Chapter 1, computer simulation in gait analysis is one of the most
powerful methods texplain the relationship between the biomechanical performance and
physiological structure. Usuallygait simulations utilize either net joint moment body
model or muscle force body model to produce movement. However, simulations using the

muscle model tend to be more robust and efficient.
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Miller et al. comparedthe mechanics and energetigsediced in forward
dynamics simulations of human gajtplyingfive different Hill-based muscle energy
models[58]. The moded are MA97 presented by Minetti and Alexandds9], BO4,
(Bhargava et al.g0]), HO6, (Hodijk et al p1]), LWO7, (Lichtwark and Wilson §2]),
and U10, (Umberger 63]). In this study, a musculoskeletal model created by
MotionGenesis Kan@Motion Genesis, Sunnyvale, CA, USa)d previously utilized
by Miller etal. wasapplied[64]. The experimental data were collected frbdhealthy
individuals (7 males and 7 females) walkingaatelf-selected speed. Motion analysis
was performed synchronously applying optical motion capture and strain gauge force
platforms. Pulmonary gas exchange was measured using a portable metabolic unit
(K4b2, Cosmed, Rom ltaly). The portable metabolic umiasused to compute the
gross masspecific metabolic rate. A referenced lower limb electromyogram on/off
vs. the gait cycle from Knutson and Soderberg was applied for EMG measures. The
results showed a@ood agreementbetween the excitation on/off timing and the
referenced EMG data for the ten largest leg muscles, within 9.7% of the stride cycle
timing difference. The lowest metabolic cost waportedby B04 and HO6 models,
while much highemetaboliccost wasreportedby the other three models. All five
models predicted similar step length, speed, and stance durations. The accuracy of the
predicted knee and ankle angles and the ground reaction forces variedingpand
the modelapplied Finally, the resultsndicated that none of the models were able to

predict a realistic metabolic cost for the tracking simulation.

In most of the musculoskeletal models of computer simulations, inverse

dynamic simulations methods are commonly used to aedlyman movement.
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Inverse dynamics simulations usually use the experimental motion data and ground
reaction forces to generate the kinematics and kinetics of a musculoskeletal model and
solve the inverse problem. Several studies proposed solving the inverse dynamic

problem wthout the use of the ground reaction forces.

Fluit et al. demonstrated a computational method to perfieninverse
dynamic simulation with the absence of force plate d@8hp The method utilized the
equation of motion, thredimensional fulbody moton, and a scaled musculoskeletal
model to predict the ground reaction forces and moments. The predicted ground
reaction forces and moments were then validated by comparing them with the
measured force plate data. In this study, the experimental dataNeasecbfrom nine
healthy subjects (4 males and 5 females) with no history of musculoskeletal disorder.
Threedimensional motion capture (scamera digital optical Vicon motion capture
system) with synchronized two custdmu i | t f orce (sedauriegs 6 dat
different level walking speeds (normal, slow, and fast). The inverse dynamic
simulation was performed, using a 28 degosé&reedom full body model available in
the Anybody Modeling System66]. The simulation results showed excellent
predictions 6r the ground reaction forces for almost all activiti€eere vas no
significant difference (P >0.05) between the absolute mean measured GRFs and the
predicted GRFs for all activities. The presented model was able to reasonably predict
the heel strike antbe-off with an error of 28 + 13 ms and 16 + 7 ms, respectively. In
conclusion, theesults ofFluit et al. may be useful for motion capture during treadmill
walking or to develop an ambulatory measurement system using only inertia

measurement.
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Also, Dorn et al. presented a study of evaluating the predictions of muscle
function obtained fronthemusculoskeletal model used a ground contact model instead
of experimental ground forc&T]. The specific aim of this study was to determine the
effect d the kinematic constraig, as well as the number of the fgwbund contact
points on the muscle condition during walking and running. In this study, six different
groundcontact models were evaluate8B]. The experimental data were collected
from 14 healthy adults; each subject walked and ran at their preferred speed. Kinematic
and Kinetic gait data were acquired using a tuiegensional video motion capture
system (Vicon, Oxford Metrixs, UK) and a series of force plates. Surface
electromyography (EMG$ignals were collected from six leg muscles. The results
showed similar timing of muscle contractions between the predicted and the measured
EMG signals for both walking and running. The superposition errors for the most of
the models increased as the fnamof degregof freedom of the foeground contact
model decreased. Muscle forces in khedio-lateral direction were most sensitive to
the footground contact model. However, the predicted muscle function in the sagittal

plane was insensitive to the nher of footcontact poirdin the model.

The musculoskeletamodel of a lower extremityhas been used for simulating
abnormal gaidue tostiff-knee gaitfrom stroke and crouch gait ithe subjects witlCP
(cerebral palsy Fox et alintroduced a rachanism of improved knee flexion after rectus
femoris transfer surgery[69]. In this study, the OperBim Gait 2392Simbody
musculoskeletal modetas applied34]. The muscleactuateddynamic simulation as
createdor ten children diagnosed with cerebral palsy and-ktifegait. The studywas to

clarify the mechanismby which the transferred muscle improves knee flexion by
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examining three types of transfefi®e smulation revealed thamproved knee flexion
following rectus femoris transferasachieved primarily by reduction oftheu s c | eds kne
extension momenreduction of scarring of the rectus femoris to underlying musess

the potential to enhance knee fleXiorsteeleet al.examined how much muscle groups

could be weakened before crouch gait becomes impossdjldr this studythe muscle

driven simulations of gait for three typically developing children and six chilain
cerebral palsy who walked with varying degrees of crouch severity was created. The results
suggestd that crouch gait requires greater quadriceps strength than unimpaired gait;
however, moderate crouch gait requires less hip abductor strength anhdronith gait
requires less ankle plantiexor strength than unimpaired gait. Another stedpducted

by Marjolein et al [71], stated that the muscle$ the lower limb can be weakenexven

before normal walking is affecte@he study presented thatrmal walking is robust to

the weakness of sonmeuscles but sensitive the weakness of others. The results of this

study provide important insights for developing therapies to improve gait pathology.

2.5 Summary

The main goal of thighapter was tontroduce aliterature review of prosthesis
developmerd and prosthesis controls as well msisculoskeletal models of computer
simulationsto support and emphasithe need for the present wotumerousstudies of
the previous work in prosthesis develomtseand prosthesis controls were introduced.
Also studieghatutilized computer simulatiof full-oody musculoskeletah gait analysis

were presented in thahapter as well.
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As mentioned in Chapter, tleveloping and validating full-body musculoskelat
model of the transfemoramputeavasone of theobjectives of the presentvork. The next
chapterintroducethe 3D motion analysis data and EMG from limbed individuals and
transfemoral amputees during a varietyafomotoractivitiesas well aghe method of

developing thenusculoskeletal model of the transfema@malputee
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Chapter 3

Methods

3.1 Introduction

As mentioned in Chapter fhe objective of this thesis was to extend the use of
computer simulations to allow modeling of varioposthesis control parameters and
strategies to artificially reproduce the desired gait pattern of amputees that is close to
normal gait patternin order to achieve such an objectiv&@amotion analysis data from
normally limbed individuals and transfeoral amputeendividuals during a variety of
locomotoractivities was acquirel. The main purpose of thishapterwasto present the
entire process of acquiring the motion capture data and the methodology applied to process

those data.

3.2 Subjects

3.2.1Able-bodied participants

Fifteen ablebodiedindividuals with no known musculoskeletal or neurological
deficitswere recruited in this stugdgight females (mean +1 std.:weight= 60.33 kg+/-
7.37 height=163.18 cmt/- 5.39 age= 25 years+/- 3.8) and seven malesiéan +1 std.:
weight=80.32 kg+/- 9.9 height= 178.4cm+/- 4.3, age= 34 yearst/- 7.8). Participants
were recruited from the local community using UNBDaily notices and posters on
campus [see Appendix C]. All participants gave their informed consent prior to

participation in the studjseeAppendix B and passed the clinical screening questionnaire
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[seeAppendix . The study was approved bheUniversity ResearckthicsBoard (REB

#201%107).

3.22 Amputee participants

Two male traumatic amputardividuals participated in the studgmputee #1,
weight 5 kg, height 8 cm, age 31 years, amputee #2ight65 kg, height BO cm, age
34 year}. Thetraumatic amputation participants were recruited froasté&rn Prosthetic
Clinic located in Moncton, New BrunswicBoth participants sustained traumatic injuries
that resulted in amputations through their kndédee first participan{amputee #1jwas
injured byan IED (animprovised explosive deviceuring military servicean July 2010
and the secongarticipant (amputee #2yas involved in a motor vehicle accident
September 199Participants used their currently fitted prosthesis. The X2 microprocessor
knee and Axiton foot from Othmck wereuseal by the first participant and the hydraulic
Mauch knee and XC foot from Ossurem used by the second participant. The two
participants usetliners in their sockets and ¢haubischial trim lines with distal end weight
bearing.Both participantshad all posterior and anterior thigh muscles intact with no
surgical intervention save attachment of hamstring and quad tendons dixbafiyhal

their kneecapspreservedn the quad tendon whichasdistracted distallyFigure 3.1)
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Figure 3.1 A radiograph imageof the knee caps preservedrom the individual with

transfemoral amputation [72]

3.3 MeasurementsSetup and Process

Experimenal trial data vere collected atAndrew and Marjorie McCaitHuman
Performancd.aboratory (HPL) located inthe Richard J. ORRIE CENTER (recreation
and research facilityKinematic and kinetiparametersvere obtained using Vicon Nexus
1.7.1 with 12 sixteen megdgixel T-Series camerawith capture speed of 100 Hgee
Appendix F]and six Kistler force plategsee Appendix G]Thel2 Vicon camerasvere
mounted on the wall around the perimetéthe laboratory, which measuréd.6 x 8.1
meters TheKistler force plates Model 9281EA weset near to the center of the room to
collect the ground reaction forces at 1000 Hz as shown in FigRré&&chforce plate
contairs four tri-axial piezoelectric force transducers inset near the corner of each plate.

These sensors recorded ground reacfarces in the vertical, anteriposterior, and
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mediatlateral directions being exerted on the plates. Centre of force and momnants
calculated by summing the moments on the plate from each of the indiviedaZ X
channelsThe 12 T-Series camerass well as the six Kistler force plategreconnected

to an MX Host PC byan MX Giganet[36]. MX Giganet supplid communication,
synchronization, and interfacing to thipérty devices (EMG, accelerometgoniometer
...etc). The dataverethentransferedto the workstatiocomputerwhere the systewas
controlled.Therawdatawereoutput inCSV and C3D formator ablebodied participars

EMG signals were collected from 16 leg muscles while for amputee participants, signals
were collected only fronl2 leg muscle usingrigno™ Lab wireless EMG system
DELSYS Inc., as mentioned in Section 3.1. EMG setup was discussed in detail in Section

3.3.3.
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Force plates

Figure 3.2: Vicon cameras and force places in HPL

3.3.1 Lab Reliability and Accuracy

Becauselie HPL is located in the Currie recreation cerdgestudy of the effect of
the vibration due to the fitness activities on Vicon system was essé&htahccuracy and
reliability of the Mconsystem were analyzed tugh the test of a known lend#rbitrary).
The known length test was completedsiegurelyplacing two markers at a known distance
(131.5 mm)on awooden boxThe test was performed during the faciitgormal hours

and after the facility shut down at night for five consecutive dapgproximately227
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samples per trial were included in the reliability testing. This is equival@i2Tseconds
at the sampling frequency @00 Hz. Resultsaresummarizedn Table3.1 Althoughno
statistical tests were applied to show that the data were not statistically significant between

days it is clear that the variance was stable regardless of test time or test day.

Table 3.1: Statistical results of theeliability test of 131.5 mm known length
Dayl Day 2 Day 3 Day 4 Day 5

day night day night day night | day night | day night

Mean | 131.69| 131.65| 131.64| 131.60| 131.60| 131.59| 131.59| 131.64| 131.56 | 131.40

S/D 0.0086 | 0.0072| 0.0083 | 0.0068 | 0.0130| 0.0088| 0.0088| 0.0085| 0.0081 | 0.0080

3.32 Marker Set

The presented model was built from B8dy-fixed markers according to the
OpenSim modeds indicated in Table 3.2 and Figur8.3-or the amputee participants, the
markers were placed on the prosthesis matchinm#rker location of the intact limb. For
example the knee and ankle joint markers were placed on the prosthesishing the
sound leg marker sitébecause the prosthesis knee centerneaaligned with the intact
knee center, a correction algorithmas appied to find the joint center of the prosthesis
during data processingfble-bodied subjects performed tlegperimentwith bare feet
while amputee participants performed &x@erimenivith shoes on for both legs. As with
knee and ankle markers, tleet markers on the prosthesis side matched those on the intact

limb (following the markersystem presented ifable 3.2). No other marker adjustments
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were made for amputees. Participants wore shorts and a sports top for all trials. Multiple

tasks such asavious gait speeds were tested.

Table 3.2:Giat 2392 simbody marker Nameand attachment site

| Vicon Labels | Description | Placement Notes |
HEAD MARKERS
FHead Forehead All three head markers are fed through a
common strap with 5 empty holes between e
RHead Right temple marker
FHead: placed on midline of anterianost
LHead Left temple aspect of frontal bone

RHead/LHead: placed on the lateral surface

TORSO MARKERS

RAC Right acromion Placed on superiaspect of right acromion
(above dorsaimost point of acromialavicular
joint)

LAC Left acromion Placed on superior aspect of left acromion
(above dorsaimost point of acromialavicular
joint)

Strn Upper sternum Placed on midline of anterior manubrium
(inferior to suprasternal notch)

PELVIS MARKERS

MSacral Mid-Sacrum Cluster: Sacral markers (3) attached to a rigi
plate to form aipward-pointing isosceles
RSacral Right Sacrum tiangle( 40 x 20)

MSacral: placed on midline of sacrum in a
horizontal plane witlRASIS/LASIS (marker
LSacral Left Sacrum fed through belt hole to affix sacral cluster to
body)

LSacral/RSacral: placedon sacrum
inferdateral toMSacral (one marker on either
side)

RASIS Right ASIS Placed directly anterior to right anterior
superior iliac spine in a horizontal plane with
LASIS (marker fed through belt hole)

LASIS Left ASIS Placed directly anterior to left anterior superic
iliac spine in a horizontal plane WiRRASIS
(marker is fed through belt hole)

THIGH MARKERS

RThighUpp Right upper Placed on anterior midline of right femur at a
anterior femur position + down the femur

RThighLow Right lower Placed on anterior midline of right femur at a
anterior femur position~¥% down the femur
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RThighLat

Right lateral femur

Placed on posterolateral right femur roughly
a horizontal plane witRThighUpp so that
right thigh (3) markers form a riglaingle
triangle

RMFE Right medial knee| RMFE: Placed on medial epicondyle of righ
femur
RLFE Right lateral knee | RLFE: Placed on lateral epicondyle of right
femur
All knee markers (4) are placed in a horizont;
plane and align to approximate tibiofemoral
joints
LThighUpp Left upper anterior] Placed on anterior midline &#ft femur at a
femur position + down the femur
LThighLow Left lower anterior| Placed on anterior midline of left femur at a
femur position ~¥; down the femur
LThighLat Left lateral femur | Placed on posterolateral left fematra height
midway betweeh. ThighU pp andLThighLow
so that left thigh markers (3) form an isoscelg
triangle
LMFE Left medial knee | LMFE: Placed on medial epicondyle of left
femur
LLFE Left lateral knee | LMFE: Placed on lateral epicondyle of left
femur
All knee markers (4) are placed in a horizont;
plane andalign to approximate tibiofemoral
joints
SHANK MARKERS
RShankUpp Right upper Placed on anterior midlingf right tibia at a
anterior tibia position + down the tibia
RShankLow | Right lower Placed on anterior midlingf right tibia at a
anterior tibia position ~¥%; down the tibia
RShankLat Right lateral tibia | Placed on posterolateral right tibia roughly in
horizontal plane witiRShankUpp so that right
shank (3) markers form a righngle triangle
LShankUpp Left upper anterior| Placed on anterior midline of left tibia at a
tibia position + down the tibia
LShankLow Left lower anterior| Placed on anterior midline of left tibia at a
tibia position ~¥2 down the tibia
LShankLat Left lateral tibia Placed on posterolateral left tiaaaheight

midway betweem.ShankUpp and
LShankLow so that left shank (3) markers
form an isosceles triangle
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FOOT MARKERS

RMM

Right medial ankle

RLM

Right lateral ankle

RMM : Placed on medial malleolus of right
tibia

RLM : Placed on lateral malleolus of right
fibula

All ankle markers (4) are placed in a horizont
plane

RFMH

Right medial mtp

Placed on head of right first metatarsal, ders
medial aspect of first metatarpbalangeal joint

RVMH

Right lateral mtp

Placed on head of right fiftmetatarsal, dorso
lateral aspect of fifth metatargialangeal joint

RPM

Right hallux

Placed on most distal and dorsal aspect of ht
of proximal phalanx of right hallux

RCA

Right calcaneus

Placed on upper central ridge of right calcané
posteriosur f ace, 1 .e. Ac
attachment

LMM

Left medial ankle

LLM

Left lateral ankle

LMM: Placed on medial malleolus of right
tibia

LLM: Placed on lateral malleolus of right
fibula

All ankle markers (4) are placed in a horizont
plane

LFMH

Left medial mtp

Placed on head of left first metatarsal, derso
medial aspect of first metatarphalangeal joint

LVMH

Left lateral mtp

Placed on head of left fifth metatarsal, derso
lateral aspect of fifth metatargdalangeal joint

LPM

Left hallux

Placed ommost distal and dorsal aspect of he:
of proximal phalanx of left hallux

LCA

Left calcaneus

Placed on upper central ridge of left calcanet
posterior surface, I
attachment
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Figure 3.3: Gait 2392 _simbody model marker system

3. 3.3 Electromyography (EMG)

For ablebodied participantshe electromyography (EMG3ignak werecollecied

for both left and right legdrom Rectus FemorisVastusLateralis, Vastus Medialis
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SemitendinosisBiceps Femoris, Adductor Magnus, Gluteus Medius, and Gastrocnemius
as shownin Figure 3.4. For thoseindividuals withthe transfemoral amputatioreMG
signak for the sound leg wereollected from the same muscles as with the-bbtiied
subjects while EMG signals for the amputated leg veetkected from Rectus Femoris,
Biceps Femoris, Adductor Magnus, and Gluteus Medius mudsdiespresented muscles

for EMG data were chosen cardfyufor gait activity based on the SENIAM guidelines
[73]. The skin preparation and electrode placemeete performedaccording tothe
SENIAM guidelineq73]. Prior to affixing the EMG sensor on the surface of the skin, the
sensomwasproperly cleaned to remove dry dermis and skiy oils The area of interest
onthes u b j e cwasshavdd argl €leaned the time of the tegallowing the skin to

dry completely before applying tredectrodelto reduce signal nois&luscle sites \ere
localized based on a combination of normal anatomical locations and palpation and
confirmed by viewing electromyography (EMG) signals on the EMG system sgtelen
applying test contractionand compang the signal with theegularEMG signalsof
hedthy subjectsprior to data collection sessiorfanatomical site of the muscle was

obtained by moving thEMG electrods until a good volume EMG signatasreceived)
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Rectws Femoris

VastusLateralis

7 Semitendinosis
Vastus Medialis

Gastrocnemius ||

Figure 34: Electrode locations[73]

The surface electromyography signals were collected usiagTrignd™ Lab
wireless system, DELSYS, Inc3§] on each of the desired muscle belli#ge EMG
systemwascapable of streaming data to EMGrks Acquisition andEMGworks Analysis
software and generating 16 EMG and 48 accelerometer analog channels for integration
with motion capture and other 3rd padligta acquisition systenihe Trigno EMG system
has a built irhigh pass filter with cutoff frequency of 20 Hz and filter order of 3 as well as

a notchfilter to remove 60 Hz.
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Trigno EMG Sensors are fitted withsllver bar contacts fodetecting the ENG
signal at the skin surfag¢€igure 35). Theorientation of these barsperpendicular to the
muscle fibers fomaximum signal detection. The top of the sensanasked byanarrow
to aid in the determination of this orientatias indicated in Figurgd.6. The arrowshould
be placed parallel to the muscle fibers underneatis¢heor. The sensor should also be
placed in the center of the musbkdly away from tendons and the edge of the muscle. The

sensor igasily attached to the skin using the Delaghesive Sensdnterface.

Figure 35: Trigno wireless 4channel sensor 38]

Figure 3.6: EMG sensor placement 38]
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Due to the lack of room inside the socket of the prosth€siscentric Detection
EMG Electrodes bDT Bioelettronica Research Revelopment irElectronicField were
usedto measure the activity of the muscle thaislocated inside the socket as shown in
Figure 37 [74]. A ConcentricDetection Electrode was connected to the Biosignal sensor
Interface (BoSl) as shown in Figure&. BioSI enabld the synchronized capture of analog
data from the sensor via a software interface (designed and fabricated by the Institute of
Biomedical Engineering, University of New Brunswick). TBieSIwas then connected to
the Vicon workstation analog channels and the data were collected at 1000 Hz
simultaneously with the Vicon system to ensure that the data were synchréninad.
pass filter with cutoff frequency of 10 Hz and filter order @mtlband-pass filters at 20
400 Hzwereappliedto all EMG collected data (EMG data collected by both Tritfricab

wireless system and Concentric EMG system).

Figure 3.7: Concentric Detection Electrodes byOT Bioelettronica [74]
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Figure 3.8: BioSI Sensorinterface

3. 3.4 Experiment protocol

The experiment protocol included static trials and different gait speeds (free, fast,
and slow) trialgo investigate the effect of different spsed the kinematic and kinetic as
well as muscle forces of abbodiedand amputeesubjects Subjects performed three
acclimation trialsn each session of this protocalfive minute break between each sessio
wasused to explain the next session protocol. All participants received the same protocol
instructions angberformed the same protocol during the experiment as fellow

M Static trial

Subjects were asked stand perfectly stijlarms at sidesyith eyes opened and looking
straight ahea@dnd feet shoulder width apaithis trial was required for both Vicon and

OpenSim data processing.
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1 Gait free speedrial

From a standing position at the start of the walk(egproximatel\8 meters from the edge
of the viewing volume), theubject initiated gait and walked at their preferred comfortable
pace until reaching the opposite end of the walkwiyee acclimation trials was

performed)

1 Gait fast speedrial

From the same starting position, subjegtse asked to initiate gastn d wal k A as

you can without breaking int@jogo (three acclimation trials was performed)
1 Gait slow speed trial

From the same starting position, subjestse in a slowly moving line up that never

stoppedthree acclimation trials was performed)

1 Sit-to-stand trial
This trial was required for calculating the knee joint center applygygnmetrical axis of
rotation approach (SARAhatdeterming a unique axis of rotation that can consider the
movement of two dynamic body segments simultaneduély Participants were seated
upon the chair with their greater trochanggsproximately 4cm from the edge of the seat
were instructed to rise from the chair on the cue "one, two, readfthgeg acclimation trials

was performed)

As mentioned before in Chapterahe of the goalsf this work was to developfall -

bodymusculoskeletal model of the transfemoral ampuitke next section details how the
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existing limbedbody model was modified to generate the transfemoral amputee

musalloskeletal

3.4 MusculoskeletaModel for Transfemoral Amputee

The primary objective of this thesis was to develop aldadly musculoskeletal
model of the transfemoral amput@de developed modelasable to utilizeinputssuch
as subjectspecific anatomy, biomechanics, and muscle electrophysiology to simulate
human movemeniThe OpenSim model file is made up of components corresponding to
parts of the physical systefhese parts arbodies, joints, forces, markers, constraints,
contact geometry,ral controllersin the OpenSim simulation, the bones are modeled as
rigid segment, while the joints are modeledhiaeform of hinge and balhndsocket joins.

Themuscles and tendons are modeled togethisruscletendon mode.

The OpenSim model specified with several input filesich as bone or body file,
joint file, and muscle filgseeAppendix A. Those files define the properties of each part
of the musculoskeletal model. Figur® 8hows an example of the right Femur bone in the
OpenSimGait2392(92 muscle and 23 DoR)odel[Appendix A]. Properties such as mass,

center of massnd inertiaveredefined in this file.
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<Body name="femor r">»
mass»9.3014</maza>
<mass_center> 0 -0.17 U</ma55_center>
<inertia xx»0.1339</inertia xx>
<inertia yy>0.0351</inertia yy>»
¢inertia zz>0.1412</inertia zz>
¢inercia_xy»0¢/inercia xy»
¢inercia_xz»0¢/inercia xz>
<inertia yz>0</inertia yz»
<!--Joint that connects this body with the parent body.--»
<Joint>
<VisibleCbject>
¢!--5et of geometry files and associated attributes, allow .ygm, .35l, .ghi-—>

{GeometrySety
<pbjects>
<DisplayGeometry>

¢!--Name of geometry file .ytp, .3tl, .Qbi-->
(geunetry_file)femur.3&R</geumetry_file>
«!--Cnlor used to display the geometry when visible-->»
<colory 11 1</color>
<!--Name of texture file .jpg, .pmp-->
<texture file /»
¢!--in body transform specified as 3 rotations (rad) followed by 3 translations rX rY rZ £x Ly §2-->
¢cranaformy -0 0 -0 0 0 0</transform»
¢!--Three scale factors for display purposes: scaleX scaleY acaleZ--»
<scale factors» 11 1</5cale_factors>
<!--Display Pref. 0:Hide 1:Wire 3:Flat 4:5haded-->
<display_preference>4</display_preference)
¢!--Display opacity between 0.0 and 1.0-->
<opacity»1</opacity>

Figure 3.9: Example XML code from Gait 2392model represent a body 76]

In addition to defining the set of rigid bodi@sones) through the bone file, the
relationship between those bodies (i.e., joims)stalsobe defined. For example, the
right Femur contains the joint of the right hip. Figurg3hows an example of defining
the right hip joint. Properties such ag&tion, orientation, coordinate, and type of motion

weredefined.
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<T--Joint that connects this body with the parent body.-->
<Joint>
<CustomJoint name="hip r">
<!--Name of the parent body to which this joint connects its owner body.--»
<parent_body>pelvis</parent body>

¢!--Location of the joint in the parent body specified in the parent reference frame. Default is (0,0,0).-->
<location in parent>-0.07608327521441 -0.0711330196841338 0.08985?8992984BBB(/location_in_paIent>
¢!--0rientation of the joint in the parent body specified in the parent reference frame. Euler XYI body-fixed
<oriencation in parsnt:0 0 D</orientation_in_parent>

<!--Location of the joint in the child body specified in the child reference frame. For SIMM models, this vec
<location»0 0 0¢/location>

<!--0rientation of the joint in the owing body specified in the owning body reference frame. Euler XYZ body-

<grientation>0 0 0<¢/orientation>

¢!--5et holding the generalized coordinates (g!s) that parmeserize this joint.-->

<CoordinateSet>

<objects>
<Coordinate name="hip flexion r">

<!--Coordinate can describe rotational, tranalational, or coupled motion., Defaults to rotational.
<motion_type>rotational(/motion_type>
<!--The value of this coordinate before any value has been set. Rotational coordinate value is in
<default valuerD</default valuer
¢!--The speed value of this coordinate before any value has been set. Rotational coordinate value
<defaalt_speed_valae>0</defaJlt_speed_valae>
<!--The minimum and maximum values that the coordinate can range between., Rotational coordinate r
<range»-2,0943951 2.0943951</range>
<!--Flag indicating whether or not the values of the coordinates should be limited to the range,
<clamped>false</clamped>

<!--Flag indicating whether or not the values of the coordinates should be constrained to the cur
<lockedsfalse</locked>
¢!--If specified, the coordinate can be prescribed by a function of time. It can be any OpenSim F|

<prescribed function /¥

¢!--Flag indicating whether or not the values of the coordinates should be prescribed according t

Figure 3.10: Example XML code from Gait 2392model represent a joint [76]

As with bone and joint files, Figure 3. $hows an examplaf the Gait 2392model
defining the right Gluteus Medius muscle. Muscle properties such as maximum isometric
force, optimal fiber length, tendon slack length, pennation angle, activation time constant

and deactivation time constaméredefined.
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<ThelenZ(03Mu=scle name="glut medl r">
<!--The set of points defining the path of the muscle.--X»
<GeometryPath>
€!--The =zet of points defining the path-->»

«PathPointSet>

<!--The wrap ghjggs that are associated with this path-->
<PathlirapSet>

<!--U=sed to display the path in the 3D window-->
<Viziblelbject name="display">

</GeometryPathy>

<max_isometric_force>819(/max_isometric_force>

<!--Optimal length of the muscle fibers—->
<optimal_fiher_length}0.0545186092312192</optimal_fiber_length}
<!--Resting length of the tendon-->
<tendon_slack_length>ﬂ.UT943507514D3429</tendon_slack_length>
<!--Angle between tendon and fibers at optimal fiber length expressed in radians-->
<pennation_angle at optimal>0.13962634</pennation_angle at optimal>
<!-—time constant for ramping up muscle activation-->

<activation time constant>0.01</activation time constant>

<!--time constant for ramping down of muscle activation-->»
<deactivation time constant>0.04</deactivation time constant>

«!--tendon strain at maximum isometric muscle force-—-x
<FmaxTendonStrain>0.033</FmaxTendonStrain>
<!--pazsive muscle strain at maximum isometric muscle force-—->

<FmaxMuscleStrain>0.6</FnaxMuscleStrains

¢!--shape factor for Gaussian active muscle force-length relationship-->»
<¥shapelctive>D.5</Kshapelkctives

<!-—exponential shape factor for passive force-length relationship--3»
<HshapePassiver4</EshapePassivey

<!--force-velocity shape factor--»

<Rf>0.3</RL>

Figure 3.11: Example XML code from Gait 2392model represent a muscleo]

All of the above files are XML format (editing and changing can be made),

therefore it was obvious that the properties of the body parts such as bone, joint, and

muscle can be replaced by the properties of the prostheseshanical partdn other

words,an adaptation that accommodates a prdsatHanb wasfeasibleand successfully

amplied to the OpenSim softward full-body musculoskeletal model of the transfemoral

amputeewas generated by modifying the existing Gait 2392_simbuadgculoskeletal

model and shared some ahe geometry files from a prosthesis model developed by
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Christian A. Silvaff71 . The shank and foot were remove
legs as well agd5residual leg musclgshaded muscles in Appendix &ossing both the

knee and the ankle joints as shown in Figur.3riside the OpenSim GUIhé residual

thigh musclesd insertion weaethentphysically mgvedt h ( mi
and all attached to theneecaps in the quad tendantheend of femwamputee as shown

in Figure 3.2. The prosthesis knee was simply modeled dsnge joint with single

degreeof-freedom.

Figure 3.12: Gait 2392_simbodymodel with some bones and muscles removed

The propertiesuch as mass, center of mas®l inertia which definthe prosthesis
partswereedited to the XML simbody file. Some of those properties were obtained from
the amputee parti ci paWlandothgs wereedtinated inswr an d
prosthetic shop. In our prosthetic shop, the mass of the prostheses was determined (by

weighing the prosthesis). The center of mass was approximately estimated by using the
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balance technique (simply by hanging the prosthasikfferent points using a string, the
point at which the objeetasbalanced is the center of mass). The moment of inertia of the
socket was determined by applying the compound pendulum method, which simply
computel the period of the duration of the oscillation (the average owgtiple periocs

was applied) and appHbit to Equation 3.1 to determine the moment of inertia.

L ol v«
Z

(3.1)

whered isthe mass of the sockétthe distance from the pivot or the hanging ptirthe
center of massQis gravity acceleration, ahois the period (duration) of oscillatiorThe
moment of inertia of the residual femur/socket was determined by applying the parallel

axis theorem (guation 3.2).

O O 0Y (3.2

whereO is themoment of inertia of the femur/socké& is the moment of inertia of the
residual femur) is the mass of the prosthesis, aMds the perpendicular distance

between the residual femur and the prosthesis axes.

The geometry file of the socket (Figure 3.lwas implemented in the Gait
2392 _simbody XML file. This file is the STL file generateg Meshlabsoftware [8].
MeshLab is an open source, portable, and extensible system for the processing and editing
of unstructured 3D triangular meshes. The system is heavily based oviistied

Computing Graphideveloped at th¥isual Computing Lalp78].
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Figure 3.13: The socketgeometry STL file created by Mesh_ap [77]

The shank and foot of the Gait 2392 _simbody model were replaced by the
pr ost hbtasandsadtsf7]. Also, the propertiegshat define thoseigid parts (mass,
dimensions, and inertia properties)dhbeen edited to the XML filesAs with the
pr ost boeket]tlse@FL geometry files for the foot and tibid haen generated by
MeshLab open source program (Figures43dahd 3.5). The STL filesthen were

implemented into the OpenSim XML files (Figure &@.1
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Figure 3.14: The tibia geometry STL file created by Mesh_ap [77]

Figure 3.15: The footgeometry STL file created by MesH_ap [77]
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Figure 3.16: The femur-amputee, tibia, foot, andleg-socket are attached

The experimeratl data collected from the transfemoral amputee particiggigsres
3.17 and 3.B) wereprocessedapplying the modified Gait 2398imbody shown in Figure
3.16. The gait simulation wasuccesfully run by applying the modified or the prosthesis
model.By visualizing both the real time or live gait of the transfemoral amputees (from a
recordedvideg) and the simulated gait from the inverse kinematic tool during the first run of
the simulationagood match asverified. More details about the modified model validation
as well as the results of the kinematic, kinetiascles activity and force are presented in the

nextchapter.
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Figure 3.17: Transfemoral amputee participant during the experiment
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