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ABSTRACT
It has been illustrated that measuring inter-segmental joint motions of the foot using a dynamic
method is required to evaluate the function and level of impairment of the foot joints. Optical
motion tracking using the multi-segment foot model (MSFM) developed by Jenkyn and Nicole
(2007), has been demonstrated to be a valid tool for measuring the motion of the joints within the
foot. However, in current practice, inter-segmental joint motions of this model are measured using
a custom-written software (MATLAB) and it limits the clinical usefulness of this model. Hence,
this study implemented the MSFM introduced by Jenkyn and Nicole in a clinical user-friendly
software, Vicon ProCalc, to measure the joint motions within the foot. Ankle Joint
dorsi/plantarflexion, subtalar joint inversion/eversion, hindfoot supination/pronation and
internal/external rotation with respect to the midfoot, forefoot supination/pronation with respect to
the midfoot, hallux dorsiflexion, the rise and fall of the medial longitudinal arch, and relative
motion of the medial and lateral forefoot segments were measured using Jenkyn and Nicole’s
MSFM and the Vicon ProCalc software for eleven participants in this study. The test was repeated
using Oxford foot model (OFM) and the joint motions measured using Vicon ProCalc were
compared with the results of the Oxford foot model as well as the results of the previous study on
the Jenkyn and Nicole model. Compared data were matching and there was not any significant
difference between the results (p<0.03) and it demonstrated the validity of using Vicon ProCalc

for measuring inter-segmental joint motions of the foot.

Key words: optical motion tracking, inter-segmental joint motions, multi-segment foot model,

Vicon ProCalc, Oxford foot model, validation



SUMMARY FOR LAY AUDIENCE

The human foot contains several segments and they move with respect to each other. Every two
segments are attached to each other through a joint. Any dysfunction that occurs in the foot joints
can cause pain and affect our daily activities. Thus, measuring the functionality of the foot joints
is important to clinicians. Optical motion tracking allows us to track the motion of the joints using
reflective markers and cameras. In order to use the optical motion tracking for measuring the
motion of the foot joints, we need to use models that divide the foot into several segments.
However, measuring joint motions using these models is time taking and requires extensive
mathematical calculations which is not clinical user-friendly. This study implemented the multi-
segment foot model (MSFM) developed by Jenkyn and Nicole (2007) into a clinical setting in

order to provide clinicians with functional information of the patients’ foot joints.



CO-AUTHORSHIP STATEMENT
| acknowledge Megan Balsdon who helped me in designing the study and data collection process

and all the steps written in chapter 2.



ACKNOWLEDGMENTS
First, I’d like to appreciate my supervisor Dr. Thomas Jenkyn for helping me and cleaning the road
ahead of me by his patient guidance and encouragement throughout the entire time of this project.
His support of new ideas and his positivity and confidence in my research inspired me in the past
two years. | tried my best to show how grateful I am for the opportunity I’d been given; by
dedicating all my focus to learn a lot and get the best output from the project that was assigned to

me.

I cannot find the right words to show how thankful I am to Megan Balsdon for teaching me all the
essentials | needed to know and patiently being there whenever | needed assistance. She was a big
help in collecting data and if I want to list all that she’d done to help me I should use more than a

page for sure.

I would also like to take the chance to thank WOBL lab and all the friendly people that | had a
chance to meet and chat with. They were all super helpful in every aspect such as making all the
necessary things | needed available for me and assisting me to get on my feet and get to know all

the steps in motion tracking.

Last but not least, I can’t forget to thank all my friends who spent their personal time coming to

the lab so that | can use them as my test subjects.

Besides all the learnings and accomplishments, this project is special for me for another reason
which is my friend “Ghazal Nourian”. | lost her on January 8", 2020 in the airplane crash when
she was on her way back to Canada. She was one of the subjects of this study and with all the
memories and thoughts in my head, | had to process her results. At first, | found it super difficult

to click on her results folder but after a while, I convinced myself to do that and talk about her a



little bit in my thesis. Throughout our friendship, | found her very supportive, kind, caring, and

knowledgeable and I hope she’s in a safe good place with her always beautiful smile on her face.

Vi



TABLE OF CONTENTS

F N S 1 2 ¥ N S EPPR T SSPP i
SUMMARY FOR LAY AUDIENCE........co ittt a e e e a e e e e ii
CO-AUTHORSHIP STATEMENT ...eeeeiiie et r e e e e e e s e snnnaanar e e e e e e a e v
ACKNOWLEDGMENTS ...t e e s s e e e e e e e s s e e e e e e e s s e nnrrreeeeeeas Y
LIST OF FIGURES ... .ttt e e e e e e e e e e e e s ettt e e e e e e e e s s e nnnraraaeeeas Xi
LITST OF TABLES. ... .. e e e e e e s e e e e e e e e e e s e nnnaaraaeeeas XVi
1. CHAPTER 1- INTRODUCTION. . ...t e e a e e e e e 1
O o To] A= T (0] 1 PP P PP 1
1.1.1  Bones and joints OF the TOOL..........cuiiiiiiiiiiii s 1
1.1.2  Medial longitudinal arch (MLA) ......coooiiiii s 3

1.2 Anatomical planes and terms of MOVEMENT ..........ccoviiiiiiiieiiiee e 5
121 WalKING QAIT CYCIE ..o 7
1.2.2  Foot joint motions during a gait CYCle ..........ccooiiiiiiiii e 8

1.3 Gait analysis using motion capture teCANIQUES...........ccuviiieiiieiieiiie e 9
1.3.1  Marker based motion capture teChNIQUE .........ccovveeiiiie e 9
1.3.2  Triad cluster markers vs single Markers...........ccceivve e 10

1.4 Conventional gait MOGEIS..........ocuiiiiiiiecie e 11
1.5  Multi-segment foot MOdelS (MSFM) ......c.oviiiiiieiiie e 11
1.5.1  MSFM used for this StUAY ........c.eeeiiiireiii e 13

1.6 Method of Grood and Suntay (Grood & Suntay, 1983).........ccccceevvveevivieeiiie e 14
1.7 Rational: limitation of Previous StUAIES ............ccoviieiiiie i 15
1.8 Anatomical and technical coordinate SYStEMS..........cccvveiiireiiiee e 16
LS I V4 Tolo] 4 ISV (-] PSP ROPSRSUPRTIS 17
191 VECON INEXUS ..ttt ittt sttt sttt ettt et e e be et e e s bt e e teeanbee e 17
1.9.2  ViICON PrOCAIC. .....uiiiiieiiii ettt 18
1.9.3  Oxford foot model (OFM)......ccuiiiiiiee e 18
1.10 Objective and NYPOLNESIS. ........cciiuiie it 19
L1.11 TRESIS OVEIVIBW ..eiiiieiiiieiiie ettt ettt et me et e et et e enbae et e nteeanbeenree s 20
2. CHAPTER 2- METHODOLOGY .....oiiiiiiiiieiiteiit ettt sta e anee e nna e 21
2.1 Experimental @QUIPMENT ......ccvviiiiiee e 21
2.2 Motion analysiS EQUIPMENT.........eiiiiiiiie ettt a e e e srree e e s enees 22

vii



2.3 CAIDIAION - e 23

A D  r- W o{o ] | [=Tod 1 o] [PPSR 23
2.4.1  Data COIIECTION SECHIONS. .. .ccviiiiiiie ettt snaee e araee s 23
2.4.2  Data collection using our model............ccooiiiiiiiii 24

2.4.2.1 Preparing participants for collecting data............cccoceviieiieniieic 24
2.4.2.2 Digitizing landmarks ...........coooiiiiiiiii e 25
2.4.2.3  Capturing dynamicC trialS............ooouiiiieiiiei e 28
2.4.3  Data collection using Oxford foot model.............ccceiiiiiiiiiiiiie e 28
2.4.3.1 Preparing participant for collection data .............ccevviiiieiiienien e 28
2.4.3.2  Capturing dynamiC trialS...........cooiiiiiiiiieie s 31

2.5 DA PIOCESSING ... eeiuteeieeeiee ettt et et ettt et e st e et et e e s bt e bt e bt e abn e e be e beeanbeennee s 31
2.5.1  Processing data using Vicon Nexus appliCation............c.cccevvveiiieiiieniieinie e 31
2.5.2  Processing data using Vicon ProCalc application ...........c.ccoveviieiiieniie e 32
2.5.3  MeASUING ANGIES .....ooiiiiiieiie et 35

2.5.3.1 Ankle complex dorsi/plantarflexion...........c.cooeiiiiiiiiiiiii 35

2.5.4  Therise and fall of the Medial Longitudinal Arch..........cccccooveivineeiiie e 38
2.5.5  DEfiNING BVENTS....cciiiieiiie ettt e ettt e e et e e srae e e snaaeennnaeeas 38
2.5.6  EXPOITING TS ...ovieiiiie et 42
2.5.7  Calculating the AQVEIAQE .......c.vveiceiie e ettt e et e et e e eesaeae s 42

3. CHAPTER 3-RESULTS ..ottt ane e e e nta e 43

3.1  Joint motions measured using Vicon ProCalC............cccuveviiveiiiee i 43
3.1.1  Ankle JCS dorsi/plantarflexXion ...........cccceveiiieiiii e 44
3.1.2  Subtalar JCS INVErSION/EVEISION .......civiiiiiiiiieiiie ettt 46
3.1.3  Hindfoot supination/pronation with respect to the midfoot...............ccccoeeeeeinnn 48
3.1.4  Hindfoot internal/external rotation with respect to the midfoot............................. 50
3.1.5  Forefoot supination/pronation with respect to the midfoot...............cccceevieeinnnnn 52
316 HalluxX dorSiFIEXION ...c..eeiiiieiiieiie et 54
3.1.7  Rise and fall of the medial longitudinal arch ................cccove i, 56
3.1.8  Relative motion of the medial and lateral forefoot segments..............ccccceevveinnnnn 59
TR L T - 1 {1 [ ST OPROPRPPRN 62

3.2 Categorizing the arch type using Vicon ProCalC..........cc.ccccvvveiiiieiiiec e 63

3.3 VAIIAALION .. 67

viii



3.3.1  Ankle JCS Dorsi/plantarfleXion.............cccoiieiiioieiieie e 67

3.3.2  Subtalar JCS INVEISION/EVEISION .......uvieiiieeiiiie st ettt e e e sneeeesaeee s 68
3.3.3  Hindfoot supination/pronation with respect to the midfoot.............c.cccceevieinnnn 70
3.3.4  Hindfoot internal/external rotation with respect to the midfoot...................c......... 72
3.3.5  Forefoot supination/pronation with respect to the midfoot...........c..cccccevviivennnnnn 73
3.3.6  Rise and fall of the medial longitudinal arch ..............cccooieiiiiiinii 75
3.3 7 SUMIMAIY ittt ettt et ekt e et e b e e e e e nne e 77
3.4 Comparison with the Oxford foot model ............ccoooiiiiiiiiii 78
3.4.1  Joint motions measured using Oxford foot model.............cccccoviiiriiiiiiiiiiien, 78
3.4.2  Ankle JCS dorsi/plantarflexion ... 78
3.4.3  Hindfoot segment motion with respect to the tibia............ccooeiiiiiiii, 80
3.4.4  Forefoot segment motion with respect to the hindfoot .............ccccoceiiiiiiinnnn, 83
3.4.5  HalluxX dorsiflexXion ...........cocuviiiiieiiie e 86
3.4.6  Rise and fall of the medial longitudinal arch .............ccccooiiiiiiiini 88
B A - 1511 [P UUSSUSRSUR 91
3.5  Categorizing the arch type using Oxford foot model..............cccooveiviieeiiii i, 92
K I O o ] 1o o TR STR 95
3.6.1  Hallux DOrSITIEXION .....oeiiiiiiiiiiie e 98
3.6.2  Forefoot segment supination/pronation ............ccccveeiiveeiieessie e 99
3.6.3  Subtalar joint motion and the motion of the hindfoot with respect to the tibia.....100
3.6.4  Ankle JCS dorsi/plantarflexXion ...........ccccvveiiiiiiii e 102
3.6.5 Rise and fall of the medial longitudinal arch ............ccccccoooveiiie i, 103
366 STALISTICS ..vviiveieiiieiie sttt 105
3.6.7  SUIMIMAIY .eeiiiiiieiiiiiiitt et e e ettt e e e e s e st e e e e e e e e s sttt b e e e e e e e e s s asbbbbeeeaaeeeennns 106
4. CHAPTER 4-DISCUSSION AND CONCLUSIONS........ccoiiiiiiieiieie e 107
R TU 1 011 -1 YOO P PUPP P TPPPPPPPPRPR 107
O B 1ol U 11 (o] PSP P TR OPRTP 108
4.3 SHENOLNS ... e a e araa e 117
4.4  Limitations and future research recommendationsS.............cccouvveriieiiiesiiesie e 118
5. REFERENGCES .......oo oottt et et et s et esbe e beeeeaneeanes 121
B.  APPENDIX ..ottt ettt teebe e anes 128
6.1  Calculating the average of motion for one participant in MATLAB.............cccoevvven, 128



6.2  Calculating the averaged over all eleven subjects motion with one positive and one
negative Standard EVIATION. ...........oiiii it 129

6.3  T-test output data for Vicon ProCalc results and the results of Jenkyn and Anas study
(2008) 130

6.3.1  Medial longitudinal arch Motion ............cccoiiiiiiiiiie 130
6.3.2  ANKIE JCS MOTION .....eiiiiiie et e e e 130
6.3.3  Subtalar JCS MOLION ....c.vviiiiiie et 131
6.3.4  Hindfoot supination/pronation with respect to the midfoot..............ccccceevvveenen. 131
6.3.5  Hindfoot internal/external rotation with respect to the midfoot........................... 132
6.3.6  Forefoot supination/pronation with respect to the midfoot...........c..ccccoceevveenen. 132
6.4  T-test output data for Vicon ProCalc and Oxford foot model results.......................... 133
6.4.1  ANKIE JCS MOLION .....oiiiiiieiiie et e e 133
6.4.2  Subtalar JCS motion and hindfoot segment motion with respect to the tibia....... 133
6.4.3  Forefoot segment SUPINALION/PrONALION .........covvveiiieiiieiie e 134
6.4.4  Hallux dorsiflexXion ...........coooiiiiireiie st 134
6.4.5  Medial longitudinal arch Motion ............cccoiiiiiiiiiii 135
CUITTCUIUM WITAE ..ttt b ettt e bt beeenes 136



LIST OF FIGURES

FIg. 1-1: FOOt ANGIOMY. ..otttk ettt ettt sb et e et e e nnee s 2
Fig. 1-2: Arches 0f the FOOL. ........ooiiiiie e 4
Fig. 1-3: The medial longitudinal @rch............cccoiiiiii 4
Fig. 1-4: Anatomical Planes @nd @XES. ........cueeiueeiiieiiieiie et 5
Fig. 1-5: The six degrees of freedom Of tW0 DONES. .........cooiiiiiiiiiiiiiiec e 6
Fig. 1-6: Special JOINt MOTIONS. ........iiiiiiiiieiie ettt 7
Fig 1-7: The WalKing Qait CYCIE. .....ocoiiiee e e e e e e e 8
Figure 1-8: A triad CIUSEr MArKE. .......oveiiiieiiiie et e e e e anaee s 11
Fig. 1-9: The marker set for Jenkyn and Nicole’s model..........cccccoviveiiiiieiiine e 13
Fig. 1-10: Two segments and their body fIXed aXES. .......cccvvieiiieeiiii e 15
Fig. 1-11: The gaps Of @ trial. ......coeeeiiiieiiii e e e snaee e 18
Fig. 2-1. The arch height indeX MEasUrEMENT. ...........cccuviiiiiieiiie e 21
Fig. 2-2: Jenkyn and Nicole’s model marker Set. ........ccoovveiiiiiiiiiiiiiie e 24
Fig. 2-3: Segments of the right lower leg and fOOt. ............ccccooiiiiiiii e, 25
Fig. 2-4: DIgitizing 1andmarks. ..........cueeiiiiiiiie s 26

Xi



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

2-5: The Oxford foot model Marker Set. .........coviiiiiiii e 29
2-6: LabEling SKEIBION. ..o 31
2-7: Creating landmarks. ........oooueeiiieee et 33
2-8: Technical COOrdiNAtE SYSIEMS. .......coiuiiiiieriii ettt 34
2-9: Creating axes and coordinate systems in Vicon ProCalC...........c.cccooovvviiniiiinniiennnn, 36
2-10: Measuring motion in Vicon ProCalC. ..........cccooiiiiiiiieiiieiceiee e 36
2-11: The medial longitudinal arch vectors created in Vicon ProCalc. ...........cccccovvviiieninnn, 38
2-12: Creating a plane for the cyclic event in Vicon ProCalC. ..........ccccoviviiiniiiiiniicinn, 39
2-13: Creating a vector for the cyclic event in Vicon ProCalC............ccccceevveeiineeiiieeiinnnn 40
2-14: Creating the Neel-Strike VECION........c.uvi i 41
2-15: Creating the t0€-0Ff VECIOF. ......c.vviiiieccee e 41
3-1: The ankle joint dorsi/plantarflexion for individual subjects. ............cccccceeviveeiiieeninnnn 45
3-2: The averaged overall subjects ankle dorsi/plantarflexion. ............cccccoovveivieeiieciinnn, 46
3-3: The subtalar joint inversion/eversion for individual subjects. ...........cccccovvvieiiieeiinnnn 47
3-4: The averaged over all subjects subtalar joint inversion/eversion. ............ccccccoevveeiinnnnn. 48
3-5: The hindfoot supination/pronation with respect to the midfoot for all subjects............. 49
3-6: The average supination/pronation of the hindfoot with respect to the midfoot. ............ 50

Xii



Fig. 3-7: The internal/external rotation of the hindfoot with respect to the midfoot for all

0 o] 1101 KT T TSP PP PO PP UPTPPRRPPRRURPPPS 51
Fig. 3-8: The mean hindfoot internal/external rotation with respect to the midfoot..................... 52
Fig. 3-9. The forefoot supination/pronation for all SUDJECTS. ..........ccoviiiiiiiiiiii 53
Fig 3-10: The mean forefoot supination/pronation over all SUDJECES. ..........ccccevvviiiiiiiiiiieiiee, 54
Fig. 3-11: The hallux dorsiflexion for all individual SUDJECES. ...........ccooeriiiiiiii 55
Fig. 3-12: The mean hallux dorsiflexion over all SUDJECTS. ...........cceviiiiiiiiii 56
Fig. 3-13: The medial longitudinal arch motion for all SUDJECtS. ...........cccceeviiiiiiiiiiic 57
Fig. 3-14: The mean medial longitudinal arch motion over all Subjects.............cccocoveviiiiennnene, 58
Fig. 3-15: The relative motion of the medial and lateral forefoot. ..............cccceevveiviie e, 60
Fig. 3-16: The mean relative motion of the medial and lateral forefoot over all subjects. ........... 61
Fig. 3-17: The h/L ratio of the MLA for all SUDJECLS. .........c.ceoviiieiiiece e 64

Fig. 3-18: The range of h/L ratio of the MLA measured using Vicon ProCalc for all subjects....65

Fig. 3-19: Ankle JCS motion measured in Jenkyn and Anas study (2009)............cccecveeviieeiinnnen, 68

Fig. 3-20: The subtalar joint motion measured in Jenkyn and Anas study (2009)..........cc.cccve.... 70

Fig. 3-21: The hindfoot segment supination/pronation with respect to the midfoot in measured in
Jenkyn and Anas Study (2009)........ccuiiiiiie e 71

Fig. 3-22: The hindfoot internal/external rotation with respect to the midfoot measured in Jenkyn
and ANas StUAY (2009)......ccuuieeiiie et e e e a e e e ares 73

xiii



Fig. 3-23: The forefoot segment motion with respect to the midfoot in Jenkyn and Anas study
022001 ) TSR TPRPPRR 75

Fig. 3-24: The rise and fall of the medial longitudinal arch measured in Jenkyn and Anas study

(2009). ..ttt R Rt bttt R Rt e Rt e Rt et e et e n e e bt e neenbe e b e 76
Fig. 3-25: The ankle joint motion measured Using the OFM for all subjects..............ccccccvernee. 79
Fig. 3-26: The mean ankle joint motion over all subject measured using the OFM..................... 80

Fig. 3-27: The motion of the hindfoot with respect to the tibia measured using the OFM for all
INAIVIAUAT SUDJECTS. ...ttt ettt 82

Fig. 3-28: The mean hindfoot motion with respect to the tibia over all subjects measured using
LTI ] O RPUR PSPPSR 83

Fig. 3-29: The motion of the forefoot with respect to the hindfoot measured using the OFM for
100 [NV [ LS o 1= £ PSSP 85

Fig. 3-30: The mean forefoot motion with respect to the hindfoot over all subjects using the

(O T PP PP PP PPPPRR PRI 86
Fig. 3-31: The hallux joint motion measured using the OFM for all individual subjects............. 87
Fig. 3-32: The mean hallux dorsiflexion over all subject measured using the OFM.................... 88
Fig. 3-33: The rise and fall of the MLA for all subjects measured using the OFM. ................... 89
Fig. 3-34: The mean rise and fall of the MLA over all subjects measured using the OFM.......... 90
Fig. 3-35: The rise and fall of the MLA measured using the OFM for all subjects. .................... 93
Fig. 3-36: The range of h/L ratio of the MLA measured using the OFM for all subjects............. 94

Figure 3-37: The comparison between the hallux dorsiflexion measured using the OFM and
VICON PIOCAIC. ....cciitiiiitt ettt ettt ettt ettt e bt e e nab e e e anbe e e e 99

Xiv



Figure 3-38: The comparison between the forefoot motion with respect to the midfoot and the
forefoot motion with respect to the hindfoot measured using the Vicon ProCalc and OFM
TESPECTIVEIY . ..ttt ettt ekttt et e bttt ennne s 100

Figure 3-39: The comparison between the subtalar joint motion and motion of the hindfoot with
respect to the midfoot measured using the Vicon ProCalc and OFM respectively. ................... 101

Figure 3-40: The comparison between the ankle joint motion measured using the OFM and
VICON PIOCAIC. ....eeiiiie ettt et et e st e e st e e st e e ante e e et e e enseeeesnaeeennseeennneeens 103

Figure 3-41: The comparison between the medial longitudinal arch motion measured using the
OFM and ViCON ProCalC. .......ccuiieiiiieiiiie ettt e e e nnae e e nnneeeanes 105

Xv



LITST OF TABLES

Table 2-1: Patient demographics table. ...........coooiiiiiii 22
Table 2-2: The landmarks and axes of €aCh SEgMENT. ..........ccoiiiiiiiiiiiiee e 27
Table 2-3: The Oxford foot Model MArker SBt..........cooiviiiii i 30
Table 2-4: The relative motions of the foot and ankle SEgMENtS. ..........cceviiiiiiiiiiniiiecen 37

Table 3-1: The maximum, minimum and the range of motion for the averaged over all subjects
intersegmental joint motions measured using Vicon ProCalC...........cccccovvviiieiiieniicie e, 62

Table 3-2: The Coefficients of multiple correlation (CMC) and the mean standard deviation
measured for all JOINT MOTIONS. .........ooiiiiiie e 63

Table 3-3: The arch type categorization for all subjects using results gathered from Vicon
o (0L O oSS OURSPRRR 66

Table 3-4: The maximum amount, minimum amount, and the range of motion for the Oxford
foot model output angles and the rise and fall of the medial longitudinal arch. .......................... 91

Table 3-5: The coefficient of multiple correlation (CMC) and the mean standard deviation
calculated for the OFM output JOINE MOLIONS. .......cocviiiiiie e 92

Table 3-6: Categorization of the arch type of the foot for all subjects using the Oxford foot

Table 3-7: The speed, cadence and stride length during the data collection. ...............ccccccoveene. 97

Table 3-8: The coefficient of multiple correlations (CMC) between the OFM and Vicon ProCalc
=0 €U OP PP UPROPRTPRS 106

XVi



1. CHAPTER 1- INTRODUCTION

1.1 Foot anatomy

1.1.1 Bones and joints of the foot

The primary task of the foot and ankle is to directly interact with the ground and provide a flexible
and stable articulation between the body and the ground during walking and running. Early in
stance, the foot and ankle are required to be compliant, allowing flexibility of motion and enabling
the absorption and transfer of forces. Later in stance, the foot achieves rigidity to propel the body
forward and apply propulsive forces to the ground through the rigid lever of the longitudinal arch

(Nordin & Frankel, 2012).

The ankle is made up of the articulation of the tibia, fibula, and the talus while the foot contains
28 bones distal to the ankle joint plus two sesamoid bones. The talus is the common bone of the
foot and ankle. The foot consists of three functional parts: the hindfoot, midfoot, and forefoot. The
talus and calcaneus build up the hindfoot, and the midfoot is composed of the navicular, three
cuneiforms, and the cuboid (tarsal bones). Lastly, the forefoot comprises the metatarsals and
phalanges (Nordin & Frankel, 2012). Figure 1-1.A and 1-1.B represent the bones of the foot, ankle
and the lower leg. The first and fifth metatarsals have ranges of motion that allow the foot to
conform to varying surface terrain. Whereas the other metatarsals are rigid and fixed at their bases

(Chan & Rudins, 1994).

The subtalar joint is part of the hindfoot, between the talus and calcaneus. The midfoot consists of
transverse tarsal joint (talonavicular and calcaneocuboid) and intertarsal joints. The forefoot

comprises tarsometatarsal joints and metatarsophalangeal joints. The first metatarsophalangeal

1



joint (MTP) is the articulation of the hallux with the rest of the foot which plays an important roll

in lower extremity biomechanics (Nordin & Frankel, 2012).

Hindfoot

Midfoot

Metatarsals

Forefoot

Phalanges

Fibula

Fig. 1-1: Foot Anatomy. A) bones of the foot and B) bones articulating with the lower leg and the ankle joint.
Adapted from (Nordin & Frankel, 2012).



1.1.2 Medial longitudinal arch (MLA)

The arches of the foot connect the forefoot and the hindfoot segments and dissipate the forces
incurred during weight-bearing before reaching the bones of the leg and the thigh (Franco, 1987).
There are three arches within the foot: the transverse arch, medial longitudinal arch and lateral
longitudinal arch (Kapandji, 1975). The transverse arch is located behind the metatarsal heads and
across the tarsometatarsal joints. The role of the transverse arch is to assistant in propulsion during
locomotion (Kudo et al., 2018). The medial and lateral longitudinal arches are supported by the
plantar ligaments originating from the calcaneus and extending forward to meet the metatarsals

near the heads (O'Donoghue, 1984).

The medial longitudinal arch buffers the forces during weight-bearing and the lateral longitudinal
arch maintains body stability and supports the lower limb during locomotion (Kudo et al., 2018).
Figure 1-2 shows the three types of the arch within the foot. Although all three arches play an
important role in maintaining body stability and supporting the lower limb, the medial longitudinal
arch has been found to be the arch of greatest clinical importance. Malalignments derived from the
MLA eventually impact the functioning of the muscles and joints of the lower limb. Two
significant abnormalities of the MLA can be described as high arch and flat arch. the high arch is
clinically known as pes cavus and the flat is known as pes planus. Pes cavus and pes planus can
cause muscular imbalances, structural malalignments of joints, compensatory pronation of the
foot, and gait abnormalities. Hence, understanding the biomechanics of the arches of the foot,
especially MLA, is significant for physical therapists (Franco, 1987). Figure 1-3 shows the medial

view of the medial longitudinal arch.
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Arch

Fig. 1-2: Arches of the foot. Top view of the transverse, medial Longitudinal and lateral Longitudinal arches within

the foot. Adapted from (Franco,1987).

Fig. 1-3: The medial longitudinal arch. The medial view of medial longitudinal arch. Adapted from (Nordin &
Frankel, 2012).



1.2 Anatomical planes and terms of movement

The three spatial dimensions of the body are defined by three anatomical planes: sagittal, frontal,
and transverse. The plane that splits the body into the right and left parts is the sagittal plane. The
frontal plane splits the body into anterior (front) and posterior (back) parts. And the transverse
plane divides the body into superior (top) and inferior (bottom) parts (Knudson, 2003). Figure 1-4

represents three anatomical planes and three anatomical axes of the body.

Longitudinal axis

Medial-
Lateral
axis

Transverse
plane

Frontal plane

Aunterior-
Posterior axis

Sagittal plane

Fig. 1-4: Anatomical planes and axes. The yellow plane represents the sagittal plane, the purple plane indicates the
frontal plane, and the red plane shows the transverse plane. Adopted from: Adapted from (Winter, 2009).
There are specific terms to describe the main bone motions at the joints. “Flexion” alludes to a
decrease in the joint angle in sagittal plane, whereas “extension” means increasing the joint angle
in the sagittal plane. The flexion and extension of the foot and ankle are called “Dorsiflexion” and

“Plantarflexion”. “Abduction” is moving a body part away from the midline in the frontal plane,



while moving back the body part towards the midline is “Adduction”. Joint motions in transverse
plane are called “Internal Rotation” and “External Rotation”. Internal rotation means the rotation
towards the center of the body, while the external rotation is the rotation away from the center of
the body (Knudson, 2003). Figure 1-5 shows the relative motions (6 degrees of freedom) of two
bones. There are some special joint motions such as “Supination” and “Pronation” which mean
the inward and outward roll of the foot during walking or running. Other examples of special joint
motions are “Inversion” and “Eversion”. Inversion of the subtalar joint refers to leaning the sole
towards the midline and eversion of the subtalar joint leans the sole away from the midline (Swartz,
2009). Figure 1-6.A shows the inversion and eversion motions of the foot and figure 1-6.B

represents the supination and pronation motions of the hand.

Internal-External
Rotation

Flexion-Extension

Abduction-
Adduction

Fig. 1-5: The six degrees of freedom of two bones. Internal/external rotation, flexion/extension, and
abduction/adduction of two bones. Adapted from (Nordin & Frankel, 2012).
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Fig. 1-6: Special joint motions. A) Inversion/Eversion of the foot and B) Supination/Pronation of the hand.
Adapted from (Joseph Hamill, 2013).

1.2.1 Walking gait cycle

Normal walking is defined as a cyclic activity with two main phases for each limb: stance phase
and swing phase (Crenshaw & Richards, 2006). The stance phase composes 60% of the whole gait
cycle and the swing phase occupies the rest of the full gait cycle. A gait cycle starts with an event,
typically heel-strike or toe-off, and ends with the occurrence of the same event on the same limb.
The heel-strike is the moment when the heel touches the ground and the toe-off is the moment

when the toe leaves the ground (Nordin & Frankel, 2012).

There are two other phases during the gait cycle which are called mid-stance and mid swing phase.
During the mid-stance phase, the foot is in a stability mode, only one leg has the support role for
the body, and ready to change toward propulsion. During the mid-swing phase, the leg swings
forward and commences a transfer to the stance phase (Shultz et al., 2016). Figure 1-7 shows the

phases and events of a gait cycle.



Stance phase
Heel strike T Foot flat Heel rise Push-off Toe-off

0% 15% 30% 45% 60%
T
Mid Stance

Swing phase

Acceleration | Toe clearance | Deceleration Heel strike
70% 85% 100%
Mid Swing

Fig 1-7: The walking gait cycle. Stance phase, swing phase, and the events of the walking gait cycle. Adapted from
(Nordin & Frankel, 2012).

1.2.2 Foot joint motions during a gait cycle

During the first 15% of the gait cycle (from heel-strike till foot-flatness), foot segments internally
rotate and the heel everts. The ankle joint plantarflexes at heel-strike and plantarflexion increases
until 15% of the gait cycle. From the mid-stance until the toe-off event, the foot segments begin to
rotate externally, the heel reverse to inversion, and the ankle joint turns to dorsiflexion. Also, the
stability of the medial longitudinal arch increases. At toe-off, foot segments obtain maximum
external rotation, heel achieves maximum inversion and the stabilization of the medial longitudinal
arch is maximized. The ankle joint returns to plantarflexion at toe-off event. All these motions then
reverse, except for the ankle joint motion, from the toe-off until foot-flatness is achieved at 15%
of the new walking cycle. The ankle joint begins to dorsiflex from the mid-swing phase and

changes to the slight plantarflexion at heel-strike (Nordin & Frankel, 2012).



In this study, we focused on the major movements within the foot during a gait cycle which can
be described as follow:

e Subtalar joint inversion/eversion

e Ankle joint dorsi/plantarflexion

e Hindfoot Supination/pronation with respect to the midfoot

e Hindfoot Internal/external rotation with respect to the midfoot

e Forefoot supination/pronation with respect to the midfoot

e Hallux dorsi/plantarflexion

e Rise and fall of the medial longitudinal arch

e Relative motion of the medial and lateral forefoot segments

1.3 Gait analysis using motion capture techniques
Motion capture (mocap) systems use sensors to obtain the gait data of human motions and process
the acquired data using a mathematical model. In general, there are two motion capture techniques:

marker-based techniques and marker-less techniques (Salah & Gevers, 2011).

1.3.1 Marker based motion capture technique

Marker based motion capture technique is performed by tracking retro-reflective markers placed
on the skin of the subject and reconstructing their 3D positions in the space using video-based
optoelectronic systems. Tracking of retro-reflective markers is performed using cameras with
light-emitting diodes (LEDs) placed around the lens of each. The infrared stroboscopic
illumination produced by the LEDs tracks the markers. Cameras can be adjusted so that only bright
reflective markers are recognized and captured using image-based techniques. A marker must be

visible from at least two calibrated cameras to be reconstructed in the reference frame of the



laboratory (Salah & Gevers, 2011). In this study, we used Vicon system Bonita cameras for
capturing motion and Vicon Nexus application for post-processing data. Vicon system and its

corresponded applications will be more explained in section 1.10.

1.3.2 Triad cluster markers vs single markers

There are two types of retro-reflective markers being used in biomechanical models: Single
markers and triad cluster markers. Conventional gait models (such as Helen Hays) use single retro-
reflective markers and limits tracking of the foot and ankle complex in 2 degrees of freedom
(Baker, 2006). These limitations are due to the fact that data acquisition techniques were initially
developed for low resolution motion capture systems with a minimized number of cameras and
few spaced markers (Della Croce et al., 2005). Current optical motion tracking systems have the
ability to track markers with high frequency and they do not limit the biomechanical models
(Baker, 2006). As a result, triad cluster markers were introduced. A triad cluster marker is a group
of three nonlinear markers attached to the base of the marker allowing to track anatomical bony
landmarks on each segment of the body (Fig. 1-8) (Cappozzo et al., 1997). Using triad cluster
markers, each segment can be tracked independently in 6 degrees of freedom (6 DOF). In addition,
using cluster markers in a biomechanical model can reduce soft tissue artefacts. In a conventional
gait model, every single marker is susceptible to the errors of the motion of underlying soft tissue.
In biomechanical models with cluster markers, these errors can be reduced by appropriate marker
positioning on each segment (Zuk & Pezowicz, 2015).

Furthermore, using cluster markers can reduce the number of required holes on the shoe and
enhance the accuracy in data collection with shoes on. Gait analyzing with shoes on requires
cutting holes on the shoe allowing to place markers on the foot. Using cluster markers will reduce

the number of required holes to be cut on the shoe. On the other hand, data obtained from the heel
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of the shoe with single markers is not as accurate as collecting data with cluster markers due to the

thick heel counter of the shoe. A triad cluster marker is shown in figure 1-8.

Figure 1-8: A triad cluster marker. A triad cluster marker contains a base and three reflective markers attached to
the base.

1.4 Conventional gait models

The conventional gait analysis considers the foot as a rigid segment, not allowing the measurement
of joint motions within the foot (Kadaba et al., 1989). Joints of the foot are exposed to injury during
weight-bearing movement. Several clinical studies have evaluated the function of the foot joints
in the static phase (Hunter & Prentice, 2001). However, there is a weak relation between the foot
function in the static phase and weight-bearing movement (Cavanagh et al., 1997). As a result, a
clinical evaluation is needed to measure inter-segmental joint motions within the foot. Several
studies have presented multi-segment foot models (MSFM) addressing this problem. (Carson et

al., 2001; Hunt et al., 2001; Rattanaprasert et al., 1999)

1.5 Multi-segment foot models (MSFM)
A multi-segment foot model divides the foot into several segments to be able to measure

intersegmental joint motions. The configuration of foot segments is of great importance and has
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been controversial in the literature. An arrangement with too many segments will be clinically
impractical. On the other hand, modeling the foot with too few segments will reduce the clinical
usefulness of the model. Several studies have presented multi-segment foot models in the literature
(Kidder et al., 1996; Moseley et al., 1996; Liu et al., 1997; Leardini et al., 1999; Jenkyn & Nicol,
2007). These studies mostly divide the foot into the hindfoot and forefoot segments. Only one
study considered the midfoot as an individual segment and divided the foot into hindfoot, midfoot,
medial forefoot, and hallux segments (Leardini et al., 1999). In order to measure hindfoot
supination-pronation, forefoot supination-pronation, and subtalar inversion-eversion, a midfoot
segment is required. In 2007, Jenkyn and Nicol presented a multi-segment foot model with
hindfoot, midfoot, medial and lateral forefoot segments. The lower-leg and thigh were also defined
as segments. This model is superior in several aspects:

e First, this model considers the midfoot as an individual segment allowing the measurement
of following motions with respect to the midfoot: Hindfoot supination-pronation, hindfoot
internal-external rotation, and forefoot supination pronation. Ankle and subtalar joint
motions are defined as the motion of the midfoot with respect to the lower leg. Hence, the
ankle joint dorsiflexion and subtalar joint inversion-eversion can be measured as well.

e In addition, this model divides the forefoot into medial and lateral segments. As a result,
the relative motion of metatarsal bones can be measured.

e Finally, this model uses triad cluster markers and a wand for digitizing landmarks that
allow having fewer holes in the shoe in sampling data with shoes on. Also, data collected

from the heel segment will be more accurate.
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The multi-segment foot model used for this study was adopted from the model presented by Jenkyn
and Nicol. Since hallux dorsiflexion is a clinically important motion to be measured, the hallux
segment was added to this model.

1.5.1 MSFM used for this study

The foot was subdivided into five segments: the hindfoot (calcaneus), midfoot (tarsals: cuneiforms
I-111, navicular, and cuboid), medial forefoot (metatarsals | and I1), lateral forefoot (metatarsals

I11-V), and hallux (first metatarsophalangeal joint).

The lower leg was also defined as a segment. The talus was not tracked directly, but the motions
of the ankle and subtalar joints could be entirely determined by tracking lower leg and midfoot

segments. Figure 1-9 shows the configuration and placement of markers on the foot and lower leg.

Fig. 1-9: The marker set for Jenkyn and Nicole’s model. Configuration and placement of markers on the foot and
lower leg. Adapted from (Jenkyn & Anas, 2008).
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1.6 Method of Grood and Suntay (Grood & Suntay, 1983)
Anatomical joint motions include three dimensional movements described by 6 degrees of freedom
(6 DOF). Three movements are rotations and three are translations (Routh, 2015). For measuring
the relative motions of foot segments only angular positions and the corresponding rotational
motions are needed. In 1983, Grood and Suntay presented a method for quantifying the relative
motions of two rigid bodies. The superiority of using this method over measuring Euler angles is
that joint motions are independent of the order in which the rigid bodies translations and rotations
occur. Hence, specifying the order of the rotation is not required (Grood & Suntay, 1983).
In this method, the first step is to apply a coordinate system to each rigid body. For defining a
coordinate system for the segment, we need to identify at least three points on the segment. Then
the coordinate system can be created by the following steps:
1. Creating two vectors and their affiliated unit vectors using three points defined on the
segment. In this study, we call these two vectors v and 2.
2. Creating a perpendicular unit vector to the first two vectors by taking the cross product of
them. In this study, we call this vector .
3. Taking a cross product of vx and v, and create another unit vector which is called v; in
this study. Now, an orthogonal coordinate system can be created using x, vy (v2) and ..
After creating an anatomical coordinate system for each segment, rotational motions of the
segments can be calculated. Rotational movements in three dimensions can be described by three
independent angles (o, B, and y) (Whittaker & McCrae, 1988). Hence, three nonorthogonal
rotational axes should be identified about which correlated rotational motions occur. The unit
vectors of these three axes are called “e1, ez, and “es. Two of the axes ("e1 in segment A and “es in

segment B) are body fixed axes placed in the two segments whose relative motion is to be
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measured. Then, a floating axis must be created by crossing two fixed body axes. The third axis,
F, is the common perpendicular to the "e1 and "es. Two of the rotational motions (o and y) can be
described by the spin of each body about its body-fixed axis while the other body remains
immobilized. These rotations can be calculated by measuring the angle between the floating axis
and a reference line placed in each segment. The third rotational motion (B) is described as the
rotation about the floating axis and can be calculated by measuring the angle between the two
segment-fixed axes (Grood & Suntay, 1983).

Figure 1-10 represents two segments and their body fixed axes. The floating axis created by taking

cross product of the segment fixed axes.

/ F’ '
el 4 i F
Segment A 1 1

Fig. 1-10: Two segments and their body fixed axes. Segment A and segment B with their body fixed unit axes
(el and "e3). F is the common perpendicular axis to "e1 and e3. a and y are the spin of each body about its body
fixed axis while the other body remains stationary and 3 is the rotation about the floating axis. Adapted from (Grood
and Suntay, 1983).

1.7 Rational: limitation of previous studies
The rationale of this study was based on the study that has been accomplished in the Wolf

Orthopedic and Biomechanics Laboratory. A multi-segment kinematic model of the foot and ankle
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complex was developed by Jenkyn and Nicole in 2007, for use in a gait analysis during normal
walking. This model is proposed to measure gait kinematics using an optical motion-capture
system with digital cameras. This method has many benefits, such as being able to measure
subtalar joint motion and hindfoot and forefoot supination-pronation with respect to midfoot. Also,
this model allows us to measure the relative motion of metatarsal bones. This method is non-
invasive and uses triad cluster markers and a wand for digitizing landmarks on the segments. Using
triad cluster markers allows us to use fewer reflective markers for the data collection and as a
result, having fewer holes on the shoe for collecting data with shoes on. On the downside, in the
study of Jenkyn and Nicole, intersegmental joint motions were measured using a custom-written
software (MATLAB, The Mathworks, Natick, MA). As explained in section 1.6, measuring
intersegmental joint motions requires extensive mathematical calculations and using MATLAB
for these calculations limits the clinical usefulness of the multi-segment foot model. Therefore,
Implementation of Jenkyn and Nicole’s model into a clinically user-friendly software is required.
Hence, in the current study we decided to use Vicon ProCalc (Vicon, Oxford Metrics Ltd., Oxford,
UK) software. ProCalc is a software that makes it easy to develop, implement, and run
biomechanical models. Furthermore, variables, events, and parameters can easily be created in this
software as well. Before running data through Vicon ProCalc software, post-processing data such
as reconstruction and labeling marker trajectories as well as filling gaps and filtering data was done

in Vicon Nexus software. In the next part, Vicon Nexus and Vicon ProCalc will be explained.

1.8 Anatomical and technical coordinate systems
There are two types of the coordinate systems for a body segment: the anatomical coordinate
system and technical coordinate system. An anatomical coordinate system is determined during

the static calibration with digitizing three bony landmarks on the segment. A technical coordinate
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system is determined during a dynamic motion tracking (the motion tracking test in which walking
was performed) with technical markers located at optimal sites (Saraswat et al., 2014). Using
anatomical and technical coordinate systems, a virtual marker can be created in a static calibration
trial using digitized landmarks and can be reconstructed in a dynamic trial. Using anatomical and
technical coordinate systems for reconstructing bony landmarks will be more explained in chapter
2.

1.9 Vicon systems

1.9.1 Vicon Nexus

The Vicon Nexus application makes it easy to connect to the Vicon 3D motion capture systems
and control, collect and process data from video cameras. Video cameras collect data as movement
trials using Vicon Nexus application, and then trials can be processed through this application as
well. Vicon Nexus allows us to reconstruct and label marker trajectories and create a labeling
skeleton and marker-set for each subject. This is the first step of processing data. In a trial, there
may be frames with gaps in trajectories due to some markers that could not be reconstructed (Fig.
1-11) (Vicon Nexus user guide, 2010). Vicon Nexus enables to fill the gaps as well as filter noises
in a movement trial. After processing, data transferred to the Vicon ProCalc application for

measuring intersegmental joint motions.
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Fig. 1-11: The gaps of a trial. Red lines show the gaps in trajectories of a marker in a trial in Vicon Nexus
software.

1.9.2 Vicon ProCalc

ProCalc is a software application that makes it easy to develop, implement, test, and run
biomechanical models. In this application, we can create vectors based on digitized landmarks and
then create coordinate systems for the segments. ProCalc allows calculating kinematics such as
the relative motion of segments by measuring the angle between vectors or Euler angles. In
addition, variables, parameters, and events can be created in this application (Vicon ProCalc user
guide, 2018). In chapter 2, all steps for creating the multi-segment foot model that we used in this

study will be explained.
1.9.3 Oxford foot model (OFM)

In presenting a method to measure inter-segmental joint motions, it is important to validate the

method with a gold-standard. The most used multi-segment foot model in literature for validation
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is the Oxford foot model (OFM). The oxford foot model divides the foot and ankle complex into
hindfoot, forefoot, and hallux to measure inter-segmental joint motions (Carson et al., 2001). This
model has been used to measure kinematics for the normal and pathological gait of children
(Alonso-Vazquez et al., 2009; Mindler et al., 2014; Hosl et al., 2014) and adults. The markers for
the Oxford foot model are attached in addition to the standard lower-body markers (Helen Hayes
lower body marker-set). The Oxford foot model marker-set for the right foot and leg and the

description and position of the markers will be explained in chapter 2.

1.10 Objective and hypothesis

The main objective of this study was to implement the MSFM presented by Jenkyn and Nicole
(2007), in Vicon Procalc software which is a clinical setting to be able to measure inter-segmental
joint motions. In order to reach the main objective, the following steps were done during research
study:

1. Comparing the results of this study which were intersegmental joint motions of the foot
and ankle measured by the Vicon ProCalc software with the previous study on this model
(Jenkyn & Nicole, 2007) which used MATLAB for measuring relative motions of the
segments within the foot.

2. Validating this method with the output motions measured using Oxford foot model. Since
OFM does not consider midfoot as an individual segment, we compared the motion of the
forefoot with respect to the midfoot in our study with the forefoot motion with respect to
the hindfoot measured by the Oxford foot model. Also, the subtalar joint motion in our
study was compared with the motion of the hindfoot with respect to the lower leg measured

by OFM (hindfoot-tibia motion).
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It was hypothesized that:

1. The use of Vicon ProCalc software would be faster, easier, and more clinical user-friendly
than using MATLAB for measuring inter-segmental joint motions.

2. The multi-segment foot model used for this study can be built in Vicon ProCalc application.
Gait cycle events will be defined accurately using Vicon ProCal application and the results
for the inter-segmental joint motions will be accurate.

3. Comparing results to the previous study on this model, and to the Oxford foot model, graph
trends will be similar and the difference between angles will be less than 5°.

1.11 Thesis overview

Chapter 2 describes the methodology of this study, subjects’ demographic, data collection, and
data processing procedures. Chapter 3 validates the use of Vicon ProCalc software for measuring
inter-segmental joint motions by comparing the results of Vicon ProCalc output angles with the
results of the Jenkyn and Anas (2008) study and with the Oxford foot model output angles. Chapter
4 summarizes the conclusions obtained from this study and discusses its significance for future

research.
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2. CHAPTER 2- METHODOLOGY

2.1 Experimental equipment

All kinematic data collection was done at the SoleSience Clinic in London, Ontario, Canada. Prior
to each subject participating in this study, subjects filled a demographic form and then their Arch
Hight Index (AHI) was measured in weight-bearing. For measuring the AHI, we measured the
length of the heel to toe (HT), heel to the ball of the foot or first metatarsal head (HB), and dorsum
height (DH) which was taken at %2 the HT measurement for each subject with an arch height index
measurement device (AHIMS). The AHI was calculated for each subject by dividing the DH
measurement by the HB measurement. This method was first developed by Williams and McClay
in 2000 (Fig. 2-1). The AHI measurement was done for both dominant and non-dominant feet for
each subject. Table 2-1 shows patient demographics and the AHI for both dominant and non-
dominant feet measured in 90% weight bearing for each subject.

Eleven participants took part in this study in three groups of high arch, normal arch and, flat foot.
Participants were eight females (with an average age of 31 years old and an average weight of 63
kg) and three males (with an average age of 27 years old and an average weight of 81 kg).
Participants were recruited from SoleScience clinic staff and friends. Participants did not have any

musculoskeletal abnormalities.

Fig. 2-1. The arch height index measurement. Schematic of the anatomical landmarks used to measure the arch
height index. Adapted from (Williams & McClay, 2000).
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Patient | Age | Gender | Weight | Height | Dominant foot | AHI Classification (WB)
L R

1 25 | M 73 180 R Pes-Planus | Neutral

2 28 | F 50 157 R Pes-Planus | Pes-Planus
3 37 F 54.5 157 R Pes-Cavus | Pes-Cavus

4 28 | F 75 173 R Pes-Planus | Pes-Planus
5 26 | F 58 170 L Neutral Neutral

6 40 | F 67 153 R Neutral Neutral

7 28 | M 90 177 R Neutral Pes-Cavus

8 28 | M 81 172 R Neutral Neutral

9 34 | F 57 164 R Pes-Planus | Pes-Planus
10 26 | F 73 176 R Neutral Neutral

11 30 |F 70 170 R Neutral Pes-Planus

Table 2-1: Patient demographics table. Patient demographics and AHI index measured for the left and right feet
with 90% weight bearing for each subject.

2.2 Motion analysis equipment

The data collection room at SoleScience clinic was equipped with 8 real-time 3D optical motion
capture cameras (Vicon, Oxford Metrics, UK) at a sampling rate of 50 Hz and a motorized
treadmill that allows participants to perform walking tests. The origin of the reference frame was

established as the center of the treadmill belt during the calibration process using a wand.
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2.3 Calibration

Before starting the data collection process, Vicon motion capture cameras have to be connected to
a Vicon Nexus application and then, Vicon motion capture system needs to be calibrated. Before
calibration, all markers and the source of any unwanted reflections should be removed from the
data collection room.

The first step for calibrating the system is to mask cameras. Masking enables cameras to ignore
the reflection of the reflective objects other than markers that cannot be removed. Masking cameras
enhances reconstruction quality and calibration robustness.

The second step is to calibrate the digital video cameras. Calibrating cameras means specifying
capturing volume to the Nexus system and enables it to produce more accurate 3D data. This
process needs an active wand to be waved throughout the area that we want to capture 3D data.
By clicking start, system starts to capture wand wave data and the stop button appears while the
camera registers valid frames where the whole wand is visible.

The last step of calibration is to set the volume origin. By setting the volume origin (global
coordinate system), the center of the capture volume and the orientation (X, y, and z axes) can be
specified. This process can be done by placing a calibration wand flat on the floor at the center of

the treadmill belt and clicking set origin button.

2.4 Data collection

2.4.1 Data collection sections

This study includes a two-part data collection. In the first part, data were collected using the MSFM
presented by Jenkyn and Nicole marker set. In the second part, we collected data using Oxford
foot model marker set from the same subject in order to be able to validate our study with the

Oxford foot model.
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2.4.2 Data collection using our model

2.4.2.1 Preparing participants for collecting data
The first step for preparing participants for data collection is to place cluster markers and single
markers on the skin of the subjects using the MSFM marker set that we used for our study. In this
market set, two cluster markers were placed on the lower leg and on each of the hindfoot and
midfoot, one cluster marker was placed. Two single markers were placed on the medial forefoot
on the first metatarsal head and base. Likewise, two single markers were placed on the base and
head of the fifth metatarsal on the lateral forefoot (fig 2-2.A and 2-2.B). Data were only captured
from right foot and leg. Table 2-2 shows the cluster and the single markers configuration and their

locations on each segment.

Fig. 2-2: Jenkyn and Nicole’s model marker set. A) Frontal view and B) lateral view of the MSFM marker-set
configuration used for this study.
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2.4.2.2 Digitizing landmarks
Based on the method of Grood and Suntay which was explained in chapter 1, in order to create an
anatomical coordinate system on each segment, three bony landmarks are needed on each segment.
In this study, we digitized three bony landmarks on each segment using a wand with three
reflective markers on it and three vectors on each segment were created using the corresponded
landmarks on each segment. (Fig. 2-3). Table 2-2 shows the location and specification of the bony
landmarks and vectors on each segment . For digitizing each bony landmark, the wand was held
against the position of each bony landmark in quiet standing and a static trial was captured for
each digitized landmark for a duration of few seconds (Fig. 2-4). In the data processing section,
the process of creating a virtual marker in the location of each bony landmark using Vicon ProCalc

is explained.

LFH

Medial 3
forefoot = |

Hindfoot

CAMT

Fig. 2-3: Segments of the right lower leg and foot. Three bony landmarks defined on each segment for
constructing the segment-fixed axis systems. Adapted from (Jenkyn et al., 2009).
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Fig. 2-4: Digitizing landmarks. Holding a wand against the position of a bony landmark for digitizing a landmark.

LLM: lateral malleolus (most lateral point) V1=LLM-LFH
Lower leg Anterior tibial crest LFH: fibular head (most lateral point) V2= LMM-LLM

LMM: medial malleolus (most medial point) O=LLM

CAER: eminentia retrotrochlearis (greatest lateral elevation) V1= CAER-CALT
Hindfoot Lateral to achilles tendon CALT: lateral tuberosity (lateral to achilles tendon attachment) V2= CAMT-CALT

CAMT: medial tuberosity (medial to achilles tendon attachment) 0 =CALT

MCI: first cuneiform (distal dorsal crest) D1=MCI-MNT

MNT: navicular tuberosity (most medial point) 2= MNT-MCu
Midfoot Dorsal to navicular tuberosity

MCU: cuboid (lateral dorsal edge at joint with calcaneus) O =MNT

STH: talar head (most dorsal point at joint with navicular)
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Single markers attached to the

MIH: first metatarsal head (most dorsal point)

V1= MIH-MIB

Medial forefoot . V2= MIB-MVB
position of the fandmarks MIB: first metatarsal base (most dorsal point)
0 =MIB
V1= MVH-MVB
Single markers attached to the MVH: fifth metatarsal head (most dorsal point)
Lateral forefoot . V2= MIB-MVB
position of the landmarks MVB: fifth metatarsal base (most dorsal point)
0=MVB
LMM: defined on the lower leg segment V1= STH-LMM
Ankle JCS LLM: defined on the lower leg segment V2= LMM-LLM
STH: defined on the midfoot segment 0=1/2 (LMM-LLM)
LMM: defined on the lower leg segment V1=LLM-LMM
LLM: defined on the lower leg segment V2=STH-CALT
Subtalar JCS
STH: defined on the midfoot segment 0=STH
CALT: defined on the hindfoot segment
HX: hallux V1= HX-MIH
A single marker attached to the . i .
Hallux JCS . MIH: defined on the medial forefoot segment v2 = MIH-MVH
position of the landmark
MVH: defined on the lateral forefoot segment 0 =HX

Table 2-2: The landmarks and axes of each segment. The location and specification of reflective markers, bony

landmarks, and defining vectors for each segment.
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2.4.2.3 Capturing dynamic trials
After digitizing landmarks, participants walked on the treadmill at their self-selected speed and
performed a normal walking gait and three dynamic trials that each had a duration of one minute,
were captured from each participant’s walking. After capturing dynamic trials, cluster and single

markers were removed from the skin of the participants to start the next part of the data collection.
2.4.3 Data collection using Oxford foot model

2.4.3.1 Preparing participant for collection data
For this part, we used only single reflective markers for data collection. We used the
OxforFootModel_Right marker-set and the attached markers to the participants. After placing all
markers, three static trials were captured in quiet standing. Since Vicon Nexus needs some
measurements from subjects for calculating kinematics of motion with the Oxford foot model, we
asked participants their weight and height and measured their left and right leg length, knee width,
and ankle width and imported the measurements to the Vicon Nexus application. Figure 2-5 shows
the Oxford foot model marker-set for the right foot and leg and table 2-3 shows the description

and the position of the markers.
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RMIMA

RPCA
RHLX RCPG
.
. RSTL
RHEE RLCA
RD1M RP 1M RSTL
C

Fig. 2-5: The Oxford foot model marker set. A) Lateral view of the foot markers. B) Lateral and frontal view of
the lower leg and ankle markers. C) Lateral and dorsal view of the foot markers. Markers pointed on with the red

arrows are only for static trials and the markers with blue arrows are for both static and dynamic trials. Adapted

from (Vicon Motion Systems, 2012).
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Marker | Description-Position
RKNE Standard lateral knee

RHFB Lateral head of fibula

RTUB Tibial tuberosity

RTIB Tibial marker

RSHNK Anterior aspect of the shin
RANK Ankle

RMMA Medial Malleoli

RSTL Sustaniculum Tali

RPCA Posterior calcaneus proximal
RHEE Heel

RCPG Posterior end of the calcaneus
RLCA Lateral calcaneus

RP5M 5" metatarsal, proximal lateral
RD5M 5 metatarsal, distal lateral
RTOE Toe

RD1M 15t metatarsal, distal medial
RP1M 15! metatarsal, proximal dorsal
RHLX Hallux

Table 2-3: The Oxford foot model marker set. Description and the position of the markers on the right lower leg

and foot for the Oxford foot model. Markers prefixed with R indicates right side. Adapted from (Vicon Motion

Systems, 2012).
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2.4.3.2 Capturing dynamic trials
After capturing static trials, participants walked on the treadmill with the same speed that they

walked in the previous part and three dynamic trials were captured in a total period of three minutes
walking.
2.5 Data processing

2.5.1 Processing data using Vicon Nexus application

The first step for processing data is to reconstruct and label marker trajectories. For labeling
markers, a labeling skeleton need to be created by specifying the name of each marker. Figure 2-

6 shows the labeling skeleton for the MSFM used for this study.

v B Markers
RLL1
RLLZ
RLL3
RLL4
RLLS
RLLE
R HF1
R HF2
R HF3
R MF1
R MF2
R MF3
MIB
MIH
MVE
MVH
HX1

Fig. 2-6: Labeling skeleton. Labeling all markers and creating the marker-set for the MSFM used for this study.

After creating the labeling skeleton, the static and dynamic trials for each subject are needed to be
uploaded and each trial was processed individually. After uploading the trials, all markers were

labeled using the labelling skeleton we created before. In a trial, there might be some missing
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information caused by occlusion or detachment of markers. Vicon Nexus facilitates filling these
gaps using different methods such as spline fill, pattern fill, rigid body fill, kinematic fill, and
cyclic fill. In this study, for filling gaps for marker trajectories with less than10 gaps in the whole
trial and less than 100 frames in a gap, we used cyclic fill and for trajectories with more than 10
gaps in the trial, we used kinematic fill. Also, we used fourth order Butterworth smoothing zero-

lag filter with a 6 HZ cut off frequency for removing noises from marker trajectories.

After processing static and dynamic trials for each subject, trials were uploaded into the Vicon

ProCalc application for further analyzing and measuring motions.

2.5.2 Processing data using Vicon ProCalc application

The first step for analyzing data in VVicon ProCalc application is to create virtual markers based on
the static digitization trials. In each trial, three markers of the calibration wand can be seen in
addition to the MSFM marker-set. For each bony landmark, a virtual marker can be created by
going through the corresponded static trial and using the wand orientation and dimension. The
process of creating a virtual marker for LFH bony landmark is shown in figure 2-7 as an example.
Vicon ProCalc allows creating a vector using two points in the space. As a result, a vector can be
created using the first and second markers of the wand. We called this vector the “LFH vector”.
There is an option in Vicon ProCalc to create a point in direction of a selected vector and in a given
distance from a chosen point. In this study, we chose the first marker of the wand as a base marker
and used the direction of the vector created by the first and second markers of the wand. Based on
the dimension of the wand used for this study, the distance from the base of the wand to the first
marker is 122 millimeters. Thus, we created a marker in a 122 mm distance from the first marker
of the wand, along the LFH vector. A virtual marker was created for each bony landmark using

this method.
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Fig. 2-7: Creating landmarks. The LFH bony landmark created virtually in Vicon ProCalc.

On the other hand, creating a virtual marker for each of the bony landmarks is particular for the
corresponded static trial and the virtual marker can not be seen in other static or dynamic trials. To
overcome this limitation, we need to find the transformation matrix between the virtual marker
and the technical coordinate system of the segment. Using this method, the virtual marker can be
reconstructed in other static and dynamic trials by having the technical coordinate system of the
segment and transformation matrix. ProCalc allows finding the transformation matrix between a
landmark and the correlated coordinate system and reconstruct the virtual marker in other trials by
having the technical coordinate system of the segment. Hence, the next step is to create a technical

coordinate system for each segment.

ProCalc allows the creation of a coordinate system using 3 markers on each segment. A technical

coordinate system was created using 3 cluster markers on each of the following segments: lower
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leg, hindfoot, and midfoot. For the medial and lateral forefoot segments, we used three single

markers on each segment for creating a technical coordinate system (Fig. 2-8).

Fig. 2-8: Technical coordinate systems. The midfoot technical coordinate system created in Vicon ProCalc.

After the reconstruction of bony landmarks, an anatomical coordinate system for each segment
was created using three bony landmarks on each segment with the axes oriented as follows:

17 or v, - anterior or dorsal, 2" or vy- medial on the right limb, and 3" or .- proximal along
segment long axis. To do so, two defining vectors were created using bony landmarks, v,and ..
Then, the third vector was created by crossing the first vectors as follow: vx = v1 x 2. The last
vector was created by crossing vy and w2 (vy) and as follow: v,= vy x Dy.

Table 2-2 shows three bony landmarks on each segment and the defining vectors used to create an

anatomical coordinate system on each segment.
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2.5.3 Measuring angles

After creating Anatomical coordinate systems, the relative motion of segments was measured
using the method of Grood and Suntay. The process of measuring ankle complex
dorsi/plantarflexion based on this method is explained in the next section as an example.
2.5.3.1 Ankle complex dorsi/plantarflexion

The motion of the ankle complex is the rotation of the talus with respect to the lower-leg segment
about the y-axis of the ankle joint coordinate system (Jenkyn et al., 2009). Based on the Grood and
Suntay method, first we need to find a common floating axis between the Ankle complex and the
lower-leg segments. The floating axis was created by taking the cross product of the x-axis of the
Ankle joint coordinate system and y-axis of the lower-leg segment (Fig. 2-9. A). For measuring
the ankle joint dorsi/plantarflexion, the angle between the floating axis of the ankle joint and lower-
leg segment and the z-axis of the lower-leg segment should be calculated. ProCalc provides several
options to calculate angles and one of them is to measure the angle between two vectors. The angle
between the common vector created for the ankle joint and the lower-leg segment and the z-axis
of the lower-leg segment was measured in order to define the ankle joint dorsi/plantarflexion (Fig.

2-10).
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A

B

Fig. 2-9: Creating axes and coordinate systems in Vicon ProCalc. A) Ankle JCS and Lower leg common floating

axis created in Vicon ProCalc and B) Ankle joint coordinate system.

J/
Ankle joint Dorsiflexi’

i
Fidli

T T
4000 5000

T
6000

7000

Fig. 2-10: Measuring motion in Vicon ProCalc. Ankle JCS dorsi/plantarflexion calculated in Vicon ProCalc over

a dynamic trial.
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Table 2-4 shows the process of creating floating axis and measuring angles for other motions

within the foot and ankle.

Motion Angle between Floating axis
Ankle JCS Ankle and Lower leg floating Cross product of:
Dorsi/Plantarflexion axis- Lower leg v; Ankle vxand Lower leg v,
. _Forefoot . A vector from MVH to MIH-
Supination/Pronation wrt i
. Midfoot vy
midfoot -

Hindfoot internal rotation wrt

Hindfoot and midfoot floating

Cross product of:

midfoot axis- Hindfoot vy Hindfoot vy and Midfoot v,
 alluecels Hindfoot and midfoot floating Cross product of:
supination/pronation wrt S
midooft axis- Midfoot vy Hindfoot vy and Midfoot v,

Hallux dorsiflexion

Hallux and medial forefoot
floating axis- Medial forefoot
Vx

Cross product of:

Hallux vx and Medial
forefoot vy

Subtalar JCS
inversion/eversion

Midfoot and subtalar JCS
floating axis- Subtalar JCS vy

Cross product of:

Midfoot v« and Subtalar
JCS vy

Relative motion of the medial
and lateral forefoot segments

Medial forefoot v- lateral
forefoot v;

Table 2-4: The relative motions of the foot and ankle segments. For each motion, the process of creating the
floating axis between corresponded two segments as well as the vectors articulating with the motion is described.
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2.5.4 The rise and fall of the Medial Longitudinal Arch

The rise and fall of the medial longitudinal arch were calculated as the ratio of the arch height to
length. The arch length was the magnitude of the vector from the CAMT landmark (medial
posterior aspect of the hindfoot) to the MIH landmark (first metatarsal head). Arch height was the
magnitude of the vector from MNT landmark (navicular tuberosity) perpendicular to the arch
length (Fig. 2-11. A). The arch height and length vectors were created in ProCacl application and

the ratio was calculated by dividing the magnitude of the arch height by the length (Fig. 2-11. B).

Fig. 2-11: The medial longitudinal arch vectors created in Vicon ProCalc. A) Height and B) Length of the
medial longitudinal arch created in Vicon ProCalc.

2.5.5 Defining events

Events identify time points in a trial where something important such as heel-strike or toe-off

occurs (Vicon ProCalc user guide, 2018). Vicon Nexus application defines gait events for the
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Oxford foot model automatically. Since we used a custom foot model in this study, events were

created manually using the Vicon ProCalc application.

In this study, a gait cycle starts with the heel-strike of the right foot and ends with the next heel-
strike. Two important gait cycle events were defined using Vicon ProCalc application, heel-strike

and toe-off.

For defining heel-strike or toe-off, we need to create a variable that changes its value cyclically
during a trial. We can generate the event when the variable attains its maximum or minimum value
in each cycle. However, we must find events that can uniquely identify each cycle before defining

the heel-strike or toe-off. These events are called “cyclic events”.

In this study, in order to define cyclic events, we created a plane parallel to the sagittal plane which

passes through the MNT landmark on the midfoot segment of the foot (Fig. 2-12).

Fig. 2-12: Creating a plane for the cyclic event in Vicon ProCalc. A parallel plane to the sagittal plane which
passes through the MNT landmark created in Vicon ProCalc for defining cyclic events.
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Afterward, we created a vector that connects the hallux landmark to its projection on the plane
(Fig. 2-13). The first cyclic event was defined when the value of the vector is equal to zero and it
goes down. Likewise, the second cyclic event was created when the value of the vector is equal to
zero and it goes up. Next, the time that foot goes from the first cyclic event to the second cyclic

event was identified as a cycle.

Fig. 2-13: Creating a vector for the cyclic event in Vicon ProCalc. Projection of the hallux on the plane created
for defining cyclic events in Vicon ProCalc.

For the heel-strike event, a vector was created that connects the CAMT landmark of the heel to its
projection on the floor plane and the vector was called the “heel-strike vector” (Fig. 2-14). The
heel-strike event was generated when the heel-strike vector attains its minimum value between the

first and second cyclic events.
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Fig. 2-14: Creating the heel-strike vector. The heel-strike vector created in Vicon ProCalc for defining the heel-
strike event.

Similarly, for the toe-off event, a vector was generated that connects the hallux landmark to its
projection on the floor plane and it was called “toe-off vector”. The toe-off event was defined

when the y-axis of the toe-off vector reaches its minimum value in each cycle (fig. 2-15).

Toe off line

Fig. 2-15: Creating the toe-off vector. The Toe-off vector created in Vicon ProCalc for defining the toe-off event.
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2.5.6 Exporting files

After measuring angles and defining events, trials need to be exported for further analysis. First,
all trials were exported from Vicon ProClac application to Vicon Nexus application. Then, all
angles and events were exported from Vicon Nexus application to excel files. Later, the excel files

were used to calculate the average of the cycles and the results of the subjects using MATLAB.

2.5.7 Calculating the average

In order to attain more reliable measurements, we calculated the average of 10 gait cycles for each
motion within the foot using custom-written codes in MATLAB. For each participant, three static
standing trials were used to calculate the average of motions in quiet standing trials and a dynamic
trial with 10 cycles used to measure the motions in the dynamic trial. In order to calculate the final
result of each motion in a complete gait cycle, the average of the motion in 3 static trials was
measured and reduced from the average of 10 dynamic cycles of the motion. However, for the
medial longitudinal arch, the average of the height to length ratio in 10 dynamic cycles was divided

by the average of the ratio in 3 static trials.

MATLAB codes for calculating the average of motions are attached to the appendix 7.1.

The average of each motion for 11 participants was calculated. the graphs of averaged overall
subjects for each motion with one positive and one negative standard deviation will be presented

in the next chapter.
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3. CHAPTER 3-RESULTS

3.1 Joint motions measured using Vicon ProCalc

A total of eleven subjects successfully completed the testing session and the seven-segment foot
model (lower leg, hindfoot, midfoot, forefoot, hallux, ankle JCS, and subtalar JCS) was
successfully tracked for all subjects. Eight motions of the foot and ankle joint structures were
reported for all eleven subjects: Ankle joint dorsi/plantarflexion (talus with respect to the lower
leg), subtalar joint inversion/eversion (midfoot with respect to the talus), hindfoot segment
supination/pronation and internal/external rotation (with respect to the midfoot), forefoot segment
supination/pronation (with respect to the midfoot), hallux dorsiflexion (the motion of the first
metatarsophalangeal joint), the rise and fall of the medial longitudinal arch, and the relative motion

of the medial and lateral forefoot.

In this chapter, the eight joint motions measured with the multi-segment foot model developed by
Jenkyn and Nicole are presented. Since the hallux dorsiflexion and the relative motion of the
medial and the lateral forefoot were not measured in the study of Jenkyn and Anas (2008), only
six of the motions were compared with the motions measured in the Jenkyn and Anas study
(Thomas R. Jenkyn et al., 2009). By comparing the results of these two studies, the use of Vicon
ProCalc for measuring joint motions will be validated with the use of MATLAB for measuring
inter-segmental joint motions. Also, the joint motions measured using Oxford foot model are

presented and compared with the Vicon ProCalc output angles.

Each joint motion is presented with two figures: The first figure for each motion shows all the

individual curves for eleven subjects and the second graph presents the average over all subjects
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(blue line) with one positive (green line) and one negative (red line) standard deviation. Each graph

is scaled to 100% of a gait cycle with O at heel-strike and 100 at the next cycle heel-strike.

3.1.1 Ankle JCS dorsi/plantarflexion

Figure 3-1 shows the ankle JCS dorsi/plantarflexion normalized to zero for individual subjects and
figure 3-2 represents the motion average over all subjects with one positive and one negative
standard deviation. The minimum amount, maximum amount, and the range of the averaged over
all subjects ankle dorsi/plantarflexion were -7.0, 8.1, and 15.1 degrees respectively (table 3-1). At
heel-strike, the figures show a plantarflexed position of the ankle (-6.3+3.4 degrees) and when
approaching foot-flat, the position of the ankle approached -4.6+£3.7 degrees. Then the ankle

underwent gradual dorsiflexion until toe-off at 62% of the gait cycle (1.5£7.2 degrees).
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Fig. 3-1: The ankle joint dorsi/plantarflexion for individual subjects. The ankle JCS dorsi/plantarflexion in a

walking gait cycle for individual subjects measured using Vicon ProCalc. 0% indicates the heel-strike and 62%

indicates the toe-off. Next cycle heel-strike occurs at 100%.
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Fig. 3-2: The averaged overall subjects ankle dorsi/plantarflexion. The averaged over all eleven subjects ankle
JCS dorsi/plantarflexion (blue) with one positive (green) and one negative (red) standard deviation in a walking gait
cycle. Toe-off occurs at 62% of the gait cycle.

3.1.2 Subtalar JCS inversion/eversion

Figure 3-3 shows the subtalar JCS inversion/eversion normalized to zero for all subjects and figure
3-4 indicates the motion averaged over all subjects with one positive and one negative standard
deviation. The mean of the motion over all subjects had a maximum amount of 6.6 degrees and a
minimum amount of -1.7 degrees with a range of 8.3 degrees (table 3-1). At heel-strike, the subtalar
joint began at an inverted position (1.4+3.0 degrees) and moved into eversion until the foot-flat (-
1.2+2.5 degrees), then reached the greater eversion at mid-stance (-1.7+3.0 degrees). Next,
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gradually inversion occurred at the joint until it reached the maximum amount at toe-off (6.5+4.0

degrees). Finally, from the toe-off, the subtalar joint underwent an eversion until the next gait

cycle.
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Fig. 3-3: The subtalar joint inversion/eversion for individual subjects. The subtalar joint inversion/eversion
motion normalized to zero in a walking gait cycle for all eleven subjects.
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Fig. 3-4: The averaged over all subjects subtalar joint inversion/eversion. The averaged over all subjects (blue)
with a positive (green) and negative (red) standard deviation for the subtalar joint inversion/eversion in a complete
gait cycle.

3.1.3 Hindfoot supination/pronation with respect to the midfoot

Figure 3-5 shows normalized to zero hindfoot segment supination/pronation with respect to the
midfoot for all eleven subjects and figure 3-6 indicates the averaged over all motion in a walking
gait cycle with the maximum amount of 2.4 degrees, the minimum amount of -3.5 degrees, and
the range of 5.9 degrees (table 3-1). Based on figure 3-6, it can be perceived that the hindfoot
began at slight pronation at heel-strike with -1.0+2.3 degrees and reached to -3.4+5.5 degrees at

mid-stance. From mid-stance until the toe-off, the hindfoot underwent gradual supination and it
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reached 1.6+3.5 degrees at toe-off. Then, from 80% of the gait cycle up to the end, the hindfoot

had slight pronation.
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Fig. 3-5: The hindfoot supination/pronation with respect to the midfoot for all subjects. The normalized to zero
hindfoot supination/pronation with respect to the midfoot segment in a walking gait cycle for all eleven subjects.

49



20 T T T T
TO
15 .
Supination
10 [ .
)
o
I I
()]
S
()
> 0
c
<
5 =
10 - .
Pronation
_15 | 1 1 1
0 20 40 60 80 100

Percent gait cycle

Fig. 3-6: The average supination/pronation of the hindfoot with respect to the midfoot. The averaged over all
subjects (blue) hindfoot segment supination/pronation with respect to the midfoot with one positive (green) and one
negative (red) standard deviation in a walking gait cycle.

3.1.4 Hindfoot internal/external rotation with respect to the midfoot

Figure 3-7 shows the hindfoot segment motion in the transverse plane with respect to the midfoot
for all subjects in a walking gait cycle and figure 3-8 shows the averaged over all subjects motion
with the maximum amount of 2.4 degrees and the minimum amount of -1.8 degrees. The range of
motion was 4.2 degrees (table 3-1). the hindfoot began at a neutral position (-0.04+4.2 degrees) at

the heel-strike, and when approaching the mid-stance, the position of the hindfoot reached 2.3+3.2
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degrees. Then, gradually underwent an external rotation until it reached -1.4+2.0 degrees at the

toe-off. Finally, the hindfoot had slight internal rotation up to the next gait cycle.
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Fig. 3-7: The internal/external rotation of the hindfoot with respect to the midfoot for all subjects. The
normalized to zero hindfoot segment internal/external rotation with respect to the midfoot for all subjects
participated in the study.
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Fig. 3-8: The mean hindfoot internal/external rotation with respect to the midfoot. The averaged over all
subjects hindfoot segment motion in the transverse plane with respect to the midfoot (blue) with one positive (green)
and one negative (red) standard deviation.

3.1.5 Forefoot supination/pronation with respect to the midfoot

Figures 3-9 and 3-10 show the forefoot segment motion in the frontal plane with respect to the
midfoot for all eleven subjects participated, and the averaged over all subjects motion in a complete
gait cycle respectively. It can be noticed from the figures that the range of motion for the forefoot
supination/pronation was 3.3 degrees with the maximum and minimum amounts of 2.3 degrees

and -1.0 degrees respectively (table 3-1). The forefoot began at a neutral position (-0.2+1.4
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degrees) at the heel-strike followed by slight pronation until it reached the mid-stance with -
1.0+1.8 degrees. From the mid-stance up to the toe-off, the forefoot had supination and it attained
its maximum amount (2.3+2.8 degrees) at the toe-off. Finally, from the toe-off until the next gait

cycle, the forefoot had slight pronation and it reached the neutral position again at the end of the

cycle.
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Fig. 3-9. The forefoot supination/pronation for all subjects. Normalized to zero forefoot supination/pronation
with respect to the midfoot segment for all eleven subjects participated.
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Fig 3-10: The mean forefoot supination/pronation over all subjects. The averaged over all subjects (blue)
forefoot segment supination/pronation with respect to the midfoot with one positive (green) and one negative (red)
standard deviation.

3.1.6 Hallux dorsiflexion

Figure 3-11 shows the normalized to zero hallux dorsiflexion in a walking gait cycle for all eleven
subjects and figure 3-12 represents the averaged over all subjects motion. The maximum amount,
the minimum amount, and the range of motion for the hallux dorsiflexion were 16.3, 0.5, and 15.8
degrees respectively (table 3-1). The hallux began at a dorsiflexed position (2.6£6.1 degrees) at
the heel-strike and reached to a neutral position (0.9+2.6 degrees) at foot-flat. From the foot-flat

until the toe-off, the hallux had a dorsiflexion until it reached close to its maximum amount at toe-
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off (16.2+9.1 degrees). Finally, from toe-off up to the next gait cycle, hallux had a plantarflexion

and it reached 3.0 £ 6.3 degrees at the end of the cycle.
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Fig. 3-11: The hallux dorsiflexion for all individual subjects. The normalized to zero hallux dorsiflexion curves
plotted for all eleven subjects in a walking gait cycle.
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Fig. 3-12: The mean hallux dorsiflexion over all subjects. The averaged over all subjects (blue) hallux
dorsiflexion with one positive (green) and one negative (red) standard deviation in a walking gait cycle.

3.1.7 Rise and fall of the medial longitudinal arch

Figure 3-13 indicates the normalized to 1 height to length ratio of the medial longitudinal arch for
all eleven subjects and figure 3-14 shows the averaged over all motion with one positive and one
negative standard deviation. The range of motion of the medial longitudinal arch was 0.27 with
the minimum and maximum amounts of 0.95 and 1.22 respectively (table 3-1). The height to
length ration of the MLA is unitless. At the beginning of the gait cycle, the height to length ratio

of the arch was 1.0+£0.07 and while reaching the mid-stance, the arch dropped until it reached the
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minimum amount at mid-stance (0.9£0.05). From the mid-stance until the toe-off, the arch raised

and the ratio reached the 1.2+0.1 at the toe-off. Then from the toe-off, the arch dropped until its

next cycle heel-strike.
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Fig. 3-13: The medial longitudinal arch motion for all subjects. The normalized to 1 height to length ratio of
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medial longitudinal arch plotted for all eleven subjects in a walking gait cycle.
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Fig. 3-14: The mean medial longitudinal arch motion over all subjects. The normalized to zero averaged over all
subjects height to length ratio of the medial longitudinal arch (blue) with one positive (green) and one negative (red)

standard deviation in a walking gait cycle.
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3.1.8 Relative motion of the medial and lateral forefoot segments

Figures 3-15 shows the motion of the medial forefoot with respect to the lateral forefoot in the
sagittal plane for all subjects individually and figure 3-16 represents the averaged over all subjects
motion with one positive and one negative standard deviation. The range of motion for the relative
motion of the medial and lateral forefoot was 4.1 degrees with the minimum and the maximum
amount of 2.1 and 6.2 degrees respectively (table 3-1). Based on figure 3-16, the medial forefoot
started the gait cycle at a dorsiflexed position (2.5+2.7 degrees) with respect to the lateral forefoot.
From the heel-strike until the foot-flat, the medial forefoot moved into a plantarflexion and it
reached the minimum amount of dorsiflexion (2.1+3.1 degrees) a foot-flat. From the foot-flat, the
medial forefoot underwent a dorsiflexion and reached 6.2+5.4 degrees at toe-off. The medial
forefoot then moved into a slight plantarflexion and got closed to its initial position at the end of

the gait cycle.
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Fig. 3-16: The mean relative motion of the medial and lateral forefoot over all subjects. The normalized to zero
averaged over all subjects (blue) medial forefoot dorsi/plantarflexion with respect to the lateral forefoot with one
positive (green) and one negative (red) standard deviation.
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Ankle dorsi/plantarflexion 15.1° 8.1° -7.0°
Subtalar joint inversion/eversion 8.3° 6.6° -1.7°
Hindfoot segment supination/pronation 5.9° 2.4° -3.5°
Hindfoot segment internal/external rotation 4.2° 2.4° -1.8°
Forefoot segment supination/pronation 3.3° 2.3° -1.0°
Hallux dorsiflexion 15.8° 16.3° 0.5°
Rise and fall of the medial longitudinal arch 0.27 1.22 0.95
Relative motion of the forefoot segments 4.1° 6.2° 2.1°

Table 3-1: The maximum, minimum and the range of motion for the averaged over all subjects
intersegmental joint motions measured using Vicon ProCalc. The range of motion and the maximum and
minimum amount of the motion for all joint motions, except for the rise and fall of the medial longitudinal arch, are
in degree. The height to length ration of the MLA is unitless.

3.1.9 Statistics

The coefficient of multiple correlation (CMC) was measured for all motions between subjects for
measuring the repeatable patterns of motions using data analysis in Excel. The CMCs and the mean
standard deviation over the gait cycle for all joint motions are listed in table 3-2. The CMC values
show the greatest repeatability between subjects for the subtalar joint motion (0.81) and the
smallest amount for the rise and fall of the medial longitudinal arch and the relative motion of the

forefoot segments (0.52).
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Joint motion CMC SD (mean)
Ankle JCS dorsi/plantarflexion 0.57 6.97
Subtalar JCS inversion/eversion 0.81 3.30
Hindfoot segment supination/pronation 0.77 4.06
Hindfoot segment internal/external rotation 0.61 3.34
Forefoot segment supination/pronation 0.69 1.94
Hallux dorsiflexion 0.72 6.01
Rise and fall of the medial longitudinal arch 0.52 0.14
Relative motion of the forefoot segments 0.52 3.55

Table 3-2: The Coefficients of multiple correlation (CMC) and the mean standard deviation measured for all
joint motions. The CMC assessed the repeatability of joint motion curves between subjects and the mean standard
deviation was calculated over the gait cycle for all joint motions.

3.2 Categorizing the arch type using Vicon ProCalc

In this section, the medial longitudinal arch type will be categorized and compared with the results
of the arch height index measurement. Figure 3-17 shows the normalized height to length ratio of
the medial longitudinal arch during a gait cycle for all eleven subjects and figure 3-18 shows the
range of arch motion for each subject and the averaged over all subjects range of motion. Table 3-
3 represents the maximum amount, minimum amount, the average of maximum amounts, the
average of minimum amounts, and the standard deviation of the maximum amounts and minimum
amounts of the height to length ratio for each subject. Based on this table, the foot arches that their

minimum amount of height to length ratio was less than the “minimum of average-SD” are
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categorized as pes-planus or foot-flat and foot arches that their maximum amount of height to

length ratio was more than the “maximum of average+SD” are categorized as pes-cavus or high-

arch. The foot arches that their maximum and minimum amounts of the h/L ratio were between

the range of “minimum of average-SD” and “maximum of average+SD” are categorized as normal

arch. Table 3-3 represents that in comparison to the AHI measurement categorization, the results

of the 63% of the subjects were matching.
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Fig. 3-17: The h/L ratio of the MLA for all subjects. The normalized to one h/L ratio measured using Vicon
ProCalc for all individual subjects during the walking gait cycle.
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Fig. 3-18: The range of h/L ratio of the MLA measured using Vicon ProCalc for all subjects. The range of
normalized to one h/L ratio for the medial longitudinal arch calculated using Vicon ProCalc for each subject during

a gait cycle and the averaged over all subjects range of the h/L ratio.
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Subject 1 1.01 0.92 Neutral Neutral
Subject 2 1.11 0.95 Neutral Neutral
Subject 3 1.50 0.94 Pes-Cavus Pes-Cavus
Subject 4 1.38 0.63 Pes-Planus Pes-Planus
Subject 5 1.06 0.84 Neutral Pes-Planus
Subject 6 1.30 0.92 Neutral Neutral
Subject 7 1.35 0.84 Neutral Neutral
Subject 8 1.44 0.97 Pes-Cavus Pes-Planus
Subject 9 1.32 0.89 Neutral Neutral
Subject 10 1.26 0.91 Neutral Pes-Planus
Subject 11 1.07 0.99 Neutral Pes-Cavus
Mean 1.25 0.89 = =
SD 0.159 0.094 - -
Mean max+ SD 1.40 = = =
Mean min- SD - 0.79 - -

Table 3-3: The arch type categorization for all subjects using results gathered from Vicon ProCalc. The
maximum and minimum h/L ratio of the medial longitudinal arch measured using Vicon ProCalc for each subject,
the mean and standard deviation of maximum amounts and minimum amounts, and the arch type categorized based
on the mean and SD calculated for the h/L ratio and the AHI measurement.
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3.3 Validation

In order to compare the use of the Vicon ProCalc application with the use of MATLAB for
measuring inter-segmental joint motions, we compared the results of this study with the results of
the Jenkyn and Anas study (Thomas R. Jenkyn et al., 2009) in which they used the same multi-
segment foot model and a custom-written MATLAB code to calculate the motion of the foot and
ankle joints. Only hallux dorsiflexion was not measured in the study of the Jenkyn and Anas
(2009). P-value was determined for all motions using T-test (T-Test: Paired Two Sample for
Means) in excel to test for statistical differences between the data in this study and the results of
the Jenkyn and Anas study. Statistical significance was set at p< 0.03. The T-test output data is

printed in appendix 7.3.

3.3.1 Ankle JCS Dorsi/plantarflexion

Figure 3-17 shows the ankle JCS dorsi/plantarflexion averaged over all twelve normal subjects
with one positive and one negative standard deviation measured in Jenkyn and Anas (2009) study.
The range of motion of the ankle JCS in the Jenkyn and Anas study 15.1 degrees which was as the
same range of motion as in our study (15.11 degrees). It can be noticed that the trends of the ankle
dorsi/plantarflexion curves in both studies are similar (p < 0.03). In the Jenkyn and Anas study,
the ankle began at plantarflexed position at the mid-stance with 2.8+1.0 degrees of plantarflexion
which is 3.5 degrees smaller than the degree of the plantar flexion in our study. At foot-flat, the
ankle moved to greater plantarflexion with -4.1+1.0 degrees in Jenkyn and Anas study which was
close to the degrees of plantarflexion in our study (-4.6 degrees). At the toe-off, the position of
ankle in Jenkyn and Anas study was 1 degree of dorsiflexion greater than the position of the ankle

at toe-off in our study. In general, the standard deviation for ankle dorsi/plantarflexion in our study
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was greater compared with the standard deviation in Jenkyn and Anas study (2.4 and 2.7 degrees

greater at heel-strike and foot-flat respectively).
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Fig. 3-19: Ankle JCS motion measured in Jenkyn and Anas study (2009). The normalized to zero averaged over
all twelve subjects ankle JCS dorsi/plantarflexion with one positive and one negative standard deviation in Jenkyn
and Anas study (Jenkyn and Anas, 2009).

3.3.2 Subtalar JCS inversion/eversion

Figure 3-18 represents the subtalar JCS inversion/eversion averaged over all twelve subjects in
Jenkyn and Anas study. The range of motion for the subtalar joint was 9.7 degrees in Jenkyn and
Anas study which was 1.5 degrees greater than the range of motion in our study. The subtalar joint

began at a neutral position (0.7£3.6 degrees), however, it started at 1.4 degrees of inversion in our
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study. Then, the subtalar moved to an everted position at foot-flat (-5.1+1.0 degrees) which was
3.9 degrees greater than the degree of eversion at foot-flat in our study. The subtalar joint finally
moved to 4.4+1.3 degrees of inversion at toe-off while it was 2.1 degrees smaller than the degrees
of inversion in our study at toe-off. It can be observed that the trend of the subtalar
inversion/eversion curves in both studies are similar to each other (p < 0.03). The joint in both
studies went through an eversion until mid-stance and then gradually moved into inversion until it
reached close to its maximum degrees of inversion at toe-off. The standard deviation was 3.6
degrees at the beginning of the cycle in Jenkyn and Anas study which was 0.6 degrees greater than
the standard deviation at heel-strike in our study. Then it reached 1.5 and 3 degrees smaller than

the standard deviation at foot-flat and toe-off respectively in our study.
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Fig. 3-20: The subtalar joint motion measured in Jenkyn and Anas study (2009). The averaged over all subjects
subtalar JCS inversion/eversion in Jenkyn and Anas study (Jenkyn and Anas, 2009) with one positive and one
negative standard deviation.

3.3.3 Hindfoot supination/pronation with respect to the midfoot

Figure 3-19 represents the average hindfoot segment supination/pronation with respect to the

midfoot over twelve normal subjects with one positive and one negative standard deviation in

Jenkyn and Anas study (2009). The figure shows that the range of motion for hindfoot

supination/pronation was 11.4 degrees. Also, it indicates that the hindfoot started the gait cycle at

a pronated position with 2.5£2.0 degrees of pronation which was 1.5 degrees greater than the

pronated position of the hindfoot at heel-strike in our study. The hindfoot then reached a greater
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pronated position at mid-stance with -8.2+2.0 degrees and it was 4.8 degrees greater than the
pronation degree of hindfoot at mid-stance in our study. Eventually, the hindfoot underwent
gradual supination until it reached 2.9+2.3 degrees of supination at toe-off which was 1.3 degrees
greater in comparison with the supination degrees in our study. The curve trend of hindfoot

supination/pronation in our study is matching with the resulting trend of the Jenkyn and Anas study

(p < 0.03).
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Fig. 3-21: The hindfoot segment supination/pronation with respect to the midfoot in measured in Jenkyn and
Anas study (2009). The normalized to zero hindfoot segment supination/pronation with respect to the midfoot
averaged over all 12 subjects with one positive and one negative standard deviation in Jenkyn and Anas study

(Jenkyn and Anas, 2009).
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3.3.4 Hindfoot internal/external rotation with respect to the midfoot

The averaged hindfoot segment motion in the transverse plane with respect to the midfoot over
twelve subjects in Jenkyn and Anas study is shown in figure 3-20. The range of motion for hindfoot
internal/external rotation in Jenkyn and Anas study was 8.2 degrees which was 3.9 degrees greater
than the hindfoot range of motion in the transverse plane in our study. Figure 3-20 indicates that
the hindfoot began at an internally rotated position at heel-strike with 1.7+1.5 degrees while
hindfoot began at a neutral position in our study. The hindfoot then reached 6.2+2 degrees of
internal rotation at flat-foot which was 4.8 degrees greater than the hindfoot internal rotation at
foot-flat in our study. The hindfoot underwent slight external rotation from mid-stance until it
reached -1.4+1.8 degrees at toe-off which was matching with the degrees of the hindfoot external
rotation at toe-off in our study. In general, the standard deviation for the hindfoot internal/external
rotation in Jenkyn and Anas study was smaller than the standard deviation in our study: 2.7
degrees, 1.3 degrees, and 1.2 degrees smaller at heel-strike, foot-flat, and toe-off respectively. The
trend of the hindfoot internal/external rotation curve in our study is in good agreement with the

trend of the graph in Jenkyn and Anas study (p < 0.03).
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Fig. 3-22: The hindfoot internal/external rotation with respect to the midfoot measured in Jenkyn and Anas
study (2009). Averaged over all twelve subjects hindfoot segment motion in the transverse plane with respect to the
midfoot with one positive and one negative standard deviation in Jenkyn and Anas study (Jenkyn and Anas, 2009).

3.3.5 Forefoot supination/pronation with respect to the midfoot

Figure 3-21 indicates the average over all twelve subjects forefoot segment motion in the frontal
plane with respect to the midfoot in Jenkyn and Anas study. It can be noticed from the figure that
the range of motion for forefoot supination/pronation was 11.8 degrees that was 8.5 degrees greater
than the forefoot range of motion in our study. At heel-strike, the forefoot was in a supinated
position (6.0+£1.0 degrees) in Jenkyn and Anas study. Then, the forefoot pronated to reach a
minimum supination position at foot-flat (2.8+1.0 degrees) In Jenkyn and Anas study, while the

forefoot was in a pronated position (-0.9+1.5 degrees) at foot-flat in our study. In the end, the
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forefoot reached its maximum supination (15+1.3 degrees) at toe-off in Jenkyn and Anas study,
however, the maximum forefoot supination occurred with 2.3+2.8 degrees in our study. The trends
of the forefoot motion figures in the two studies are in good agreement (p < 0.03). The most
perceptible difference in the figures was that the forefoot did not exceed to a pronated position in
Jenkyn and Anas study, and yet the forefoot underwent slight pronation until it reached 1.0+1.8

degrees of pronation at mid-stance in our study.

In general, the standard deviation in Jenkyn and Anas study for the forefoot motion was smaller
than the standard deviation in our study. The differences between standard deviation in the studies

were 0.4 degrees at heel-strike, 0.8 degrees at foot-flat, and 1.5 degrees at toe-off.
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Fig. 3-23: The forefoot segment motion with respect to the midfoot in Jenkyn and Anas study (2009). The
averaged over all 12 subjects forefoot segment supination/pronation with respect to the midfoot with one positive
and one negative standard deviation in Jenkyn and Anas study (Jenkyn and Anas, 2009).

3.3.6 Rise and fall of the medial longitudinal arch

The averaged over all subjects rise and fall of the medial longitudinal arch is shown in figure 3-
22. The figure shows the normalized to 1 height to length ratio of the MLA with respect to the gait
cycle percentage. The range of the rise and fall of the MLA in Jenkyn and Anas study was 0.38
which was 1.1 greater than the range of the rise and fall of the MLA in our study. Comparing our
study with the study of Jenkyn and Anas, the arch in both studies dropped starting from heel-strike
until mid-stance, and from mid-stance up to the toe-off, the arch raised (p < 0.03). At the mid-

stance, the height to length ratio of the MLA in both studies had the same amount (0.9). The ratio
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then raised from mid-stance until it reached its maximum amount at toe-off (1.3+0.06) in Jenkyn
and Anas study which was closed to the amount of the MLA height to length ratio at toe-off in our

study (1.2+0.1).

The standard deviation at mid-stance in Jenkyn and Anas study was 0.95 greater than the standard
deviation in our study, however, it was nearly the same as the standard deviation in our study at

toe-off (the difference at toe-off was 0.04).
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Fig. 3-24: The rise and fall of the medial longitudinal arch measured in Jenkyn and Anas study (2009). The
normalized to 1 averaged over all 12 subjects height to length ratio of the medial longitudinal arch with one positive
and one negative standard deviation in Jenkyn and Anas study (Jenkyn and Anas, 2009).
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3.3.7 Summary

In summary, the joint angles measured using Vicon ProCalc were in a great agreement with the
results of the Jenkyn and Anas (2008) study and their pattern and the range of motion were
matching. This supports the conclusion that using Vicon ProCalc for measuring inter-segmental
joint motions is accurate and valid. In the next section, the results of the joint angles measured
using Oxford foot model will be reported and compared with the joint motions measured using

Vicon ProCalc.
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3.4 Comparison with the Oxford foot model

3.4.1 Joint motions measured using Oxford foot model

The testing session was repeated using the Oxford foot model for all eleven subjects, however, the
post-processing and tracking model were only done successfully for ten subjects due to the missed
hip marker for one of the subjects. Lower extremity was tracked using Oxford foot model in
addition to the lower leg, hindfoot, forefoot, and the hallux of the right foot. The motion of five
joint structures were reported using OFM: Ankle joint dorsi/plantarflexion, hindfoot motion with
respect to the tibia, forefoot segment supination/pronation (forefoot motion with respect to the
hindfoot), hallux dorsiflexion, and the rise and fall of the medial longitudinal arch. In this section,
the joint motions measured using Oxford foot model are presented and compared with the results

presented in previous sections.

3.4.2 Ankle JCS dorsi/plantarflexion

Figure 3-25 shows normalized to zero ankle joint dorsi/plantarflexion plotted individually for all
ten subjects in a walking gait cycle. Figure 3-26 shows the averaged ankle joint motion over ten
subjects with one positive and one negative standard deviation. It can be observed from the figures
that the ankle began at a plantarflexed position (-7.8+5.2 degrees) at heel-strike and underwent
gradual dorsiflexion until it reached -3.6+5.1 degrees at foot-flat and a neutral position (0.8+£3.1
degrees) at mid-stance. The ankle reached its maximum dorsiflexion at 40% of the gait cycle and
underwent gradual plantarflexion through which the ankle reached 4.2+8.2 degrees of
plantarflexion at toe-off. From 65% of the gait cycle, the ankle again moved into dorsiflexion until
80% of the gait cycle and changed the movement to the plantarflexion from 80% of the cycle until
it reached to the next gait cycle. The range of ankle joint motion measured using OFM was 16.1

degrees with 7.9 degrees of dorsiflexion as the maximum and 8.2 degrees of plantarflexion as the
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minimum amount (table 3-4). The curve plotted based on the OFM results for the ankle joint

motion is similar to the curve plotted for the ankle joint motion derived from Vicon ProCalc (p <

0.03). In general, the standard deviation for ankle joint motion obtained from OFM was greater

than the standard deviation of the ankle dorsi/plantarflexion derived by the MSFM presented in

section 3.1.1.
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Fig. 3-25: The ankle joint motion measured Using the OFM for all subjects. The normalized to zero ankle joint
motion plotted for all ten subjects in a complete gait cycle using the Oxford foot model.
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Fig. 3-26: The mean ankle joint motion over all subject measured using the OFM. The normalized to zero
averaged overall ten subjects (blue) ankle joint dorsi/plantarflexion measured by the Oxford foot model with one
positive (green) and one negative (red) standard deviation.

3.4.3 Hindfoot segment motion with respect to the tibia

The hindfoot segment motion in the frontal plane with respect to the tibia was measured using the
Oxford foot model and shown in figures 3-27 and 3-28. Since the Oxford foot model does not
consider the midfoot as an individual segment, it does not measure the subtalar joint motion
(midfoot segment motion with respect to the talus) as an output angle. Hence, we compared the

subtalar joint motion of the MSFM to its most related output angle of the Oxford foot model which
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was the hindfoot segment motion with respect to the tibia. Figure 3-27 shows the hindfoot segment
motion with respect to the tibia for all ten subjects and figure 3-28 indicates the averaged overall
ten subjects motion with one positive and one negative standard deviation. The hindfoot started
the gait cycle at an everted position (-1.7+3.9 degrees) and moved to a greater eversion until it
reached -4.0+3.9 degrees of eversion at foot-flat. From foot-flat until toe-off, the hindfoot
underwent a gradual inversion and it reached 5.5+6.3 degrees of inversion at toe-off. The range of
hindfoot motion with respect to the tibia was 9.7 degrees with a minimum and maximum amount
of -4.0 and 5.7 degrees respectively (table 3-4). The curve plotted using the results derived from
the Oxford foot model was similar to the subtalar joint motion curve plotted by Vicon ProCalc (p

< 0.03).
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Fig. 3-27: The motion of the hindfoot with respect to the tibia measured using the OFM for all individual
subjects. The normalized to zero hindfoot motion in frontal plane with respect to the tibia plotted for all ten subjects
in a walking gait cycle using the Oxford foot model.
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Fig. 3-28: The mean hindfoot motion with respect to the tibia over all subjects measured using the OFM. The
normalized to zero averaged overall ten subjects (blue) hindfoot motion with respect to the tibia with one positive
(green) and one negative (red) standard deviation measured using the Oxford foot model.

3.4.4 Forefoot segment motion with respect to the hindfoot

Figures 3-29 and 3-30 show the forefoot segment motion with respect to the hindfoot in the frontal
plane measured by the Oxford foot model. The curves plotted for all individual subjects are shown
in figure 3-29 and the averaged overall subjects motion with positive and negative standard
deviation are shown in figure 3-30. The midfoot is not an individual segment for the Oxford foot

mode, as a result, the forefoot motion with respect to the midfoot measured by the Vicon ProCalc
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was compared with the forefoot motion with respect to the hindfoot calculated by the OFM. The
range of forefoot motion with respect to the hindfoot was 5.3 degrees with the minimum and
maximum amount of -1.0 and 4.3 degrees (table 3-4) which was greater than the range of forefoot
motion with respect to the midfoot. Figure 3-30 represents that the forefoot began at a neutral
position (0.18+4.1 degrees) at heel-strike and moved to a pronated position (-0.9+5.6 degrees) at
mid-stance. The forefoot then moved into supination and reached the maximum supination (4.3+6
degrees) at toe-off. The pattern of the forefoot motion with respect to hindfoot measured by the
OFM was similar to the curve plotted for the forefoot motion with respect to the midfoot measured
by the Vicon ProCalc (p < 0.03). The standard deviation for the forefoot motion with respect to
the hindfoot was generally greater than the standard deviation calculated for the forefoot motion

with respect to the midfoot.
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Fig. 3-29: The motion of the forefoot with respect to the hindfoot measured using the OFM for all individual
subjects. The normalized to zero forefoot supination/pronation with respect to the hindfoot plotted for all ten
subjects using the Oxford foot model.
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Fig. 3-30: The mean forefoot motion with respect to the hindfoot over all subjects using the OFM. The
normalized to zero averaged overall subjects (blue) forefoot supination with respect to the hindfoot with one positive
(green) and one negative (red) standard deviation measured using the Oxford foot model.

3.4.5 Hallux dorsiflexion

The first metatarsophalangeal joint (hallux) motion in the sagittal plane measured by the Oxford
foot model is shown in figures 3-31 and 3-32. The hallux started the cycle at a plantarflexed
position (-3.2+8.6 degrees) at heel-strike and moved to a greater plantarflexion (-3.9+7.0 degrees)
at foot-flat. The hallux then moved into a dorsi-flexion and it reached close to the maximum

degrees of dorsi-flexion (14+12.7 degrees) at toe-off. The range of motion measured by the Oxford
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foot model was 18.9 degrees (table 3-4). The pattern of the averaged hallux motion plotted by the

Oxford foot model was similar to the curve of hallux motion presented in section 3.1.6 (p < 0.03).

The standard deviation calculated for the hallux motion in Oxford foot model was greater than the

standard deviation of hallux motion in MSFM measured by the Vicon ProCalc.
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Fig. 3-31: The hallux joint motion measured using the OFM for all individual subjects. The normalized to zero
hallux dorsiflexion measured by the Oxford foot model for all ten subjects.
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Fig. 3-32: The mean hallux dorsiflexion over all subject measured using the OFM. The averaged overall ten
subjects (blue) hallux motion with one positive (green) and one negative (red) standard deviation in a walking gait
cycle measured using the Oxford foot model.

3.4.6 Rise and fall of the medial longitudinal arch

The rise and fall of the medial longitudinal arch measured by the Oxford foot model is shown in
figures 3-33 and 3-34. The y-axes of the graphs show the normalized height to length ratio of the
medial longitudinal arch and the x-axes represents the percent of the gait cycle. The initial height
to length ratio of the arch was 1.10+0.28 and it raised slightly until it reached 1.16+0.64 at mid-

stance. From mid-stance until toe-off, the arch raised again and it reached its maximum ratio
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(1.60+0.36) at toe-off. The range of the height to length ratio measured by the Oxford foot model

was 0.54 (table 3-4).
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Fig. 3-33: The rise and fall of the MLA for all subjects measured using the OFM. The normalized to one height
to length ratio of the medial longitudinal arch plotted for all ten subjects using the Oxford foot model.
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Fig. 3-34: The mean rise and fall of the MLA over all subjects measured using the OFM. The normalized to

one averaged overall ten subjects (blue) height to length ratio of the MLA with one positive (green) and one
negative (red) standard deviation measured using the Oxford foot model.
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Ankle dorsi/plantarflexion 16.1° 7.9° -8.2°
Hindfoot segment motion with respect to the tibia 9.7° 5.7° -4.0°
Forefoot segment motion with respect to the hindfoot 5.3° 4.3° -1.0°
Hallux dorsiflexion 18.9° -3.9° 15.0°
Rise and fall of the medial longitudinal arch 0.54 1.6 1.06

Table 3-4: The maximum amount, minimum amount, and the range of motion for the Oxford foot model
output angles and the rise and fall of the medial longitudinal arch. The range of motion and the maximum and
minimum amount of the motion for all joint motions, except for the rise and fall of the medial longitudinal arch, are

in degree. The height to length ration of the MLA is unitless.

3.4.7 Statistics

The coefficient of multiple correlation was measured for all output motions of Oxford foot model
using Excel. Table 3-5 shows the CMC values for the five intersegmental joint motions and the
mean standard deviation measured by OFM. The hallux motion had the greatest CMC value (0.68),
whereas the rise and fall of the medial longitudinal arch had the smallest CMC value (0.36) among

all motions.

91



Joint motion CMC | SD (mean)
Ankle dorsi/plantarflexion 0.67 5.58
Hindfoot segment motion with respect to the tibia 0.59 4.94
Forefoot segment motion with respect to the hindfoot 0.50 4.97
Hallux dorsiflexion 0.68 9.69
Rise and fall of the medial longitudinal arch 0.36 0.41

Table 3-5: The coefficient of multiple correlation (CMC) and the mean standard deviation calculated for the
OFM output joint motions. The CMC assessed the repeatability of joint motion curves between subjects and the
mean standard deviation was calculated over the gait cycle for all joint motions.

3.5 Categorizing the arch type using Oxford foot model

The medial longitudinal arch type is categorized in table 3-6 for each subject based on the mean

and standard deviation calculated for the minimum and maximum amount of normalized h/L ratio

for the medial longitudinal arch measured using Oxford foot model. The normalized h/L ratio of

the medial longitudinal arch for each subject is shown in figure 3-35 and the range of medial

longitudinal arch motion for each subject and the averaged over all subjects range of motion are

shown in figure 3-36. It can be concluded from the result of the table 3-6 that Comparing to the

AHI measurement categorization, the arch type of the 50% of the subjects agreed with each other.
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Fig. 3-35: The rise and fall of the MLA measured using the OFM for all subjects. The normalized to one h/L
ratio measured using the Oxford foot model for each subject during a walking gait cycle.
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Fig. 3-36: The range of h/L ratio of the MLA measured using the OFM for all subjects. The range of
normalized h/L ratio of medial longitudinal arch calculated using the Oxford foot model for each subject during a

gait cycle and the averaged over all subjects range of the h/L ratio.
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Subject 2 1.28 0.95 Neutral Neutral
Subject 3 1.39 0.94 Pes-Cavus Neutral
Subject 4 1.86 0.63 Pes-Planus Neutral
Subject 5 2.1 0.84 Neutral Pes-Cavus
Subject 6 2.5 0.92 Neutral Pes-Cavus
Subject 7 1.70 0.84 Neutral Neutral
Subject 8 0.97 0.38 Pes-Cavus Neutral
Subject 9 1.86 0.89 Neutral Neutral
Subject 10 1.40 0.91 Neutral Neutral
Subject 11 1.80 0.99 Neutral Neutral
Mean 1.68 0.78 - -
SD 0.41 0.45 = -
Mean max+ SD 2.09 - - -
Mean min- SD - 0.32 - -

Table 3-6: Categorization of the arch type of the foot for all subjects using the Oxford foot model. The
maximum and minimum h/L ratio of the medial longitudinal arch measured using the Oxford foot model for each
subject, the mean and standard deviation of maximum amounts and minimum amounts, and the arch type
categorized based on the mean and SD calculated for the h/L ratio and the AHI measurement.
3.6 Comparison

In this section, the joint motions measured using Vicon ProCalc will be compared with the results

gathered from the Oxford foot model. The gait speed, cadence, and stride length for the tests
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performed using the MSFM developed by Jenkyn and Nicole and the Oxford foot model are
reported in table 3-7. Participants chose to walk on the treadmill with the speed that they were
comfortable with and they selected the same speed for both test protocols. Hence, the cadence and
stride length for each participant in the first test were similar to the cadence and stride length
measured for the second test. The first test was performed using MSFM developed by Jenkyn and

Nicole and the second test was performed using the Oxford foot model.
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First test Second test
Speed Cadence Stride Cadence Stride
(Km/hr) | Steps/min Length (m) Steps/min Length (m)
Subject 1 3.0 35.82 1.42 375 1.35
Subject 2 2.8 38.70 1.24 375 1.28
Subject 3 2.4 25.00 1.60 24.00 1.67
Subject 4 2.4 21.05 1.91 20.00 2.01
Subject 5 2.0 33.89 1.02 32.43 1.07
Subject 6 2.4 29.26 1.37 27.90 1.44
Subject 7 2.4 26.90 1.49 29.26 1.37
Subject 8 2.0 29.33 1.18 31.57 1.10
Subject 9 25 30.76 1.39 31.57 1.35
Subject 10 2.7 32.43 1.40 33.33 1.36
Average 2.4 30.31 1.40 30.50 1.40

Table 3-7: The speed, cadence and stride length during the data collection. The walking speed, cadence, and
stride length for each participant during data collection with the MSFM developed by Jenkyn and Nicole and the
Oxford foot model.

In the following sections, the results derived from the Oxford foot model will be compared with

the joint angles measured using Vicon ProCalc.
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3.6.1 Hallux Dorsiflexion

Figure 3-37 represents the comparison between the motion of the first metatarsophalangeal joint
measured by the Vicon ProCalc and the Oxford foot model. The figure indicates that the pattern
of the curves plotted by these two methods are matching and they went through the same pattern.
One of the differences between the motions was their range of motion that was 3.1 degrees greater
in the motion measured by the Oxford foot model in comparison to the hallux dorsiflexion
measured by the Vicon ProCalc. Also, the hallux motion measured using Oxford foot model began
at a plantarflexed position and after going through a dorsiflexion, ended the cycle at a position
where it started at, however, the curve measured using Vicon ProCalc only had dorsiflexed

position during the entire gait cycle.
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Figure 3-37: The comparison between the hallux dorsiflexion measured using the OFM and Vicon ProCalc.
The averaged overall ten subjects hallux dorsiflexion measured using the Vicon ProCalc and Oxford foot model.

3.6.2 Forefoot segment supination/pronation

Figure 3-38 shows the forefoot segment motion with respect to the midfoot measured using Vicon
ProCalc and the motion of the forefoot with respect to the hindfoot measured using Oxford foot
model. The pattern of the motions and their initial point are matching, however, their maximum
degree of supination at the toe-off differs from each other. The motion measured using Oxford
foot model reached 4.3 degrees at toe-off while the degree of supination for the curve measured

using Vicon ProCalc was 2.31 degrees.
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Figure 3-38: The comparison between the forefoot motion with respect to the midfoot and the forefoot motion
with respect to the hindfoot measured using the Vicon ProCalc and OFM respectively. The averaged overall
ten subjects forefoot segment motion with respect to the midfoot measured using Vicon ProCalc and forefoot
segment motion with respect to the hindfoot measured using Oxford foot model.

3.6.3 Subtalar joint motion and the motion of the hindfoot with respect to the tibia

Figure 3-39 compares the subtalar joint motion measured by the Vicon ProCalc and the motion of
the hindfoot with respect to the tibia measured by the Oxford foot model, since the Oxford foot
model does not measure the motion of the midfoot with respect to the talus. As can be seen in the
figure, the subtalar joint began the gait cycle at an inverted position (1.4 degrees) while the

hindfoot initiated with an everted position (-1.7 degrees) with respect to the tibia. Both curves then
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went through an eversion until foot-flat and reversed to inversion until they reached the maximum

degree at toe-off. The pattern of the motions measured by the Oxford foot model and the Vicon

ProCalc were similar to each other; even so, the range of hindfoot segment motion with respect to

the tibia was 1.4 degrees greater than the range of midfoot motion with respect to the talus

measured by the Vicon ProCalc.
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Figure 3-39: The comparison between the subtalar joint motion and motion of the hindfoot with respect to
the midfoot measured using the Vicon ProCalc and OFM respectively. The averaged over all ten subjects
subtalar joint motion measured using Vicon ProCalc and hindfoot segment motion with respect to the tibia measured

using Oxford foot model.
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3.6.4 Ankle JCS dorsi/plantarflexion

Figure 3-40 shows the averaged overall 10 subjects ankle joint motion measured using Vicon
ProCalc and Oxford foot model. Both curves began at a plantarflexed position and went through
a dorsiflexion until they reached the maximum dorsiflexion that happened at 50% and 40% of
the gait cycle for the motion measured by Vicon ProCalc and Oxford foot model respectively.
The curves then dropped until 68% of the gait cycle and again went through a dorsiflexion until
they reached their second peak at 86% of the gait cycle. Overall, the pattern of the curves were
very similar to each other, however, the range of ankle joint motion measured using Oxford foot

model was 1 degree greater than the range of ankle joint motion measured using Vicon ProCalc.
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Figure 3-40: The comparison between the ankle joint motion measured using the OFM and Vicon ProCalc.
The averaged over all ten subjects ankle joint motion measured using Vion ProCalc and Oxford foot model.

3.6.5 Rise and fall of the medial longitudinal arch

The rise and fall of the medial longitudinal arch measured using Vicon ProCalc and Oxford foot
model are shown in figure 3-41. From the mid-stance until the toe-off, the pattern of the curve
plotted by the Oxford foot model for the medial longitudinal arch motion agrees with the curve
measured by the Vicon ProCalc, however, they do not agree to each other in the first 23% of the
gait cycle (p < 0.03). Also, the range of motion for the rise and fall of the MLA measured using

Oxford foot model was 0.27 greater than the range of motion measured using Vicon ProCalc. The
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differences between the curves plotted using the two methods can mainly explain by the position
of the markers that these methods used to measure the motion of the medial longitudinal arch. The
Oxford foot model measures the height of the arch as the distance between the marker on the dorsal
surface of the base of the first metatarsal (P1M), and the same point projected on the plantar surface
of the forefoot. It also measures the length of the foot by measuring the distance between HEEL
and the TOE markers (Stebbins et al., 2006). On the other hand, the MSFM developed by Jenkyn
and Nicole measures the height of the MLA by calculating the distance between navicular
tuberosity marker and its projection on the floor and measures the length of the foot by calculating
the distance between medial tuberosity marker (CAMT) and the first metatarsal head marker
(MIH). The difference between the position of the landmarks that each model chooses to measure
the height and the length of the foot can cause differences in the pattern of the curves measuring
the rise and fall of the medial longitudinal arch. The motion of the MLA will be more discussed in

chapter 4.
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Figure 3-41: The comparison between the medial longitudinal arch motion measured using the OFM and
Vicon ProCalc. The averaged overall ten subjects rise and fall of the medial longitudinal arch measured using
Vicon ProCalc and Oxford foot model.

3.6.6 Statistics

The coefficient of multiple correlation between the mean of the joint motions measured using

Oxford foot model and Vicon ProCalc was calculated and are reported for each motion in table 3-

8.
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Joint motion CcMC

Hallux dorsiflexion 0.98
Forefoot motion wrt midfoot — Forefoot motion wrt hindfoot 0.97
Subtalar inversion/eversion — HF motion wrt tibia 0.97
Ankle joint dorsi/plantarflexion 0.78
The rise and fall of the medial longitudinal arch 0.66

Table 3-8: The coefficient of multiple correlations (CMC) between the OFM and Vicon ProCalc results. The
coefficient of multiple correlations calculated between the mean of each joint motion measured using Vicon ProCalc
and Oxford foot model.

3.6.7 Summary

In summary, the results of the joint motions measured using the Oxford foot model and Vicon
ProCalc, except for the rise and fall of the medial longitudinal arch, were matching and there was
a great agreement between the pattern of the motions and the CMCs. This leads to the conclusion
that using Vicon ProCalc for measuring intersegmental joint motions is valid and the results are
accurate. The only joint motion measured using the Oxford foot model that did not greatly agree
with the corresponding motion measured using Vicon ProCalc was the rise and fall of the medial
longitudinal arch. As it was mentioned, this can be explained by different methods that these
models use to calculate the height and the length of the foot. The joint motions measured using

the Oxford foot model and Vicon ProCalc will be more discussed in chapter 4.
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4. CHAPTER 4-DISCUSSION AND CONCLUSIONS

4.1 Summary

The objective of this study was to measure inter-segmental joint motions using the multi-segment
foot model developed by Jenkyn and Nicole (2007) and a clinical setting which was Vicon ProCalc
application in this study. The model divides the foot into five segments: the hindfoot (calcaneus),
midfoot (tarsals: cuneiforms I-111, navicular, and cuboid), medial forefoot (metatarsals I and I1),
lateral forefoot (metatarsals 111-V), and hallux (first metatarsophalangeal joint). The superiority of
this model over other multi-segment foot models was that this model considers the midfoot as an
individual segment allowing the measurement of the hindfoot and forefoot segments motion with
respect to the midfoot, in addition to the ankle and subtalar joint coordinate systems motion.
Moreover, this model divides the forefoot into medial and lateral forefoot segments so that the
relative motion of the forefoot segments can be measured. Finally, this model uses triad cluster
markers and fewer holes can be placed on the shoe by this way for collecting data with shoes on.
On the other hand, using Vicon ProCalc is more clinically user-friendly and motions, events, and
parameters can be easily calculated in this application. Once a model is implemented in the Vicon
ProCalc, there is no need to change the calculations for individual subjects. The motions of eight
joint structures were reported using Vicon ProCalc: Ankle JCS dorsi/plantarflexion, subtalar JCS
inversion/eversion, hindfoot segment internal/external rotation with respect to the midfoot,
hindfoot segment supination/pronation with respect to the midfoot, forefoot segment
supination/pronation with respect to the midfoot, hallux dorsi/plantarflexion, the rise and fall of

the medial longitudinal arch, and the relative motion of the forefoot segments.
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4.2 Discussion

The results were validated with the previous study on the MSFM we used, and the results obtained
from the Oxford foot model. The pattern of all motions calculated in this study agreed with the
hypothesis. It was hypothesized in chapter 1 that in the first 15% of the gait cycle, the foot segments
internally rotate and go into a plantarflexion. As a result of the internal rotation of the foot
segments, they move into an eversion in the first 15% of the gait cycle. This can be seen in the
hindfoot segment internal/external rotation, Hallux dorsiflexion, the relative motion of the forefoot
segments, and the motion of the subtalar joint measured in this study. Only the motion of the ankle
joint measured in this study did not support the hypothesis at the first 15% of the gait cycle and
the ankle went into a dorsiflexion from 5% of the gait cycle until 40%. Also, it was hypothesized
that the foot segments pronate from heel-strike until the mid-stance as a result of the inversion of
the segments and this hypothesis was supported by the motion of the hindfoot and forefoot with
respect to the midfoot in this study. Furthermore, it was hypothesized that the foot segments
reverse to external rotation, inversion, dorsiflexion, and the supination from heel-strike until toe-
off and reach the maximum degree of motion at the toe-off (62% of the gait cycle) due to the
maximized muscle activation in lower leg at toe-off (Huang & Ferris, 2012) . This hypothesis was
supported by all motions measured in this study as well. The coefficients of multiple correlations
calculated for the motions measured by all three methods vary from method to method. The
common motion that had small CMCs in all three methods was the rise and fall of the medial
longitudinal arch. The CMC for this motion was 0.52, 0.36, and 0.48 calculated by Vicon ProCalc,
Oxford foot model, and the study of Jenkyn and Anas respectively. The CMCs calculated for the
height to length ratio measured by the Vicon ProCalc and the study of Jenkyn and Anas had a

smaller difference. This can be due to the techniques that these methods used to measure the height
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of the MLA and the length of the foot. The model developed by Jenkyn and Nicole (2007)
measures the height of the foot by calculating the distance between the navicular tuberosity marker
(MNT) and its projection on the floor and measures the length of the foot by calculating the
distance between the medial tuberosity marker (CAMT) and the first metatarsal head marker
(MIH). However, the Oxford foot model defines the height of the foot by measuring the distance
between the marker on the base of the first metatarsal (P1MT) and its projection on the floor and
it defines the length of the foot by calculating the distance between the HEEL and the TOE
markers. The differences between the methods that these two models used to measure the height
to length ratio of the MLA caused dissimilarity in the trends of figures and the repeatability
between subjects. In the results gathered from the Oxford foot model for MLA, the pattern is still
decreasing at the first 15% of the gait cycle and there is a peak at the 62% of the gait cycle (toe-
off), however, there are some extra ups and downs in the pattern which makes small differences
between the result of the methods used the MSFM developed by Jenkyn and Nicole and the Oxford
foot model. The rise and fall of the medial longitudinal arch showed great variability in all three
methods between subjects in comparison to other joint motions and it represents a great difference
in the behavior of this joint in a gait cycle between subjects. This was not unanticipated since
participants were selected from three groups of the high arch, flat foot, and normal arch and the
arch of the participants in each group had unalike behavior during normal walking. Furthermore,
in spite of other joint motions measuring the height to length ratio of the MLA depends on two
parameters, the height and the length of the arch, and thus it increases the probability of more
discrepancy between subjects. In general, the result of the medial longitudinal arch motion
measured by the Vicon ProClac was comparable with the result of the Jenkyn and Anas study and

represents the validity of using Vicon ProClac which is a clinical user-friendly software for
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measuring the rise and fall of the MLA. Similar trends have been found in the literature for medial
longitudinal arch motion. Bencke and his colleagues (Bencke et al., 2012) studied on the medial
longitudinal arch deformation during gait. From foot-flat until mid-stance, a decreasing pattern
can be observed in the results of the MLA motion during a walking gait cycle in this study. In
addition, an increasing pattern can be seen from mid-stance until toe-off where the arch reached
to the maximum height. Stebbins et al. (2005) showed a similar trend for the medial longitudinal
arch in a gait study of children. Evaluating the medial longitudinal arch motion is clinically
important. Lower arches (flat foot) can cause a change in the distribution of vertical ground
reaction force (VGRF) of the plantar and bring greater muscle tensions. This is why people with
flat foot experience pain when they walk for a long time (Fan et al., 2011). In addition, higher
arches result in weaker ankle muscle and stiffer and less flexible feet. Stiffness of the foot reduces
its ability to absorb the VGRF generated during walking and may cause injury (Zhao et al., 2017).
The MSFM developed by Jenkyn and Nicole and the Vicon ProCalc application used in this study
quantified the rise and fall of the medial longitudinal arch with valid results and more importantly,
can be used in a clinical setting by clinicians and provide them with functional information of the
patients’ arch and foot joints. Furthermore, in comparison to the Oxford foot model results, the
estimation of the arch type of the foot using Vicon ProCalc fitted better with the arch height index

measurement that was performed at the beginning of the data collection for each participant.

The ankle JCS motion measured by the Vicon ProCalc and the result of the ankle JCS motion in
the Jenkyn and Anas study were reported in chapter 3. Also, the ankle joint dorsi/plantarflexion
measured by the Oxford foot model was reported in chapter 3. The trends of all three figures were
similar to each other and the ranges of motion were so close. The only difference that can be

noticed between curves was that the maximum degree of the plantarflexion for the motions
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measured by the Vicon ProCalc and Oxford foot model occurred at 5% of the gait cycle while for
the ankle motion measured by the study of the Jenkyn and Anas, the maximum degree of
plantarflexion occurred at the mid-stance. Likewise, the toe-off event intersected with the part of
the graph which was closer to the pick of the curve in the study of the Jenkyn and Anas, while the
toe-off line crossed part of the curve which was closer to the neutral position in motions calculated
by Vicon ProCalc and OFM. This is partly because of the different methods used for defining
events for each study. In the study of Jenkyn and Anas, a visual assessment used to define events
for each cycle, whereas events defined using Vicon ProCalc and Vicon Nexus for the motions
calculated in this study. In addition, subjects who participated in this study were different from the
subjects participated in Jenkyn and Anas study. Other studies also measured the ankle joint motion
during gait. Brockett and Chapman (2016) showed the ankle joint motion in the sagittal, transverse,
and frontal plane during walking (Brockett & Chapman, 2016). The motion of the ankle joint in
the sagittal plane (dorsi/plantarflexion) in the study of Brockett and Chapman (2016) represented
a similar pattern quantified for the ankle joint dorsi/plantarflexion in this study. Brockett and
Chapman then explicated the pattern of the ankle motion in the transverse plane by the
dorsi/plantarflexion moments of the ankle during gait. In this study, results for the ankle moment
exhibited a dorsiflexion moment between 5% and 40% of the gait cycle. Brockett and Chapman
explained this dorsiflexion moment as dorsiflexor muscles (tibialis anterior, the extensor hallucis
longus (EHL), and the extensor digitorum longus) contract to control the internal rotation of the
foot segments and prevent the foot from slapping the ground. From 40% of the gait cycle, the
ankle moment reverses to plantarflexion to allow forward progression of the shank over the foot.
The ankle moment measured by Brockett and Chapman can clearly explain the ankle joint motion

pattern measured in our study as well.
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The subtalar joint inversion/eversion is the motion of the midfoot segment with respect to the talus
and plays an important role in defining the foot abnormalities in patients. Akiyama and his
colleagues (Akiyama et al., 2015) indicated that the range of subtalar joint motion is greater in
patients with medial tibial stress syndrome (MTSS) during the stance phase of a gait cycle.
However, a midfoot segment is required to measure the motion of the subtalar joint. Many of the
studies in literature as well as the Oxford foot model do not define the midfoot as an individual
segment. Therefore, the subtalar joint motion measured by the MSFM developed by Jenkyn and
Nicole was compared to its most related motion measured by the OFM which was the motion of
the hindfoot with respect to the tibia. The subtalar joint motion measured by the Vicon ProCalc
had the highest CMC between subjects (0.81) among other joint motions which shows that it had
great repeatability between subjects. The repeatability of the subtalar joint motion measured in the
study of Jenkyn and Anas and the relative motion of the hindfoot and the tibia measured by the
OFM was 0.51 and 0.59 respectively. The pattern of the subtalar joint motion measured by the
Vicon ProCalc and the study of Jenkyn and Anas were similar to each other and the pattern of the
hindfoot segment motion with respect to the tibia measured by OFM was in a great agreement with
them. In all three patterns, the curve was decreasing from heel-strike until mid-stance and reversed
to increase from mid-stance until toe-off. The curve then reached its maximum inversion where
lower-leg muscles reach their maximum activation level during gait. The range of motion was 8.3
and 9.7 angles for the subtalar joint motion measured by the Vicon ProCalc and 9.7 angles for the
relative motion of the hindfoot and tibia segments measured by the OFM that were in a great
agreement with each other. Overall, the results show that Vicon ProCalc can quantify subtalar joint

motion with valid results and good repeatability between subjects and in a more clinical user-
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friendly method than MATLAB. Oxford foot model cannot measure the exact subtalar joint motion
due to the lack of separated midfoot segment in the model. However, the measured motion of the
hindfoot segment with respect to the tibia by OFM can validly estimate the subtalar joint motion

of the foot.

The motion of the hindfoot with respect to the midfoot was measured in two planes: Transverse
plane and frontal plane. The pattern of the hindfoot motion in the transverse plane measured by
the Vicon ProCalc was comparable with the hindfoot internal/external rotation measured in the
study of Jenkyn and Anas. In both studies, the hindfoot went into an internal rotation from heel-
strike until mid-stance as hypothesized and moved into external rotation from mid-stance until toe-
off. The CMC between subjects was 0.61 and 0.41 for the hindfoot internal/external measure by
Vicon ProCalc and for the motion measured in Jenkyn and Anas study respectively that shows the
repeatability between subjects is greater for the motion measured by Vicon ProCalc. However, the
range of hindfoot motion in the transverse plane measured by the Vicon ProCalc was 4.0 degrees
smaller than the range of motion measured in the study of Jenkyn and Anas. There are a limited
number of studies in the literature that considered the midfoot as an individual segment. Leardini
and his colleagues (2007) showed the range of hindfoot motion in the sagittal, frontal, and
transverse planes was 3, 8, and 4 degrees respectively. Other studies found a range of motion for
the hindfoot segment 6 and 11 degrees (Hunt et al., 2001; Kidder et al., 1996). The controversy
between studies for the hindfoot segment range of motion with respect to the midfoot can be partly
because of the dissimilarity of in the definition of the local planes of the hindfoot as well as the
unique foot characteristics of the subjects. This also can explain the difference between the range

of hindfoot motions in the frontal plane in this study and the study of Jenkyn and Anas. The range
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of motion of the hindfoot in the frontal plane with respect to the midfoot was 5.9 and 11.4 measured

by the Vicon ProCalc and study of Jenkyn and Anas respectively.

The forefoot segment motion in the frontal plane with respect to the midfoot was also measured
using Vicon ProCalc and compared with the forefoot supination/pronation in the study of Jenkyn
and Anas. The motion of the forefoot measured in this study and the study of Jenkyn and Anas
was a combined motion of the medial and lateral forefoot with respect to the midfoot. Since the
Oxford foot model does not consider the midfoot as an individual segment, the motion of the
forefoot segment with respect to the hindfoot was measured using the Oxford foot model as well.
The pattern of the forefoot motion in all three studies was similar to each other. All three studies
showed a pronation pattern for the forefoot from heel-strike until mid-stance, and a reversed
motion from mid-stance until toe-off as hypothesized. The range of forefoot motion with respect
to the midfoot was 3.3 and 11.8 measured by the Vicon ProCalc and the study of Jenkyn and Anas
respectively that shows a great difference between the range of motions. Other studies have also
measured the motion of the hindfoot in literature. Carson et al. (2001) measured the forefoot
supination using the Oxford foot model during the stance phase of the gait cycle with respect to
the hindfoot. This study also showed a pronation pattern of the forefoot in the first 23% of the gait
and a supination pattern from mid-stance until toe-off. The range of motion measured by OFM in
this study and in the study of Carson et al. was 5.3 and 6.5 angles respectively that represents a

good agreement between the range of motions in these two studies.

The next motion measured in this study was the dorsiflexion of the hallux (first
metatarsophalangeal joint) that plays an important role in biomechanics of the lower extremity.
The MTP joint osteoarthritis (MTP OA), also referred to as hallux rigidus, is one of the

abnormalities of this joint that causes pain and limitations in daily activities (Gilheany et al., 2008).
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It has also been discovered that the low arch foot structure has been linked with the growth of the
hallux rigidus (Mahiquez et al., 2006). Hence, developing methods in a clinical setting to measure
the motion of the hallux in the sagittal plane is of great importance. Hallux dorsiflexion was
measured in our study using Vicon ProCalc and Oxford foot model. Results of both methods show
a slight plantarflexion pattern of the hallux from the beginning of the gait cycle until mid-stance,
and a greater dorsiflexion pattern from mid-stance until toe-off, where it reached the maximum
degree of dorsiflexion. The range of hallux motion in the sagittal plane was 15.8 and 18.9 degrees
measured by the Vicon ProCalc and the Oxford foot model respectively. The difference between
the range of motions measured by these two methods was small with respect to the total range of
motion and it can be due to the different procedures that these two methods use to measure the
hallux dorsiflexion. Other studies have also measured the motion of the hallux in the sagittal plane.
Kuni et al. (2014) reported the hallux range of motion in the sagittal plane in a level walking as 34
degrees. Canseco et al. (2008) also measured the hallux dorsiflexion and represented 30 degrees
range of motion for the normal subjects with no hallux rigidus and 10 degrees range of motion for
subjects with hallux rigidus. The difference between the range of motions reported by several
studies is directly related to the subjects’ hallux type. Hallux rigidus decreases the range of motion
of the hallux and as it is linked to the arch type of the foot, it can be perceived from studies that
subjects with low arch foot structure have smaller hallux range of motion. Moreover, walking
speed can affect the hallux range of motion based on the results of several studies. Keller et al.
(1996) have found that increasing walking speed has a direct impact on the vertical ground reaction
force (VGRF) and causes to increase the VGRF. On the other hand, Chang et al. (2014) studied
on the foot kinematics and ground reaction force of the individuals with plantar fasciitis (PF) which

is believed to be a result of the prolonged excessive loading (Chang et al., 2014). The results of
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this study showed a smaller ground reaction force and a greater hallux range of motion for the
subjects with PF and an inverse relationship between the ground reaction force and the hallux
range of motion can be observed. Overall, it can be perceived from these studies that increasing
speed can have impacts on the first metatarsophalangeal joint range of motion and this can explain
the difference between the range of hallux motion represented by studies on individuals walked

with self-selected speed.

The last motion measured in this study was the relative motion of the medial and lateral forefoot
segments. A limited number of studies have divided the forefoot into medial and lateral segments
(Kidder et al., 1996; Bok et al., 2016) and none of them have measured the motion of the medial
forefoot with respect to the lateral forefoot. Hence, the relative motion of the forefoot segments
measured in this study is difficult to compare. Only one study has measured the motion of the
forefoot segments during walking gait in sagittal, frontal, and transverse planes (Cobb et al., 2016).
The result of this study showed that the maximum degrees of dorsiflexion for the medial and lateral
forefoot segments are 7.7 and 6.7 degrees respectively and figures represented that the maximum
dorsiflexion happened at the toe-off. The result in our study agrees with the results reported by
Cobb et al., since the degrees of dorsiflexion for the medial forefoot is greater than the dorsiflexion
degrees for the lateral forefoot over the gait cycle and the difference was maximized at the toe-off

where both segments reached to the maximum dorsiflexion degrees.

The mean standard deviation (SD) calculated for all motions measured by the Vicon ProCalc and
Oxford foot model were reported in chapter 3. Among the motions measured by Vicon ProCalc,
the ankle joint dorsi/plantarflexion and the hallux dorsiflexion had the largest mean standard
deviation. The mean SD was 6.97 and 6.01 degrees for the ankle joint motion and the hallux

dorsiflexion respectively. Likewise, the greatest SD calculated for the motions measured by OFM
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was for the hallux dorsiflexion and ankle dorsi/plantarflexion with 9.69 and 5.58 degrees
respectively. It can be observed from figures and mean standard deviations reported for all motions
that there is a direct relationship between the range of motion and the standard deviation, that is to
say, the growth of the range of motion can increase the standard deviation. Furthermore, it can be
noticed from results that the standard deviation is varying during a gait cycle. The standard
deviation was 3.4, 3.0, and 7.2 degrees at heel-strike, mid-stance, and toe-off respectively in the
ankle joint motion measured by Vicon ProCalc. The same pattern can be seen for the standard
deviation of hallux dorsiflexion measured by the Vicon ProCalc. The variation in standard
deviation during gait can be explained by the study of Stephenson et al. (2010) on effect of arm
movements on the muscle activation during walking gait cycle. The results of the quadriceps
femoris and tibial anterior muscle activation during gait cycle in this study showed increased levels
in muscle activation at the heel-strike and toe-off. Growth in muscle activation can cause an
increase in soft tissue movement and displacement of reflective markers on the skin, also called
soft tissue artefact (Perry & Burnfield, 2010). Displacement of markers increases the variation in

motion and the standard deviation consequently.

4.3 Strengths

This study measured the inter-segmental joint motions of the foot in a clinical setting using the
multi-segment foot model developed by Jenkyn and Nicole (2007). This method was accurate and
clinical user-friendly and can easily be used by clinicians. The most significant strength of this
method over MATLAB is that only one-time set up is required for this method and once the model
is implemented in the application, inter-segmental joint motions can be measured for a limitless
number of subjects and there is no need to change the settings for individuals. Furthermore, any

joint motion can be measured in Vicon ProCalc by defining variables for each segment and
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measuring the variation of a segment’s variable with respect to the other segment. In addition, the
modification of a joint motion calculated in Vicon ProCalc can be observed 3-dimensional over
the gait cycles of a trial. Vicon ProCalc can also define the events of a gait cycle accurately based
on the repeatable parameters. This reduces the errors caused by visual assessment of events in a
gait cycle. Using Vicon ProCalc enables to use of any customized multi-segment foot model and

measure desired joint motions.

One of the advantages of the multi-segment foot model developed by Jenkyn and Nicole (2007)
used in this study over the Oxford foot model is that this model considers the midfoot as an
individual segment and the relative motion of the hindfoot and forefoot can be measured with
respect to the midfoot. Also, by having midfoot as a separated segment, the motion of the subtalar
joint can be measured which is of great clinical importance. Moreover, this model divides the
forefoot into medial and lateral forefoot segments so that the relative motion of the forefoot
segments can be measured as well. Due to the use of triad cluster markers, this model uses fewer
reflective markers on the foot in comparison to the Oxford foot model and it reduces the errors
caused by skin movement artefact. Additionally, fewer holes are required on the shoe for collecting
data with shoes on by having fewer required markers. One of the strengths of the Vicon ProCal is
that this application allows us to find the position of a marker with respect to the local coordinate
system and recreate the marker in the trials that the marker is missed in. This feature is beneficial
when the cameras are able to capture a marker in the static trial, but the marker cannot be seen by

the cameras in the dynamic trials and vice versa.

4.4 Limitations and future research recommendations

This study had several limitations as well:
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The walking test was only performed on a treadmill, however, there might be some
differences between the inter-segmental joint motion results of walking on a treadmill and
normal walking on the ground. Song and Hidler (2008) studied the biomechanics of over
ground vs. treadmill walking in healthy individuals and demonstrated different joint
moments in the sagittal plane between over ground and on treadmill walking. Also, White
et al., (1998) discovered the same pattern for the vertical ground reaction force (GRF) in
walking over ground and on treadmill, but different magnitudes were found between the
vertical GRF in the two forms of locomotion. Quantifying the inter-segmental joint motions
by performing a normal walking test on the ground and using Vicon ProCalc would allow
more accurate results to be observed.

The walking test for this study was only performed barefoot and the accuracy of this
method in measuring inter-segmental joint motions for walking test with shoes-on was not
quantified. Validating this method with a data walking test protocol with shoes-on provides
a better understanding of the accuracy of this method in assessing the biomechanics of
lower extremity during daily activities such as walking.

Another limitation of this study was the soft tissue movement during walking which causes
movement of the markers on the skin and errors in evaluating the motions consequently.
Researching on how to reduce the effects of skin movement artefact on the inter-segmental
joint motion results is another recommendation for future research.

This study was only carried out for adult subjects and the validity of this method in
measuring inter-segmental joint motions of the foot in children or elderly subjects was not

evaluated. Measuring joint motions within the foot for the subjects with a wide range of
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ages using this method can better quantify its validity and accuracy in measuring inter-
segmental joint motions.

The Comparison of Using Vicon ProCalc application and MATLAB for measuring
intersegmental joint motions was done between two different study groups and it limits the
accuracy of the comparison. Comparing the results of using Vicon ProCalc and MATLAB
for measuring joint motions of the foot with the same group of study would give us a better
idea of the differences between using these two methods for measuring the intersegmental

joint motions.
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6. APPENDIX

6.1 Calculating the average of motion for one participant in MATLAB

numData Averagel= xlsread('T:\Pilot Data\MSFM-OFM\MSFM
OFM\Alex\session 1\Alex Cal 02.csv');

AAnkDor= numData Averagel;
aAnkDor=mean (AAnkDor (5:end, 3)) ;

numData Average2= xlsread('T:\Pilot Data\MSFM-OFM\MSEM-
OFM\Alex\session 1\Alex Cal 03.csv');

BAnkDor= numData Average2;
bAnkDor=mean (BAnkDor (5:end, 3) ) ;

numData Average3= xlsread('T:\Pilot Data\MSFM-OFM\MSEM-
OFM\Alex\session 1\Alex Cal 04.csv');

CAnkDor=numData Average3;
cAnkDor=mean (CAnkDor (5:end, 3)) ;

AnkleDorsiSt=(aAnkDor+bAnkDor+cAnkDor) /3;

numData Dorsil= xlsread('T:\Pilot Data\MSFM-OFM\MSFM-OFM\Alex\session

I\Alex Cal 19.csv');

G = numbData Dorsil;
AnkleDorsiDynl = G(5:end, 3);
AnkleDorsiflexionl = AnkleDorsiDynl-AnkleDorsiSt;
H = AnkleDorsiflexionl;

Suml=0;

for i=1536:310:4636

hi= H(1i:1+310,:);

Suml=Suml+hi;

end

Averagel=Suml/10;

delta= 100/310;

j= (0:delta:100);

plot (j,Averagel, 'color', 'red');
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6.2 Calculating the averaged over all eleven subjects motion with one positive and one

negative standard deviation

numData Averagel= xlsread(
Results\OFM Results\Ankle Dorsi\AnkleDosri.xlsx'

Al=numData Averagel;

al=imresize (
az=imresize (
a3=imresize (
ad=imresize (
ab=imresize(
a6=imresize (
a7=imresize (
a8=imresize (
a9=imresize (
alO=imresize

»

:312,1), [670 1
362,3), [670 1
:337,5), [670 1
:432,7) [670 1
:412,9), [670 1
:671,11)
:382,13), [
:352,15), [670 1

), L

9

14

, [670

:322,17), [670 1
2:532,19), [670

'"T:\Pilot Data\MSFM-OFM\MSFM-OFM\All

=[lal,a2,a3,a4,a5,a6,a’7,a8,a9,all];

AVG= (al+a2+a3+ad+ab+a6+a7+a8+a%9+al0) /10;

deltal=100/669;
Jj= 0:deltal:100;

S= std(A,[1,2);

S Positive=AVG+S;
S Negative=AVG-S;

plot (3,9);

plot (j7,AVG); hol

d on

plot (j,S Positive); hold on
plot (j,S Negative);
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6.3 T-test output data for Vicon ProCalc results and the results of Jenkyn and Anas study

(2008)

6.3.1 Medial longitudinal arch motion

T Test: Paired Two Sample for Means

Mean
Variance
Observations

Pearson Correlation
Hypothesized Mean
Difference

df

t Stat

P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

1.090397
0.012736

96
0.317138

0.03

95
-2.56155
0.005997
1.661052
0.011994
1.985251

6.3.2 Ankle JCS motion

T Test: Paired Two Sample for Means

Mean
Variance
Observations

Pearson Correlation
Hypothesized Mean
Difference

df

t Stat

P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

0.369252
19.08148
96
0.6349

0.03

95
5.024026
1.19E-06
1.661052
2.37E-06
1.985251
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6.3.3 Subtalar JCS motion

T Test: Paired Two Sample for Means

Mean
Variance
Observations

Pearson Correlation
Hypothesized Mean
Difference

df

t Stat

P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

6.3.4 Hindfoot supination/pronation with respect to the midfoot

2.323919
8.792565

96
0.872334

0.03

95
17.71713
3.61E-32
1.661052
7.21E-32
1.985251

T Test: Paired Two Sample for Means

Mean
Variance
Observations

Pearson Correlation
Hypothesized Mean
Difference

df

t Stat

P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

-0.54062
4.69316
96
0.778749

0.03

95
4.8874
2.07E-06
1.661052
4.14E-06
1.985251
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6.3.5 Hindfoot internal/external rotation with respect to the midfoot

T Test: Paired Two Sample for Means

Mean
Variance
Observations

Pearson Correlation
Hypothesized Mean
Difference

df

t Stat

P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

6.3.6 Forefoot supination/pronation with respect to the midfoot

0.276446
2.832702

96
0.841734

0.03

95
-16.4864
6.39E-30
1.661052
1.28E-29
1.985251

T Test: Paired Two Sample for Means

Mean
Variance
Observations

Pearson Correlation
Hypothesized Mean
Difference

df

t Stat

P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

0.386189
1.26384
96
0.691792

0.03

95
-20.9157
1.25E-37
1.661052
2.49E-37
1.985251
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6.4 T-test output data for Vicon ProCalc and Oxford foot model results

6.4.1 Ankle JCS motion

T Test: Paired Two Sample for Means

Mean
Variance
Observations

Pearson Correlation
Hypothesized Mean
Difference

df

t Stat

P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

6.4.2 Subtalar JCS motion and hindfoot segment motion with respect to the tibia

-0.43478
28.22169

96
0.788011

0.03

95
-2.49469
0.007167
1.661052
0.014333
1.985251

T Test: Paired Two Sample for Means

Mean

Variance
Observations
Pearson Correlation

Hypothesized Mean
Difference

df

t Stat

P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

0.897479
12.49227

96
0.972101

0.03

95
-14.9692
4.93E-27
1.661052
9.86E-27
1.985251
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6.4.3 Forefoot segment supination/pronation

T Test: Paired Two Sample for Means

Mean
Variance
Observations

Pearson Correlation
Hypothesized Mean
Difference

df

t Stat

P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

1.029409
3.829479

96
0.974298

0.03

95
6.690453
7.67E-10
1.661052
1.53E-09
1.985251

6.4.4 Hallux dorsiflexion

T Test: Paired Two Sample for Means

Mean

Variance
Observations
Pearson Correlation

Hypothesized Mean
Difference

df

t Stat

P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

3.296675
40.56947

96
0.980226

0.03

95
-27.1764
6.83E-47
1.661052
1.37E-46
1.985251
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6.4.5 Medial longitudinal arch motion

T Test: Paired Two Sample for Means

Mean
Variance
Observations

Pearson Correlation
Hypothesized Mean
Difference

df

t Stat

P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

1.246164
0.031726

96
0.662849

0.03

95
10.41526
1.07E-17
1.661052
2.15E-17
1.985251
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