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ABSTRACT  

Foot and ankle complex is an integral part of the locomotion system, and 

susceptible to injuries and diseases, because it has to sustain impact and 

loading that are sometimes several times of body weight during different 

activities. 

Severe disorders of the musculoskeletal structures of the foot and ankle are 

often alleviated using surgical treatments. Surgical treatments are expected to 

promptly retrieve normal functions. As the foot-ankle complex is an intricate 

mechanism and each segment interacts with others interdependently, any 

clinical interventions may result in function alterations, not only at the modified 

site but also over the adjacent regions even on the entire foot. Evaluation of 

possible biomechanical functional alterations due to surgery could provide 

baselines for determination and optimization of surgery protocols, and predict 

iatrogenic complications. 

Experimental studies in the biomechanical behavior of the foot and ankle have 

been conducted and provided valuable information. Due to the limitations in the 

measurement techniques and ethical issue, the rationale that is directly related 
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to injuries is lack of evaluation, which could be well settled using computational 

simulations. 

In order to investigate the biomechanical effects of surgeries, including 

tarsometatarsal joint fusion, ankle arthrodesis, and total ankle arthroplasty 

(TAA), on the entire foot, and to predict potential complications, computational 

simulations of biomechanical behaviors during gait were conducted in this study. 

A three dimensional comprehensive finite element (FE) model of foot-ankle 

complex has been developed. Based on modification of this model, three 

surgical treatments were simulated. Gait analysis was carried out to obtain 

boundary and loading conditions. The model was validated through comparison 

of plantar pressure and joint contact pressure between the FE prediction and 

experimental measurement.  

Three featured gait instants, namely first-peak, mid-stance, and second-peak 

were selected for analysis. The biomechanical performances in the surgical foot 

models were compared to the normal foot model for identification of 

biomechanical effects of surgeries.  

The results show that tarsometatarsal joint fusion raised less effect on the foot 

and ankle biomechanics than the ankle arthrodesis and TAA surgeries, because 
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of the relatively smaller range of motion at the tarsometatarsal joints than the 

ankle joint. The biomechanics of the TAA model was very close to the normal 

foot at the first half of stance phase, but substantially variation was induced 

around the second-peak instant. Different from TAA, ankle arthrodesis had 

more effects at the first half of the stance phase, and provided a relatively stable 

condition at the second-peak instant.  

Both ankle surgeries reduced the dorsiflexion range, with the smallest range of 

dorsiflexion happened in ankle arthrodesis model. TAA produced a plantar 

pressure distribution closer to the normal foot than ankle arthrodesis throughout 

the gait. It did not increase the peak pressure and did not change the location of 

center of pressure a lot, while ankle arthrodesis increased the peak pressure 

and forwarded the center of pressure anteriorly. The contact pressure at the 

talonavicular joint was substantially increased in the ankle arthrodesis model, 

and that at the medial cuneonavicular joint was obviously affected in the TAA 

model. The stress in the second and third metatarsals was increased in both 

ankle surgeries. These variations were potentially causation of complications, 

such as joint arthritis and bone fracture. 

Ankle arthrodesis is a better choice than TAA when the two surgeries are both 

practicable, due to the design limitation of ankle prosthesis. In case of patients 
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with potential risk of diabetic and plantar foot problems, hallux valgus, and 

flexible flatfoot, total ankle arthroplasty should be avoided. This computational 

platform developed in this study can be further used for the optimal design of 

the ankle prostheses and surgical protocols.  



vii 
 

PUBLICATIONS ARISING FROM THE THESIS 

Peer-reviewed Journals 

Y Wang, DWC Wong, M Zhang. 2015 Computational models of the foot and 

ankle for pathomechanics and clinical applications - A review. Annals 

of Biomedical Engineering, DOI: 10.1007/s10439-015-1359-7 

Y Wang, ZY Li, DWC Wong, M Zhang. 2015 Biomechanical Understanding of 

Surgical Consequence of Tarsometatarsal Joint Fusion. PlosOne 

0134340. 

Y Wang, ZY Li, M Zhang. 2014 Biomechanical study of tarsometatarsal joint 

fusion using finite element analysis. Medical Engineering & 

Physics,36(11) 1394-1400. 

DWC Wong, Yan Wang, M Zhang, AKL Leung.2015 Functional Restoration 

and Risk of Non-union of the First Metatarsocuneiform Arthrodesis for 

Hallux Valgus: A Finite Element Approach. Journal of Biomechanics, 

48(12):3142-3148. DOI: 10.1016/j.jbiomech.2015.07.013. 

QT Tan, M Zhang, Y Wang, MY Zhang, Y Wang, Q Xin, BT Wang, ZY Li. 2015, 

Frequency-specific functional connectivity revealed by wavelet-based 

coherence analysis in elderly subjects with cerebral infarction using 

NIRS method. Medical Physics, DOI:10.1118/1.4928672. 

WH Li, M Zhang, GM Lv, QY Han, YJ Gao, Y Wang, QT Tan, MY Zhang, YX 

Zhang, ZY Li. 2015 Biomechanical response of the musculoskeletal 

system to whole body vibration using a seated driver model, 

International Journal of Industrial Ergonomics, 45:91-97. 

YJ Gao, M Zhang, QY Han, WH Li, Q Xin, Y Wang, ZY Li. 2014 Cerebral 

autoregulation in response to posture change in elderly subjects-

assessment by wavelet phase coherence analysis of cerebral tissue 



viii 
 

oxyhemoglobin concentrations and arterial blood pressure signals, 

Behavioural Brain Research, 278:330-336. 

Book Chapters 

Y Wang, M Zhang. 2014 'Foot and Ankle Model for Surgical Treatment', in ' 

Computational biomechanics of the musculoskeletal system'. Edited 

by Ming Zhang, Yubo Fan, CRC Press, 37-48. 

M Zhang, J Yu, Y Cong, Y Wang, TM Cheung. 2014 Foot Model for 

Investigating Foot Biomechanics and Footwear Design, in ' 

Computational biomechanics of the musculoskeletal system'. Edited 

by Ming Zhang, Yubo Fan, CRC Press, 3-18. 

Conference Proceedings 

Y Wang, M Zhang. 2015 Biomechanical study of the effectiveness of the total 

ankle arthroplasty using finite element analysis. The 11th National 

Conference on Biomechanics. Taiyuan, DOI: 

10.13140/RG.2.1.2695.2409. 

Y Wang, ZY Li, M Zhang. 2015, Biomechanical Comparison of Ankle 

Arthrodesis and Ankle Arthroplasty Surgeries. The World Congress on 

Biomedical Engineering WACBE; Singapore, DOI: 

10.13140/RG.2.1.1180.6560. 

Y Wang, M Zhang. 2015 Computational Analysis of Foot and Ankle Surgeries, 

Symposium on Biomedical and Rehabilitation Engineering, Hong Kong, 

DOI: 10.13140/RG.2.1.3302.9280. 

Y Wang, M Zhang. 2015 Computational model of foot and ankle for evaluation 

of ankle arthrodesis surgery, Belgium, DOI: 

10.13140/RG.2.1.1730.0646. 

Y Wang, M Zhang. 2014 Biomechanical Study of Ankle Arthrodesis Using Finite 



ix 
 

Element Analysis. The 1st International Workshop on Multiscale 

Mechanobiology, Hong Kong. 

Y Wang, M Zhang. 2014 Effects of ankle fusion and tarsometatarsal joint fusion 

on biomechanical performance of foot, 12th International Symposium 

on Computer Methods in Biomechanics and Biomedical Engineering 

(CMBBE), DOI: 10.13140/2.1.4646.4805. 

Y Wang, ZY Li, M Zhang. 2014 Biomechanical study on foot joint fusion for 

clinical application, BME 2014 Biomedical Engineering International 

Conference, Hong Kong, DOI: 10.13140/2.1.3073.6161. 

Y Wang, M Zhang. 2013 Biomechanical understanding of surgical 

consequence of tarsometatarsal joint fusion. WACBE World Congress 

on Biomedical Engineering, Beijing, 151-152. 

Y Wang, M Zhang. 2014 Effects of ankle fusion and tarsometatarsal joint fusion 

on biomechanical performance of foot. The 12th International 

Symposium on Computer Methods in Biomechanics and Biomedical 

Engineering, Amsterdam. 

Y Wang, M Zhang. 2014, Finite element analysis of ankle arthrodesis. The 17th 

annual conference on foot and ankle surgery, Yichang, Hubei, China. 

DOI: 10.13140/2.1.1549.9045. 

 

 

 

 



x 
 

Research Awards 

2015 Hong Kong Medical and Healthcare Device Industries Association 1st 

runner of Student Research Award 

2015 Best Paper Award at the 11th National Conference on Biomechanics by 

the Chinese Society of Biomechanics, Taiyuan, Oct 2015 

2013 Hong Kong Medical and Healthcare Device Industries Association 2nd 

runner of Student Research Award 

2013 Outstanding Graduation Award in the BME Innovation Experiential Camp 

held by Beihang University 



xi 
 

ACKNOWLEDGEMENTS 

I have to say, the completeness of the PhD study brings me a fantastic 

experience. I will always remember the happiness, the sadness, the struggles 

and the friends fulfilling this period.  

I would to express my deep appreciation to Prof. Ming Zhang, not only for his 

identity of a mentor, but also for his acting as a father and a friend. Dr. Zhang 

grants me the courage and strength to conquer the challenges on my way 

forward. He supervises us with research progression and also takes care of our 

living. For the first time, I enjoyed the sufferings and the cheers in research life; 

for the first time I got the meaning of hard work; and for the first time I 

confidently presented my work on whatever stage. My study benefits very much 

from his invaluable support, guidance and encouragement. I am really grateful 

as a member of his team. 

Grateful thanks to my colleagues. My research is based on excellent work done 

by previous team members. Thanks to Dr. Jia Yu, for his helpful suggestions 

and guidance in model development. I greatly appreciate the assistance and 

cooperation from Dr. Duo Wong. He saved me a lot of time during my thesis 



xii 
 

writing by helping overcome difficulties. Many thanks to all the team members 

for help in all aspects. 

I would thank Dr. Zong-Ming Li from Cleveland Clinic for his guidance and care 

during my stay in America. I benefit a lot from his concept on time management 

and work arrangement.  

The most sincere appreciation should go to my parents. I owe every step of 

progression to them. They support whatever I would do; they care about 

whatever in my mind; and they give whatever they can afford to me. They 

contribute most of their effort for raising me. They are the ones I would love for 

the whole life. 

Thank myself for the braveness and confidence to engage in and manage the 

PhD study. 

Financial support of the research studentship from The Hong Kong Polytechnic 

University is gratefully acknowledged. 

 

 



xiii 
 

TABLE OF CONTENTS 

CERTIFICATE OF ORIGINALITY .................................................... i 

ABSTRACT ................................................................................... iii 

PUBLICATIONS ARISING FROM THE THESIS .......................... vii 

ACKNOWLEDGEMENTS .............................................................. xi 

LIST OF FIGURES........................................................................ xv 

LIST OF TABLES ....................................................................... xxv 

CHAPTER I. INTRODUCTION ..................................................... 1 

1.1 Foot-ankle Related Problems and Treatments ................................. 1 

1.2 Significance of Biomechanical Understanding ................................ 3 

1.3 Objectives of this Study ..................................................................... 6 

1.4 Outline of the Dissertation ................................................................. 8 

CHAPTER II. LITERATURE REVIEW ........................................ 11 

2.1 Locomotion System of Foot and Ankle .......................................... 11 

2.1.1 Anatomy of the Foot-ankle Complex......................................... 11 

2.1.2 Biomechanics Behavior of the Foot-ankle Complex ................. 22 

2.2 Foot-ankle Problems and Treatments ............................................. 29 

2.3 Biomechanical Assessment ............................................................ 53 

2.3.1 Experimental Assessment ........................................................ 54 

2.3.2 Computational Analysis ............................................................ 66 

2.3.3 Finite Element Analysis on Foot for Clinical Applications .......... 71 

CHAPTER III. METHODS........................................................... 85 

3.1 Experimental Study .......................................................................... 87 

3.1.1 Gait Analysis and Plantar Pressure Measurement ................... 87 

3.1.2 Cadaveric Experiment ............................................................ 112 

3.2 Development of Computational Platform ..................................... 121 

3.2.1 Finite Element  Model of Normal Foot-ankle Complex............ 122 

3.2.2 Finite Element Model of Tarsometatarsal Joint Fusion ........... 129 



xiv 
 

3.2.3 Finite Element Model of Total Ankle Arthroplasty ................... 132 

3.2.4 Finite Element Model of Ankle Arthrodesis ............................. 139 

3.3 Validation ......................................................................................... 142 

CHAPTER IV. RESULTS ......................................................... 144 

4.1 Experimental Results ..................................................................... 144 

4.1.1 Gait Analysis ........................................................................... 144 

4.1.2 Cadaveric Experiment ............................................................. 162 

4.1.3 Model Validation ..................................................................... 169 

4.2 Results of Finite Element Studies ................................................. 173 

4.2.1 Normal Foot Simulation .......................................................... 174 

4.2.2 Tarsometatarsal Joint Fusion Simulation ................................ 182 

4.2.3 Total Ankle Arthroplasty Simulation ........................................ 191 

4.2.4 Ankle Arthrodesis Simulation .................................................. 202 

4.2.5 Comparison Between Total Ankle Arthroplasty and Ankle 

Arthrodesis ............................................................................................. 214 

CHAPTER V. Discussion ........................................................ 231 

5.1 Experimental Measurements ......................................................... 232 

5.1.1 Gait Analysis ........................................................................... 232 

5.1.2 Cadaveric Experiment ............................................................. 239 

5.2 Muscle Forces ................................................................................. 241 

5.3 Computational Analysis ................................................................. 243 

5.3.1 Tarsometatarsal Joint Fusion .................................................. 244 

5.3.2 Total Ankle Arthroplasty .......................................................... 250 

5.3.3 Ankle Arthrodesis .................................................................... 256 

5.3.4 Comparison between Total Ankle Arthroplasty and Ankle 

Arthrodesis ............................................................................................. 261 

5.4 Limitations ....................................................................................... 263 

CHAPTER VI. CONCLUSIONS AND FUTURE WORK ........... 266 

6.1 Conclusions .................................................................................... 266 

6.2 Future Work ..................................................................................... 269 

REFERENCES ............................................................................ 271 



xv 
 

LIST OF FIGURES 

Figure 2.1 Bones of a right foot in superior and lateral views ................... 13 

Figure 2.2 The plantar fascia on the plantar aspect of the foot in an inferior 

view (Muscolino 2005)......................................................................... 18 

Figure 2.3 The major intrinsic muscles of the foot-ankle in plantar- and 

dorsi-view. ............................................................................................ 19 

Figure 2.4 The major extrinsic muscles of the foot-ankle in front and back 

views. .................................................................................................... 21 

Figure 2.5 Three planes to describe the position and movement of each 

segment of human body. (http://www.footdoc.ca/www.FootDoc.ca, 

2010) ..................................................................................................... 23 

Figure 2.6 The four major axises in foot and ankle. (A) and (B) are the 

ranges of motion of the ankle joint axis in transverse and frontal 

plane; (C) is those of the subtatar axis in transverse and frontal 

plane; and (D) shows those of the metatarsal break in transverse 

plane. .................................................................................................... 25 

Figure 2.7 Foot and ankle motions in sagittal, frontal and transverse 

planes; (A) is plantar- and dorsiflexion of ankle with the range of 

50°and 20°in the sagittal plane; (B) is eversion and inversion motion 

of the foot in frontal plane with the range of 25°and 35°; (C) is 

external and internal of foot in the transverse plane with the range 

of 50°and 70°. (http://www.footdoc.ca/www.FootDoc.ca, 2008) ...... 26 

Figure 2.8 Phases in a gait cycle 

(http://www.jaaos.org/content/15/2/107/F1.expansion, 2011) .......... 28 

Figure 2.9 The lateral ligaments and medial ligaments (deltoid ligaments) 

of the ankle joint 

(http://radiographics.rsna.org/content/19/3/673/F1.expansion.html, 

2010). .................................................................................................... 30 

Figure 2.10 Type of ankle sprains (https://myhealth.alberta.ca, 2014). ..... 31 

Figure 2.11 Types of unimalleolar fracture: Type A is fracture below the 

tibiotalar joint; Type B is fracture at the level of the tibiotalar joint; 

and Type C is fracture above the tibiotalar joint. ............................. 32 



xvi 
 

Figure 2. 12 Bimalleolar fracture of the ankle joint 

(http://catalog.nucleusinc.com/generateexhibit.php?ID=4138, 2013).

............................................................................................................... 33 

Figure 2.13 Trimalleolar ankle fracture 

(http://catalog.nucleusinc.com/generateexhibit.php?ID=4138, 2013).

............................................................................................................... 33 

Figure 2.14 Radiographs of surgeries for lateral malleolus fracture and bi-

malleolus fractures 

(http://www.emedx.com/emedx/diagnosis_information, 2008). ...... 35 

Figure 2.15 (A) Preoperative and postoperative radiograph of the surgery 

of resectional arthroplasty; (B) Preoperative radiograph of 

degenerative joint disease and postoperative radiograph after 

resectional arthroplasty and total joint implant replacement; (C) 

Pre- and postoperative radiographs of comparison of the first 

metatarsophalangeal joint arthrodesis; and (D) Pre- and 

postoperative radiographs of comparison of the first 

tarsometatarsal joint arthrodesis (http://www.rad.washington.edu)

............................................................................................................... 46 

Figure 2.16 Anatomy and regional structures of the proximal fifth 

metatarsal and types of fractures (Strayer, Reece et al. 1999) ........ 47 

Figure 2.17 Fixation of the fractures in the fifth metatarsal 

(http://www.footankleinstitute.com/toe-metatarsal-fracture) ........... 48 

Figure 2.18 Fixation of the first and second metatarsal fractures 

(https://www2.aofoundation.org/wps/portal, 2011) .......................... 49 

Figure 2.19 Ligaments of midfoot and dislocation of joints 

(http://www.learningradiology.com/archives06, 2015) ..................... 50 

Figure 2.20 Fixation of the midfoot joint 

(http://emedicine.medscape.com/article, 2014) ................................ 52 

Figure 2.21 The normal stress distribution on the plantar surface, and (b) 

the von Mises stress distribution of the bone(Chen, Tang et al. 

2001). .................................................................................................... 75 

Figure 2.22 (a) The maximum normal stress at the three metatarsal 

regions. (b) The maximum von Mises stress at the five metatarsal 



xvii 
 

bones at four different time instants during mid-stance to push-off 

(Chen, Tang et al. 2001). ..................................................................... 76 

Figure 2.23 The FE model of (A) soft tissue, (B) bony and ligamentous 

structures, and (C) flat and custom-molded insoles(Cheung and 

Zhang 2005). ........................................................................................ 78 

Figure 2.24 The FE model with the fore- and midfoot developed as a rigid 

body(Shin, Yue et al. 2012) ................................................................. 80 

Figure 2.25 The solid model of the foot and plantar soft tissue(Liang, Yang 

et al. 2011) ............................................................................................ 81 

Figure 2.26 3D free-body diagrams depicting the boundary and loading 

conditions for 3 postures: (A) normal stance, (B) dorsiflexion, and 

(C) eversion(Brilakis, Kaselouris et al. 2012) .................................... 82 

 

Figure 3.1 The work flow of the development of the FE model of foot and 

ankle. .................................................................................................... 86 

Figure 3.2 (A) The three dimensional capture system and, (B) the camera 

of this system. ..................................................................................... 88 

Figure 3 3 The F-SCAN system for measurement of plantar pressure. ..... 89 

Figure 3.4 The specifications of the 3000E type pressure mapping sensor.

 .............................................................................................................. 90 

Figure 3.5 The marker set of the musculoskeletal model of the lower limb 

for gait analysis. .................................................................................. 93 

Figure 3.6 The simulation of gait in AnybodyTM inverse dynamic system 

using the musculoskeletal model of the lower limb....................... 107 

Figure 3.7 Electromyography of the extrinsic muscles of the foot and 

ankle during free waling (Perry 1992), with (A) being plantar flexors 

and (B) being dorsi-flexors. The data were normalized by the 

manual muscle testing values to exclude the effect of variations in 

muscle anatomy. The normalization permitted comparisons of 

muscle effort among individual muscles and in different activities.

 ............................................................................................................ 111 

Figure 3.8  Cadaveric specimen showing the foot-shank-thigh and 

extracted foot region ......................................................................... 113 



xviii 
 

Figure 3.9 Setup of the cadaveric experiment. The proximal end of the 

specimen was fixed to a mechanics testing machine using resin, 

with a rotatable plate under the foot for adjustment of ankle joint 

angle. .................................................................................................. 115 

Figure 3.10 The insertion of the I-scan sensor into the talonavicular joint 

for the measurement of the joint contact pressure under different 

loading conditions. ............................................................................ 117 

Figure 3.11 The development of the computational platform of the foot-

ankle complex. Four FE models were included in this platform: 

normal foot-ankle model, tarsometatarsal joint fusion model, TAA 

model and ankle arthrodesis model. ............................................... 121 

Figure 3.12  FE model of foot and ankle, consisting of 28 bones, 103 

ligaments, plantar fascia and encapsulated soft tissue. Part of the 

soft tissue was removed for a better view of bone structures. ..... 123 

Figure 3.13 The three-dimensional finite element model of the foot and 

ankle and application of boundary and loading conditions, with  

being the shank deviation from the neutral position. .................... 128 

Figure 3.14 Surgery of first and second tarsometatarsal joint fusion (A), (B) 

four tied bones in model for simulation, and (C) a general view of 

the foot model with the first and second tarsometatarsal joints 

fusion. Articular surfaces among the first and second metatarsal 

bones, and medial and intermediate cuneiforms were tied together 

to simulate the fixed joints. .............................................................. 130 

Figure 3.15 Three components of the Scandinavian Total Ankle 

Replacement prosthesis: the tibia plate, the mobile bearing and the 

talar component. ................................................................................ 132 

Figure 3.16 The finite element model of the ankle prosthesis and the 

assembly with the foot model: (A) the geometries of the ankle 

prosthesis components and the assembly with the foot model, and 

(B) a cutaway view from the later side of the total ankle arthroplasty 

model. ................................................................................................. 137 

Figure 3.17 A cutaway view from the medial side of the ankle arthrodesis 

model. The interaction relationship of the ankle joint was changed 

from ‘surface to surface contact’ to ‘tie’. ......................................... 141 



xix 
 

 

Figure 4.1 The ground reaction forces in vertical (vert-GRF), antero-

posterior (AP-GRF) and medial-lateral (ML-GRF) directions of the 

stance phase stage in the right foot. ............................................... 145 

Figure 4.2 Foot positions during stance phase ......................................... 149 

Figure 4.3 (A) The plantar pressure distribution at corresponding 12 

positions of the foot during stance phase; (B) The curve of the 

contact area between the plantar foot and the floor during the entire 

stance phase, with 12 mentioned moments marked in red; and (C) 

The plantar pressure distribution with marked peak pressure at 

each moment. .................................................................................... 154 

Figure 4.4 The trajectory of center of contact force during an entire stance 

phase obtained from the F-Scan measurement. ............................ 158 

Figure 4.5 Curves of the vertical ground reaction force measured by force 

platforms and muscle forces calculated from the inverse dynamic 

musculoskeletal model using AnybodyTM system. The meanings of 

abbreviations are: stand for: GRF for vertical ground reaction force, 

FDL for flexor digitorum longus, FHL for flexor hallucis longus, TP 

for tibialis posterior, TA for tibialis anterior, PB for peroneus brevis, 

PL for peroneus longus, EDL for extensor digitorum longus, EHL 

for extensor hallucis longus, Achilles for Achilles tendon. .......... 160 

Figure 4.6 The plantar pressure distribution under the loading condition of 

‘100 N axial compression’, with the left one being for normal foot 

and the right for the ankle arthrodesis foot. ................................... 162 

Figure 4.7 The plantar pressure distribution under the loading condition of 

‘100 N axial compression, 250 N in Achilles tendon, and 50 N 

muscle force in four dorsi-flexors’, with the left one being for 

normal foot and the right for the ankle arthrodesis foot................ 164 

Figure 4.8 The plantar pressure distribution under the loading condition of 

‘150 N axial compression, 250 N in Achilles tendon, and 50 N 

muscle force in four dorsi-flexors’, with the left one being for 

normal foot and the right for the ankle arthrodesis foot................ 165 

Figure 4.9 The orientation of the I-Scan sensor as to the foot at the 

talonavicular joint. ............................................................................. 166 



xx 
 

Figure 4.10 The contact pressure under the loading condition of ‘100 N 

axial compression only’, with the left one being for normal foot and 

the right for the ankle arthrodesis foot. ........................................... 167 

Figure 4.11 The contact pressure under the loading condition of ‘100 N 

axial compression, 250 N in Achilles tendon, and 50 N muscle force 

in four dorsi-flexors’, with the left one being for normal foot and the 

right for the ankle arthrodesis foot. ................................................. 168 

Figure 4.12 The contact pressure under the loading condition of ‘150 N 

axial compression, 250 N in Achilles tendon, and 50 N muscle force 

in four dorsi-flexors’, with the left one being for normal foot and the 

right for the ankle arthrodesis foot. ................................................. 169 

Figure 4.13 Comparison of the plantar pressure between computational 

prediction and experimental measurement in: A) balanced standing 

position, B) the first-peak instant and C) the second-peak instant 

for validation ...................................................................................... 171 

Figure 4.14  Comparison of the contact pressure at talonavicular joint 

between FE prediction and cadaveric experiment measurement for 

validation ............................................................................................ 172 

Figure 4.15 The 11 joints of the foot investigated for the averaged contact 

pressure and contact forces. The numbering of joints is: 1-subtalat; 

2-talonavicular; 3-calcaneocuboid; 4-medial cuneonavicular; 5-

intermediate cuneonavicular; 6-lateral cuneonavicular; 7-first 

tarsometatarsal; 8-second tarsometatarsal; 9-third tarsometatarsal; 

10-fourth tarsometatarsal; 11-fifth tarsometatarsal. ....................... 174 

Figure 4. 16 The plantar pressure distribution in the normal foot model at 

the first-peak, mid-stance and the second-peak instants .............. 175 

Figure 4.17 The joint contact pressure of 11 major joints in the normal foot 

model at the first-peak, mid-stance and the second-peak instants.

............................................................................................................. 176 

Figure 4.18 The subtalar joint in the hindfoot. ........................................... 177 

Figure 4.19 The transverse tarsal joints between the hind- and midfoot, 

including the talonavicular and the calcaneocuboid joints. .......... 178 

Figure 4.20 The inter-tarsal joints including the medial, the intermediate, 

and the lateral cuneonavicular joints in the mid-foot. .................... 179 



xxi 
 

Figure 4.21 The tarsometatarsal joints between the mid- and fore-foot .. 180 

Figure 4.22 The joint contact forces of 11 major joints in the normal foot 

model at the first-peak, mid-stance and the second-peak instants.

 ............................................................................................................ 181 

Figure 4.23 The von Mises stress in five metatarsal bones in normal foot 

model at the first-peak, the mid-stance and the second-peak 

instants ............................................................................................... 182 

Figure 4.24 Plantar pressure distributions in the normal foot model and 

tarsometatarsal joint fusion model in three instants. .................... 186 

Figure 4.25 Comparison of normalized contact pressure at five joints 

between normal foot and foot with two tarsometatarsal joint fusion.  

These five joints showed increased contact pressure after the joints 

fusion. All contact pressures were divided by that of ankle joint 

during the first-peak instant. ............................................................ 188 

Figure 4.26 Von Mises stress in the five metatarsal bones (a) in normal 

foot model and (b) model with the first and second tarsometatarsal 

joint fusion in mid-stance. The second metatarsal showed the 

maximum change during mid-stance instant. ................................ 190 

Figure 4.27 Comparison of the plantar pressure distribution between 

normal foot model and total ankle arthroplasty foot model at the 

three instants. .................................................................................... 192 

Figure 4.28 Comparison of the contact pressure at 11 joints in the hind- 

and midfoot between the normal foot model and total ankle 

arthroplasty model at the first-peak, mid-stance, and second-peak 

instants ............................................................................................... 194 

Figure 4.29 Comparison of the contact forces at 11 joints in the hind- and 

midfoot between the normal foot model and total ankle arthroplasty 

model at the first-peak, mid-stance, and second-peak instants. .. 197 

Figure 4.30 Comparison of von Mises stress in five metatarsal bones in 

normal foot model and total ankle arthroplasty foot model at three 

instants Stress in the Bearing Component ..................................... 200 

Figure 4.31 Motion of the prosthetic ankle joint in sagittal and transverse 

planes and the stress distribution in the bearing component ...... 201 



xxii 
 

Figure 4.32 Comparison of the plantar pressure distribution, including the 

peak pressure and the center of pressure (COP) between normal 

foot model and ankle arthrodesis foot model at the three instants

............................................................................................................. 204 

Figure 4.33 Comparison of the contact pressure at 11 joints in the hind- 

and midfoot between the normal foot model and the ankle 

arthrodesis foot model at the first-peak, mid-stance, and second-

peak instants. ..................................................................................... 206 

Figure 4.34 Comparison of the contact forces at 11 joints in the hind- and 

midfoot between the normal foot model and ankle arthrodesis 

model at the first-peak, mid-stance, and second-peak instants. .. 209 

Figure 4.35 Load transfer (times of body weight) in the normal and ankle 

arthrodesis foot model at the first-peak instant. ............................ 211 

Figure 4.36 Comparison of von Mises stress in five metatarsal bones in 

normal foot model and ankle arthrodesis foot model at three 

instants. .............................................................................................. 212 

Figure 4.37 Angular positions of normal foot and ankle arthrodesis foot at 

second-peak instant in sagittal plane. ............................................. 213 

Figure 4.38 Comparison of planter pressure distribution in normal foot 

model, total ankle arthroplasty model and ankle arthrodesis model 

at the first-peak, mid-stance and the second-peak instants.......... 215 

Figure 4.39 Comparison of joint contact pressure in normal foot model, 

total ankle arthroplasty foot model and ankle arthrodesis foot 

model at the first-peak, mid-stance and the second-peak instants, in 

which, a: comparison of joint contact pressure among the three 

models at the first-peak instant, b: comparison of joint contact 

pressure among the three models at the mid-stance instant, and c: 

comparison of joint contact pressure among the three models at 

the second-peak instant. .................................................................. 217 

Figure 4.40 Comparison of joint contact forces in normal foot model, total 

ankle arthroplasty foot model and ankle arthrodesis foot model at 

the first-peak, mid-stance and the second-peak instants, in which, a: 

comparison of joint contact forces among the three models at the 

first-peak instant, b: comparison of joint contact forces among the 



xxiii 
 

three models at the mid-stance instant, and c: comparison of joint 

contact forces among the three models at the second-peak instant.

 ............................................................................................................ 220 

Figure 4.41 The comparison of force distribution in foot segments among 

normal foot model, total ankle arthroplasty model and ankle 

arthrodesis model: a) the force distribution in three foot models at 

the first-peak instant; b) the force distribution in three models at the 

mid-stance instant; and c) the force distribution in three foot 

models at the second-peak instant. The forces transferred through 

joints were normalized by body weight. .......................................... 224 

Figure 4.42 Comparison of stress distribution in the normal foot model, 

total ankle arthroplasty model and ankle arthrodesis model at the 

first-peak, the mid-stance and the second-peak instants. ............. 227 

Figure 4.43 Comparison of foot displacement among the normal foot 

model, the ankle arthrodesis ............................................................ 228 

 

  



xxiv 
 

  



xxv 
 

LIST OF TABLES 

Table 3.1 The loading conditions of pre-test. ............................................ 117 

Table 3.2 The boundary and loading conditions of the cadaveric 

experiment. ........................................................................................ 120 

Table 3.3 The mesh information and material properties of the model 

segments. ........................................................................................... 125 

Table 3.4  Description of the Scandinavian Total Ankle Replacement 

prostheses. ........................................................................................ 134 

 

Table 4.1 Muscle forces and ground reaction forces as model loading 

conditions. ......................................................................................... 161 

 

  



xxvi 
 

 



1 
 

CHAPTER I. INTRODUCTION 

1.1 Foot-ankle Related Problems and Treatments 

It was estimated that foot pain bothered about approximately 20% of adults over 

the world. Two thirds of them suffered from moderate and worse disability 

(Thomas et al. 2011), and had substantial negative impact on their life quality. In 

most cases the foot-ankle related problems are musculoskeletal disorders, such 

as deformities, injuries of bone and connective tissues, and joint arthritis.  

These disorders of the foot-ankle complex affect the maintenance of stability, 

capability of weight bearing, range of motion, and even the entire foot functions. 

These also have potential effects on elsewhere of the human body, for example, 

the malalignment of the entire lower limb, and sometimes induce low back pain. 

These problems may influence human health because of the limitations of doing 

exercises. 

The treatments of foot-ankle problems can be divided into surgical and 

nonsurgical interventions. Nonsurgical treatments mainly aim to alleviate 

symptoms resulting from arthritis, deformities, instability, and tendon and 

ligament pathology. Majority of foot and ankle conditions are firstly 

recommended to be managed by conservative methods, such as medication, 
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physiotherapy or orthotic treatments. Rheumatoid arthritis can be slowed down 

by anti-inflammatory drugs. Orthoses are often used to enhance the functions of 

the musculoskeletal system, such as shoe inserts which permit the foot with 

more balanced position. Physiotherapy could be used for rehabilitation of a 

treated part and alleviation of some symptoms. 

When non-surgical treatment is ineffective, surgical methods are normally 

adopted, especially for severe deformities, injuries or end-stage arthritis. 

Surgeries for bones and joints include bone fixation, joint fusion and 

replacement. For the end-stage of degenerative arthritis, ankle arthrodesis 

(ankle fusion) is often the first choice in clinic; while total ankle arthroplasty (TAA) 

(total ankle replacement) is gaining more and more considerations, because it 

can maintain the ankle motion. Stress fracture of bone can be effectively 

managed using bone fracture fixation, including screws, plates or pins. Soft 

tissue defects repair includes tendon transfer and tendon re-suturing, as well as 

ligament repair and stabilization. The surgeries offer direct and immediate 

correction in rigid deformities and repair of severe damages, which is hardly 

achieved by conservative treatments. 
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1.2 Significance of Biomechanical Understanding 

Surgeries are expected to promptly alleviate the symptoms and retrieve normal 

functions; however, the outcomes of operations are not always positive. 

Complications such as foot pain, post-traumatic arthritis, foot deformity and 

instability, and stress fracture have been reported in literatures. The secondary 

negative outcomes inflict the patients with suffering, disabling part or the entire 

foot-ankle complex. 

The occurrence of unexpected negative outcomes is associated with the 

anatomy characteristics. The foot-ankle complex is an intricate structure. Each 

segment interacts with others interdependently. Clinical interventions may 

thus result in functional alterations such as joint motion range, not only at 

the modified site but also in the adjacent regions, and even over the entire 

foot. These abnormal biomechanical alterations contribute to iatrogenic 

complications. 

Evaluation of the potential biomechanical variations resulting from surgical 

treatments is thus critically essential for the optimization of surgical protocols 

and minimizing complications. To clinically understand the biomechanics of the 
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foot-ankle complex pre- and post-operatively, experimental measurements 

including subjective and objective evaluations are often conducted.  

In the subjective assessments, patients are commonly asked to describe 

symptoms for basic understanding of conditions before determination of surgical 

plans, and to depict feelings after operation for evaluation of surgery 

effectiveness. Observational and functional score systems and questionnaires 

are the ways for general evaluation pre- and post-operatively. 

Objective approaches provide evaluation of specified biomechanical parameters, 

such as plantar pressure and shear force, temperature and humidity, and 

kinematic and kinetic information during motion. Imaging, motion analysis, and 

cadaveric experiments are commonly used to achieve these objective 

measurements. 

Despite that these measurements can provide valuable information, some 

details that are directly linked to complications are still lacking. Stress 

distribution in bones could predict risk of bone fractures which are resulted from 

excessive stress at the site of the fracture originating. Similarly joint contact 

pressure is related to joint pain and arthritis. The load transfer mechanism can 

tell how the surgical revision affects the adjacent segments. These parameters 
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of the inner foot are impossible to be obtained from experiments due to the 

limitation of measurement techniques.  

Computational approaches such as finite element (FE) analysis have the 

advantage to obtain these parameters, and become an effective tool for 

biomechanical studies. The advancements of inverse engineering software 

make it possible to reconstruct the segments of the musculoskeletal elements 

with complicated and irregular geometries. The versatility of computer 

technologies permits involvement of applying various material properties and 

boundary/loading conditions. The capability of accommodation of the computers 

allows rapid response to modifications on structures, material properties and 

loading conditions in different activities. 

Biomechanical assessment based on computational models of the foot-ankle 

complex has been applied for injury mechanism analysis, prosthetic designs 

and basic biomechanics knowledge understanding. Clinical application is 

gaining increasing popularity because it permits a clear insight of the foot 

structure under various conditions, and could benefit the surgeons with 

prediction of detailed biomechanics under specific modification to the foot-ankle 

complex. Although finite element models of foot-ankle have been developed, 

most of them were based on partial geometries with many simplifications. 
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Those models can only understand biomechanics of local areas. Understanding 

the biomechanical effects of surgical treatments on the entire foot is necessary.  

1.3 Objectives of this Study 

Surgical interference in component parts could result in alteration of remaining 

parts of the foot. The possible consequences of surgery treatment must be 

considered during the surgical decision. Great efforts have been paid for the 

experimental evaluation of foot-ankle biomechanics to evaluate the 

effectiveness of surgeries; however, it is difficult to depict detailed information of 

the inner foot performance. Computational approaches have the capability of 

these predictions and could investigate the biomechanical performance of the 

entire foot under various conditions. Thus, the objectives of this study are: 

1) To investigate the effect of surgeries on the entire foot through 

biomechanical comparison of surgical modified model with normal foot-

ankle model using a FE platform of the foot-ankle complex. 

Our research team has worked on development of FE model of normal foot-

ankle complex for many years. Models of foot-ankle complex with 

tarsometatarsal fusion, ankle arthrodesis and TAA would be established based 
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on the normal foot-ankle model. Simulations of gait are conducted in the normal 

foot-ankle model and three surgical models. Effects of each surgery on the 

entire foot would be found out based on comparisons between the normal foot-

ankle model and each of the three models.  

2) To conduct in vivo and cadaver experiments to obtain information, 

including ground reaction forces, foot-shank angle, plantar pressure and 

joint contact pressure, during gait for model input and validation. 

Gait analysis and plantar pressure measurement are conducted for 

understanding of biomechanics of the normal foot and ankle. The foot shank 

position and the ground reaction forces directly obtained from the motion 

analysis provide the FE models with boundary and loading conditions. The gait 

kinetic and kinematic parameters would be synergized with the plantar pressure 

to validate the model. In cadaveric study, joint contact pressure is measured 

and used for model validation. 

3) To provide recommendations for the optimization of surgical protocols 

and ankle prosthesis designs. 
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Simulations could state deviations on bone stress distributions, joint contact 

pressures, loading transfer paths and plantar pressure resulted from surgeries. 

Improvement of surgery protocols could be suggested to avoid these variations. 

For the TAA surgery simulation, the abnormal biomechanics raised from 

unreasonable ankle prosthetic design can be as reference for the optimization 

of products, which are expected to be more close to represent the anatomical 

characteristics of the ankle joint and allows more natural motion. 

1.4 Outline of the Dissertation 

This chapter introduces the background and the objective of this study. The 

foot-ankle related problems, clinical treatments, necessity of biomechanical 

understanding and the objective of this study were included. 

Chapter II reviews related research. The anatomy and biomechanics of the foot-

ankle complex was reviewed firstly, followed by common musculoskeletal 

problems and corresponding treatments in this complex. Biomechanical 

research on the biomechanical understanding of the foot-ankle including 

experimental methods and computational approaches are reviewed in the last 

session. 
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Chapter III describes the research methodology of this study. Firstly the 

experimental studies are introduced, including gait analysis, plantar pressure 

measurements, and cadaveric experiments. These measurements are used to 

be the boundary and loading conditions of the finite element models, and also 

for the model validation. Secondly, the development of the computational 

platform is introduced. This session involves the development of models of 

normal foot and ankle, tarsometatarsal fusion foot, ankle arthrodesis foot and 

ankle arthroplasty foot, and model validation.  

In Chapter IV the results of experimental measurements and FE predictions are 

recorded and analyzed. Comparisons are carried out between normal foot-ankle 

simulation and foot with the three individual surgical treatments. 

Chapter V discusses the results and clinical indications. The biomechanical 

effects of the three surgeries on the entire foot are discussed individually. 

Potential negative outcomes of surgeries and corresponding suggestions for 

improvement are presented. The reasonability of the current design of ankle 

prostheses is analyzed.  

Chapter VI summarizes the findings and future work is presented. The 

conclusions are drawn mainly in two aspects, including the predictions of 
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potential risk factor of complications, and suggestions on surgery improvements 

and ankle prosthesis design optimization.  
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CHAPTER II. LITERATURE REVIEW 

2.1 Locomotion System of Foot and Ankle 

2.1.1 Anatomy of the Foot-ankle Complex 

Human foot-ankle complex is an intricate structure consisting of bones, muscles, 

ligaments and soft tissues that enable people with functional activities and 

sports for relaxation, health and fitness training. The musculoskeletal system of 

the foot is composed of 26 bones, 33 joints, and more than 100 muscles, 

tendons and ligaments. Combined with the distal tibia and fibula bones, these 

structures form the foot-ankle complex. The assembly of these components 

systematically provides capability to support the whole body during different 

activities. 

Bones of foot 

The 26 bones of the foot are segmented into three main regions: forefoot, 

midfoot and hindfoot (Figure 2.1). The forefoot consists of 14 phalanges, 

forming the 5 toes of the foot, and 5 metatarsals connected. Each toe consists 

of three phalanges named distal phalange, middle phalange and proximal 

phalange except for the first toe, which is formed by only two phalange bones. 
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Five metatarsal bones, separately connected to the 5 toes, are named as the 

first to the fifth metatarsal from medial to lateral side. There are five tarsal bones 

in the midfoot: 3 cuneiform bones, cuboid bone and navicular. The three 

cuneiforms are called medial cuneiform, intermediate cuneiform and lateral 

cuneiform based on the position in the foot. The cuneiforms, combined with the 

cuboid bone, connect to the forefoot by contacting to 5 metatarsal bones. The 

hindfoot is formed by calcaneus, which is the largest bone in the foot, and the 

talus bone. The two bones contact respectively with the cuboid and navicular 

bones in the midfoot. 

Foot arch serves as an absorber of impact and vibrating force from the upper 

body. The medial longitudinal arch is formed by calcaneus, talus, navicular, 3 

cuneiforms and the first 3 metatarsals and is strengthened by calcaneonavicular 

ligament; the lateral longitudinal arch, an adaptable structure for weight bearing, 

is formed by calcaneus, cuboid, the fourth metatarsal and fifth metatarsal; the 

transverse arch is formed by the five tarsal bones of the midfoot, functionally 

bearing weight and springing off with foot. 
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Figure 2.1 Bones of a right foot in superior and lateral views 
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Joints and Ligaments of the Foot-ankle Complex 

The 33 foot joints combined with the ankle joint enable the foot-ankle with 

flexibility and mobility to engage necessary movement of each segment during 

different activities. Joint is where two or more different bones meet together, 

contacting with articular interfaces. The end of each bone is covered by a layer 

of soft tissues with compressibility and elasticity named cartilage, which permits 

smooth gliding between the contacting segments. The gliding between joint 

surfaces is lubricated by synovial fluid. This structure complex facilitates force 

and impact dissipation and protects the bones from direct hard contact. Joints 

are surrounded by different soft tissues forming joint capsules and the motions 

are stabilized and limited by ligaments. 

The forefoot possesses 14 joints, including 9 interphalangeal joints and 5 

metatarsophalangeal joints.  The great toe possesses only one joint between 

the distal and proximal phalanges named the great toe interphalangeal joint, 

while each of the other four toes has two joints: the distal interphalangeal joint 

that is the articulation between the middle phalanx and the distal phalanx; and 

the proximal interphalangeal joint that is the articulation between the proximal 

phalanx and the middle phalanx. The joints joining the heads of metatarsals and 

the bases of corresponding proximal phalanges are called metatarsophalangeal 
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joints. The metatarsophalangeal joints are ball-and-socket structures while the 

proximal interphalangeal joints are hinge-like joints permitting the phalanges 

flexion and extension. The metatarsophalangeal joint capsules are reinforced by 

collateral ligaments, plantar plates that is a fibrous tissue covering the plantar 

surfaces of the joints, and transverse metatarsal ligaments connecting the 

heads of each metatarsal. The interphalangeal joints are surrounded by plantar 

plates and collateral ligaments. 

The connection between the midfoot and forefoot is implemented by articulation 

between tarsal and metatarsal bones. The first to the third metatarsals articulate 

with their respective cuneiforms, forming tarsometatarsal joints, while the fourth 

and fifth are connected to the cuboid bone. There are metatarsal ligaments 

connecting the bases of the second to the fifth metatarsals, tarsometatarsal 

ligaments supporting the tarsometatarsal joints and inter-tarsal ligaments 

strengthen adjacent tarsal bones. 

Joints among the five tarsal bones in the midfoot have limited range of motion, 

making this region a relatively rigid structure compared with the forefoot. 

The midfoot joins to the hindfoot by transverse tarsal joints, which is composed 

by joints of talonavicular and calcaneocuboid. The articulations are supported 
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by bifurcate ligaments, talonavicular ligament, cuboideonavicular ligament, long 

plantar ligament, canlcaneocuboid ligament and plantar calcaneonavicular 

(spring) ligament. The range of motion of the calcaneocuboid joint is smaller 

than that of the talonavicular joint. 

There is one joint in the hindfoot, connecting the calcaneus and talus bones, 

named as subtalar joint. This joint is formed by three articulations between the 

inferior talus and calcaneus, which are anterior, middle and posterior joint 

surfaces. It allows eversion and inversion of the hindfoot. The joint is reinforced 

by interosseous talocalcaneal ligament located on the inferior interfaces of the 

joint and other four surrounding ligaments: the medial, lateral, cervical, posterior 

talocalcaneal ligaments. The range and type of motion at this joint are limited by 

these ligaments.  

The ankle joint (talocrural joint) here means the articulation between the dome 

of talus and the distal tibia, and is a complex joint of talus, tibia and fibula. This 

joint transmits forces from leg to foot and also provides impact dissipation based 

on the flexibility. The ankle joint is stabilized by deltoid ligaments and lateral 

ligaments medially and laterally. The deltoid ligaments including anterior 

tibiotalar, tibiocalcaneal, tibionavicular and posterior tibiotalar ligaments are 

stronger than the lateral ligament which consists of anterior talofibular ligament, 
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calcaneofibular ligament and posterior talofibular ligament. These ligaments 

facilitate the ankle joint and subtalar joint with stability and limitation during 

dorsi- and plantar-flexion and other motions. The deltoid ligaments protect the 

joints against valgus force while the lateral ligament is resistant to varus force.  

Plantar fascia, which is a ligamentous structure originating from the calcaneus 

in a major stream and attaching to the heads of metatarsals and the bases of 

the proximal phalanges in five slips, functions as an important stabilizer of the 

foot (Figure 2.2). It spans the hindfoot, midfoot and the forefoot on the plantar 

surface of the foot, maintaining the arches and providing the foot with stability 

and balance. Combined with other plantar ligaments including long and short 

plantar ligaments, the spring ligaments, the collateral ligaments of the ankle and 

the interosseous ligament of the subtalar joint, it protects the foot from over 

pronation by resisting the torsion movement of the forefoot in relate to the 

hindfoot during being elongated.  
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Figure 2.2 The plantar fascia on the plantar aspect of the foot in an inferior view 

(Muscolino 2005). 

Muscles of the Foot-ankle Complex 

Muscles act as motor of any movements in each segment of human body. They 

hold the bones and joints in the correct positions and simultaneously allow 

limited range of motion during movements. The foot-ankle complex is 

connected and constrained to the lower limb with groups of extrinsic muscles 

that originating from the lower limb and connecting to the bones in foot-ankle 

complex by tendons. Most of the foot-ankle motions are motored by these 
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muscles. There are also intrinsic muscles that control the locomotion of 

segments in the foot-ankle, for example, the extension and flexion of the toes.  

The intrinsic muscles are those originating from and ending in the bones within 

the foot. The major muscles include extensor digitorum brevis, dorsal interossei, 

flexor digitorum brevis, abductor hallucis, abductor digiti minimi, flexor 

accessories, flexor hallucis brevis, flexor digiti minimi brevis, plantar interossei, 

lumbricals and the extensor hallucis brevis (Figure 2.3). 

 

Figure 2.3 The major intrinsic muscles of the foot-ankle in plantar- and dorsi-

view. 

The extensor digitorum brevis that extends the four lateral toes, and the dorsal 

interossei which facilitates the adduction and flexion of the toes, are located on 

the dorsum of the foot. The flexor digitorum brevis which flexes the four lateral 

toes, the abductor hallucis and abductor digiti minimi that abduct the big toe and 
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the little toe respectively, are three muscles distributing in the superficial layer 

on the plantar aspect of the foot. In the intermediate layer of the plantar aspect 

of foot, there are flexor accessories, flexor hallucis brevis and flexor digiti minimi 

brevis. In the deepest layer, the plantar interossei adduct and flex the toes and 

the lumbricals assist the MTP joints in flexion and the interphalangeal joints in 

extension.  

The extrinsic muscles are muscles originating from the lower leg, running 

across the ankle joint and attached to bones of the foot. The major muscles 

include soleus, gastrocnemius, extensor hallucis longus (EHL), extensor 

digitorum longus (EDL), tibialis anterior (TA), flexor hallucis longus (FHL), flexor 

digitorum longus (FDL), tibialis posterior (TP), peroneus longus (PL) and 

peroneus brevis (PB), as shown in Figure 2.4.  

Achilles tendon (AT) is a complex tendon of soleus and gastrocnemius. It 

originates from the calf muscle and attaches to the posterior of the calcaneus. 

Through the most powerful tendon of the foot, the soleus and gastrocnemius 

muscles assist the foot in plantarflexion and prevent excessive dorsiflexion.  
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Figure 2.4 The major extrinsic muscles of the foot-ankle in front and back views. 

Extensor hallucis longus (EHL), extensor digitorum longus (EDL) and tibialis 

anterior (TA) locate in the anterior of the tibia and fibula. The EHL enables the 

hallux with dorsiflexion at the interphalangeal and facilitates the dorsiflexion of 

the ankle joint. The EDL assists the four lateral toes and the ankle joint in 

dorsiflexion. The TA is the major motor of the ankle dorsiflexion and invertor of 

the foot.  
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Five deep calf muscles including flexor hallucis longus (FHL), flexor digitorum 

longus (FDL), tibialis posterior (TP), peroneus longus (PL) and peroneus brevis 

(PB), arise from the tibia and fibula and extend to different segments of the foot. 

The FHL and FDL are flexors of the five toes. The FHL is also beneficial to 

maintain the medial longitudinal arch. The PL facilitates the eversion of the foot 

and the plantarflexion of the ankle joint and is also a support to the transverse 

and lateral longitudinal arch. The PB originates from the inferior fibula on the 

lateral aspect and attaches to the base of the fifth metatarsal. When exerts force 

through tendon to the fifth metatarsal, it could help to evert the foot and facilitate 

the plantarflexion of the ankle joint during muscle contraction. It is beneficial to 

maintain the lateral longitudinal arch of the foot. The TP functions as an invertor 

of the foot.  

2.1.2 Biomechanics Behavior of the Foot-ankle Complex 

Range of motion  

The motion and position of individual segments of human body are described in 

three planes including frontal plane, sagittal plane and transverse plane in 

human body (Figure 2.5). The frontal plane, also called the coronal plane, is a 

plane dividing the body into anterior and posterior parts; the sagittal plane is 
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defined as a plane that separates the body into right and left portions; and the 

transverse plane is the horizontal plane which divides the body into superior and 

inferior parts. 

 

Figure 2.5 Three planes to describe the position and movement of each 

segment of human body. (http://www.footdoc.ca/www.FootDoc.ca, 2010) 

Besides the three planes, there are four major axes including the ankle joint axis, 

subtatar joint axis, metatarsal break and long axis of the foot to analyze the 

motion of foot and ankle (Figure 2.6). The axis of ankle joint is defined as the 

axle of the lateral malleoli and medial malleoli. The lateral malleoli is inferior and 

posterior to the medial malleoli, the ankle joint axis is thus not vertical to the 

sagittal plane or in the transverse plane.  
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The average angle of ankle joint axis to the long axis of foot is 84°and is slightly 

different individually. The range of ankle motion in the transverse plane is 

ranged from 69° to 99° to the long axis of foot. In the frontal plane, the angle 

between ankle joint axis and vertical axis of the tibia is averaged 80°and the 

corresponding range of ankle motion is 68°to 88°to the tibia axis (Figure 2.6A).  

The axis of subtatar joint is medially 23°to the long axis of foot in the transverse 

plane and the range of motion in this plane is from 4°to 47°relative to the long 

axis of foot. In the sagittal plane, the axis of subtalar joint is approximately 

41°projected to the transverse plane and behaves from 21°to 69°relative to the 

transverse plane, as depicted in Figure 2.6 B and C.  

The axis of the metatarsal break runs approximately along the 

metatarsophalangeal joints and is about 60° medially deviated from the long 

axis of the foot in the transverse plane. The range of motion is 50° and 70° 

approximately relative to the long axis, as shown in Figure 2.6D. 
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Figure 2.6 The four major axises in foot and ankle. (A) and (B) are the ranges of 

motion of the ankle joint axis in transverse and frontal plane; (C) is those of the 

subtatar axis in transverse and frontal plane; and (D) shows those of the 

metatarsal break in transverse plane. 

The motion of the foot joints and bones is limited by muscles, tendons, 

ligaments, other softtissues, and the geometry of the bones. In the sagittal plane 

motions of foot are dorsiflexion and plantarflexion with the maximum 
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magnitudes of 20° and 50° respectively (Figure 2.7A). The motions of eversion 

and inversion in the frontal plane are 25°and 35° (Figure 2.7B). The ranges of 

external and internal motions in the transverse plane are correspondingly 

50°and 70°as shown in Figure 2.7C. 

 

Figure 2.7 Foot and ankle motions in sagittal, frontal and transverse planes; (A) 

is plantar- and dorsiflexion of ankle with the range of 50°and 20°in the sagittal 

plane; (B) is eversion and inversion motion of the foot in frontal plane with the 

range of 25°and 35°; (C) is external and internal of foot in the transverse plane 

with the range of 50°and 70°. (http://www.footdoc.ca/www.FootDoc.ca, 2008) 
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Gait cycle  

Gait is one of the most common activities and is of great importance for the 

evaluation of the lower limb problems and the outcomes of rehabilitation. Gait 

analysis could provide evidence for clinical treatments based on the evaluation 

and correction of abnormal gait. The basic parameters of gait analysis include 

step length which is 50-80 cm for a normal person, stride length generally two 

times of the step length, stride width which is 8±3.5 cm for a normal person, foot 

angle which means the angle between the longitudinal axis of the foot and the 

orientation of progress, about 6.75°for a healthy person, cadence meaning the 

number of steps per minute usually 95-125 for healthy person, walking velocity 

which is among the range of 65-95 m/min for normal person, and gait cycle that 

is about 1-1.32 seconds. 

Two basic phases named stance and swing phases are included in a single gait 

cycle, as shown in Figure 2.8. The two phases are defined based on the 

position of the foot relative to the ground. Stance phase means there is contact 

between foot and ground, while swing phase represents the state that the foot is 

off from the ground. A gait cycle generally begins from the initial contact of the 

heel to the ground, followed by seven phases of loading response, mid-stance, 

terminal stance, pre-swing, initial swing, mid-swing, and terminal swing, till the 
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next initial heel contact of the same foot. The first four phases possess about 60% 

of an integrity gait cycle categorized in the stance phase and the last three 

phases occupy the rest 40%, included in the swing phase. The distribution of 

the gait phases is influenced by walking velocity in the way that the period of 

swing phase, additionally cadence and stride length, increases with the increase 

of walking velocity.  

To achieve different gait phases, different states of foot and lower limb are 

required. The cooperation of individual parts of the foot musculoskeletal system 

is kinetically and kinematically essential for the stability of the foot and lower 

limb and the movement of inner foot. Patients with foot and ankle problems thus 

have difficulties to fulfill corresponding actions.  

 

Figure 2.8 Phases in a gait cycle 

(http://www.jaaos.org/content/15/2/107/F1.expansion, 2011) 
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2.2 Foot-ankle Problems and Treatments 

Hindfoot 

Ankle injuries, as one of the most common injuries during sports, recreational 

activities and even mild activities like walking among population of all ages, are 

defined as injuries of categories of tissue including bone, ligament, and tendon 

surrounding the joint. When the ankle joint motion is out of its normal range 

limited mainly by the bone geometries and ligaments, ankle injury occurs. Ankle 

injuries are categorized into three patterns, sprains, fractures and strain. A 

sprain links to rupture of ligament when stretched by force beyond its 

sustainable range, while ankle strain describes injury of muscles and tendons 

with the same mechanism. Ankle fracture refers to damage of bones 

constructing the joint. 

The symptoms of ankle sprain and fracture are of great similarity, including pain, 

swelling, bruising and incapability for weight bearing and joint motion. Except for 

these signs, ankle fracture is always accompanied with deformities and is 

tender to touch. Strains of muscles and tendon result in pain, swelling, and 

instabilities of the foot and ankle. The degree of pain and swelling of injured 

ankle is increased by the seriousness of the injuries. 
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Ankle joint are more susceptive to sprain and fracture than strain. Since the 

ankle joint sustains inversion than eversion motion and the deltoid ligament of 

ankle is far stronger than the lateral ligaments (Figure 2.9), the lateral ligaments 

are thus more likely to suffer sprain than the deltoid ligaments. The sprain of 

lateral ligaments follows in sequence like that: anterior talofibular ligament, 

calcaneofibular ligament, posterior talofibular ligament, most of which is involved 

in excessive inversion and plantarflexion, while the deltoid ligaments sprain links 

to eversion out of range. Additionally a high ankle sprain (syndesmotic injury) is 

included in ankle sprain, which happens in ligaments above the ankle joint 

(Figure 2.10).  

 

Figure 2.9 The lateral ligaments and medial ligaments (deltoid ligaments) of the 

ankle joint (http://radiographics.rsna.org/content/19/3/673/F1.expansion.html, 

2010). 
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Figure 2.10 Type of ankle sprains (https://myhealth.alberta.ca, 2014). 

The treatment to ankle sprain is determined by the severity of damage, 

categorized as mild, moderate and severe sprains. Instructions of avoidance of 

weight bearing, behaviors of stretching and strengthening ligaments, and 

excessive of range of motion should be followed by mild sprain, with no need for 

a splint or cast. Treatment of moderate sprain should be facilitated with devices 

to limit the ankle motion, in spite of physical therapy to retrieve ankle functional 

ability. The treatment for severe sprain is far more complex than the other 

grades. If the immobilization of the injured joint and the followed long period of 

physical therapy are not effective in a reasonable time, surgery method should 

be a recommendation for the reconstruction of the torn ligaments.  
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Ankle fractures are accompanied by ankle sprain while it is not necessary 

inversely. The classification of ankle fractures is associated with the location of 

the bone or bones break, which combined with the severity of the fractures 

determines the treatment of these injuries. The categories include lateral, 

medial, posterior unimalleolar fracture, bimalleolar fracture, and trimalleolar 

fracture. There are three types of fracture involved in unimalleolar fracture that 

is fracture below the tibiotalar joint, at the level of the tibiotalar joint, and above 

the tibiotalar joint, as depicted in Figure 2.11. Bimalleolar fractures means the 

lateral and medial malleolus bones are fractured, resulting in instability of the 

ankle joint (Figure 2.12). In the event of trimalleolar fractures, caused by a 

substantially large force, all the three malleoli bones are broken, as represented 

in Figure 2.13.  

 

Figure 2.11 Types of unimalleolar fracture: Type A is fracture below the tibiotalar 

joint; Type B is fracture at the level of the tibiotalar joint; and Type C is fracture 

above the tibiotalar joint. 
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Figure 2. 12 Bimalleolar fracture of the ankle joint 

(http://catalog.nucleusinc.com/generateexhibit.php?ID=4138, 2013). 

 

Figure 2.13 Trimalleolar ankle fracture 

(http://catalog.nucleusinc.com/generateexhibit.php?ID=4138, 2013). 

The determination of treatment adopted for ankle fractures is based on the 

severity and location of bone damages, which should be tested by the surgeons. 
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The basic steps required for patients of whether minor or major ankle fractures, 

are: protect the injured ankle from further hurt; elevate the injured ankle for 

decrease of pain and swelling; and using cold applications and medicines to 

help the resistance of pain and inflammation. Besides the basic procedures, 

facilitations like splint and cast may be applied to patients depended on the 

situation of injury. As mentioned previously, surgery is the last choice for 

patients, only in case that the medical treatment does not work. Figure 2.14 

shows radiographs of surgeries for ankle fracture. The fragments will be firstly 

addressed in the exact position, followed by fixation using screws across the 

fractures for compression and then secured by a metal plate with a collection of 

screws. The metal plate is not necessary in all fracture situations. Radiographs 

of surgeries for ankle fracture are represented in Figure 2.14, with both screws 

fixing the fragment and metal plate stabling the bones. Arthritis is reported to be 

involved to complications of ankle fracture surgeries, additionally with bone 

infection and compartment syndrome. 
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Figure 2.14 Radiographs of surgeries for lateral malleolus fracture and bi-

malleolus fractures (http://www.emedx.com/emedx/diagnosis_information, 

2008). 

For joints with severe deformity and degenerative arthritis, joint fusion 

(arthrodesis) and joint replacement (arthroplasty) are often used to alleviate the 

symptoms and restore normal functions. 

Ankle arthrodesis and TAA are two most common surgeries for treatments of 

severe degenerative ankle joints. Ankle arthrodesis was treated as the standard 

surgery for end-stage ankle arthritis (Coester et al. 2001, Fuchs et al. 2003, 

Hendrickx et al. 2011), due to the relatively mature technique and high success 

rate. It is effective in relieving pain for end stage arthritis, chronic instability and 

degenerative deformity of ankle structures, and permits a stable joint to tolerate 

heavy activities (Helm 1990, Thomas et al. 2006). Despite the advantages, ankle 
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arthrodesis is limited by total sacrifice of joint motion, while TAA reserve almost 

the normal function of ankle. TAA is of increasing popularity because it can 

reserve part of the ankle motion. The effectiveness of the two surgeries was 

commonly compared in terms of pain alleviation, joint stability, foot function, and 

failure rates (SooHoo et al. 2007, Saltzman et al. 2009).  

Ankle arthrodesis remains the primary option for clinical treatment in patients with 

severe ankle problems (Nihal et al. 2008). It is operated by remove the surface of 

the distal tibia and proximal talus, and the two cutting surfaces are then fixed 

completely with pins, plates, screws or rods. It has been used since the early 

1900s for the stabilization of foot and ankle with paralysis. The foundation 

concept of model arthrodesis was introduced in 1950s, which is operated by 

direct bone contact and compressing the interfaces by internal or external fixation 

(Charnley 1951, Pfahler et al. 1996, Nihal et al. 2008). After total limitation of the 

relative motion between talus and tibia bones, extra stress might be consequently 

exerted in the adjacent joints or segments. Wear and breakage may happen to 

the affected joints or bones under abnormal forces. It was reported approximately 

30% patients subjected to ankle or triple arthrodesis sustained arthritis in five 

years around the fusion site(Mann 2006). Besides the increased stress, the 

surrounding joints may sustain extra stiffness or laxity from the arthrodesis, which 
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could be factors of arthritis as long-term outcomes of the surgery. The increased 

stiffness will weaken the ability of joints to dissipate the increased stress 

compared to a more laxity joint. Exceeded laxity is also harmful in consideration 

of the stability of the foot. The surgery of the arthrodesis also influence the foot 

with early disorders such as mild arthritis and talus valgus or varus tilt. The 

disorders may become more symptomatic because of the increased stress. 

There was factor that ankle fusion shifts abnormal loads onto the adjacent joint 

and thus accelerates degenerative changes caused by the total limitation of the 

ankle mobility (Easley et al. 2002). It was shown that at an average of 8 years 

after ankle fusion, approximately 50% of the patients had clinically significant 

hindfoot arthritis (Muir et al. 2002) and after an average of 22 years, virtually all 

patients developed hind foot arthritis (Coester et al. 2001). It was reported that 9% 

of the patients with ankle arthrodesis had to undergo revision surgeries and 5% 

failure surgeries resulted in talus-translated amputation (Pyevich et al. 1998, 

Neufeld and Lee 2000, Haddad et al. 2007, Easley et al. 2011, Schuh et al. 2012, 

Sproule et al. 2013). The patients requiring subtalar fusion was reported to be 

2.8% (SooHoo et al. 2007). 

Malalignment is another common outcome related to the biomechanical factor. 

The surgery of triple arthrodesis is often followed by the problem of hindfoot 
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alignment. The heel varus, combined with the supination and adduction of the 

forefoot are the main complaints of patients with malalignment postoperatively. 

The patients with these disorders will be forced to walk on the lateral side of the 

foot instead of a normal plantigrade function. The alignment changed by the 

improper load will conversely affect the performance of the lower extremity.  

TAA provides an alternative to ankle fusion for treatment of arthritis. It is a surgery 

to replace the damaged ankle elements with artificial joint. Resurgent interest in 

this surgery based on the permission of preserving ankle joint motion. Negative 

effects of ankle arthrodesis surgery on the adjacent joints, gait, and foot function 

were expected to be improved based on the flexible ankle joint motion.  

The first generation of TAA consisted of two components, the tibia components 

made of polyethylene and a talus made of cobalt-chrome alloy. It was reported of 

poor results and high failure rates with a main cause of loosening (Vickerstaff et al. 

2007). All designs were recorded with poor results and high failure rates. 

Considering the failure rates caused by loosening, pain, cement fixation and over-

constraint, the first generation implants were abandoned. Cementless fixation is 

considered better by most implants manufacturers and surgeons. The demands 

by younger and more active patients will likely increase as failure rates diminish.   
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The second phase of implants began in the 1980s with the introduction of modern 

TAA. In 1992, the Agility Total Ankle System prosthesis, designed by Dr. Frank 

Alvine, was the first ankle implant to receive Food and Drug Administration 

approval (Chou et al. 2008). At the end of the second phase of the implants, 

almost all the TAAs were semi-constrained, cementless (with minimal bone 

resection required), and using porous coatings to encourage bone growth. Tibia 

metal-backed, polyethylene inserts and large contact areas on the tibia and talus 

became common feathers as well. 

New TAA designs were created based on studies of normal ankle biomechanics 

and interviews of previous implants failures (Giannini et al. 2000, Chou et al. 2008, 

Gougoulias et al. 2010) Designs of the last phase use the three-part mobile 

bearing system. The third generation of the TAA began at the end of 1990s. TAA 

were designed in different sizes to fit different-size people. The new generation of 

this prosthetic consists of three parts: the tibia component made of metal (cobalt 

chromium alloy), that is directly attached to patient’s tibia bone; a polyethylene 

part that provides bearing surface; and a talus component made of same material 

with the tibia component, that attached to the dome of the talus bone. The plastic 

part should be very tough and slick. It provides axial rotation and normal flexion-

extension mobility.  
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The survival rates of the new designs have been reported to be greatly improved 

compared to the previous stages (Pyevich et al. 1998, Buechel Sr et al. 2004, 

Knecht et al. 2004, Kofoed 2004, Henricson et al. 2007, S Fevang et al. 2007, 

Gougoulias et al. 2010). On the basis of 2240 TAA from multiple review studies 

with adequate follow-up, implant survivorship was found to range from 70% to 

98% at three to six years and from 80% to 95% at eight to twelve years 

(Anderson et al. 2003, Buechel Sr et al. 2004, Knecht et al. 2004, Kofoed 2004, 

Bonnin et al. 2011, Easley et al. 2011). Revision surgeries were required in 9% 

of the patient one year after TAA and 23% for five years, the rate of patients 

who required subtalar fusion was 0.7% (SooHoo et al. 2007) because of failure 

of surgery. The conversion to ankle arthrodesis was implemented for 5% and 

talus-translated amputation was performed in 1% of the TAA patients. 

Forefoot  

Hallux generally named great toe, is the most medial toe of the foot. Hallux 

Valgus is a disease of the first metatarsophalangeal joint that the first metatarsal 

deviates medially and the hallux deviates and/or rotates laterally. It is defined as 

more than 15° lateral deviation of the hallux with respect to the first metatarsal. 

Patients in this situation would suffer pain at the first metatarsophalangeal joint 

and beneath the other metatarsal heads during motion, impaired gait patterns 
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(Menz and Lord 2005), poor balance ability, falls in older adults(Tinetti et al. 

1988, Koski et al. 1996), and difficulty in wearing shoes. There are reports of 

risk factors of hallux valgus, including genetic factors, body mass index, gender, 

age, foot wears, and pes planus, but some of them are theoretical and lack of 

specific evidences (Nguyen et al. 2010). In spite the fact that high heel shoes 

with narrow and tight in width inflict the fore foot with abnormal pressure 

distribution and magnitude, and the hallux with lateral compression, some 

scholars argue that foot wear of this categories could rather cause pain of soft 

tissues around toes than osteal changes. 

It was reported by the United States by National health surveys that hallux 

valgus possessed 0.9% among population of all ages(Adams et al. 1999). An 

incidence of 28.4% among adults was reported in the UK (Roddy et al. 2008) 

and another report indicated that the prevalence in elderly population was 74%. 

Some systematic reviews on the prevalence of hallux valgus in general 

population have claimed that female and elderly people are more susceptible to 

sustain hallux valgus. It was reported that the incidence of hallux valgus in 

female was 2.3 times more than that in male, which was supported by individual 

studies (Roddy et al. 2008, Nguyen et al. 2010). The prevalence of this disease 
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was also demonstrated that older adults are more susceptive than young 

people. 

The pain beneath the four lateral metatarsal heads could be explained by the 

comparison of measurements of plantar pressure between normal people and 

patients with this disease. It was found that the plantar pressure of the patients 

with hallux valgus under the four lateral metatarsals is increased and that of the 

first toe decreased compared with normal foot (Blomgren et al. 1991).  

There generally two ways, including conservative and surgical therapies, for the 

treatment of the hallux valgus. Conservative treatments are carried out to 

alleviate symptoms instead of to modify irreversible deformities of cartilage, 

bone and soft tissues. Padding and strapping, as one of the medical therapies, 

is a recommendation for patients of surgical contraindicated. Drugs of non-

steroidal anti-inflammatory could help to relieve acute and inflammatory 

problems. For example, corticosteroid injections are commonly used in the first 

metatarsophalangeal joint to relieve the inflammation. Functional orthotic 

therapy is implemented to facilitate the normal foot biomechanics. It assists the 

foot in modifying deformity by keeping the foot in a position of neutral and pain-

free position with necessary flexibility (Hawke et al. 2008) and stability.  
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Surgical methods are adopted when conservative therapy is ineffective for 

symptoms. They help patients retrieve normal function by correcting the rigid 

deformities. One of them is capsulotendon balancing and ex-osteotomy, 

designed to address the osseous prominence of the first metatarsal head and 

retain the integrity of the foot simultaneously. Another method of osteotomy is 

performed mainly on patients with structural deformities associated with the 

medial cuneiform, first metatarsal and the proximal phalange of the hallux. It 

consists of the common proximal phalanx osteotomy aiming to address hallux 

valgus, metatarsal/cuneiform osteotomy for the correction of deformities along 

the metatarsal/cuneiform complex, and distal osteotomy. The postoperative 

negative outcome of common proximal phalanx osteotomy is usually found as 

lateral subluxation of the first metatarsophalangeal joint, even greater than the 

original position.  

Resectional arthroplasty (Figure 2.15A) as a surgical method is commonly 

recommended to patients with joint degeneration and limitation of motion. This 

technique is required to resect the base of the proximal phalange and is 

unstable for a respected desire. It is improved by an additional implant in foot, a 

surgery named resectional arthroplasty with implant, shown as Figure 2.15B. All 

things are similar between the two treatments except for the improved stability 
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and complications to implants. Arthrodesis of the first metatarsophalangeal joint 

and first tarsometatarsal joint offer patients more stability and functionality than 

pre-operation at the cost of motion limitation of the corresponding joints (Figure 

2.15C and 2.15D).   

 

A 
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C 
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D 

Figure 2.15 (A) Preoperative and postoperative radiograph of the surgery of 

resectional arthroplasty; (B) Preoperative radiograph of degenerative joint 

disease and postoperative radiograph after resectional arthroplasty and total 

joint implant replacement; (C) Pre- and postoperative radiographs of 

comparison of the first metatarsophalangeal joint arthrodesis; and (D) Pre- and 

postoperative radiographs of comparison of the first tarsometatarsal joint 

arthrodesis (http://www.rad.washington.edu) 

Complications of hallux valgus surgeries were reported that 8% patients were 

over corrected by the surgery and sustained hallux varus; 32% of the patients 

developed second metatarsal stress fractures; and the surgery of one patient 

turned out to be failed (Weatherall et al. 2013). 

Fractures involving the fifth metatarsal are common in the forefoot. They have 

been linked to pain, swelling, functional disabilities. Two most common types of 

fractures are included which are avulsion fracture and Jones fracture. The 
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former is caused by excessive tension from the lateral attachment point of 

peroneus brevis tendon or ligament (Figure 2.16). This kind of damage is 

resulted from ankle rotation and thus generally comes up with ankle sprain. The 

later fracture is mainly a problem of the fatigue, that is the susceptive area of 

this fracture receives less supply of blood than other portions and either acute 

impact or repetitive stress could results in bone break. Other fractures present in 

the fifth metatarsal are mid-shaft fracture and metatarsal head and neck fracture, 

as depicted in Figure 2.16. 

 

Figure 2.16 Anatomy and regional structures of the proximal fifth metatarsal and 

types of fractures (Strayer et al. 1999) 

Non-surgical treatment performed by the patient right after the injury are similar 

to other types of injuries in foot, including: rest to avoid further injuries, ice pack 
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to decrease pain and swelling, compression by elastic wrap to control swelling 

and raise the elevation of the foot slightly over heart to avoid swelling. Further 

measurement implemented by surgeons are immobilization, which means keep 

the injured foot from motion by facilitations like a cast, stiff-soled shoe, and bone 

simulation to speed the healing of fractures by an external device. 

Surgical treatments are individually different depending on the severity and 

patterns of injuries.  During surgeries incisions over the area of the fracture will 

be made for the exposure of the bone damage. To stable the fracture bones 

together in their accurate position as before injury, screws, wires or plates will 

be adopted until they heal (Figure 2.17). 

 

Figure 2.17 Fixation of the fractures in the fifth metatarsal 

(http://www.footankleinstitute.com/toe-metatarsal-fracture) 

Fractures presenting in the four other metatarsal bones are mostly associated 

with stress shaft damages. The 2nd metatarsal fractures are commonly seen in 
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military and dancers. The treatment can be referred to that of the fifth metatarsal 

fractures. Figure 2.18 shows fixation of the first and second metatarsal fractures. 

 

Figure 2.18 Fixation of the first and second metatarsal fractures 

(https://www2.aofoundation.org/wps/portal, 2011) 

Articulations of Mid- and Forefoot 

The Lisfranc joint is the articulation between the forefoot and midfoot. Lisfranc 

joint injuries are rare, complex, and often misdiagnosed or inadequately treated. 

The Lisfranc ligament which is the only ligamentous support between the first 

and second ray in midfoot, is attached to the lateral margin of the medial 

cuneiform and medial and plantar surface of second metatarsal base (Figure 

2.19). Injury to this ligament will result in functional instability with loss of 

longitudinal and transverse arch (Kaar et al. 2007). Fractures of metatarsal and 

tarsal involved in Lisfranc joint are linked to dislocations of joints (Figure 2.19). 

The injuries varying from simple ligament sprains to complete disruption of the 

tarsometatarsal joint are usually caused by indirect rotational force and axial 
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load through forefoot in conditions of plantarflexion. Lisfranc 

fracture dislocations and sprains carry a high risk of chronic secondary 

disability.  

 

Figure 2.19 Ligaments of midfoot and dislocation of joints 

(http://www.learningradiology.com/archives06, 2015) 

Injuries to the Lisfranc articulations frequently lead not only to arthritis but also to 

severe pain. They occur in all ages but are more common in the third decade 

and are more common in males (Desmond and Chou 2006). They have 

become more commonly presented in athletes (Lattermann et al. 2007). The 

damage to in the Lisfranc joints lead to unstable foot for weight bearing, which 

can be referred as a symptom of injury. Other signs for the judgment of midfoot 

http://www.medscape.com/viewarticle/568504
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injury include swelling out proportion with a normal radiograph, plantar midfoot 

ecchymosis, and pain along joints with motion and palpation. 

Lisfranc injuries without dislocation of joints are generally treated conservatively, 

while displaced injuries should be recommended to closed or open reduction. 

Surgical methods are reserved for the injuries that have no response to the 

closed reduction.  

Medical treatment is reserved for injuries that are anatomically stable and non-

displaced. This type of injury is best labeled as a sprain, although associated 

fractures in the surrounding bone may be present. Initial treatment should 

consist of a well-molded, non – weight-bearing, short leg cast worn for a 

minimum of 6 weeks. Advancement of ambulation depends on resolution of 

symptoms. 

 All injuries that are displaced and unstable require surgery (Watson et al. 2010). 

Complete assessment of the inter-cuneiform and cuboid integrity is important 

when determining stability. Clinical outcome is highly dependent on restoration 

of normal anatomic alignment. Present recommendations for treatment consist 

of open reduction of the unstable area, as well as rigid fixation, with an option in 

terms of the screws employed, such as 3.5-mm cortical screws or 4.0-4.5 
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cannulated screws (depending on the size of the bone) (Sanli et al. 2012). 

Multiple Kirschner wires (K-wires) also have been advocated, but maintaining 

reduction with them is more difficult (Lee et al. 2004, Smith et al. 2009). 

In case that more than 50% of the joint surface is destroyed, primary fusion 

among the involved bones should be performed to preserve long-term stability 

(Figure 2.20).  

 

Figure 2.20 Fixation of the midfoot joint (http://emedicine.medscape.com/article, 

2014) 

Complications of surgeries at this region were reported that four patients 

sustained post-traumatic arthritis, one of which developed subluxation, and two 

patients developed flatfoot (Ghate et al. 2012). Two patients with more severe 

symptoms of limited functions than others after surgery and another one had to 

undergo arthrodesis to repair the first surgery. 
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Besides the complications of individual surgery, the recurrence of fractures at 

new sites is very common among foot surgeries. In female track and field 

athletes, half of those who reported a history of stress fracture had experienced 

a stress fracture on more than one occasion (Bennell et al. 1995). Another study 

conducted by the same research on the recurrence of stress fracture and found 

that 60% of those who sustained a stress fracture had a stress fracture 

previously; the recurrence rate of athlete reported by the same study was 

particularly high at 12.6% (Bennell et al. 1996). Another similar study conducted 

on the recurrence of stress fracture on male military presented the same 

demonstration. The recurrence rate of stress fractures at different site in those 

who had sustained a stress fracture previously was 10.6%, while in the control 

group, those who did not develop a stress fracture in previous training, the 

recurrence rate was recorded as only 1.7% (Milgrom et al. 1985). Those finding 

could indicate the surgical intervention for stress fractures, mainly using fusion, 

could change the biomechanics like load transfer and pressure distribution of 

the inner foot, and clinical modification in a specific part may affect the other 

segments, especially the adjacent parts. 

2.3 Biomechanical Assessment 
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To avoid the occurrence of these complications, it is necessary to consider the 

possible consequences of surgery treatment not only around the surgical regions, 

but also over the entire foot and ankle. Biomechanical assessments have been 

conducted. 

2.3.1 Experimental Assessment 

Subjective evaluation methods, including visual observation, score systems, 

evaluation test, radiological judgment, grading, and also questionnaires, are 

often used together or individually for a sufficient understanding of the foot 

status. Objective measurements are mainly focused on follow-up investigations, 

human motion analysis, and cadaveric experiments. Follow-up investigations 

involve radiography estimation and score systems like the American Orthopedic 

Foot and Ankle Society score and Maryland foot score. They are explored to 

find functional outcomes of surgeries and the radiography method is mainly 

used to assess alignment after the operations.  

In most cases, postoperative radiograph combined with a score system are 

used to evaluate corrections, failures and even fractures (Coetzee and Wickum 

2004, Adam et al. 2011, Weatherall et al. 2013). In a clinical evaluation study, a 

100-point scale and radiographic assessment was used to evaluate the 



55 
 

effectiveness of compressive ankle arthrodesis surgeries (Helm 1990). The 

failure rate and pattern was compared among different surgical protocols, and 

they concluded that the heel should be in a neutral position for a satisfactory 

outcome. 

A research on the complications associated with hallux values surgery was 

carried out based on a one year follow-up investigation of 25 feet (Weatherall et 

al. 2013). The radiograph was adopted to measure the outcomes including loss 

of correction, surgical failure and second metatarsal stress fracture, and the 

American Orthopedic Foot and Ankle Society scores of the postoperative hallux 

was adopted to assess the effectiveness of the surgical correction. It suggested 

that surgery aiming to correct the inter-metatarsal angles had influence on the 

stress and pressure distribution of other segments of the foot; and also the 

interaction among different parts could affect the outcomes expected 

preoperatively. 

An investigation of mid-term outcomes of internal fixation for midfoot 

dislocations was carried out to study the effectiveness of the surgery (Ghate et 

al. 2012). The alignment of the medial column, that of the cuboid and the fourth 

metatarsal, and  the alignment of the second metatarsal and middle cuneiform 

of 19 specimen of injured feet were evaluated using radiographs to determine 
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the stability. After a period of non-weight bearing for rehabilitation, the outcomes 

of the surgeries were assessed using score systems of Maryland foot score 

(Sanders et al. 1993) and the American Orthopaedic Foot and Ankle Society 

score. Radiographs were employed to evaluate the non-union, subluxation, 

malalignment, and post-traumatic arthritis. The alignment of the medial border 

of the second metatarsal and that of the intermediate cuneiform was measured 

based on radiographs, and also that of the medial border of the fourth 

metatarsal and the cuboid, and the lateral border of the third metatarsal and the 

lateral cuneiform. These measurements were compared with the pre-operative 

data to determine the effectiveness of the surgical correction. The method used 

in this study including radiograph, score system can be only to investigate the 

outcomes rather than the biomechanical changes of the foot caused by clinical 

interventions and thus missed the rationale information to optimize the surgery 

procedure. 

For the advantage of non-invasive and ability in biomechanical investigation, 

gait analysis has been adopted to character normal (Burg et al. 2013) and 

pathological gait (Sawacha et al. 2009, Baan et al. 2012, Watanabe et al. 2012) 

and to objectively evaluate the effectiveness of surgeries on the foot functions 

(Garrido et al. 2010, Hetsroni et al. 2011, Graf et al. 2012, Goetz et al. 2013, 
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Lins et al. 2013). There are five main categories of information that gait analysis 

could quantify including temporal-spatial parameters, kinematic parameters, 

kinetic parameters, integrated biomechanics and electromyography. Of all these 

parameters, temporal-spatial parameters are the most commonly adopted by 

surgeons for the convenience of clinical applicability. 

The calculation of some kinematic and kinetic information is based on rigid 

models in the gait analysis system. Simplified rigid models considered the foot 

as a single rigid segment that interacts with the lower leg to describe ankle 

mechanics in the sagittal plane (Kadaba et al. 1990, Beyaert et al. 2004). Such 

analysis permits identification of movement, forces/moments, and powers about 

the ankle joint (Novak et al. 2014).  These models were not applicable for 

identification of ankle motion in other planes, neither for relative motion among 

segments within the foot. They are therefore not effective for objective 

assessment of foot disorders.  

Multi-segment rigid models of foot have been developed to address this 

problem (Leardini et al. 2007, Benedetti et al. 2011, Caravaggi et al. 2011), and 

have been clinically applied for biomechanical investigation of gait pattern 

(Carson et al. 2001, MacWilliams et al. 2003, Stebbins et al. 2006, Jenkyn and 

Nicol 2007, Leardini et al. 2007, Deschamps et al. 2011, De Mits et al. 2012, 



58 
 

Deschamps et al. 2012, Saraswat et al. 2012). The Milwaukee Foot Model was 

a three segment foot model and was one of the most commonly used models to 

estimate pathological gait (Kidder et al. 1996, Myers et al. 2004, Khazzam et al. 

2006, Canseco et al. 2008, Ness et al. 2008, Brodsky et al. 2009). The 

configuration of this model was that the talus, navicular and calcaneus bones 

segmented as hindfoot, the cuneiforms, cuboid and metatarsals segmented as 

midfoot, and the hallux bone segmented to represent the forefoot. This model 

was validated in both adults(Kidder et al. 1996) and in children (Myers et al. 

2004). The reference points of the coordinate systems were determined based 

on weight bearing radiographs. Thus the coordinate system has the advantage 

to accurately represent underlying bony structures (Canseco et al. 2008, Long 

et al. 2008, Marks 2009, Canseco et al. 2010), whilst it is limited in radiographic 

acquisition for some research (Novak et al. 2014). 

The Oxford Foot Model (Carson et al. 2001) is another commonly used three-

segment model in assessment of normal gait and pathological gait (Woodburn 

et al. 2004, Turner et al. 2008, Turner and Woodburn 2008, Curtis et al. 2009, 

Nuesch et al. 2012). The segments were defined as hindfoot consisting of the 

calcaneus and talus, forefoot consisting of 5 metatarsal bones and the hallux as 

an individual segment. The advantage of this model is that additional markers 
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were used only in the calibration session to get a neutral reference position 

(Carson et al. 2001), and it can be removed during dynamic session. The 

reduction of marker numbers allows avoiding a certain extent of relative motion 

(Woodburn et al. 2004, Shultz et al. 2011) between skin markers and the 

represented bony structures. The calibration protocol has limitations in foot with 

deformities because a standardized position cannot be obtained using the 

additional markers (Rankine et al. 2008). To address this problem, some 

modified version (Houck et al. 2008, Nuesch et al. 2012) referenced joint motion 

to a static reference position. Modifications to marker placement have been 

done in some research to improve the reproducibility of the data (Wright et al. 

2011) and to accommodate pediatric foot size (Stebbins et al. 2006). This 

model configuration, similar to the Milwaukee foot model, cannot account for the 

motion between the hindfoot and midfoot, neither the motion between the 

midfoot and forefoot. 

Four-segment foot models were established for more specific evaluations. To 

investigate the alignment of the hindfoot in frontal plane, as well as the 

alignment of the forefoot in transverse and sagittal plane, an anatomy-based 

four-segment foot model has been defined (Leardini et al. 2007). The 

repeatability and the validity of this model have been reported in both healthy 
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individuals (Caravaggi et al. 2011, Deschamps et al. 2012) and foot with 

deformities (Khazzam et al. 2007). Segment movements within the foot have 

been measured statically using radiographic images. This kind of model may in 

some certain provide an alternative to measure dynamically, but is still 

challenged of the accuracy (Deschamps et al. 2012). 

 Depending on the focus of research, foot models consisting of more than 5 

segments have been defined (MacWilliams et al. 2003, Jenkyn and Nicol 2007, 

De Mits et al. 2012) A detailed foot model including 8 segments were 

established aiming to provide normative foot joint angles, moments and powers 

in adolescent gait (MacWilliams et al. 2003). The results including intra-segment 

3D angles, moments, and power on sagittal, coronal and frontal plane were 

presented. Limited by the skin markers locations, positions of several segments 

were estimated based on the positions of adjacent segments. Increasing 

number of segments permits more detailed measurements but also results in 

greater variability in motion.  

These multi-segment foot models permits reliable description of interdependent 

interactions within the foot and ankle, and has promoted increasing 

understanding of the functional and biomechanical behavior. This improving 

capacity theoretically allows clinicians to judge pathologies and injuries of the 
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foot and ankle, which is necessary for a quantification of treatment effectiveness. 

The foot and ankle rigid models have been widely used clinically. 

Gait comparisons between TAA and ankle arthrodesis have been conducted to 

identify the advantages and effectiveness (Dyrby et al. 2004, Valderrabano et al. 

2007, Leszko et al. 2008, Piriou et al. 2008, Ingrosso et al. 2009, Brodsky et al. 

2011, Brodsky et al. 2013). The gait of patient with Salto TAA was analyzed and 

compared to gait of foot with ankle arthrodesis treatments and normal foot 

(Piriou et al. 2008). Three groups of subjects anticipated and were recorded at 

their preferred speed and their maximum speed. Parameters including velocity, 

cadence, step length, the timing of toe off, the duration of stance phase, the 

range of motion of the foot in relation to the tibia, as well as the ground reaction 

forces were analyzed. In this analysis they concluded that the surgery of TAA 

permitted more normal gait function than TAA. The data were claimed to 

support the clinical observation that TAA provided more symmetrical gait pattern 

than ankle arthrodesis.  

In a gait analysis of ankle arthrodesis subjects the foot and ankle complex was 

defined as one rigid body using three markers, with one on the lateral malleolus, 

one on the heel and anther on the dorsal surface of the second metatarsal head 

(Beyaert et al. 2004). This protocol allowed calculation of foot-tibia motion in the 
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sagittal plane. Early heel-off and anterior-forwarded ground reaction forces were 

found in ankle arthrodesis subjects in bare-foot walking and these conditions 

could be improved walking in shoes. The stress at joints of the midfoot was 

speculated to be affected by the progression of the ground reaction forces. 

A three-segment rigid body model was constructed for the foot-ankle complex in 

a study of biomechanical effects of ankle arthrodesis on foot (Wu et al. 2000). 

Greater range of forefoot motion was found as a compensation for the hindfoot 

in ankle arthrodesis foot than in normal foot.  

Studies reported reduced cadence and stride length, and proportion of time 

spent in stance phase in patients with ankle dysfunctions (Stauffer et al. 1977, 

Khazzam et al. 2006, Valderrabano et al. 2007). The intuitive manifestation of 

theses biomechanical changes were slow, asymmetric and limp walking. 

Gait motion analysis could provide plenty of kinematic and kinematic information 

of each segments defined in the rigid model, and also ground reaction force can 

be recorded simultaneously.  

Limitations are unavoidable in motion analysis, such as lack of bony landmarks 

for segments, repeatability of marker location, relative motion between skin-
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markers and corresponding bone structures and limited capability in kinetic 

information. 

Inconsistencies in marker placement have been reported to result in variability 

in measurements using multi-segment foot model (Curtis et al. 2009, Telfer et al. 

2010, Caravaggi et al. 2011). The repeatability might be affected by the 

anatomic variation in health feet (Caravaggi et al. 2011) and in patients with foot 

deformities. Radiographic landmark definition has been used in foot that has 

difficulty for identification of bony landmark, but this utility is not feasible in many 

laboratories (Myers et al. 2004, Ness et al. 2008). The marker cluster could be a 

solution for tracking segment in foot with deformities (Leardini et al. 2007); 

however, there are problems in conformability and calibration. The utility is also 

limited due to practical difficulties including the placement of rigid cluster in small 

feet, cluster interference with the environment, and the motion errors due to the 

inertial artifacts. 

The accuracy of marker trajectories could be influenced due to relative motion 

between skin and the represented underlying bones. Errors resulted from 

relative motion have been considered in the literature (Westblad et al. 2002, 

Stagni et al. 2005, Garling et al. 2007, Nester et al. 2007, Birch and Deschamps 

2011, Shultz et al. 2011). The skin marker movements were quantified by 
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comparing surface marker measurement to radiograph measurement (Birch 

and Deschamps 2011) and/or bone-anchored marker measurement 

(Reinschmidt et al. 1997). Discrepancies in the amount of rotation in three 

planes (Reinschmidt et al. 1997, Birch and Deschamps 2011) were reported. 

There were demonstrations that the effect of skin motion artifact was 

substantially less than expected (Birch and Deschamps 2011) and reasonable 

match between kinematic data from skin and bone counted markers could be 

found (Westblad et al. 2002, Nester et al. 2007).  

Invasive approaches using bone anchored markers or implanted 

radiostereometric analysis have been conducted (Lundberg et al. 1989, 

Lundberg et al. 1989, Lundberg et al. 1989, Nester et al. 2007, Lundgren et al. 

2008, Nester 2009) for purpose of accuracy. They have considered the ‘gold’ 

standard to track bone movements and eliminate skin motion artifact (Nester et 

al. 2007, Lundgren et al. 2008). But due to ethical consideration and these 

measurements were impractical and the invasive measurements have also 

been challenged that whether the foot behaves in a normal order with pins in 

situ.  

Kinetic performance such as joint moments and powers has been investigated 

(Scott and Winter 1993, MacWilliams et al. 2003, Bruening et al. 2012, Bruening 
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et al. 2012, Dixon et al. 2012), but early investigations have been based on too 

many assumptions (Scott and Winter 1993, MacWilliams et al. 2003). Complex 

kinetic analyses limited the interpretation and clinical applications, thus 

simplified kinetic analyses was generally conducted in multi-segment foot 

(Bruening et al. 2012, Bruening et al. 2012, Dixon et al. 2012). The problem was 

kinematic and kinetic behavior of individual joint or bone cannot be defined 

using these musculoskeletal models.  

Radiography methods including X-ray and magnetic resonance imaging provide 

three-dimensional images of foot and ankle, allow assessment of individual 

joints motion, and find the problems inner foot, but it is impossible to find the 

potential risk factors of foot and ankle problems on the basis of these methods. 

Cadaveric experiment can be used as a testing or training ground before 

surgeries to predict possible outcomes and complications (Cook et al. 2009, 

Ogut et al. 2009, Kamiya et al. 2012, Lui et al. 2013). It allows assessing all the 

movements of individual joints and parts, and could detail contact pressure on 

the interfaces of some of the articulations, but the measurements were quite 

limited by the sensor technique and the complex contours at the articular 

interfaces. Another challenge of this method is that the muscle activities 

simulated are difficult to be the same with reality. 
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The radiograph images show the position of different segments, based on which 

the alignments could be judged, more detailed information of the inner foot and 

ankle could not be achieved pre- and post-operatively. Gait analysis could 

reveal the effect of clinical interventions on the whole locomotion system, but 

the most common complications are problems in the modified foot-ankle 

complex rather than the whole body. Kinetic parameters of individual segments 

in the foot and ankle that linked to surgical complications, such as recurrence of 

stress fracture and arthritis, cannot be obtained. The cadaveric experiment, 

radiographs and gait analysis adopted can estimate an overall status of the 

outcomes of surgeries, but neither of them could reveal the rationale of the 

complications and passive outcomes.  

2.3.2 Computational Analysis 

Since the direct measurements of the internal biomechanical parameters are 

difficult to derive, computational approaches such as FE analysis become a 

feasible alternative to experimental methods and is available to present a realistic 

simulation of the in vivo conditions. The computational analysis could take insight 

into the internal stress distribution, contact pressure, deformation of each 

individual subject under load, despite complex geometries and material properties 

included in the model. It could provide rapid response to the change of input 
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parameters including loading conditions, material properties and geometries. The 

flexibility in simulating complex loading and pathological situation of the foot and 

ankle complex is of great advantage comparing with the sophisticated and limited 

experimental setup. Considered the great advantages, the FE analysis could be 

used to assist in the precaution and surgical decisions making for various injuries 

in foot and ankle.  

The FE models have been used in studying foot biomechanical system since the 

late 90's. Over the past decade, both two and three-dimensional models have 

been built to explore the biomechanics of the ankle-foot structures. The FE 

methods currently used for the biomechanical research of human foot and ankle 

and the application in clinical intervention simulation are reviewed in the following 

content.  

The FE models of the foot and ankle were represented by several parts around 

the interested region or the foot was simplified to combined rigid segments at the 

beginning stage. A FE model of foot and leg was developed for the purpose of 

better understanding of injury mechanisms of the ankle and subtalar joints under 

impact loading conditions during vehicle collisions (Gayzik et al. 2011, Shin et al. 

2012). The bones of the hindfoot and the ankle surrounding bones were modeled 

as deformable bodies. The other bones were all defined as rigid body models 



68 
 

with no deformity during simulation. Liang et al. (2011) conducted a FE study to 

investigate the deformation and stress distribution of the human foot after plantar 

ligaments release. To evaluate the effects of different foot posture on fifth 

metatarsal fracture healing (Brilakis et al. 2012), a FE model without proper 

muscle structures was developed. All segments were set as homogeneous, 

isotropic, and linearly elastic material properties. Boundary and loading conditions 

were all simplified to the same in three different foot postures. 

Detailed biomechanical information of individual segments and effect of surgeries 

on the entire foot cannot be obtained from oversimplified or partly established 

models. Unrealistic material properties and loading conditions are direct 

limitations for effective results. 

There have been FE studies on the ankle surgeries but bothered with the same 

problems as discussed above (Mciff 2002, Vazquez et al. 2003, Alonso-Vazquez 

et al. 2004, Anderson et al. 2006, Reggiani et al. 2006, Anderson et al. 2010, 

Espinosa et al. 2010, Bouguecha et al. 2011, Xu et al. 2012). The ankle implant 

designs of two components and three components were studied using FE 

methods (Mciff 2002, Reggiani et al. 2006, Espinosa et al. 2010). These were 

actually models of ankle implants with rare foot segments included. It was found 

that highly congruent three-component design was more adaptable and two-
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component design was more susceptible to higher contact and internal stress. In 

a study for bone remodeling after TAA, a FE model comprised only the tibia, talus, 

fibula bones and the three components of the ankle implant was developed. The 

boundary and loading conditions were thus impossible  (Bouguecha et al. 2011). 

Joint degeneration propensity was simulated by FE methods for testing the 

biomechanical efficacy of relative surgeries with a more complex model than 

before. There were cartilage and subchondral bones in the model but limited to 

inclusion of just two bones (Anderson et al. 2006). Research on an ankle surgery 

of metallic focal resurfacing was conducted by establishing a model of metal 

implant and part of the talus bone, with no other components included (Anderson 

et al. 2010).  

Ankle arthrodesis as a major surgery for ankle problems was studied for the 

efficacy of different clinical protocols using FE methods. Mainly two segments 

were included in the ankle model, the tibia and talus bones, simulating resection 

joint interfaces and preserved joint contours (Vazquez et al. 2003). The ankle 

arthrodesis with preserved contour was recommended more adaptable as a 

conclusion. Initial stabilities of ankle arthrodesis with two and three screws fixation 

were also compared using based on the same model, and was concluded that 

three screw fixation provided with better stability (Alonso-Vazquez et al. 2004).   
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Based on the previous studies, the FE method occupies great advantages in the 

biomechanical exploration of the foot and ankle in clinical applications. But the 

models have been challenged by geometry integrity, material properties, and/or 

loading conditions. These are all direct factor for accurate kinematic of foot and 

the feasibility of simulations. It is necessary to develop a much more accurate 

model with as much segments of the foot and ankle as possible for 

biomechanical study and further for clinical application. 

There is a FE of foot model developed by our lab. The FE model of foot and ankle 

was established with actual geometry of the foot skeleton and soft tissues 

(Cheung et al. 2005). Using this model as the normal ankle model for analysis 

can greatly enhance the reliability of the quantitative evaluation. The model of 

TAA and ankle arthrodesis will be developed based on this model.  

 While it is not easy to obtain biomechanical information by experimental 

methods, computational approaches such as FE analysis offer a feasible 

alternative. FE analyses can simulate in vivo conditions with complex 

geometries, material properties and boundary and loading conditions and offer 

insight into internal information including stress distribution, contact pressure, 

and deformation. FE methods have been used to assist in surgical decision in 

foot and ankle. A FE model comprised of major musculoskeletal structures 
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without embracing soft tissue was developed to investigate the effect of plantar 

ligaments release on human (Liang et al. 2011) and indicated that the surgery 

may relieve focal stress associated with heel pain. To further understand injury 

mechanism in ankle and subtalar joints under impact loading, a simplified FE 

model  with fixed fore- and midfoot and ankle was developed (Shin et al. 2012). 

A FE study was carried out to investigate the effect of foot postures on bone 

healing after surgery through analysis of peak strains in the fifth metatarsal 

(Brilakis et al. 2012). Different foot postures were simulated, but applied with 

one loading condition. It was concluded that foot postures did not significantly 

influence the peak strain at fracture site but eversion of foot was more risky.  

2.3.3 Finite Element Analysis on Foot for Clinical Applications  

In order to provide a supplement to the experimental inadequacy, many 

researchers have turned to the computational methods in search of more 

clinical information such as the internal stress and strain of the foot structures. 

The FE method has been used increasingly and with great success in 

biomechanical research due to its capability of modeling structures with irregular 

geometry and complex material properties, and the ease of simulating 

complicated boundary and loading conditions in both static and dynamic 

analyses. Further, its proficiency to monitor the parametrical effects of different 
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structural, material and testing conditions makes it an ideal tool to investigate 

the underlying functional biomechanics of different foot structures, pathologies, 

surgical and orthotic treatment. 

The following review concerned with the injuries and biomechanics of foot and 

ankle. The FE method was reviewed as a methodology for the exploration of 

foot biomechanics.  

The FE models have been widely used in studying foot biomechanical system 

since the late 90's. The current FE methods currently used for the 

biomechanical research of human foot and ankle and the application in clinical 

intervention simulation are reviewed in the following content.  

With the fast expanding computer technology, the FE model of the human foot 

and ankle having complex and irregular geometrical structures can be 

established in the late 90’s. Over the past decade, both two and three-

dimensional models have been built to explore the biomechanics of the ankle-

foot structures. 

The force transfer mechanism in normal foot and ankle and the effect of 

surgeries on the pressure distribution and stress on articulations in foot and 
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ankle can assist surgeons in surgical decisions and rehabilitations of injured 

foots. Since the evaluations of the internal biomechanical parameters are 

difficult to obtain using physical approaches non-invasively, the numerical 

analysis methods are further more effective for the measurements. One of the 

computational approaches advocated is FE method. This method has been 

applied to various biomechanical research areas.  

The FE models of 2D and 3D have been developed to explore foot and ankle. A 

2D FE model for investigation of the foot response to load during weight bearing 

was employed by Nakamura et al. (1981). The analysis predicted the stress 

states within the plantar aspect tissue during a variety of shoe conditions. A FE 

model was established for the comparison of the efficiency in storing energy 

between asymmetrically shaped keel and a completely symmetrical one (Allard 

et al. 1995). Static analysis of normal and pathological motions of the ankle-foot 

complex problem were conducted using the FE method by Chu et al. (1995). 

Arangio et al. carried out a biomechanical study of stress in the 5th metatarsal 

bone using a FE model of the single metatarsal bone (1997). The locations of 

principal stress and local maximum stress on the outer boundaries of cross-

sections in the fifth metatarsal were calculated under different loading conditions. 
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And the results were then used for the analysis of association with bone 

fractures.  

A more detailed FE model of foot developed from X-rays of a patient with 

Hansen's disease had taken into consideration bones, cartilage, ligaments, 

important muscle forces and foot sole soft tissue. Quasi-static walking phases of 

heel-strike, mid-stance and push-off were simulated to analyze stresses in 

bones. the analysis showed that the highest stresses occur during push-off 

phase in the dorsal central part of the lateral metatarsals in the foot (Jacob and 

Patil 1999).  

A three-dimensional numerical model of the foot incorporating realistic 

geometric and material properties of both skeletal and soft tissue components of 

the foot was developed for biomechanical analysis of its structural behavior 

during gait (Gefen et al. 2000). The stress distribution within the foot structure 

was obtained and regions of elevated stresses for six sub phases of the stance 

were located. The measurement and numerical analysis tools open new 

approaches for clinical applications, from simulation of the development 

mechanisms of common foot disorders to pre- and post-interventional 

evaluation of treatments.  
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Chen et al. (2001) developed a computational model based on computed 

tomography data of a male subject that was used to estimate the plantar stress 

and bone stress distributions. The skeletal structures were simplified two 

segments for the hind- and midfoot. Muscle and tendons were neglected. They 

reported that the peak plantar pressure in conditions of barefoot gait during mid-

stance to push off ranged from 374 to 1003 KPa and the peak von Mises stress 

in the bone ranged from 2.12 MPa to 6.19 MPa at different instants, as depicted 

in Figure 2.21 and Figure 2.22. 

 

Figure 2.21 The normal stress distribution on the plantar surface, and (b) the 

von Mises stress distribution of the bone(Chen et al. 2001). 
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Figure 2.22 (a) The maximum normal stress at the three metatarsal regions. (b) 

The maximum von Mises stress at the five metatarsal bones at four different 

time instants during mid-stance to push-off (Chen et al. 2001). 

A clinical application of FE method was implemented in the fixation of Midfoot 

joint injuries for the comparison among different fusion methods in 2004 (Lee et 

al.). This study was performed by applying a 100-N cyclic load physiologically 

distributed to the plantar aspect of the metatarsal heads. Displacement and 

force measurements were taken from the first and fifth metatarsal heads. 
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Average stiffness of each construct was calculated from force displacement 

curves. They found that cortical screw fixation provided a more rigid and stable 

method of fixation for midfoot injuries as compared to Kirschner wire fixation. 

To investigate the effect of material stiffness of flat and custom-molded insoles 

on plantar pressures and stress distribution in the bony and ligamentous 

structures during balanced standing, a 3D FE model of human ankle-foot 

complex was developed from 3D reconstruction of magnetic resonance images 

(Cheung and Zhang 2005). The distal tibia and fibula, together with 26 foot 

bones and 72 major ligaments and the plantar fascia were embedded in a 

volume of soft tissues. The foot-support interfacial pressure, von Mises stress in 

bony structures, and strain of the plantar fascia were predicted using the FE 

model and drew a conclusion that the custom-molded shape was more 

important in reducing peak plantar pressure than the stiffness of the insole 

material (Figure 2.23).  
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Figure 2.23 The FE model of (A) soft tissue, (B) bony and ligamentous 

structures, and (C) flat and custom-molded insoles(Cheung and Zhang 2005). 

The FE model of the human foot and ankle, incorporating geometrical and 

material nonlinearity, was employed to investigated the loading response of the 

plantar fascia in the standing foot with different magnitudes of Achilles tendon 

loading (Cheung et al. 2006). It was found in this study that both the weight on 

the foot and Achilles tendon loading resulted in an increase in tension of the 

plantar fascia with the latter showing a two-times larger straining effect. A 

clinical application of computational simulation of foot and ankle was 

implemented by Cheung et al (Cheung and Nigg 2008). The fixations of the first 

and second tarsometatarsal joints were simulated to explore the effect of 

surgery on the adjacent joints. It was believed that the FE method could serve 
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as a tool for development of novel clinical decision making and foot treatment 

approaches as well as the evaluation and optimization of different functional 

footwear designs. 

A FE model of foot and leg was developed for the purpose of better 

understanding of injury mechanisms of the ankle and subtalar joints under 

impact loading conditions during vehicle collisions(Shin et al. 2012). The model 

was developed based on the geometric model of the bones and skins 

conducted by the Center for Injury Biomechanics, Virginia Tech - Wake Forest 

University(Gayzik et al. 2011). In this model, only the bones of the hindfoot and 

the ankle surrounding bones were modeled as deformable bodies with elasto-

plastic material properties. The other bones are all defined as rigid body models 

with no deformity during simulation, as shown in Figure 2.24. A 12% variation of 

failure moment was observed in the range of axial foot rotations (+/-15 degrees). 

Simulation in this model was limited that no detailed biomechanical information 

of the fore- and midfoot could be obtained, which is necessary in investigation of 

the load transfer path.   
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Figure 2.24 The FE model with the fore- and midfoot developed as a rigid 

body(Shin et al. 2012) 

Liang et al. (2011) conduct a research to investigate the effects of plantar fascia 

ligaments release on foot deformation and stress distribution using FE analysis 

and cadaveric experiment, aiming to explore the role of the plantar ligaments in 

foot arch biomechanics. The FE model was developed from computer 

tomography images and reconstructed the majority of the foot musculoskeletal 

structures including bone segments, major ligaments and plantar soft tissue. 

There were no soft tissue embedding the bony structure, and thus the 

interaction between the tissue inner surface and the bones were neglected, 

which may be quite a factor of the bone stress distribution. The plantar ligament 

was represented by a solid model, as shown in Figure 2.25, and the material 

property was assumed to be linearly elastic, which is much different from reality. 

The cadaveric experiment was carried out to validate the FE model. They found 

that the release of the plantar fascia decreased arch height without causing the 
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total collapse of the foot arch and the longitudinal foot arch was destroyed with 

the simultaneous section of four major plantar ligaments. The FE model 

indicated that the release of plantar fascia may relieve local stress associated 

with heel pain. 

 

Figure 2.25 The solid model of the foot and plantar soft tissue(Liang et al. 2011) 

A FE study was conducted to evaluate the effects of different foot posture on 

fifth metatarsal fracture healing (Brilakis et al. 2012). The model developed 53 

plantar and dorsal ligament, the plantar fascia, 28 bones and surrounding soft 

tissue, all of which were set as homogeneous, isotropic, and linearly elastic 

material properties. There were no exact attachment points anatomically in the 

bones for the majority of the muscles and boundaries conditions including the 

muscle forces were simplified to the same in three different foot postures, as 

depicted in Figure 2.26.  
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Figure 2.26 3D free-body diagrams depicting the boundary and loading 

conditions for 3 postures: (A) normal stance, (B) dorsiflexion, and (C) 

eversion(Brilakis et al. 2012) 

As the stress in the bone is mainly caused by the transfer of ground reaction 

force and the muscle concentration, inaccuracy application of ground reaction 

force and muscle forces may lead to ineffective results. The posture was 

implemented by simply turning the integrate model into different angles related 

to the ground instead of simulating the actual interaction of different segments 

during different postures. The study drew a conclusion that different foot 

postures did not influence the peak strains at the fracture site of the fifth 

metatarsal significantly and eversion of the foot caused further torsional strain 

on the fracture site of the fifth metatarsal. 

 



83 
 

Validation of Models 

Till now the validation of FE models in human keep challenging since the first 

usage in biomechanical study. Improper validation may lead to false 

conclusions, which further resulted in failure of a subsequent hypothesis and 

even worse effect in the application of clinical surgery predictions (Henninger et 

al. 2010). With increasing discussion on this topic, a variety of concepts have 

been proposed and published to build credibility for models and complex 

biological systems (Henninger et al. 2010, Lund et al. 2012).  

Historically, articulation contact analysis was commonly adopted for model 

validation in varied methods. In a FE study of hip resurfacing prosthesis, a 

validation was conducted through comparison of the contact pressure 

distribution between the FE hip contact model prediction and other 

computational calculation (Udofia et al. 2004). In a computational study of the 

acetabular redirection osteotomy surgery, the joint contact pressure was 

calculated and compared to contact pressures reported in literatures (Hipp et al. 

1999). Validation through kinematic comparison was adopted in a FE study of 

patella-femoral contact biomechanics (Heegaard et al. 1995), in which the 

patellar tracking of FE prediction and reported measurements in literatures.  

Validations in these studies were all based on comparison to experimental 



84 
 

measurements in previously published work (Heegaard et al. 1995, Hipp et al. 

1999) and other analytical calculations (Udofia et al. 2004).  

For a more general confidence, validation for FE models was conducted in 

some studies using comparison between FE predictions and measurements 

from direct physical experiments (Anderson et al. 2007, Anderson et al. 2008, 

Papaioannou et al. 2008, Shim et al. 2008, Johnson et al. 2014). In a validation 

of an ankle FE model, contact pressure was recorded under a 600N vertical 

compression force at the tibiotalar joint in neutral position in a cadaveric 

experiment. FE model of the ankle joint in neutral position was applied with the 

same loading and predicted contact pressure at the joint. The two 

measurements were compared and showed general agreement between the 

cadaveric experiment measurement and FE analysis results (Anderson et al. 

2007).  
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CHAPTER III. METHODS 

This study aimed to understand the consequences of surgical treatments 

through comparison of the biomechanical differences, particularly in the inner 

foot structures, between normal foot and foot with surgical treatments. The 

surgical treatments in this study included tarsometatarsal fusion, ankle 

arthrodesis and TAA. To achieve the objectives, a series of experimental and 

computational studies were carried out. Computational platform of the foot and 

ankle with surgical treatments was developed and used in this study. The data 

obtained from computational models could indicate the effects of these surgical 

treatments on the entire foot biomechanics, which is not practical to obtain from 

experimental approaches.  

The computational platform was mainly based on FE models of normal foot-

ankle complex with surgical treatments. The FE models were developed from 

reconstruction of magnetic resonance images (MRI). The boundary and loading 

conditions were obtained from gait analysis and previous related research. The 

model validation was done through comparison of plantar pressure and joint 

contact pressure between model predictions and experimental results from in 

vivo and cadaveric experiment. Surgical treatments were implemented through 

modifications in the validated foot and ankle model following clinical instructions. 
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Ethical approval for cadaveric experiment and human motion analysis was 

granted by The Hong Kong Polytechnic University Human Subject Ethics 

Committee (reference number HSEARS20070115001-01). The subject 

participated in the gait experiment was informed of the experimental procedures 

and gave written informed consent for participating in the magnetic resonance 

imaging scanning and gait measurements and for publishing these case details. 

The work flow is shown in Figure 3.1. 

 

Figure 3.1 The work flow of the development of the FE model of foot and ankle. 
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3.1 Experimental Study 

3.1.1 Gait Analysis and Plantar Pressure Measurement 

Gait analysis can offer sufficient kinematic and kinetic information needed in the 

FE simulation. In order to get the boundary conditions for the FE simulation, a 

gait experiment was conducted. Plantar pressure is one of the most important 

observations in clinical and rehabilitation practice. It can not only reveal 

underlying foot problems but also provide baseline for diagnose of lower limb 

problems and design of offloading devices. As a direct parameter of foot 

biomechanics, the plantar pressure was measured during gait proceeding to 

validate the FE model as a comparison of simulation results with experimental 

measurement.  

Device 

 A three dimensional motion capture system (VICON, Oxford Metrics, UK) with 

8 cameras was used in this experiment. Two force platforms (Advanced Medical 

Technology Inc., Watertown, MA, USA) were used to measure ground reaction 

forces. The sampling frequency was set to 100 Hz for motion capture system 

and 2000 Hz for force platform.  Infrared red light was emitted from the LED 
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array in the eight working cameras and reflected by retro-reflective markers and 

received by the photo-sensor of the cameras as shown in Figure 3.2. Each 

camera produces two dimensional coordinate for individual marker and data 

from eight cameras are combined to form a single three dimensional coordinate 

system. Trajectories of marker movement in space were then recorded, based 

on which kinematic information was calculated. The force platforms integrated 

into the system were set along a ten meter walkway and assess ground 

reaction forces simultaneously. 

 

Figure 3.2 (A) The three dimensional capture system and, (B) the camera of this 

system. 

A dynamic pressure and force measurement system F-SCAN (Tekscan Inc., 

Boston, USA) was used to measure the plantar pressure during gait. It consists 
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of scanning electronics, software and thin-film flexible sensors. Pressure 

distribution is recorded and transmitted wirelessly to the computer for real time 

display of pressure profiles. The recorded data can also be stored in a 

datalogger and then uploaded later to the computer for analysis (Figure 3.3). A 

type of pressure mapping sensor, 3000E, was used in this measurement. The 

thickness of the sensor is 0.178cm and sensel density is 3.9 sensels/cm2. The 

pressure ranges are 0 to 862kPa. Detailed specifications are depicted in Figure 

3.4.  

 

Figure 3 3 The F-SCAN system for measurement of plantar pressure. 
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Figure 3.4 The specifications of the 3000E type pressure mapping sensor. 

Procedure 

To observe the variation of plantar pressure during foot propulsion, the F-SCAN 

system was synchronized with the VICON system. 
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Pressure Mapping Sensor and Marker Set 

A female subject voluntarily participated in the gait analysis. Her body mass, 

height and age were 54Kg, 165cm and 29 years, respectively. The subject has 

no history of any lower limb injury and pathology.  

Walking at routine and comfortable speed and balanced standing with bare feet 

were the two intended conditions for assessment. The pressure sensors were 

attached to the plantar feet throughout the experiment. To fit the foot size, two 

pressure sensors were trimmed along the preset curves and tape to the plantar 

feet using double-side tape. Accessories connecting to the sensors were bound 

to the participant at the lower legs and connected to the computer through 

wireless network.  

The calculation of the kinematic and kinetic information of segments using the 

Vicon software package was on basic of multi-body models and inverse 

dynamics. The kinematic model was responsible for the definitions of the body 

segments and the calculations of joint angles between segments; while the 

kinetic model could be used to calculate joint force, moment and power based 

on the body weight and ground reaction force as well as anthropometric 

information. The kinematic and kinetic models could be the whole body or part 
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of the body. In this study, considering the required parameters of the FE model, 

the lower body models were adopted.  

To start the motion analysis, necessary subject measurements of the lower limb 

included: 

1) Body mass. The mass of the subject was an essential parameter in 

determining the kinetics of the segments. It was measured on a 

weighting sale at the very beginning of the experiment and recorded in 

kilograms. 

2) Body height. The height of the subject means the distance from the top 

of the head to the floor with the subject standing flat in bare feet. It was 

measured and recorded in centimeters.  

3) Leg length. The leg length means the distance between the anterior 

superior iliac spine (ASIS) and the medial malleolus with the subject 

stand straightly. It was measured and recorded in centimeters. 

4) Knee width. It is the distance between the lateral and medial femoral 

epicondyles, measured using caliper in centimeters.  

5) Ankle width. Similar with the knee joint, the ankle joint means the 

distance between the lateral and medial malleoli and was measured 

using caliper in centimeters. 
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Other subject measurements are optional during the motion analysis of the 

lower limb, or can be calculated using the algorithms in the software package. 

Various protocols of marker set for gait analysis were provided in the software 

package of the Vicon system for different concerns. In this study the Plug-in-

Gait model was adopted for the analysis of the lower limb motion. Totally 16 

markers were attached to the right and left lower limbs to define 7 segments, 

including the pelvis, the right and left thighs, the right and left shanks, and the 

right and left feet. Joint angles were defined based on the definition of the 

segments. The position of the foot shank was recorded by the angle between 

the tibia segment and the global system. The name and location of the markers 

were set as in Figure 3.5. 

 

Figure 3.5 The marker set of the musculoskeletal model of the lower limb for 

gait analysis. 
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1) Pelvis markers 

LASI: Left anterior superior iliac spine 

RASI: Right anterior superior iliac spine 

The two markers were expected to attach directly over the anterior superior iliac 

spines. In case of the invisibility to cameras in the expected positions, such as 

for an obese subject, the markers should be move laterally for equal distance in 

the same level. The inter-ASIS distance was required to be measured and input 

manually into the system. Dependently the markers were placed medially to the 

ASIS considering the curvature of the abdomen. 

LPSI: Left posterior superior iliac spine 

RPSI: Right posterior superior iliac spine 

The two points were defined to be the two slight bony prominences below the 

sacro-iliac joint, at the position where the spine joints the pelvis. 

2) Leg markers 

LKNE: Left knee 



95 
 

RKNE: Right knee 

The two markers were attached to the lateral epicondyle of the left and right 

knee. To find out this marker point at the knee joint, the subject was asked to 

flex and extend her lower leg with the other foot stand in flat. The spot that was 

closest to remaining fixed during the knee joint rotation was determined for 

marker attachment. It should be at the mid-way between the front and the back 

of the joint and about 1.5 cm above the joint line. All calculations of the kinetic 

and kinematic of the knee joint was based on the assumption of a joint center 

point, defined as the midway of the two points at which the flexion axial passing 

through the skin. The two markers were positioned on the lateral of these two 

points.  

LTHI: Left thigh 

RTHI: Right thigh 

The thigh marker was set to assist in the calculation of the knee axis location 

and orientation. Ideally the knee axial of flexion and extension would be 

determined by the lateral marker of the knee joint and a marker on the medial 
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side. However, placement of a medial aspect marker was not practical 

considering of the visibility of the cameras and the impediment to walk. 

The antero-posterior position of the thigh marker was critical to determine the 

orientation of the knee axial of flexion and extension. It should be located on the 

plane containing the hip and knee joint centers and the knee flexion and 

extension axial. Thus the hip joint center was firstly found out by marking the 

lateral projection of the hip joint using a pen, around which the any fixed rotation 

of the hip was allowed. The thigh marker should locate along the line 

determined by the marked hip joint lateral projection point and the knee joint 

marker. The level of the thigh marker could be very flexible, but two regulations 

were generally considered. One was that try to keep the thigh marker off the 

belly of the muscle to avoid excessive motion of the skin and the other was 

place the right thigh marker at a high level than the left one to distinguish the 

right and left limb in the musculoskeletal model. Generally the left thigh marker 

was located at lower 1/3 of the lateral thigh, below the swing of the hand. 

LANK: Left ankle joint 

RANK: Right ankle joint 
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The ankle joint markers were placed at the lateral malleolus under most 

circumstances. They were set to define imaginary ankle flexion axis for each 

ankle joint in the musculoskeletal model, which was assumed to be parallel to 

the knee flexion axis. It was thus not totally equivalent to the anatomical axis of 

ankle flexion for the reason that the ankle flexion axis was a dynamic rather 

than a fix-positioned and static line during motion and it varied individually 

because of anatomical differences.  

LTIB: Left tibia 

RTIB: Right tibia 

Similar to the thigh marker, the tibia marker was used to assist in the 

determination of the alignment of the ankle flexion axis. It followed the same 

way to determine the placement of the markers. The left tibia marker was 

attached at the lower 1/3 of the tibia, and the right one was in a higher level to 

distinguish the left and right limbs in the musculoskeletal model. 

3) Foot markers 

LTOE: Left toe 
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RTOE: Right toe 

These two markers were attached over the second metatarsal head, on the 

mid-foot side along the break between the fore-foot and mid-foot. The toe 

marker was set for the determination of the long axis of the foot. 

LHEE: Left heel 

RHEE: Right heel 

The heel marker was attached on the back of the heel, with a flexible height of 

placement in a normal plantigrade foot. The line joining the heel marker and the 

toe marker reflected the long axis of the foot. 

Calibration 

Calibration of the F-Scan and the Vicon system was required before data record. 

F-Scan system 

Pressure data directly from the sensor could be displayed in the Real-time 

window before calibration, but the data was more meaningful when the pressure 

was provided in actual measurement units, such as ‘PSI’ or ‘mmHg’. Calibration 
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was the method by which the raw digital output of the sensor was converted to 

actual pressure units. It should be performed before each new patient session, 

and before a new sensor is used. Sensors for the right and left foot should be 

calibrated individually and the calibration files should be saved separately. 

Calibration for the right foot could only be applied to the movies of the right foot, 

same did the left foot. A new patient file was created to record the information of 

the subject including the name, date of birth, gender and body weight. 

Centimeters, kilograms, and KPa were chosen as the units of measurements of 

length, body weight and pressure respectively.  

Five methods of calibration were provided in the F-Scan software including, as 

recommended by the instruction, a calibration pattern of ‘step’ was adopted for 

walk in the research application. To begin the calibration for the right foot, click 

the Real-time window of the right foot to make it highlighted, followed by click on 

the button of ‘Step Calibration’ on the toolbar. On the ‘Step Calibration’ dialog, 

the weight of the subject was firstly entered in the required field, and then the 

subject was asked to stand on the pointed position on the single left foot for 

several seconds until the instruction of switching foot showed up in the dialog. 

The right foot then stood entirely on the pointed position for two times greater 

period than that for the left foot with the left foot off-loaded.  Because the switch 
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from the left foot to the right foot occurred rapidly, particular attention was 

required during this procedure. The same procedure was repeated for the 

calibration of the left foot.  

It was notable that the single-limb standing should be quite steady to avoid the 

variation of the vertical force on the sensors. A wall or pillar that was vertical to 

the ground was recommended to facilitate a steady standing of the subject with 

one or two fingers touch. Any horizontal surface should be avoided for this 

purpose considering the possible dissipation of the vertical force. In cases of 

unequal vertical forces from the two feet, a wobble vertical force, delayed switch 

of foot or incorrect foot standing would result in errors and failed the calibration 

procedure, in which the calibration should be restarted.   

Calibration data was saved for each foot and can be uploaded for later session 

of the same subject, but with restriction that each calibration file should be 

applied to corresponding foot. Re-calibration could be conducted any time 

before pressure measurement recording to replace the previous calibration data. 

Motion Capture System 



101 
 

Calibration was considered the most important step among the preparations 

before motion capturing. At the very beginning a new database was created, in 

which a new project was created for this experiment. Under this project smaller 

units were created for motion types, and in each unit sessions were created for 

recording of basic motion data.  

There should be no visible spots in the camera views at this stage. Threshold of 

the capture system should be created to ensure a clean background. Remove 

all reflective issues in the capture volume and check of there was any visible 

dots in any of the 8 camera views. Visible spots could be filtered by creation of 

threshold of the capture system.  

The camera calibration consisted of two step including dynamic calibration and 

static calibrations. The dynamic calibration was to recognize the relative location 

of each camera and the static one was to determine the origin and the 

orientation of the system coordinate. A T-shape wand with reflective markers 

attached was used during these two procedures.  

To perform the dynamic calibration, the wand was waved to cover the space of 

the capture volume as much as possible. The track of the wave motion was 

displayed in real time in the 8 camera views. A parameter used for the judgment 
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of the dynamic calibration was the residual, defined as the root mean square of 

the distance between two rays, one being that from the center of the LED rings 

to the centroid of the reflective marker and the second being from the reflective 

ray from the marker to the camera lens. Acceptable residual values are set to 

be less than 0.1% of the distance from the center of capture volume to the 

camera. Besides of the magnitude of the value, the consistency of the residual 

was also a requirement for a good calibration result. A significantly different 

value indicates problems in a camera. 

Each camera should capture no less than 500 effective frames of this wave 

motion. The capture was automatically stopped at the moment that all the 8 

cameras had got enough frames. Repeat the procedure in case of a failed 

calibration. 

After the completion of the dynamic calibration, the static calibration was started 

to set the origin and orientation of the global coordinate with the assistance of 

the wand. It was aligned along the two vertical edges of the first force platform, 

with the right angle of the wand accurately coinciding with the force platform. 

The system recorded the location of the wand through capture of these 

reflective markers attached on the wand, and set the marker at the right angle of 

the wand as the location of the origin. The orientation of the handle shank was 
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determined to be the X-axis, that of the vertical side to be the Y-axis. Following 

the right-hand rule, the Z-axis was determined to be upward. 

The subject calibration was conducted for the determination of musculoskeletal 

models. Besides available template models provided by the system, it is also 

allowed to create new models depend on specific requirement through labeling 

markers and defining segments and joints. Range of motions of the joint angles 

and each segment can be calculated based on the model definition in this stage. 

The subject was asked to stand still on the first force platform in a T posture, 

with her arms stretched in horizontal position and the feet shoulder-width apart. 

The data was recorded and saved in the session created previously. Open this 

trail in the 3D workspace, and upload the marker information. In the subject 

mode, with all the markers shown on the interface, template models provided by 

the system could be directly attached to the static data. In this case, the name of 

markers, segments and joints were listed in the subject model, but were not 

assigned to the captured data yet. They were manually assigned to the 

captured markers one by one. This process was saved to the database for 

further use. 

Motion Capture  
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Before the capture of the gait, an appropriate starting point for walk should be 

determined to ensure that the entire right foot could step on the first force 

platform and the left foot on the second force platform. The subject was asked 

to walk at natural speed for several times with her eyes looking straight ahead. 

Observe the right foot position when passing through the force platform, depend 

on which the starting point for walk was adjusted every time in order to get the 

right foot more close to an entire contact with the force platform. The start point, 

from which the entire right foot of the subject entirely stepped on the first force 

platform and the left foot entirely on the second when walked through the force 

platforms, was marked using adhesive tape sticking to the ground in a line 

vertical to the walking orientation.  

Motion capture of the gait started at the ready of starting point. Make sure all the 

16 markers are visible in the 3D workspace. The subject walked at her natural 

speed for three trails, each trial satisfying the requirement of visibility. The F-

Scan sensor recording was started simultaneously for the measurement of the 

plantar pressure during walk, especially the step of the right foot on the force 

platform. Save the gait trial and the plantar pressure file using the same name 

to make convenience for further data processing. 
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Three trials were collected and each trial was carefully checked before save to 

ensure 16 markers were visible throughout the motion. Small gaps of one or two 

markers during motion could be managed using programs in the pipeline 

programs, for severe lack of visibility, however, the involved trial were 

recommended to be given up and retake one more after elimination of marker 

loss or being covered by clothes. Three trials were recorded. 

Observation of the Shank Position and Ground Reaction forces 

As previously set during creation of the model, the angle between the tibia 

segment and the global coordinate system represented the foot shank angle 

during gait and was selected as one of the boundary condition in the FE model 

of the foot and ankle for the gait simulation. The trajectories of the 16 markers 

recorded by the 8 cameras, combined with ground reaction forces recorded 

using the force platforms, were calculated using the pipeline programs in the 

Vicon nexus system. Kinematic parameters of each segment and angle could 

be obtained through the calculation based on the created musculoskeletal 

model and exported to a .csv file.  

The ground reaction force was recorded in three orientations along the three 

axes of global coordinate system. These three orientations represented the 
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directions of vertical, medial-lateral and antero-posterior as to the human 

biomechanics. They were saved in the same .csv file and were depicted to 

three curves in one window.  

Muscle Forces Estimation 

Muscle forces are required as one of the loading conditions in the FE simulation. 

They are mainly obtained in two approaches, one estimation using 

musculoskeletal model based on inverse dynamics and optimization, and 

another from Electromyography (EMG) signal. 

In this study AnybodyTM modeling system was used for this purpose. To 

simulate walking two inputs were required including the trajectories of the 

markers and the ground reaction forces. These two sets of parameters were 

obtained from the motion analysis system and exported in .c3d file format to 

AnybodyTM software. 

The musculoskeletal model of the lower limb was adopted for the calculation of 

the muscle forces. Markers in this model were consistent with those in the gait 

model in the motion capture system. Markers from the motion capture system 

were uploaded and required to coincide with the markers in the musculoskeletal 



107 
 

model for calculation of muscle forces and joint moments. The walking motion 

was represented in the model as shown in Figure 3.6. 

 

Figure 3.6 The simulation of gait in AnybodyTM inverse dynamic system using 

the musculoskeletal model of the lower limb. 

Simulation was run twice, once for the calculation of joint moments and the 

second for the calculation of the muscle forces. The muscle forces in lower limb 

during stance phase were selected and exported. 

The EMG signal collected from the electrical signals in muscles has been widely 

accepted for the assessment of muscle forces based on a sequence of data 

processing and calculations including signal quantification and normalization.  
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Quantification of the signal, transformed the analog EMG signal to numerical 

values, involves digital sampling, rectification and integration. Although the 

qualification procedure transforms the analog EMG to absolute values, the 

values could not identify how hard the muscle was working at specific motions 

or moment. Relative effort of muscles during activities was necessary to reflect 

muscle intensities in different conditions. 

Normalization was conducted for the identification of relative muscle effort. 

Maximum efforts of muscles were recorded in maximum effort tests, and were 

registered as the reference of normalization. Muscle activities during motions 

were expressed as percent of the manual muscle test (%MMT). Besides the 

reflection of relative muscle effort, this expression can also exclude the 

variations in muscle contours and muscle fibers among individual muscles.  

After the signal management of quantification and normalization, the intensity of 

effort can be compared among different muscles and during different activities. 

Processed EMG signals identified muscle intensity during motion but did not 

specify muscle force.  

The muscle forces were initially estimated from the muscle cross-sectional area 

(PCSA)(Dul 1983) and normalized electromyography (EMG) data during 
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barefoot walking(Perry 1992)(Figure 3.7) with single muscle gain assumed for 

all muscles based on a linear EMG-force assumption (Muscle forces=Muscle 

gain × PCSA × Normalized EMG)(Perry and Bekey 1981, Woods and Bigland-

Ritchie 1983, Kim et al. 2001). The calculated muscle forces for this model were 

adjusted, based on another study of muscle activities in foot and ankle (Kim et 

al. 2001, Fröberg et al. 2009), to reasonably match the FE predictions with 

captured motion events. 

Muscles that control the motion of the foot and ankle are generally categorized 

into two groups, plantar flexors and dorsi-flexors. The plantar flexors are active 

consistently in stance phase, the dorsi-flexors, on the contrary, dominate the 

swing phase motions. This rule is not an absolute division of the two group 

muscles, because the dorsi-flexor acts in the loading response event to control 

the rate of foot plantar flexion in stance phase.  

Three major muscles, which are the tibialis anterior, extensor digitorum longus 

and extensor hallucis longus, run anteriorly along the tibia and through the 

dorsi-aspect of the foot and ankle. They function as dorsi-flexors and are active 

from the pre-swing stage, as shown in Figure 3.7 (B). Muscle forces were not 

considered in this simulation since this study simulated three instants in the 

stance phase.  
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A 
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Figure 3.7 Electromyography of the extrinsic muscles of the foot and ankle 

during free waling (Perry 1992), with (A) being plantar flexors and (B) being 

dorsi-flexors. The data were normalized by the manual muscle testing values to 

exclude the effect of variations in muscle anatomy. The normalization permitted 

comparisons of muscle effort among individual muscles and in different 

activities. 

The plantar flexors of the foot and ankle, including the gastrocnemius, the 

soleus, the posterior tibialis, the flexor digitorum longus, the flexor hallucis 

longus, the peroneus longus and the peroneus brevis, were active during the 

stance phase as shown in Figure 3.7 (A). The gastrocnemius and the soleus 

joint together to the Achilles tendon and attached to the foot on the posterior 
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calcaneus. The forces from the two muscles were summed up and applied to 

the Achilles tendon in the FE model. 

Based on these muscle activities during stance phase, six groups of muscles 

were picked out to calculate and apply loadings, which were the Achilles tendon, 

the flexor hallucis longus, the flexor digitorum longus, the peroneus longus, the 

peroneus brevis and the tibialis posterior. 

3.1.2 Cadaveric Experiment  

To validate the FE model for simulation of surgeries, a cadaveric experiment 

was carried out to evaluate kinetic behaviors of the foot under specified loading 

conditions. The measurement in this experiment would be compared to the FE 

predictions under the same loading conditions. The protocol of the experiment 

was to measure the plantar pressure and joint contact pressure at the 

talonavicular joint under normal foot and foot with ankle fusion surgery. Ethical 

approval was grant from the Human Subjects Ethics Application Review System 

in the Hong Kong Polytechnic University. 
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Specimen Preparation 

The entire foot and ankle complex was extracted from a lower limb of a male 

specimen, with reservation of the distal tibia and fibula. The foot size of the 

specimen was 42, showing no visible signs of traumas, pathologies and 

surgeries. There was no information on the age, height and weight of the 

cadaver. The cadaver was extracted in Mid-April in 2012 and frozen at -30℃ 

until Mid-September in 2012. The experiment lasted for two days including the 

de-frozen procedure. The specimen was re-frozen at -4℃ at night between the 

experiment days. Figure 3.8 shows a picture of the specimen and the extracted 

foot segment. 

 

Figure 3.8  Cadaveric specimen showing the foot-shank-thigh and extracted 

foot region 
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Machine and Equipment 

The scope of the experiment was to evaluate the plantar pressure and the joint 

pressure at the talonavicular joint of the foot-ankle complex with ankle joint 

fused under various loading conditions. A mechanical testing system 

(ElectroForce 3510, Bose, MT, USA) was used for the application of boundary 

and loading conditions. The F-scan system and another pressure mapping 

system (I-scan® & Software 6.03, Tekscan, MA, USA) were adopted to 

measure the plantar pressure and the joint contact pressure. The thickness of 

the F-scan sensor was 0.15mm with 4-sensor per centimeter square. The 

sampling frequency was 50Hz. The sensing resolution of the I-scan was 62-

sensor per centimeter square. Conditioning and calibration process were 

carried out before each experimental trial according to the manufacturer’s 

manual.  

Procedure  

Nine major groups of extrinsic muscles were stripped from the soft tissues. 

Each group was connected to steel wires using suture line. Weights were 

hanged to the other end of the steel wires to simulate the muscle forces. For the 

convenience of fixation of the foot and ankle complex to the testing machine, 

resin was melt into semiliquid in a cuboid container, under which condition the 
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proximal ends of the tibia and fibula were compressed to get contact vertically 

with it. The foot and ankle were tightly attached to the resin after the 

solidification. Then the resin in cuboid was bounded to the pull rods through 

which the compression loading would be applied. The foot shank was in vertical 

direction in fixation with the machine (Figure 3.9). To simulate the shank-ground 

angles in the sagittal plane, an adjustable plate beneath the foot in the machine 

allowed rotation in 120 degree, with 60 degree for dorsiflexion and 60 for 

plantarflexion rotation.  

 

Figure 3.9 Setup of the cadaveric experiment. The proximal end of the 

specimen was fixed to a mechanics testing machine using resin, with a 

rotatable plate under the foot for adjustment of ankle joint angle.  
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After the reset, the foot and ankle structure was removed from the testing 

machine for the fusion of ankle joint. The joint was fused using three Kirschner 

wires in the neutral position from lateral-anterior-superior to medial-posterior-

inferior, from medial-anterior-superior to lateral-posterior-inferior, and from 

posterior-superior to anterior-inferior. The talonavicular joint is the joint 

connecting the talus and the navicular, delivering the majority forces from the 

hind-foot to the mid-foot in three rays.  The head of the talus of covered entirely 

by the strongly concave proximal articular surface of the navicular, forming a 

stable articulation. Because of the relatively large contact force and a stable 

articulation interface, the contact pressure at this joint was chosen to be one of 

the measurements during the experiment. An incision was carved over the 

talonavicular joint on the dorsi-aspect of the foot for the insertion of the I-scan 

sensor, as shown in Figure 3.10. After the insertion of the sensor, the incision 

was sutured for the purpose of the stability of the sensor. 



117 
 

 

Figure 3.10 The insertion of the I-scan sensor into the talonavicular joint for the 

measurement of the joint contact pressure under different loading conditions. 

The foot and ankle structure was reset on the testing machine on the setup of 

the ankle joint fusion and the sensor insertion at the talonavicular joint. The 

proximal end of the foot and ankle was fixed to the compression platen through 

the resin block. An F-scan sensor for right foot was placed on the plate beneath 

the foot and adjusted to fit the position of the foot. The steel wires connecting to 

individual tendons were hung on pulleys fixed above the testing area, and set 

the other ends aside for loading by weights.  

Loading Conditions 

In order to decide a reasonable loading condition, ensuring the sustainability of 

the specimen, pre-tests were carried out with gradually increased compression 

and tendon loadings. The pre-test loading conditions were listed as in Table 3.1. 

Table 3.1 The loading conditions of pre-test. 
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Axial Compression Muscle Loading 

100N 

200N: Achilles Tendon 
  30N: Tibialis Posterior; Flexor Hallucis Longus; 

Flexor Digitorum Longus; Peroneus 
Longus 

150N 

250N: Achilles Tendon 
  40N: Tibialis Posterior; Flexor Hallucis Longus; 

Flexor Digitorum Longus; Peroneus 
Longus 

150N 

250N: Achilles Tendon 
  50N: Tibialis Posterior; Flexor Hallucis Longus; 

Flexor Digitorum Longus; Peroneus 
Longus 

200N 100N: Achilles Tendon 

200N     0 

 

The pre-test conditions made sure that the results were reasonable and the 

specimen was sustainable. The axial loading was applied through the 

compression platen to the resin block that melted with the proximal tibia and 

fibula. The test began with am axial compression of 100N, combined with 200N 

Achilles tendon force and 30N muscle force respectively in tibialis posterior, 

flexor hallucis, longus flexor digitorum and peroneus longus. The stability of the 

foot and ankle could be maintained in this condition with no undesired deformity 

occurred in all the segments and joints. The axial compression was increased to 

150 N, matched with 250 Achilles tendon force and 40 N in tendons of tibialis 

posterior, flexor hallucis, flexor digitorum longus and peroneus longus. This 

loading condition could remain the stability without abnormal deformity in the 

foot and ankle. But there was slightly heel movement happened under the 
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functions of compression loading and Achilles tendon force. There was no tear 

induced under this loading condition. In the following test, the axial compression 

and force in the Achilles tendon remained the same, and the force in other 

tendons was increased from 40 N to 50 N, expecting to retrieve the full contact 

of the plantar foot with the supporting plate. The condition was found to be able 

to satisfy the requirement of the full contact of the plantar foot with the 

supporting plate in a neutral position. To pursue the maximum bearing capacity, 

the axial compression was increased to 200 N in the following test, with 100 N 

Achilles tendon force applied. The calcaneus bone was found to valgus under 

this condition. Thus the Achilles tendon force was removed, leaving a 

compression force of 200 N as the loading condition. The compression force 

deformed the hind-foot from neutral position into a severe valgus position. So 

the maximum loading condition was determined, with 150 N for the axial 

compression, 250 N for the Achilles tendon, and 50 N for the tibialis posterior, 

flexor hallucis, flexor digitorum longus and peroneus longus. 

In order to distribute the plantar pressure into more uniform pattern, an 

inclination of 10 degree was performed to the supporting plate throughout the 

experiment, preserving the foot in dorsiflexion position. The experiment was 

conducted in three loading conditions, seen in Table 3.2, based on the results of 
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the pre-test, including: 1) 100 N axial compression, 2) 100 N axial compression, 

250 N Achilles tendon force and 50 N tendon force for the tibialis posterior, 

flexor hallucis, flexor digitorum longus and peroneus longus, and 3) 150N axial 

compression, 250 N Achilles tendon force and 50 N force for the tibialis 

posterior, flexor hallucis, flexor digitorum longus and peroneus longus. 

Table 3.2 The boundary and loading conditions of the cadaveric experiment. 

Test Trials Boundary and Loading Conditions 

1 100N: Axial Compression 

   10  : Dorsiflexion 

2 100N: Axial Compression 

250N: Achilles Tendon 

  50N: Tibialis Posterior; Flexor Hallucis Longus; Flexor Digitorum 

Longus; Peroneus Longus 

   10  : Dorsiflexion 

3 150N: Axial Compression 

250N: Achilles Tendon 

  50N: Tibialis Posterior; Flexor Hallucis Longus; Flexor Digitorum 

Longus; Peroneus Longus 

   10  : Dorsiflexion 

The plantar pressure and contact pressure at the talonavicular were measured 

throughout the experiment as two parameters for further comparison with the 

FE predictions. 
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3.2 Development of Computational Platform 

A FE model of the foot-ankle complex has been developed and modifying for 

improvement. It was validated using in vivo experiment and cadaveric 

experiment. Three more models were constructed based on this model to 

represent tarsometatarsal joint fusion, TAA and ankle arthrodesis. These four 

models provided a platform for biomechanical comparison between the normal 

foot model and models of the surgeries. The workflow of this platform 

development is as shown in Figure 3.11. 

 

Figure 3.11 The development of the computational platform of the foot-ankle 

complex. Four FE models were included in this platform: normal foot-ankle 

model, tarsometatarsal joint fusion model, TAA model and ankle arthrodesis 

model. 
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3.2.1 Finite Element  Model of Normal Foot-ankle Complex 

Reconstruction of Geometries 

A FE model of foot-ankle complex was developed (Figure 3.12) using ABAQUS 

FE package (Dassault Systems Simulia Corp., Providence, USA). Geometrical 

information was obtained from 3D reconstruction using MIMICS v14 (Materialise, 

Leuven, Belgium) of magnetic resonance images (3.0T Siemens, Erlangen, 

Germany) of 2 mm intervals from the right foot of a normal female adult with the 

body height of 164 cm and mass of 54 kg. This participate was with no history of 

injuries or pathologies in the lower limb, and the alignment of the 

musculoskeletal system of the lower limb and the whole body was estimated 

and verified normal by a pedorthist.  
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Figure 3.12  FE model of foot and ankle, consisting of 28 bones, 103 ligaments, 

plantar fascia and encapsulated soft tissue. Part of the soft tissue was removed 

for a better view of bone structures. 

This foot-ankle model consists of 28 bones, 103 ligaments, nine major groups of 

extrinsic muscles including tibialis anterior, extensor digitorum longus, extensor 

hallucis longus, peroneus longus, peroneus brevis, and Achilles tendon 

(merged triceps surae), and a bulk of encapsulated soft tissue. The bony 

segments were modeled as separated individuals and interactions among each 

were set as frictionless surface to surface contact, except that the phalanges of 

the four lesser digitals were connected using 2 mm thick of cartilage structures. 

The soft tissue was tied to the bones at the inner surface.  

Mesh  
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Solids elements were used to mesh foot and ankle structures. The bony and 

encapsulated soft tissue structures were meshed into 4-noded tetrahedral 

elements. As the ligaments were assumed to sustain tensile force only, they 

were represented by truss elements. Truss elements can only transmit force 

along the axis or the centre line of the element, and cannot resist loading 

perpendicular to the axis. No compressive stress was generated by choosing 

tension-only option. The distance between the two connecting nodes defines 

the length of each truss element and the cross-sectional area is specified. In this 

FE model, total 103 tension-only truss elements were used to represent the 

ligaments and the plantar fascia. Muscles in the FE model were represented by 

lines connecting the anatomical attachment points of muscles to bones, and 

external force can be applied.   Achilles tendon was divided into five axial 

connector elements. All the mesh information was shown in Table 3.3. 
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Table 3.3 The mesh information and material properties of the model segments. 

Component 
Element 

Type 

Young’s 
Modulus E 

(MPa) 
Poisson’s Ratio v 

Cross-
section 

Area 
(mm2) 

Bone(Nakamura et al. 

1981, Gefen et al. 2000) 

4-node 
linear 

tetrahedron 
7300 0.3 - 

Cartilage(Athanasiou 

et al. 1998) 

4-node 
linear 

tetrahedron 
1 0.4 - 

Ligaments(Siegler et 

al. 1988) 

2-node 
linear 3-D 

truss 
260 - 18.4 

Plantar 
Fascia(Wright and 

Rennels 1964) 

2-node 
linear 3-D 

truss 
350 - 58.6 

Ground 
8-node 

linear brick 
17000 0.1 -` 

Skin(Ogden 1972, Gu 

et al. 2010) 

3-node 
triangular 

shell 

    

18 0.122 

Encapsulated Soft 
Tissue(Lemmon et 

al. 1997) 

4-node 
linear 

tetrahedron 

10C  01C  20C  11C  02C  1D  2D  

 

0
.0

8
5
5
6
 

-0
.0

5
8
4
1
 

0
.0

3
9
0
0
 

-0
.0

2
3
1
9
 

0
.0

0
8
5
1
 

3
.6

5
2
7
3
 

0
.0

0
0
0
0
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Material Properties 

Different material properties can be used, from the simple linear elasticity, 

to nonlinear elasticity, and even viscoelasticity. To reduce the complexity and 

the size of the problem, except for the encapsulated soft tissue, all tissues 

including bony, ligamentous and cartilaginous structures were idealized as 

homogeneous, isotropic and linearly elastic. The linearly elastic properties were 

defined by providing any two constants of Young’s modulus E, shear modulus G, 

and Poisson’s ratio . The Young’s modulus of 7300 MPa and Poisson’s ratio 

of 0.3 were assigned to bones (Nakamura et al. 1981). The Young’s modulus 

for bone was obtained by averaging the elasticity values of cortical and 

trabecular bones in terms of their volumetric contribution. The Young’s modulii 

of the cartilage (Athanasiou et al. 1998), ligaments (Siegler et al. 1988) and the 

plantar fascia (Wright and Rennels 1964) were selected from literatures. The 

cartilage was assigned with a Poisson’s ratio of 0.4. The ligaments and the 

plantar fascia were assumed to be incompressible. The encapsulated soft 

tissue and the skin were set as nonlinear hyperelastic materials. The 

hyperelastic behavior of the soft tissue was described using a second-order 

polynomial strain energy potential expression (Eq. 1) (ABAQUS 6.4 User’s 

Manual) in the form of  
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(Eq. 1) 

Where U is the strain energy per unit of reference volume; 1I  and 2I represent 

the first and second deviatoric strain invariants; and C  and D  are the input 

coefficients of hyperelasticity parameters. The constitutive constantsC  and D  

were determined by a stress-strain curve obtained from experiments (Lemmon 

et al. 1997). The properties of the skin were represented using the Ogden strain 

energy potential formulation (Ogden 1972)  

 1 2 32

2
3U   

  


   
 

(Eq. 2) 

where 1 3  are the deviatoric principal stretches, and coefficient describing 

particular material was set as   18 and   0.122 (Gu et al. 2010). All material 

properties were listed in Table 3.3. 

A horizontal plate consisting of an upper concrete layer and a rigid bottom layer 

was used to establish the foot support interface. The upper layer was set as 

linearly elastic property to represent ground, and the rigid bottom to facilitate 

applying boundary and loading conditions. The horizontal ground support was 

meshed with hexahedral elements. The foot-ground interaction was simulated 

as frictional contacts. Sliding may occur when the shear force reached the 
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maximum frictional force which was determined by the coefficient of friction and 

normal force. The coefficient of friction between the foot and ground was taken 

as 0.6 (Zhang and Mak 1999).  

Boundary and Loading Conditions 

Foot shank positions during gait and ground reaction forces from the gait 

analysis experiment, and the muscle forces from the calculation of EMG signals 

were applied in the model as the boundary and loading conditions, as shown in 

Figure 3.13. 

 

Figure 3.13 The three-dimensional finite element model of the foot and ankle 

and application of boundary and loading conditions, with  being the shank 

deviation from the neutral position. 
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The superior surfaces of the tibia, fibula and the encapsulated soft tissue were 

fixed in all the six degrees of freedoms. The proximal ends of the Achilles 

tendon were attached to five reference points fixed with all the degrees of 

freedom. Interaction between the plantar foot and the floor were set as frictional 

contact, with a coefficient of friction of 0.6 (Zhang and Mak 1999). To represent 

the shank position, the two layers of plates were rotated from the horizontal 

plane by  angle (the deviation of the shank from neutral position) (Figure 3.13). 

The loading conditions include the muscle forces and the ground reaction forces. 

Ground reaction forces were applied to the rigid plate in vertical and antero-

posterior directions. The six groups of muscle forces were applied to 

corresponding structures using concentric tension.  

3.2.2 Finite Element Model of Tarsometatarsal Joint Fusion 

The tarsometatarsal joint fusion was simulated through modification from the 

normal foot-ankle model. A general view of the tarsometatarsal join fusion 

model is shown in Figure 3.14. In surgical operation, the affected 

tarsometatarsal joints are fixed to constrain the relative motion (Figure 3.14A) 

using screws. To simulate the joint fixation in FE model, articulating interfaces of 

the two joints, and other contact surfaces among medial cuneiform, 
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intermediate cuneiform, first and second metatarsal were tied together. Relative 

motion among these bones was totally constrained to simulate actual fusion, as 

shown in Figure 3.14B. 

 

Figure 3.14 Surgery of first and second tarsometatarsal joint fusion (A), (B) four 

tied bones in model for simulation, and (C) a general view of the foot model with 

the first and second tarsometatarsal joints fusion. Articular surfaces among the 

first and second metatarsal bones, and medial and intermediate cuneiforms 

were tied together to simulate the fixed joints. 
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Master and slave surfaces were remained from the model assembly during the 

construction of the tie interaction. There are three types of discretization method 

on the interaction interface, including ‘Analysis default’, ‘Node to surface’ and 

‘Surface to surface’. In Abaqus/Standard, ‘Analysis default’ and ‘Surface to 

surface’ are equivalent, which could optimize stress accuracy for surface pairing. 

Since there is no requirement in the stress accuracy of each of these two 

surfaces, the discretization method for the constraint was chosen as ‘Node to 

Surface’. The default position tolerance criterion was adopted to ensure that 

nodes were tied only where the slave and master surfaces were close to one 

another in the initial configuration. To move all the nodes on the slave surface 

onto the master surface in the initial configuration, the function of ‘Adjust slave 

surface initial position’ was toggled on. The rotational degrees of freedom of 

nodes on both the slave and the master surfaces are constrained.     

For comparison, it was assumed that the tarsometatarsal joints fusion did not 

change the gait pattern much based on the fact that the relative motion of 

tarsometatarsal joints is quite limited in normal foot. Three instants during 

stance phase of gait, namely first-peak, mid-stance and second-peak, were 

simulated in normal foot and foot with tarsometatarsal joint fusion.  
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3.2.3 Finite Element Model of Total Ankle Arthroplasty 

The geometry models of ankle joint implants were developed based on the 

Scandinavian Total Ankle Replacement (STAR), which was approved by the 

Food and Drug Administration 2009 with concern of safety and efficacy. The 

STAR was demonstrated by the small bone innovations Inc. as the first mobile-

bearing, three-component total ankle replacement system marketed in the U.S. 

and the only system for non-use of bone cement, which permits better bone in-

growth, stabilization and bone preservation. This design consists of three parts 

including tibia component, talus component, and the bearing part (Figure 3.15).  

 

Figure 3.15 Three components of the Scandinavian Total Ankle Replacement 

prosthesis: the tibia plate, the mobile bearing and the talar component. 
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1) A tibia plate. This component, on the top view, is in trapezoidal shape 

with rounded corners. On the proximal surface of the plate two parallel 

cylindrical bars are positioned in antero-posterior direction to anchor the 

implant to the subchondral bone, while the distal surface is flat and 

polished with a titanium plasma spray coating treatment for the sliding 

contact with the mobile bearing component.  

2) Mobile bearing. On the top view the mobile bearing is in a rectangle 

shape. The proximal surface is flat, interacting with the distal surface of 

the tibia plate in sliding contact, and the distal aspect is in concave 

cylindrical profile, the axis running in medial-lateral direction. There is a 

radial groove along the center line running from anterior to posterior for 

the purpose of a stable articulation. The mobile bearing is made of Ultra-

High Molecular Weight Polyethylene (UHMWPE). 

3) Talar component. This component is designed to mimic the anatomical 

contour of the talar dome and to the greatest extent cover the anterior, 

posterior, medial and lateral facets. Minimized amount of bone resection 

is permitted under this design. As a proximal representation of the talar 

dome, this component is a shell structure, shaped in a convex cylindrical 

profile to conform to the proximal aspect of the mobile bearing. There is 

a small raised ridge in the antero-posterior direction to assembly with the 
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radial groove on the proximal aspect of the mobile bearing to constrain 

the medial-lateral motion of the bearing component. Surface treatment of 

titanium plasma spray coating is applied, same with the tibia plate, to the 

talar component.  

The implants were designed into five sizes, considering the variation of human 

foot dimensions. For the requirements of high strength, corrosion resistance and 

excellent wear resistance, Cobalt-Chromium-Molybdenum alloy with Titanium 

plasma spray coating was used to make of the tibia plate and the talar 

component. Detailed information of the STAR ankle prosthesis is listed in Table 

3.4. 

Table 3.4  Description of the Scandinavian Total Ankle Replacement prostheses. 

Component Sizes Material 

Tibia Plate 

Extra Small (30mm * 30mm) 

Cobalt-Chromium-
Molybdenum Alloy with 
Titanium plasma spray 

coating 

Small (32mm * 30mm) 

Medium (32.5mm * 35mm) 

Large (33mm * 40mm) 

Extra Large (33.5mm * 
45mm) 

Mobile Bearing 
Thickness of 6mm, 7mm, 

8mm, 9mm, 10mm 

Ultra-High Molecular 
Weight Polyethylene 

(UHMWPE) 

Talar 
Component 

Extra-extra Small (28mm * 
29mm) 

Cobalt-Chromium-
Molybdenum Alloy with 
Titanium plasma spray 

coating 

Extra Small (30mm * 31mm) 

Small (34mm * 35mm) 

Medium (36mm * 35mm) 

Large (38mm * 35mm) 
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TAA is indicated for painful end-stage ankle arthritis, with specific 

contraindications including: 

1) Abnormal musculoskeletal system of the involved lower limb, such as 

inadequate bony structures, malalignment and severe deformity at or 

adjacent to the ankle joint to support the implants and poor muscle 

functions around the ankle joint. 

2) Pathological soft tissues around the ankle joint, such as insufficient 

support from the ligament for the stabilization of the repaired area and 

poor quality of the skin or soft tissue around the surgical site resulting in 

high risk of infection. 

Additional to adherence to the contraindications, the accuracy in determination 

of implant size, protocol of implant placement and fixation of components is of 

critical importance to the survival rate. The surgery is strongly recommended to 

conduct following technique instructions by skilled surgeons who are quantified 

with integrated knowledge of anatomic and biomechanics. For precise 

implantation a set of instrument including drill and saw guides, trial prostheses, 

and auxiliary instruments is designed to assistant in the resection and 
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preservation of bones. Under the guidance technique an incision is required at 

the anterior aspect to open the joint. The distal talus and dome of the talar will 

be removed to expose the subchondral bones and shaped to fit the implants.   

In the FE model of the TAA, the geometries of the ankle implants, extra small 

size, were developed through reconstruction of scanned prosthesis. The three 

geometries were imported into the model of the normal foot and ankle model 

under the module of Part. Dependent instants were created based on these 

three implant parts under the module of Assembly, which was consistent with 

the instant type of all other segments in the foot and ankle. The instants were 

meshed through operation on corresponding parts. In the module of Mesh and 

object of Part, every of the three implant parts was chosen to be meshed 

individually. Necessary virtual topology was required to ignore extremely 

irregular entities including small edges and faces and extra nodes. The model of 

the three components and the assembly with the foot are shown in Figure 3.16. 
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Figure 3.16 The finite element model of the ankle prosthesis and the assembly 

with the foot model: (A) the geometries of the ankle prosthesis components and 

the assembly with the foot model, and (B) a cutaway view from the later side of 

the total ankle arthroplasty model. 

Material property of the UHMWPE mobile bearing was assigned with Young’s 

Modulus of 8.1 GPa and Poisson’s Ratio of 0.46 (Miyoshi et al. 2002), while 

those for the tibia plate and the talar components were 116 GPa and 0.32 (Chu 
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1999) to represent the properties of the Cobalt-Chromium-Molybdenum alloy 

material. 

To assembly the implants into expected positions, the talar component was 

placed to maximum cover the dome of the joint and subtract of the Boolean 

operation was conducted for bone resection. The mobile bearing was then 

assembled to the talar component through ‘Coaxial’ constraint on the two 

cylindrical surfaces, ‘Face to Face’ constraints to datum planes. The tibia plate 

was assembled to the model parallel to the horizontal plane of the global 

coordinate system and interacting with the mobile bearing on the flat sliding 

interface. Similar to the talar component, subtract of the Boolean operation was 

applied to the tibia bone for bone resection.  

The fixation of the talar component and tibia plate was represented by 

interaction of ‘tie’ at the contact pairs between bone and implants. Considering 

the stiffness of the material of the implants, ‘Hard’ contact was chosen as the 

pressure-overclosure behavior at the contact interfaces among implant 

components to minimize penetration between the contact surfaces and avoid 

the transfer of tensile stress across the contact interfaces. Limited to the 

technique of surface treatment, it was not practical to represent a frictionless 
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contact between implants. A coefficient of friction of 0.07 was applied to 

between implant components (Godest et al. 2002). 

It was notable that the tibia and talus bones were subtracted to be new parts, 

which meant mesh, material properties, and instants create were required 

before calculation. The original instants of the two bones were suppressed at 

the creation of new instants. 

According to previous studies, no significant difference was found in gait pattern 

between the normal foot and the foot with TAA (Rouhani et al. 2012). To ensure 

a comparable study, the TAA foot was assumed to have the same gait pattern 

with normal foot. 

3.2.4 Finite Element Model of Ankle Arthrodesis 

Clinically, the ankle arthrodesis was implemented to fuse the ankle joint using 

screws, plates or pins to constrain the joint motion. Rather than effects of 

implants on bones or the parameters of the implants behavior, this study 

focuses on the biomechanical effects of ankle joint fusion on the entire foot and 

load distribution among segments. Thus implants were not constructed in this 

simulation. The fusion was simulated as tying the contact pair between talus 
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and tibia bones together to constrain the ankle motion. In this ‘tie’ constraint, the 

contact surface of the talus bone was chosen as the master surface and that of 

the tibia as the slave surface. The constraint setups were the same with that in 

the tarsometatarsal joint fusion.  

In some empirical perspective, the ankle arthrodesis should be performed in the 

alignment that the subtalar in 5 to 7 degrees of valgus. The valgus of the 

subtalar permitted flexibility of the transverse tarsal joints and a supple fore-foot, 

which was expected to dissipate created stress from the fusion site. This was 

more directed to double or triple arthrodesis rather than here the narrowly 

defined ‘ankle arthrodesis’, that is the arthrodesis of the talocrural joint. Clinically 

no exact method or standard has been defined for the accomplishment of the 

required valgus in the hind-foot during ankle arthrodesis surgery. It was 

anatomically difficult to ensure in what degree the talocrural joint can meet the 

valgus requirement. There were also debates that fusing the ankle in a neutral 

position allows utilization of any remaining mid-foot motion which simulated 

some ankle joint motion and gave better functional results (Mazur et al. 1979, 

Hefti et al. 1980, King et al. 1980, Buck et al. 1987, Takakura et al. 1999, 

Beyaert et al. 2004). Based on an integrated consideration of these factors, 

ankle joint fusion was simulated in the neutral position in the FE model. A 
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cutaway view from the medial side of the ankle arthrodesis model is shown in 

Figure 3.17. 

 

Figure 3.17 A cutaway view from the medial side of the ankle arthrodesis model. 

The interaction relationship of the ankle joint was changed from ‘surface to 

surface contact’ to ‘tie’. 

Ankle arthrodesis was reported not to induce much abnormality in gait (Mazur et 

al. 1979) (Thomas et al. 2006, Flavin et al. 2013). Some difference was reported 

in cadence and stride length (Thomas et al. 2006). As for gait pattern in each 

specific instant, we assumed ankle arthrodesis made no difference in gait from 

normal foot. Same boundary and loading conditions in corresponding instants 

were applied to ankle arthrodesis model. The ankle motion was thus as the only 

independent variable. 
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3.3 Validation  

The FE model of the foot and ankle was validated in two approaches including 

the in vivo measurement of the plantar pressure during balanced standing and 

gait, and a cadaveric experiment for the comparison of the plantar pressure and 

joint contact pressure under specified loading. 

In vivo measurements 

The plantar pressure measured during gait analysis experiment was used for 

model validation through comparison to the plantar pressure predicted in FE 

analysis at the first- and second-peak instants, and in the balanced standing 

state.  

The plantar pressure in the balanced standing state was measured before the 

motion capture of the gait in the gait analysis experiment. The subject stood still 

stably on the F-scan sensors beneath the two feet. Three trials were conducted 

with 5 seconds for each trail. Among the three trials, the one with relatively more 

symmetric distribution of plantar pressure between the two feet would be 

chosen for analysis. In the selected trial, the data in the first and the last second 

would be deleted to exclude the unstable factors. 
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Foot position during gait was recorded as assistance to the validation. A camera 

was used to record the foot position during gait. It was positioned 0.5 m away 

from the first force platform at the left side, and was placed directly on the floor 

to ensure a clear and detailed capture of the foot behavior when stepping on the 

force platform.  

It was necessary to synchronize the measured plantar pressure with the record 

of ground reaction forces and the foot position, so that the plantar pressure at 

the first- and second-peak instants could be figured out for comparison. To 

accurately synchronize the signals of ground reaction forces, the plantar 

pressure and the foot deformation, the data from the force platform, the F-scan 

sensor and the accessory camera were aligned with the moment of their very 

beginning. Measurements at each point could be picked out for comparison 

between the experiment record and the FE predictions. 

Cadaveric Experiment 

The joint contact pressure at the talonavicular joint was measured during in the 

cadaveric experiment and was used for the validation of the FE model. This joint 

contact pressure was also predicted in the FE model of foot-ankle complex with 

application of the same boundary and loading conditions.   
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CHAPTER IV. RESULTS 

4.1 Experimental Results 

4.1.1 Gait Analysis 

The kinematic and kinetic information obtained from the motion analysis 

system, and the plantar pressure distribution and center of pressure measured 

using F-scan in a gait cycle were analyzed. 

Ground reaction forces 

All the three trials were analyzed, and each trial provided reasonable and 

similar results on gait. When combined the observation of plantar pressure 

measurements, there were relatively severe noise in the first two trials. The 

third trial showed very clear and analytical measurements, and thus it was 

adopted for further analysis. Figure 4.1 shows the ground reaction forces in 

three directions during stance phase. The vertical, antero-posterior and 

medial-lateral components of the ground reaction forces are depicted in solid 

line, double line and dotted line correspondingly. Besides of the ground 

reaction forces, the body weight, which was 540N represented in the figure 

using a horizontal dashed line. 
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Figure 4.1 The ground reaction forces in vertical (vert-GRF), antero-posterior 

(AP-GRF) and medial-lateral (ML-GRF) directions of the stance phase stage in 

the right foot. 

Most of the body weight and impact from the upper body were reflected in the 

vertical component, and thus it was much higher than the other two curves, as 

depicted in black solid line in this figure. It changed obviously with two peaks 

and a valley at about 18%, 78% and 47% of the stance phase. The force in 

antero-posterior direction represented the friction on the foot-floor interface, 

assistant in the braking and propulsion of the foot during stance phase. The 

positive value meant force in anterior direction, and negative was posterior 

direction. It was generally in the posterior direction before 63% of the stance 

phase to brake the foot from sliding forward and turns to the anterior direction 

for the propulsion of the foot in the rest stage of the stance phase. The 
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component in dotted line depicts the friction force on the foot-floor interface in 

medial-lateral direction which was the smallest among the three. The value 

above the zero level represented the force pointing medially and the negative 

force meant friction pointing to the lateral direction. In about 90% of the stance 

phase it functioned as a friction on the foot-floor interface to resist the foot in 

sliding laterally. This component assisted the stability of the foot when there 

were the inversion/eversion and internal/external rotation moments.   

At about 3% to 5% of the stance phase, there was a sharp impact in the curve 

of the vertical component, recorded as 366 N at the peak point. Corresponding 

responses occurred in the other two curves in a relatively gentle pattern. The 

antero-posterior ground reaction force showed a notable peak, about 35N, 

above the zero level, indicating an anterior force on the heel for propulsion. And 

a slightly smaller and hysteretic peak, about 20N at the maximum, occurred in 

the medial-lateral curve above the zero level for the resistance of medially 

sliding.  

In the following stage, the vertical ground reaction force increased rapidly to the 

maximum of the entire stance phase, from 260N to 630N (the first-peak) in a 

period of 15% of the stance phase. During this stage the vertical ground 

reaction force transcended the body weight for the first time at about 11% of the 
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stance phase, reaching 630N as the first-peak at about 19% of the stance 

phase. The antero-posterior component decreased to the zero line, meaning the 

change from anterior to posterior direction. The value increased in the posterior 

direction, reaching its peak value of 117N at about 16% of the stance phase, 

which was slightly ahead of the first-peak in the vertical ground reaction force. 

The medial-lateral force crossed the zero line and change from medial to lateral 

direction at the point of 7% of the stance phase. Similar to the antero-posterior, 

it kept increasing in the other direction but with a hysteretic and smaller peak 

value. 

After the first-peak in the vertical ground reaction force, this component 

decreases in a relatively moderate way. It reached the valley, the minimum 

value between the two peaks shown as 405N, at about 49% of the stance 

phase. During this decrease, the force crossed below the body weight line at 

35% of the stance phase. The antero-posterior curve remained the upward 

tendency and stayed in the posterior direction with a decreased absolute value. 

The medial-lateral force increased to the peak value, about 45N, in the lateral 

direction at 24% of the stance phase and then decreases to a stable state 

around 22N in this stage. 
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Following the valley, the vertical ground reaction force increased moderately, 

crossing beyond the body weight line for the second time at 75% of the stance 

phase, reaching the second-peak, 550N at 78% of the stance phase. The 

component of the ground reaction force in the antero-posterior decreased in the 

posterior direction to zero at 63% of the stance phase, and kept increasing in 

the anterior direction in the rest period of this stage. As for the medial-lateral 

curve, the value decreased to the zero line and stays stable under but very 

close to the zero level. 

With the progression of the gait, the vertical ground reaction force decreased 

after the second-peak quickly from 550 to zero at the end of the stance phase 

transcending the body weight line at 80% of the stance phase. The anterior 

component increased till 90% of the stance phase reaching 79N as a peak, and 

decreased to zero at the end of the stance phase. The lateral friction decreased 

to zero at 90% of the stance phase and increased slightly in the medial direction. 

It decreased to zero with the access of the stance phase end.  
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Foot position 

Figure 4.2 shows the position of the right foot during the stance phase in a 

medial view. The stance foot rolled from the initial contact at the heel area to the 

toe off from the floor during the entire stance phase.  

 

Figure 4.2 Foot positions during stance phase 

At very beginning of the stance phase, the tibia was in a backward tilt, deviating 

about 15   from the vertical axis in the frontal plane; and the ankle was in 11   of 

dorsiflexion position, making the heel as the bottom segment for the initial 

contact. Body weight began to act on the stance foot from the heel and 

transferred to the floor. The fore-foot dropped rapidly after the initial contact, 
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rotating from the dorsiflexion position to a plantarflexion, during which the tibia 

rolled forward slightly. As shown in Figure 4.2, the ankle joint was in 5   

plantarflexion position, while the tibia decreased to 5   deviation from the vertical 

axis at the instant of the first-peak.  

When the foot got contact with the floor on the entire plantar aspect, the tibia 

started a quick move with the anterior progression of the upper body. The 

rotation of the tibia bone preceded the ankle joint to a neutral position and 

shifted the center of the gravity laterally, uploading more body weight on the 

stance limb. With the maintenance of the full contact of the foot, the tibia rotated 

crossing the neutral position and retrieved a dorsiflexion at the ankle joint. At the 

moment of 10   dorsiflexion at the ankle joint and 10   deviation of the tibia the 

acceleration of the gait progression was zero and the swing foot proximately 

crossed the stance foot from posterior to anterior direction. This moment 

showed a valley at the vertical ground reaction force curve, and was selected as 

one of the simulated instants in this study.  

The foot maintained a full contact with the floor during the tibia rotation, and the 

ankle joint became further intensified dorsiflexion with the forward rotation of the 

tibia. The ankle joint reached a maximum dorsiflexion, 16   as recorded in this 

experiment, with the progression of the tibia and upper body move. The 
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contraction of the plantar flexor muscles raised the heel up to promote further 

propulsion of the body and fit the swing limb to a position for landing. The raised 

heel decreased the degree of the ankle joint dorsiflexion towards plantarflexion. 

The tibia tilt remained roll over the foot anteriorly and drove the heel to higher 

lever, producing a 25   of tibia deviation and 9   of ankle joint dorsiflexion. This 

position of the lower limb combined with the function of muscles, stimulated an 

accelerating power for the propulsion of the body and the landing of the swing 

limb, resulting in a second-peak in the curve of the vertical ground reaction force.  

The body weight gradually transferred to the other limb. The tibia tilt increased 

to approximate 50   and the ankle joint plantar flexed to 24   in the terminal 

stance phase. At this moment the metatarsophalangeal joints in the fore-foot 

was in deep dorsiflexion to compensate the ankle joint displacement.  

Plantar Pressure 

Figure 4.3 depicts the plantar pressure distribution estimated using the F-Scan 

system at corresponding positions of the foot during stance phase. The plantar 

pressure contour plot indicated the whole stance cycle of the foot from heel 

contact till toe off.  
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(A) 

(B) 
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Figure 4.3 (A) The plantar pressure distribution at corresponding 12 positions of 

the foot during stance phase; (B) The curve of the contact area between the 

plantar foot and the floor during the entire stance phase, with 12 mentioned 

moments marked in red; and (C) The plantar pressure distribution with marked 

peak pressure at each moment. 

Foot positions produce different plantar pressure distribution. At the initial 

contact of the heel, the pressure distributed at the very posterior edge of the 

plantar heel region with a peak pressure of 264 KPa in the middle of the antero-

posterior direction and slightly lateral deviation in the medial lateral direction. 

The contact area at this moment, as depicted in Figure 4.3 (B), was about 2194 

mm2 beneath the heel. With the plantar flexing of the ankle joint more heel 

contact area was recorded, 3587 mm2, producing a larger peak pressure, 

recorded as 365 KPa at the slightly posterior and lateral of the heel region. At 

the first-peak instant, the fore-foot got contacted with the floor, producing a rapid 

growth contact area, 8335 mm2 as recorded. The peak pressure was located 

beneath the heel, recorded as 454 KPa. The pressure in the fore-foot region 

was smaller than the hind-foot, with a peak pressure of 117 KPa. In the 

following moment the tibia tilt was closed to zero and the other foot got off with 

the floor, more body weight being transferred to the fore-foot. The peak 

pressure increased to 133 KPa in the fore-foot and that of the hindfoot 

decreased to 327 KPa with a slightly increased contact area of 8877 mm2.  
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With the forward rotation of the tibia and the swing of the other foot, the ankle 

joint became dorsiflexion position in the stance foot. The peak pressure of the 

fore-foot area remained increasing, obtaining 159 KPa beneath the head of the 

second metatarsal, while that of the hind-foot decreased to 189 KPa at the 

slightly posterior of the heel region. The contact area remained stable, about 

8800 mm2, which was slightly smaller than the previous moment. The following 

point observed was the mid-stance instant, located at the valley in the curve of 

the vertical ground reaction force, selected as one of the simulated event. The 

stance foot got further dorsiflexion and the other limb was swinging across the 

stance limb, with the swing ankle locating right above the stance ankle joint. The 

peak pressure in the fore-foot exceeded that in the hind-foot, recorded as 193 

KPa and 115 KPa respectively. The contact area reached the peak value, 9264 

mm2, because of the full contact of the fore- and hind-foot, combined with the 

contact of the first three toes. The contralateral foot kept swinging anteriorly 

resulting in more body weight acting in the fore-foot of the stance foot. The 

further dorsiflexion of the stance foot generated smaller contact pressure and 

area in the heel region and larger contact pressure and area in the toe area. 

The peak pressure in the fore-foot increased to 276 KPa, locating stably 

beneath the head of the second metatarsal. The peak pressure in the toe area, 

recorded as 83 KPa beneath the first distal phalange, exceeded that in the heel 
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region. The contact area at this moment was about 8645 mm2, which was 

slightly smaller compared to the mid-stance instant. The progression of the 

upper body produced a maximum dorsiflexion angle of the stance foot in the 

next step and gave rise to heel rising from the contact with the floor. The body 

weight was totally transferred to the fore-foot of the stance limb, generating 134 

KPa of peak pressure in the toe region beneath the first distal phalange and 333 

KPa of peak pressure beneath the head of the second metatarsal. The contact 

pressure decreased rapidly to 6581 mm2 regarding the disappearance of the 

heel contact region. 

The heel rose to a higher level, decreasing the degree of ankle dorsiflexion of 

the stance foot. The forward transcend of the upper body increased the contact 

pressure in the fore-foot, generating a 186 KPa peak pressure in the toe region 

beneath the first distal phalange and 370 KPa of peak pressure under the head 

of the second metatarsal. The contact area increased to 6942 mm2. After this 

the swing foot heel was ready to contact the floor and acceleration was 

generated in the stance foot because of the deviation of the center of mass, 

resulting in a second-peak in the curve of the vertical ground reaction force. This 

moment was selected to simulate in the FE foot models as a characteristic point 

of the gait. The pressure in the fore-foot region achieved a peak value, which 
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was 485 KPa beneath the head of the second metatarsal. The pressure in the 

toe region increased to 302 KPa under the first toe. The contact area was 6426 

mm2, without obvious deviation than the previous moment. In the next moment 

the swing foot got contacted with the floor and loaded part of the body weight. 

The peak pressure in the fore-foot region decreased by 66 KPa at the second-

peak instant reaching 419 KPa, and that of the toe area decreased to 276 KPa. 

The contact area of the fore-foot reduced by about 103 mm2, reaching 6323 

mm2. In the last moment the foot pushed off, with small contact in the toe area. 

The peak pressure and contact area decreased rapidly to 59 KPa and 1523 

mm2. The entire stance phase completed with the toe off from the floor.  

Center of Pressure 

The trajectory of center of pressure for the stance phase was recorded as 

shown in Figure 4.4, which could be equivalent to the point of ground reaction 

forces action.   



158 
 

 

Figure 4.4 The trajectory of center of contact force during an entire stance 

phase obtained from the F-Scan measurement. 

The center of pressure originated at the posterior calcaneus bone and ended 

beneath the head of the second metatarsal bone. Take four feature points, 

named heel strike, the first peak, the valley, and the second-peak to depict the 

trajectory. It located beneath the calcaneus bone at the middle point as to the 

medial-lateral direction and moved forward anteriorly. The center of pressure 
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moved forward combined with slightly medial direction till reached the first-peak. 

At the first-peak instant, the center of pressure located at the anterior edge of 

the calcaneus contact area. As the gait proceeding, it went anteriorly in a bit 

lateral and straight path to the forefoot. It was posterior to the forefoot contact 

area at the valley instant, which was about 30% of the gait cycle. After that, the 

center of pressure went slightly medial to beneath the head of the metatarsal 

bone. At the second-peak instant, it located at the medial and anterior side of 

the second metatarsal bone.  

Inverse Dynamic Calculation of Muscle Forces 

Figure 4.5 shows the forces of each major extrinsic muscle calculated using 

inverse dynamic models in Anybody system. The muscle forces of small 

branches in each muscle group were exported from the Anybody system and 

summed up for integrity.  
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Figure 4.5 Curves of the vertical ground reaction force measured by force 

platforms and muscle forces calculated from the inverse dynamic 

musculoskeletal model using AnybodyTM system. The meanings of 

abbreviations are: stand for: GRF for vertical ground reaction force, FDL for 

flexor digitorum longus, FHL for flexor hallucis longus, TP for tibialis posterior, 

TA for tibialis anterior, PB for peroneus brevis, PL for peroneus longus, EDL for 

extensor digitorum longus, EHL for extensor hallucis longus, Achilles for 

Achilles tendon. 

The Achilles tendon force was obviously greater than that in any other extrinsic 

muscles. The peak value, 3852 N, appeared approximately at the 45% of the 

gait cycle, and was consistent with the moment of the second-peak of the 

vertical ground reaction force. It decreased rapidly to zero at the end of the 

stance phase. 
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Summary of the Boundary and Loading Conditions  

The forces of the major extrinsic muscles at the first-peak, the mid-stance and 

the second-peak instants were calculated from EMG signal at corresponding 

points. These forces and the ground reaction forces at the three instants were 

applied to the model as loading conditions. The values of the loading conditions 

are listed in Table 4.1.  

Table 4.1 Muscle forces and ground reaction forces as model loading conditions. 

 
First-Peak Mid-stance Second-peak 

Achilles Tendon 500N 900 N 1100 N 

FDL 40 N 20 N 96 N 

FHL 30 N --- 284 N 

EHL --- --- --- 

EDL --- --- --- 

PB 20 N 22 N 92 N 

PL --- 41 N --- 

TA --- --- --- 

TP 34 N 43 N --- 

Vert-GRF 571 N 506 N 555 N 

AP-GRF 93 N 116 N 229 N 
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4.1.2 Cadaveric Experiment 

Plantar Pressure  

The plantar pressure maps of the normal foot and foot with ankle arthrodesis 

under three loading conditions was recorded as following. Figure 4.6 shows the 

plantar pressure in the loading conditions of 100 N axial compression. 

 

Figure 4.6 The plantar pressure distribution under the loading condition of ‘100 

N axial compression’, with the left one being for normal foot and the right for the 

ankle arthrodesis foot. 
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Comparing to in vivo plantar pressure distribution, the pressure measured in 

cadaveric measurment was more uniformly distributed in the fore-and hindfoot 

in the two loading conditions, since the foot was fixed in 10 degrees of 

dorsiflexion throughout the experiment rather than in a neutral position. The 

peak pressure in the normal foot was located in the hindfoot beneath the 

calcaneus, and was recorded as 35.65 KPa. That of the ankle arthrodesis foot 

was 6.4% higher than the normal foot, 37.91 KPa, located in the lateral side of 

the forefoot. Besides, the contact area and pressure mangnitude in the midfoot 

was greater in the ankle arthrodesis foot. 

Figure 4.7 shows the plantar pressure distribution in the loading condition of 

‘100 N axial compression, 250 N Achilles tenson force, and 50 N muscle force 

in four dorsi-flexors’. Compared to the loading condition of 100 N axial 

compression only, the peak pressure in this loading condition was much higher. 

But the distribution pattern was similar in the two conditions, for example the 

locations of peak pressure did not change with the added muscle forces.The 

peak pressure in the normal foot was still located in the hindfoot, recorded as 

50.54 KPa. In the ankle arthrodesis foot, the peak pressure was 68.11 KPa, 

34.8% higer than the normal foot, located in the lateral side of the forefoot. The 
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midfoot sustained higher pressure in the ankle arthrodesis foot than in the 

normal foot.  

 

Figure 4.7 The plantar pressure distribution under the loading condition of ‘100 

N axial compression, 250 N in Achilles tendon, and 50 N muscle force in four 

dorsi-flexors’, with the left one being for normal foot and the right for the ankle 

arthrodesis foot. 

Figure 4.8 is the pressure maps of normal foot and ankle arthrodesis foot under 

the loading condition of ‘150 N axial compression, 250 N in Achilles tendon, and 

50 N muscle force in fout dorsi-flexors’. The peak pressures in the normal foot 

were 77.84 KPa, and 87.26 KPa in the ankle arthrodesis foot, which was 12.1% 
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higher. The location of the peak pressure in the normal foot kept the same with 

the previous conditions, but that of the ankle arthrodesis foot changed from the 

forefoot to the hindfoot.  

 

Figure 4.8 The plantar pressure distribution under the loading condition of ‘150 

N axial compression, 250 N in Achilles tendon, and 50 N muscle force in four 

dorsi-flexors’, with the left one being for normal foot and the right for the ankle 

arthrodesis foot. 

The peak pressure of the normal foot was 54.0% higher in this condition than 

that in the loading condition of ‘100 N axial compression with muscle forces’. In 

the ankle arthrodesis foot, the peak pressure was 28.1% higher. 
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Joint Contact Pressure 

The contact pressure at the talonavicular joint under the three loading 

conditions was compared between the normal foot and the ankle arthrodesis 

foot. The orientation of the sensor as to the foot is demonstrated in Figure 4.9. 

The left side of the sensor area represented the plantar aspect of the joint, and 

the top edge of the the sensor area was oriented to the lateral aspect in the foot.  

 

Figure 4.9 The orientation of the I-Scan sensor as to the foot at the talonavicular 

joint. 

Figure 4.10 is the joint contact pressure in the loading condition of 100 N axial 

compression only. The peak contact pressure in the normal was located in the 

middle of the sensor, recorded as 9 KPa, while in the ankle arthrodesis it was 

12 KPa, 33.3% higher, and located closer to the plantar aspect of the joint.  
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Figure 4.10 The contact pressure under the loading condition of ‘100 N axial 

compression only’, with the left one being for normal foot and the right for the 

ankle arthrodesis foot. 

As shown in Figure 4.11, in the loading condition of ‘100 N axial conpression, 

250 in Achilles tendon, and 50 N muscle force in four dorsi-flexors’, the joint 

contact pressure was obviously increased than the compression only loading 

condition. The peak pressure in the normal foot was 50 KPa, and that of the 

ankle arthrodesis foot was 12% higher, 56 KPa. The locations of the peak 

pressure were both located at the plantar lateral corner, and the pressure 

mainly distributed at the plantar aspect of the measured region. They were 

increased by 5.6 and 5 times after the application of muscle loadings. 
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Figure 4.11 The contact pressure under the loading condition of ‘100 N axial 

compression, 250 N in Achilles tendon, and 50 N muscle force in four dorsi-

flexors’, with the left one being for normal foot and the right for the ankle 

arthrodesis foot. 

The contact pressure under the loading condition of ‘150 N axial compression, 

250 in Achilles tendon, and 50 N in four dorsi-flexors’ is shown in Figure 4.12. 

There was no substantial difference of the contact pressure compared to the 

last loading condition. The additional 50 N axial compression only resulted in 7 

KPa increase in the normal foot. The contact pressure in the ankle arthrodesis 

foot retained the same. It was almost the same in normal foot and ankle 

arthrodesis foot in this loading condition.  
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Figure 4.12 The contact pressure under the loading condition of ‘150 N axial 

compression, 250 N in Achilles tendon, and 50 N muscle force in four dorsi-

flexors’, with the left one being for normal foot and the right for the ankle 

arthrodesis foot. 

4.1.3 Model Validation 

Figure 4.13 shows comparisons of the plantar pressure distributions during the 

balanced standing and the first and second-peak instants between the FE 

prediction and the in vivo experimental measurements. To calculate the 

averaged pressure in concerned regions, rectangles or squares in equivalent 

areas were created in the model and F-Scan pressure map. The plantar 

pressure at each node in the involved elements was exported in the 

visualization module using the report menu and then these values were 

averaged in excel files. The same procedure was applied to the calculation of 

average joint contact pressure. The average pressure in selected areas of the 

F-Scan and I-Scan pressure maps could be directly obtained. In the balanced 
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standing position, the peak pressure from both prediction and measurement 

was located beneath the heel. The average pressure over a small square area 

of 1.5 cm2 was 0.168 MPa and 0.157 MPa, respectively. The pressure beneath 

the heads of the second and third metatarsals was higher than in other regions 

over the fore-foot. The average pressure over a square area of 2.3 cm2 was 

0.051 MPa and 0.058 MPa, respectively. At the first-peak instant, the peak 

pressure was both located at the heel region and the average pressure over the 

1.5 cm2 area was 0.300 MPa and 0.307 MPa respectively. The peak pressure at 

the second instants lied in the fore-foot region. The area of the first, second and 

third metatarsal heads sustained much higher pressure than other regions and 

thus the average pressure in a 10 cm2 area covering the first to third metatarsal 

heads was calculated. It was 0.227 and 0.223 MPa respectively in the FE 

prediction and the F-scan measurement.  
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Figure 4.13 Comparison of the plantar pressure between computational 

prediction and experimental measurement in: A) balanced standing position, B) 

the first-peak instant and C) the second-peak instant for validation 
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Figure 4.14 shows a comparison of the contact pressure at the talonavicular 

joint interface under the same boundary and loading conditions from the FE 

prediction and cadaveric measurement. Based on the size and location of the 

pressure sensor in the cadaveric measurement, an equivalent contact area was 

picked from the FE model for comparison. The average pressure was 0.26 MPa 

and 0.25 MPa, respectively. 

 

Figure 4.14  Comparison of the contact pressure at talonavicular joint between 

FE prediction and cadaveric experiment measurement for validation 

All comparisons show reasonable agreement between the FE predictions and 

experimental measurements. The biomechanical performance of the foot and 

ankle was analyzed and compared using the validated model. The plantar 

pressure distribution, the contact pressure and force at 11 major joints (the 

subtalar joint, talonavicular joint, calcaneocuboid joint, three cuneonavicular 
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joints, and five tarsometatarsal joints), and the stress in the five metatarsal 

bones were investigated. 

4.2 Results of Finite Element Studies 

In the analysis of FE simulations, the plantar pressure, averaged joint contact 

pressure, joint contact force, stress in metatarsal bones were chosen as 

parameters for the estimation of the foot biomechanics with different clinical 

interventions at three instants. 

In the plantar pressure analysis, the center of pressure and the maximum 

contact pressure were recorded. The averaged joint contact pressure of totally 

11 joints were calculated, including the subtalar joint, two transverse tarsal joints, 

three cuneonavicular joints and five tarsometatarsal joints as shown in Figure 

4.15. The corresponding contact forces at these joints were obtained from the 

averaged joint contact pressure. The von Mises stress in the metatarsal bones 

was investigated to indicate the risk of stress fractures. 

For convenience of expression, the 11 concerned joints were numbered in 

figure and tables. The joint numbering is depicted in Figure 4.15. 
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Figure 4.15 The 11 joints of the foot investigated for the averaged contact 

pressure and contact forces. The numbering of joints is: 1-subtalat; 2-

talonavicular; 3-calcaneocuboid; 4-medial cuneonavicular; 5-intermediate 

cuneonavicular; 6-lateral cuneonavicular; 7-first tarsometatarsal; 8-second 

tarsometatarsal; 9-third tarsometatarsal; 10-fourth tarsometatarsal; 11-fifth 

tarsometatarsal. 

4.2.1 Normal Foot Simulation 

Plantar Pressure 

The peak plantar pressure, as shown in Figure 4.16, was 0.332 MPa located in 

the heel region at the first-peak instant, and it increased to 0.683 MPa at the 

mid-stance and the second-peak instants located beneath the head of the first 
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metatarsal in the fore-foot region. The COP moved anteriorly with gait 

proceeding. At the first-peak instant, it located in the mid-foot region and about 

the middle in the medial-lateral direction. The COP was between the second 

and third metatarsals in the medial-lateral direction and posterior to the heads of 

these two bones at the mid-stance instant, and it moved anteriorly at the 

second-peak instant, located beneath the heads of the second and third 

metatarsal bones. 

 

Figure 4. 16 The plantar pressure distribution in the normal foot model at the 

first-peak, mid-stance and the second-peak instants 

Joint Contact Pressure 

Figure 4.17 shows the averaged contact pressure in the 11 major joints as 

marked in Figure 4.15. The averaged contact pressure was calculated by sum 

up all the nodal contact pressure and divided by the number of nodes in the joint 

contact area of each joint. The pressure increased at most of the joints with the 
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gait proceeding, except of a decrease occurring at the fourth tarsometatarsal 

joint from the mid-stance to the second-peak instants. The variation was more 

remarkable from the first-peak to the mid-stance instants than that from the mid-

stance to the second-peak instants in most of the joints. The talonavicular joint 

sustained the highest pressure among these joints during walking. 

 

Figure 4.17 The joint contact pressure of 11 major joints in the normal foot 

model at the first-peak, mid-stance and the second-peak instants. 

At the subtalar joint in the hind-foot as shown in Figure 4.18, the contact area 

was 0.39 MPa, 0.54 MPa, and 0.78 MPa respectively at the first-peak, mid-

stance, and the second-peak instants. It increased gradually as the gait 

proceeding with ratios of 0.38 and 0.44. 
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Figure 4.18 The subtalar joint in the hindfoot. 

At the articulation interfaces between the hind- and midfoot (Figure 4.19), the 

talonavicular sustained much higher pressure than the calcaneocuboid joint, 

which were 0.80 MPa, 1.14 MPa, 2.00 MPa and 0.32 MPa, 0.48 MPa and 0.51 

MPa respectively. The variation at the talonavicular was much obvious than the 

calcaneocuboid joint, from the mid-stance to the second-peak instants the 

variation being 76% at the talonavicular and 8% at the calcaneocuboid joint. 
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Figure 4.19 The transverse tarsal joints between the hind- and midfoot, 

including the talonavicular and the calcaneocuboid joints. 

In the inter-tarsal joints in the mid-foot marked in Figure 4.20, the pressure at 

the medial cuneonavicular joint was the highest among the three joints, followed 

by the intermediate and then the lateral cuneonavicular. It was 0.60 MPa, 0.97 

MPa and 1.90 MPa at the medial cuneonavicular, 0.48 MPa, 0.70 MPa and 

1.36 MPa at the intermediate cuneonavicular, and 0.30 MPa, 0.41 MPa and 

0.86 MPa at the lateral cuneonavicular joint.  
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Figure 4.20 The inter-tarsal joints including the medial, the intermediate, and the 

lateral cuneonavicular joints in the mid-foot. 

The second tarsometatarsal joint sustained the highest contact pressure than 

the other four joints at the articulations between the mid- and fore-foot (Figure 

4.21), which was 0.60 MPa, 0.91 MPa and 1.72 MPa. Among the first three 

tarsometatarsal joints, the contact pressure at the third tarsometatarsal joint was 

higher than the first one, which was 0.39 MPa, 0.51 MPa, 1.00 MPa, and 0.24 

MPa, 0.38 MPa and 0.81 MPa respectively. There was no notable difference in 

terms of pressure between the fourth and fifth tarsometatarsal joints, which was 

0.44 MPa, 0.78 MPa, 0.56 MPa, and 0.37 MPa, 0.69 MPa and 1.01 MPa 

respectively. As mentioned above, the fourth tarsometatarsal undertook 

decreased pressure at the second-peak instant which was quite a difference 

among all the cases. 
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Figure 4.21 The tarsometatarsal joints between the mid- and fore-foot 

Joint Contact Forces 

Figure 4.22 shows the contact forces at the 11 joints during walking. As 

depicted, the talonavicular joint undertook the largest contact forces during 

walking, followed by the subtalar joint. In most joints, except for the fourth 

tarsometatarsal joint, the contact forces increased with gait proceeding and the 

deviation between the mid-stance and the second-peak instants was more 

remarkable than that between the first-peak and the mid-stance instants. 
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Figure 4.22 The joint contact forces of 11 major joints in the normal foot model 

at the first-peak, mid-stance and the second-peak instants. 

At the subtalar joint, the contact force was 164 N, 232 N and 373 N at the three 

instants respectively. It increased by 41% and 61% from the first-peak to the 

mid-stance instants and from the mid-stance to the second-peak instants. 

The majority of force was transmitted through the talonavicular rather than the 

calcaneocuboid from the hind-foot to the mid-foot during walking as depicted in 

Figure 4.22. It was 182 N, 259 N and 514 N at the talonavicular and 48 N, 66 N 

and 80 N at the calcaneocuboid joint respectively. The force transmitted through 

the talonavicular joint was 3.8, 3.9 and 6.4 times of that through the 

calcaneocuboid respectively at the three instants. 
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Bone Stress 

The von Mises stress in the metatarsal bones is shown in Figure 4.23. The 

maximum stress increased with gait proceeding and located in the second 

metatarsal during walking. It was 21.1 MPa, 25.5 MPa and 42.1 MPa 

respectively at the three instants, among which the deviation between the mid-

stance and the second-peak instants was much more obvious than that 

between the first-peak and the mid-stance instants. The third metatarsal 

sustained the second higher stress among the five metatarsals. 

 

Figure 4.23 The von Mises stress in five metatarsal bones in normal foot model 

at the first-peak, the mid-stance and the second-peak instants 

4.2.2 Tarsometatarsal Joint Fusion Simulation 

Tarsometatarsal joints comprise the base of five metatarsal bones and their 

articulation with three cuneiforms and cuboid bone. Reports showed that 0.2% 

of fractures and dislocations were sustained over this region (Myerson 1989, 
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Panchbhavi et al. 2009, Ghate et al. 2012). The actual incidence may be higher 

than reported because such injuries were often unreported (Myerson et al. 1986, 

Philbin et al. 2003, Rammelt et al. 2008, Ghate et al. 2012). Delayed treatment 

of injuries may lead to significant complications (Eleftheriou et al. 2013), and 

were eventually recommended to surgeries (Aronow 2006). Open reduction and 

internal fixation was one of reliable means of securing and maintaining 

reductions of tarsometatarsal joint factures and dislocations (Arntz et al. 1988, 

Myerson 1989, Kuo et al. 2000, Chen et al. 2011). However, outcomes of the 

operation may not always be positive. Because foot and ankle is an intricate 

and synergetic system and individual segments interacts interdependently, 

clinical modifications may have profound impact on its biomechanical functions. 

Long-term side effects of tarsometatarsal joint fusion were clinically reported as 

posttraumatic arthritis, flatfoot deformity and instability (Myerson 1999, Kuo et al. 

2000, van Rijn et al. 2012).  

There were studies offer insight into the biomechanical environment, but over 

simplifications and limitations in terms of modeling of geometry, application of 

boundary and loading conditions, may affect accuracy of analysis. Moreover, 

there is limited biomechanical research in tarsometatarsal joint fusion. A more 

accurate FE model of foot and ankle for tarsometatarsal joint fusion is 
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necessary. Simulation of tarsometatarsal joint fusion was carried out based the 

FE model of the normal foot and to give a better understanding of its 

biomechanical performance. 

To simulate the fusion of the first and second tarsometatarsal joint, two contact 

pairs including that between the medial cuneiform and the first metatarsal and 

that between the intermediate cuneiform and the second metatarsal were tie 

together to limit the joint motion. The material properties, other interactions 

between parts and the boundary and loading conditions remained unchanged. 

The three gait instants including the first-peak, mid-stance and the second-peak 

were simulated in the tarsometatarsal fusion model.  

The plantar pressure, joint contact pressure, joint contact forces and stress in 

metatarsal bones at each instant were analyzed. 

Plantar Pressure 

Figure 4.24 shows the plantar pressure distributions in the normal and fusion 

models. The distribution patterns were similar, while the peak pressure 

increased after fusion. In the normal model, the peak pressures at the first-peak, 

mid-stance and second-peak were 0.50 MPa, 0.60 MPa, and 0.64 MPa, 
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respectively. After fusion, they increased by 0.42%, 19% and 37% and reached 

0.51 MPa, 0.72 MPa, and 0.88 MPa. The peak pressure had little change in the 

instant of the first-peak and increased afterwards. Arch height stiffness and 

contact area are factors related to contact pressure. Arch height stiffness was 

estimated by the flexibility of arch height. The arch height was measured by the 

distance between the dorsal peak of the intermediate cuneiform and the plantar 

peak of the calcaneus bone in the superior-interior direction and was found to 

differ between the normal foot and foot with fused joints. The FE simulated 

results showed that the fused foot had 24% less variation in arch height the 

normal foot during balanced standing.  
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Figure 4.24 Plantar pressure distributions in the normal foot model and tarsometatarsal joint fusion model in three instants. 
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The plantar pressure increased in the late instants of stance phase after fusion, 

possibly due to arch stiffness changes. Normal arch deforms to interact with the 

environment in a most effective way, protecting the segments from excessive 

loads. Structural modification, like tarsometatarsal joint fusion could partially 

restrict the interaction and adjustment among joints. Smaller change in arch 

height of foot with joint fusion indicates that the joint fusion increases the arch 

stiffness.   

The results indicated that joint fusion resulted in a limited range of movement of 

the first metatarsal bone and a stiffer arch. This could be attributed to that the 

fused foot was more capable to resistant the arch deformation, because the 

relative motion among the four fused bones was totally limited. This was 

consistent with a previous study in the outcomes of fixation treatment in tarsal 

bones, involving tarsometatarsal joints. Minor restriction in the range of motion, 

particularly in talonavicular and medial tarsometatarsal joints of mid-foot, were 

found with the patients (Weber and Locher 2002). The first metatarsal bone was 

observed to be significantly dorsiflexed in flatfoot relative to the talus bone 

(Blackman et al. 2009, Kido et al. 2013). Fusion of tarsometatarsal joints might 

be beneficial for patients who were simultaneously with over-flexible medial arch, 
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but may cause increase in plantar pressure and other joint stress, especially 

during push-off stage.  

Joint Contact Pressure 

It was found that the tarsometatarsal joint fusion increased the contact pressure 

at joints of ankle, talonavicular, intermediate cuneonavicular, navicocuboid and 

fifth tarsometatarsal joints. In order to deliver direct expression, ratios of contact 

pressures between the five joints in all simulated instants to ankle joint during 

first-peak of normal foot are shown in Figure 4.25. 

 

Figure 4.25 Comparison of normalized contact pressure at five joints between 

normal foot and foot with two tarsometatarsal joint fusion.  These five joints 

showed increased contact pressure after the joints fusion. All contact pressures 

were divided by that of ankle joint during the first-peak instant. 
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As shown in Figure 4.25, the maximum contact pressure at these five joints 

mainly increased as the gait cycle progressing, among which ankle joint showed 

more obvious changes and sustained higher pressure than others. But the 

variation caused by fusion was not as obvious as by gait stage, increased by 12% 

and 14% and 0.58% in three instants. The talonavicular joint was subjected to 

increased contact pressure by 5.2%, 1.7% and 11% and in intermediate 

cuneonavicular joint it was recorded as 12%, 16%, 27% increase. Among all the 

fluctuations, navicular and cuboid contact pair showed the most considerable 

variation during mid-stance, but with a relatively small magnitude. The following 

two were the fifth tarsometatarsal and intermediate cuneonavicular joints during 

second-peak, 40% and 27% respectively.  

Von Mises Stress 

Based on comparison between two models, the maximum change of von Mises 

stress was observed in the second metatarsal bone during mid-stance, showing 

a 22% increase from 26 MPa to 31 MPa, after fusion. The increase was 16 % in 

the first-peak and 14% in the second-peak. The fifth metatarsal bone increased 

by 5.1% and 9.5% in the first-peak and mid-stance after fusion. The stress in 

the first and forth metatarsal bones did not change substantially after fusion. 

Figure 4.26 shows the von Mises stress during mid-stance. 
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Figure 4.26 Von Mises stress in the five metatarsal bones (a) in normal foot 

model and (b) model with the first and second tarsometatarsal joint fusion in 

mid-stance. The second metatarsal showed the maximum change during mid-

stance instant. 

The von Mises stress is the most preferred material failure theory in engineering 

analysis.  As reported in clinical investigation, the metatarsal bones were the 

most susceptible to stress fracture due to the relatively long and thin geometry. 

In this research the von Mises stress distribution in metatarsal bones was 

investigated to predict risk of stress fracture and relative symptoms. This 

parameter was analyzed in a biomechanical study of foot during gait using FE 

study.   
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4.2.3 Total Ankle Arthroplasty Simulation 

Plantar Pressure 

Figure 4.27 shows the plantar pressure distribution at the three instants 

including marked peak values and the location of the COP. The peak plantar 

pressure at the three instants was 0.260 MPa, 0.553 MPa, and 0.605 MPa in 

the TAA foot respectively, which were slightly smaller than that in the normal 

foot. It decreased by 0.072 MPa, 0.13 MPa and 0.078 MPa respectively to the 

three instants. The location of the peak pressure was in the heel region at the 

first-peak instant and moved forward into the fore-foot region beneath the head 

of the first metatarsal at the mid-stance and the second-peak instants.  The 

center of pressure did not change much compared to the normal foot 

throughout the stance phase, but with a slightly anterior and medial movement 

at the second-peak instant. 
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Figure 4.27 Comparison of the plantar pressure distribution between normal 

foot model and total ankle arthroplasty foot model at the three instants. 
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Joint Contact Pressure 

The joint contact pressure at 11 major joints at the three instants was analyzed 

as shown in Figure 4.28. The averaged joint contact pressure at joints in the 

TAA foot model was compared to that in the normal foot mode. The highest 

contact pressure throughout the gait occurred at the medial cuneonavicular joint, 

reaching 3.17 MPa, at the second-peak instant. 

In the hindfoot, the contact pressure at the subtalar joint stayed stable 

compared to the normal foot model, with slightly decrease throughout the 

stance phase. It was recorded as 0.35 MPa, 0.52 MPa, and 0.72 MPa 

respectively at the first-peak, mid-stance, and the second-peak instants.  

At the articulations between the hind- and mid-foot, there was no big deviation 

at the talonavicular joint at the first-peak and mid-stance instants compared to 

the normal foot model, but with a 20.5% increase at the second-peak instant, 

from 2.00 MPa to 2.41 MPa. The calcaneocuboid joint sustained lower pressure 

than the talonavicular joint, recorded as 0.29 MPa, 0.44 MPa, and 0.53 MPa, 

and with no big difference between the TAA model and the normal foot model 

throughout the stance phase.  
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Figure 4.28 Comparison of the contact pressure at 11 joints in the hind- and midfoot between the normal foot model and total ankle 

arthroplasty model at the first-peak, mid-stance, and second-peak instants 
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Among the three mid-foot joints, the contact pressure did not changed obviously 

because of the TAA, except for the substantial increase at the medial 

cuneonavicular joint at the second-peak instance, from 1.90 MPa in the normal 

foot model to 3.17 MPa. The intermediate and lateral cuneonavicular joints 

sustained lower and more stable contact pressure than the medial 

cuneonavicular joint.  

At the connection interfaces of the mid- and forefoot, the contact pressure at the 

five tarsometatarsal joints remained stable at the first-peak and mid-stance 

instants and increased a bit at the second-peak instant compared to the normal 

foot model. The first to four tarsometatarsal joints underwent increased contact 

pressure in the TAA foot model at the second-peak instant, recorded as 1.16 

MPa, 1.98 MPa, 1.15 MPa and 0.78 MPa, increased by 35.6%, 26.8%, 14.7% 

and 21.2% compared to the normal foot model. The second tarsometatarsal 

joint sustained higher contact pressure than the other four joints, recorded as 

0.59 MPa, 0.82 MPa, and 1.98 MPa respectively at three instants. 

Joint Contact Force 

Figure 4.29 shows the joint contact forces in the 11 major joints. The largest 

contact force was found in talonavicular joint throughout the gait procedure. The 
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contact forces increased with the gait proceeding except of the fourth and fifth 

tarsometatarsal joints from the 11 joints.  

In the hindfoot, the subtalar joint undertook the second largest contact force 

among the 11 joints, which were 134 N, 201 N, and 304 N respectively at the 

three instants. Compared to that in the normal foot model, it decreased by 

18.0%, 13.3%, and 18.5% respectively. 

At the articulations between the hind- and mid-foot the majority of forces 

transmitted through the talonavicular joint, which was 177 N, 285 N, and 618 N 

respectively at the three instants, which was decreased by 2.4% at the first-

peak instant and increased by 10.1% and 20.3% at the mid-stance and second-

peak instants compared to the normal foot model. The variation at the 

calcaneocuboid joint was relatively unapparent, recorded as 44 N, 59 N, and 79 

N. It was about 4, 5, and 8 times of force that transmitted from the talonavicular 

to that from the calcaneocuboid joint respectively at the three instants. 
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Figure 4.29 Comparison of the contact forces at 11 joints in the hind- and midfoot between the normal foot model and total ankle 

arthroplasty model at the first-peak, mid-stance, and second-peak instants. 
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Among the three cuneonavicular joints in the midfoot the medial one understood 

the largest contact force throughout the gait, which were 33 N, 71 N, and 249 N, 

and was decreased by 45.2% and 25.9% at the first-peak and mid-stance 

instants and increased by 33.9% at the second-peak instant compared to the 

normal foot model. The contact forces and the joints were 28 N, 39 N and 106 N 

at the intermediate cuneonavicular joint, and 22 N, 48 N and 68 N lateral 

cuneonavicular respectively at the three instants.  

The forces transmitted from the mid-foot to the fore-foot mainly through the first 

three tarsometatarsal joints and the first tarsometatarsal joint undertook larger 

contact forces than the others. The contact force at this joint was 39 N, 70 N 

and 236 N respectively at the three instants, and decreased by 36.9% and 25.0% 

at the first-peak and mid-stance instants and increased by 18.3% at the second-

peak instant compared to the normal foot model. The contact force at the 

second and the third tarsometatarsal joints had little variation in the TAA foot 

model and the normal foot model. The contact forces at the fourth and the fifth 

tarsometatarsal joints decreased by 47.0% and 52.6% in the TAA foot 

compared to the normal foot at the second-peak instants, and stayed stable in 

the first-peak and mid-stance instants..  
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Stress in Metatarsal Bones 

As shown in Figure 4.30 the maximum von Mises stress in the metatarsal bones 

at three instants was 20.4 MPa, 30.6 MPa, and 55.3 MPa located in the second 

metatarsal. The stress increased with the gait proceeding with an increase ratio 

of 1.5 from the first-peak instant to the mid-stance instant and that of 1.8 from 

the mid-stance instant to the second-peak instant. The second and the third 

metatarsals sustained higher stress than the others. 

Compared to the normal foot model, the peak value of the stress was very 

similar at the first-peak instant. It increased by 19.8% and 31.2% at the mid-

stance and the second-peak instants. At the first-peak and mid-stance instants, 

the stress distributed more lateral in the TAA foot model. As depicted in the 

figure, the first metatarsal sustained higher stress in the normal foot than in the 

TAA foot, and the fifth metatarsal sustained lower at the first-peak and mid-

stance instants, while at the second-peak instant, the medial side of the 

metatarsals in the normal foot model sustained lower stress than in the TAA foot 

model.  
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Figure 4.30 Comparison of von Mises stress in five metatarsal bones in normal 

foot model and total ankle arthroplasty foot model at three instants Stress in the 

Bearing Component 

The ankle joint was replaced with ankle joint implants including the tibia 

component, the fibula component and the bearing component. The tibia and 

fibula components were fixed to and motived by related bones, while the motion 

of the bearing component was constrained by the interactions with the other two 
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components. The motion of the three components and the stress distribution in 

the bearing component were recorded, as shown in Figure 4.31. 

 

Figure 4.31 Motion of the prosthetic ankle joint in sagittal and transverse planes 

and the stress distribution in the bearing component  

The ankle joint motion in sagittal plane was 2.5  , 4   and 3.5   at the first-peak, 

mid-stance and the second-peak instants, among which the largest rotation 

occurred at the mid-stance instant. The bearing component slide medially on 

the tibia component combined with transition in the antero-posterior direction. 

The angular deviation from the middle alignment was 5.5  , 4.5  , and 4   as 

depicted in the transverse plane in Figure 4.31. It was noted that translation 
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occurred combined with the angular motions in the transverse plane and the 

translation sliding between the bearing component and the tibia component was 

the greater at the second-peak instant than the other two instants. 

Besides of the variation in the implant motion, the stress distribution in the 

bearing component was notable different among the three instants. As shown in 

the bottom in Figure 4.31, the stress increased apparently with gait proceeding 

and was recorded as 17.2 MPa, 25.4 MPa and 67.6 MPa at the three instants 

respectively. The stress in the lateral aspect was much higher than the medial 

aspect at all instants. 

4.2.4 Ankle Arthrodesis Simulation 

Plantar Pressure 

Figure 4.32 displays the plantar pressure distributions at the first-peak, mid-

stance, and second-peak instants in the normal and ankle arthrodesis models. 

The peak plantar pressure at the three respective instants was 0.33 MPa, 0.68 

MPa, and 0.68 MPa in the normal model and 0.36 MPa, 0.78 MPa, and 0.93 

MPa in the ankle arthrodesis model. In general, the peak plantar pressure 

increased due to ankle arthrodesis and was most obvious at the second-peak 
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instant, especially over the fore-foot region. The center of pressure moved 

anteriorly by 15 mm, 16 mm, and 5 mm at the three instants. A slight variation in 

the center of pressure in the medio-lateral direction due to ankle arthrodesis 

was observed at the second-peak instant. It was located between the heads of 

the second and third metatarsal bones in the normal foot model and shifted 

medially to the head of the second metatarsal in the ankle arthrodesis model. 

Joint Contact Pressure 

Fig 4.33 shows the contact pressure at 11 major joints at the three gait instants 

of the normal and ankle arthrodesis models. The contact pressure at the 

talonavicular and inter-tarsal joints, including the three cuneonavicular joints and 

the first three tarsometatarsal joints, was larger in the ankle arthrodesis model 

than in the normal foot model. The average contact pressure at the talonavicular 

joint was the highest among all of the analyzed joints. The ankle arthrodesis 

caused the contact pressure to increase from 0.80 MPa, 1.14 MPa, and 2.00 

MPa to 1.21 MPa, 1.59 MPa, and 2.14 MPa at the first-peak, mid-stance, and 

second-peak instants, respectively. 
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Figure 4.32 Comparison of the plantar pressure distribution, including the peak 

pressure and the center of pressure (COP) between normal foot model and 

ankle arthrodesis foot model at the three instants
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Among the three cuneonavicular joints, the medial joint underwent greater 

contact pressure than the other two. The respective pressure was 0.60 MPa, 

0.97 MPa, and 1.90 MPa in the normal foot and 0.79 MPa, 1.20 MPa, and 1.97 

MPa in the ankle arthrodesis foot at the three gait instants. The maximum 

variation due to ankle arthrodesis occurred at the lateral cuneonavicular joint 

and was 80.3%, 64.7%, and 11.6% at the first-peak, mid-stance and second-

peak instants, respectively. 

Among the three tarsometatarsal joints, the second tarsometatarsal joint 

underwent the highest contact pressure, which was 0.60 MPa, 0.91 MPa, and 

1.72 MPa in the normal foot and 0.90 MPa, 1.19 MPa, and 1.88 MPa in the 

ankle arthrodesis foot, at the three gait instants. The ankle arthrodesis resulted 

in the biggest variation at the third tarsometatarsal joint. The variation was 

62.8%, 51.4%, and 2.0% at the three instants, respectively. The contact 

pressure at the fourth tarsometatarsal joint increased by 63.1% at the second-

peak instant and decreased at the other two instants due to ankle arthrodesis. 

The contact pressure at the fifth tarsometatarsal joint increased at the first-peak 

instant and decreased at the other two instants. 



206 
 

 

Figure 4.33 Comparison of the contact pressure at 11 joints in the hind- and midfoot between the normal foot model and the ankle 

arthrodesis foot model at the first-peak, mid-stance, and second-peak instants. 
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Reduced contact pressure due to ankle arthrodesis was found at the subtalar 

and calcaneocuboid joints. The respective contact pressure at the three instants 

at the subtalar joint was 0.39 MPa, 0.54 MPa, and 0.78 MPa in the normal foot 

and 0.37 MPa, 0.51 MPa, and 0.70 MPa in the ankle arthrodesis foot, 

respectively. The contact pressure at the calcaneocuboid joint was 0.32 MPa, 

0.48 MPa, and 0.51 MPa in the normal foot and 0.24 MPa, 0.39 MPa, and 0.49 

MPa in the ankle arthrodesis foot. 

Joint Contact Force 

Figure 4.34 depicts the normal contact forces at the 11 joints at the three gait 

instants in the normal and ankle arthrodesis models. The contact force at the 

talonavicular joint, the three cuneonavicular joints, and the first and second 

tarsometatarsal joints increased at the three instants due to ankle arthrodesis. 

For most of the joints, the maximum magnitude of the contact force occurred at 

the second-peak instant, whereas the maximum variation occurred at the first-

peak instant. 

The talonavicular joint undertook the greatest force among all of the joints. The 

force was 181 N, 259 N, and 514 N at the three instants, and increased by 74%, 

60%, and 12% in the ankle arthrodesis model. The maximum contact force at 
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this joint occurred in the ankle arthrodesis model at the second-peak instant and 

was 578 N, slightly larger than the body weight of 540 N. In contrast, the contact 

force at the other transverse tarsal (calcaneocuboid) joint decreased by 31%, 

17%, and 8%, with a force of 33 N, 55 N, and 74 N at the three gait instants due 

to ankle arthrodesis. 

Joints of the first ray (medial cuneonavicular and first tarsometatarsal joints) 

withstood higher a contact force than those of the second ray (intermediate 

cuneonavicular and second tarsometatarsal joints) and third ray (lateral 

cuneonavicular and third tarsometatarsal joints). Joints in the first three rays 

experienced a greater contact force at the second-peak instant than the first-

peak and mid-stance instants in both models. The maximum variation occurred 

at the first-peak instant. The contact forces at the two joints of the first ray 

increased by 31% and 75% at this instant whereas it increased in the second 

ray joints by 52% and 79%, and was predicted to increase in the third ray joints 

by 74% and 71%. 
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Figure 4.34 Comparison of the contact forces at 11 joints in the hind- and midfoot between the normal foot model and ankle arthrodesis 

model at the first-peak, mid-stance, and second-peak instants. 
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Figure 4.35 shows the variation in the load transfer distribution between the 

normal and arthrodesis models at the first-peak instant, at which the arthrodesis 

effect is most obvious compared with the other two instants. In the normal foot, 

about 0.33 times body weight was transferred through the talonavicular joint to 

the first three rays and about 0.09 times body weight through the 

calcaneocuboid joint to the fourth and fifth rays. The mid-foot transferred 0.23 

times weight body to the fore-foot through the first three rays and 0.11 through 

the fourth and fifth rays. In the ankle arthrodesis foot, the load transferred 

through the talonavicular joint increased to 0.58 times body weight and 

decreased to 0.06 at the calcaneocuboid joint. The force transferred from mid-

foot to fore-foot increased to 0.34 times body weight in the first three rays and 

decreased to 0.07 in the two lateral rays. In general, the transfer of force shifted 

to the medial side due to ankle arthrodesis. 
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Figure 4.35 Load transfer (times of body weight) in the normal and ankle 

arthrodesis foot model at the first-peak instant. 

Bone Stress 

The von Mises stress in bone generally increased due to the ankle arthrodesis, 

as shown in Figure 4.36. At the first-peak instant, the von Mises stress in the 

first and third metatarsal bones increased by 19% and 52%, respectively, due to 

ankle arthrodesis, whereas the stress in the other three metatarsals remained 

unchanged or slightly decreased. At the mid-stance and second-peak instants, 

stress in all five metatarsal bones showed an obvious increase. The maximum 

stress was found in the second metatarsal bone at the second-peak instant 

among all of the simulations. It was 42 MPa in the normal foot and increased to 

52 MPa due to ankle arthrodesis. The stress in the third metatarsal bone was 



212 
 

20 MPa at mid-stance and 34 MPa at the second-peak instant in the normal foot 

and increased by 39% and 20%, respectively, in the ankle arthrodesis foot. The 

second and third metatarsals bore much greater stress than the other three 

metatarsals. 

 

Figure 4.36 Comparison of von Mises stress in five metatarsal bones in normal 

foot model and ankle arthrodesis foot model at three instants. 
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Foot deformation at the second-peak instant 

The FE analysis showed different foot deformations between the ankle 

arthrodesis and normal foot. The angular displacement of the hind- and mid-foot, 

especially at the second-peak instant, clearly changed. As illustrated in Figure 

4.37, the angle between the ground and the axis along the first ray was 28° in 

the normal foot and 44° in the ankle arthrodesis foot at the second-peak instant. 

At the same boundary condition, the foot-shank angle was 30° from the vertical 

direction. 

 

Figure 4.37 Angular positions of normal foot and ankle arthrodesis foot at 

second-peak instant in sagittal plane. 



214 
 

4.2.5 Comparison Between Total Ankle Arthroplasty and Ankle 

Arthrodesis 

Ankle arthrodesis and TAA were compared for the biomechanical effectiveness 

based on the normal foot model performance. The results analyzed above in 

the two ankle surgery foot models were compared with the normal foot. 

Plantar pressure  

The plantar pressure in the normal foot model, the TAA model and the ankle 

arthrodesis model is listed in Figure 4.38.  

The ankle arthrodesis resulted in more deviation in the plantar pressure 

distribution than the TAA. Both the value of the peak pressure and the location 

of the center of pressure were very close to the normal foot in the TAA foot, 

while the ankle arthrodesis produced 1.10, 1.14 and 1.36 times higher peak 

pressure and anteriorly forwarded location of the center of pressure.  
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Figure 4.38 Comparison of planter pressure distribution in normal foot model, total ankle arthroplasty model and ankle arthrodesis 

model at the first-peak, mid-stance and the second-peak instants. 
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Joint Contact Pressure 

The joint contact pressure at the 11 joints as mentioned previously in the three 

models was compared separately at the three instants as shown in Figure 4.39. 

Generally TAA and ankle arthrodesis affected the joint contact pressure in most 

of the joints, while the pressure at the subtalar joint remained stable. 

The comparison at the first-peak instant is shown in Figure 4.39a. The joint 

contact pressure decreased in the TAA foot model in most of these joints, while 

that of the ankle arthrodesis increased obviously in most joints.  

At the articulations between the hindfoot and midfoot, the ankle arthrodesis 

resulted in 0.50 MPa higher contact pressure at the talonavicular joint than the 

TAA foot, but reduced by 18% at the calcaneocuboid joint. In the joints of the 

midfoot, the contact pressure in the ankle arthrodesis foot model was much 

higher than that in the TAA foot model, predicted as 105%, 127% and 81% 

higher respectively at the medial, intermediate and lateral cuneonavicular joints.  
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Figure 4.39 Comparison of joint contact pressure in normal foot model, total 

ankle arthroplasty foot model and ankle arthrodesis foot model at the first-peak, 
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mid-stance and the second-peak instants, in which, a: comparison of joint 

contact pressure among the three models at the first-peak instant, b: 

comparison of joint contact pressure among the three models at the mid-stance 

instant, and c: comparison of joint contact pressure among the three models at 

the second-peak instant. 

At the contact interfaces of the mid- and forefoot, the joint contact pressure in 

the first three rays were higher in the ankle arthrodesis foot, and lower in the two 

lateral joints than the TAA foot. It was 96%, 61% and 75% higher respectively in 

the first to third tarsometatarsal joints, and 75% and 7% lower in the fourth and 

fifth tarsometatarsal joints.  

Figure 4.39b shows the joint contact pressure in the three models at the mid-

stance instant. The pressure in the TAA foot stayed stable in most joints, while 

that in the ankle arthrodesis foot was much higher. At the interfaces of the hind- 

and midfoot, the pressure in the ankle arthrodesis foot was 40% higher at the 

talonavicular joint, and 11% lower at the calcaneocuboid joint. In the midfoot, 

the contact pressure in the ankle arthrodesis foot was 55%, 154% and 14% 

higher respectively to the medal, intermediate and lateral cuneonavicular joints 

in the ankle arthrodesis foot than in the TAA foot. Between the mid- and forefoot, 

the pressure was 67%, 46% and 32% higher in the first to third tarsometatarsal 

joints, and 16% and 11% lower in the fourth and fifth tarsometatarsal joints in 

the ankle arthrodesis foot than in the TAA foot. 
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Figure 4.39c depicts the comparison of joint contact pressure among three 

models at the second-peak instant. The pressure varied apparently in the TAA 

model at this instant in several joints. At the interfaces of the hind- and midfoot, 

the contact pressure was 11% and 9% lower in the ankle arthrodesis foot. In the 

midfoot, the pressure was 38% lower at the medial cuneonavicular joint, and 46% 

and 8% higher in the ankle arthrodesis foot than in the TAA foot. At the 

articulations of the mid- and forefoot, the pressure was 19% higher at the fourth 

tarsometatarsal joint in the ankle arthrodesis foot, and lower in other 

tarsometatarsal joints. 

Joint Contact Forces 

Figure 4.40 is the comparison of joint contact forces among three foot models at 

the first-peak instant (4.2.11 a), the mid-stance instant (4.2.11 b) and the 

second-peak instant (4.2.11 b). Similar with the changes of joint contact 

pressure, the ankle arthrodesis increased the joint contact force apparently at 

the first-peak and mid-stance instants, while the TAA have substantial effects at 

the second-peak instant. The forces acting at the subtalar joints decreased in 

the TAA model and the ankle arthrodesis model at all the three instants. 
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Figure 4.40 Comparison of joint contact forces in normal foot model, total ankle 

arthroplasty foot model and ankle arthrodesis foot model at the first-peak, mid-

stance and the second-peak instants, in which, a: comparison of joint contact 

forces among the three models at the first-peak instant, b: comparison of joint 

contact forces among the three models at the mid-stance instant, and c: 

comparison of joint contact forces among the three models at the second-peak 

instant. 
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At the first-peak instant as shown in Figure 4.40a, the contact forces remained 

stable at most joints in the TAA model compared to the normal foot model. At 

the articulations of the hind- and midfoot, the contact force in the ankle 

arthrodesis foot was 78% higher at the talonavicular joint, and 25% lower at the 

calcaneocuboid joint than the TAA foot. In the joints of the midfoot, the contact 

force in ankle arthrodesis foot was greatly higher, by 139% 121% and 92% 

respectively to the medial, intermediate and lateral cuneonavicular joints. At the 

joints connecting the mid- and forefoot, the contact force in the ankle arthrodesis 

foot was 93%, 82% and 61% higher respectively to the first to third 

tarsometatarsal joints, and 77% and 5% lower at the fourth and fifth 

tarsometatarsal joints. 

Figure 4.40b shows the comparison among three models at the mid-stance 

instants. The contact forces did not change obviously at most joints in TAA 

model, but there was marked deviation in the ankle arthrodesis model. At the 

connection of the hind- and midfoot, the contact force at the talonavicular joint 

was 45% higher in the ankle arthrodesis foot than in the TAA foot, and 5% lower 

at the calcaneocuboid joint. At the midfoot joints, the contact force in the ankle 

arthrodesis foot was all higher than the TAA foot, by 67%, 154% and 4% 

respectively to the medial, intermediate and lateral cuneonavicular joints. At the 
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articulations of the mid- and forefoot, the contact force at the first three joints 

was 58%, 36% and 22% higher in the arthrodesis foot, and 3% and 13% lower 

at the fourth and fifth tarsometatarsal joints. 

As shown in Figure 4.40c, the contact force was relatively stable at the second-

peak instant. The TAA resulted in more increase of contact force than ankle 

arthrodesis at most joints. At the articulations of the hind- and midfoot, the 

contact force at the talonavicular and the calcaneocuboid joints was both lower 

in the ankle arthrodesis foot by 7% and 6% than in the TAA foot. In the midfoot 

joints, it was 18% lower at the medial cuneonavicular joint in the ankle 

arthrodesis foot, and 41% higher at the intermediate cuneonavicular joint. The 

contact force at the lateral cuneonavicular joint was almost the same in the two 

surgical models. At the interfaces of the mid- and forefoot, the contact force at 

the fourth tarsometatarsal joint was 244% higher than the TAA foot. There was 

also 29% higher contact pressure in the ankle arthrodesis foot than the TAA foot, 

while that in other three tarsometatarsal joints stayed stable. 

Force Distribution in foot segments 

Figure 4.41 shows the comparison of load transfer distribution among the 

normal foot model, the TAA model and the ankle arthrodesis model at the three 
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instants. The loadings among segments were normalized by body weight. 

Loadings transfer paths from hind- to midfoot, and from mid- to forefoot were 

analyzed based on the anatomical characteristics.  

Figure 4.41a depicts the load distribution in three foot models at the first-peak 

instant. Forces were transferred from the hind-foot to the mid-foot through the 

talonavicular and the calcaneocuboid joint. Forces of 0.34, 0.33 and 0.58 times 

body weight were transferred through the talonavicular joint respectively to the 

normal foot model, the TAA and ankle arthrodesis models. At the same time, 

0.09, 0.08 and 0.06 times of body weight transferred were transferred through 

the calcaneocuboid joint respectively. 

The forces were further delivered from the mid-foot to the fore-foot through five 

tarsometatarsal joints, among which the first three rays sustains 0.23, 0.19 and 

0.34 times of body weight respectively to the three models, meanwhile 0.11, 

0.11 and 0.07 times of body weight were transferred through the fourth and fifth 

rays. 
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Figure 4.41 The comparison of force distribution in foot segments among 

normal foot model, total ankle arthroplasty model and ankle arthrodesis model: 

a) the force distribution in three foot models at the first-peak instant; b) the force 
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distribution in three models at the mid-stance instant; and c) the force 

distribution in three foot models at the second-peak instant. The forces 

transferred through joints were normalized by body weight. 

Figure 4.41b shows the force distribution in three models at the mid-stance 

instant. From the hind-foot to the mid-foot, the talonavicular joint undertook 

forces of 0.48, 0.53 and 0.76 times of body weight, while the calcaneocuboid 

joint sustained 0.12, 0.11 and 0.10 times of body weight respectively in the 

three models. 

At the articulations between the mid- and fore-foot, the first three rays delivered 

0.34, 0.32 and 0.46 times of body weight force respectively to the three models, 

and 0.19, 0.17 and 0.16 times of body weight were transferred through the 

fourth and the fifth tarsometatarsal joints.  

Figure 4.41c is the demonstration of force distribution at the second-peak 

instant. At the articulations between the hind- and mid-foot, the talonavicular 

joint sustained 0.95, 1.15 and 1.07 times of body weight loading respectively to 

the three models, and the calcaneocuboid joint undertook 0.15, 0.15 and 0.14 

times of body weight loading respectively. 

At the articulation between the mid- and fore-foot, the first three tarsometatarsal 

joints delivered 0.69, 0.77 and 0.76 times of body weight, and the fourth and 
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fifth tarsometatarsals undertook 0.19, 0.09 and 0.18 times of body weight 

loading respectively to the normal foot, the TAA and ankle arthrodesis foot 

models. 

Bone Stress 

The stress in metatarsal bones was compared as shown in Figure 4.42. The 

stress in metatarsal bones was not affected much at the first-peak instant in 

TAA and ankle arthrodesis models. It increased at the mid-stance and the 

second-peak instants in the two models. The TAA induced increase of 20% and 

31% respectively at the mid-stance and the second-peak instants in comparison 

with the normal foot model, while the ankle arthrodesis model resulted in 

increase of 23% at the mid-stance and the second-peak instants. It was notable 

that the maximum stress occurred in the TAA foot model at the second-peak 

instant, in which case the fourth metatarsal sustained less stress than the 

normal and ankle arthrodesis foot models. 
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Figure 4.42 Comparison of stress distribution in the normal foot model, total 

ankle arthroplasty model and ankle arthrodesis model at the first-peak, the mid-

stance and the second-peak instants. 

Foot Displacement 

The foot deformations of the three foot models were different especially at the 

second-peak instant, as shown in Figure 4.43. The position of the foot shank 

was kept the same, which was 30° deviation from the vertical direction, in the 

three models as a boundary condition. The angle between the ground and the 

axis along the first ray turned to be 28° in the normal foot, 35° in the TAA foot 

model and 44° in the ankle arthrodesis foot at this instant.  
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Figure 4.43 Comparison of foot displacement among the normal foot model, the 

ankle arthrodesis 

The foot-tibia dorsiflexion angle was reduced in the TAA compared to the 

normal foot model, and the smallest dorsiflexion angle occurred in the ankle 

arthrodesis model. The results were consistent with kinematic studies on the 

TAA and ankle arthrodesis feet. 

The TAA, allowing ankle motion in the sagittal and transverse planes, was 

expected to retrieve the ankle motion and functions. However, as found in this 

study, the ankle joint motion in the sagittal plane was 7   smaller than the normal 

foot. Among motion of joints in the entire foot, the ankle joint motion in the 

sagittal plane plays a major role to determine the tibia anterior tilt during walking. 

To achieve the same tibia anterior tilt with normal foot, set as 30   in this study, 

more angular displacement was required in the mid- and fore-foot in the TAA 
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foot to compensate the affected motion of the hind-foot. There was 7   larger 

angular displacement occurred at the metatarsophalangeal joints in the fore-foot 

as compensation motion in the TAA foot model than the normal foot model. 

The findings of the TAA kinematics were verified by motion analysis studies. 

Cadaveric experiment on kinematic investigation of normal foot, ankle fusion 

and TAA feet provided similar findings, that the dorsiflexion was significantly 

reduced in the prosthetic ankle joint compared to the normal ankle joint 

(Valderrabano et al. 2003).  

The ankle joint motion is totally constrained in an ankle arthrodesis surgery, 

since that the distal tibia and the dome of the tibia are totally fixed. The hind-foot 

motion consists of the ankle joint motion and the subtalar joint motion, thus, a 

degree of hind-foot motion is preserved secondary to a mobile subtalar joint 

(Mazur et al. 1979). To compensate the constrained hind-foot motion, 16   larger 

angular deformation in the sagittal plane was delivered at the 

metatarsophalangeal joints as compensation in the ankle arthrodesis foot than 

the normal foot.  

Early heel lift is induced from the larger motion in the fore-foot, which was found 

in motion analysis studies (Hunt et al. 2001, Beyaert et al. 2004). In motion 
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analysis studies, ankle arthrodesis, as expected, significantly reduces hind-foot 

movements in the sagittal plane (Mazur et al. 1979, Wu et al. 2000, Beyaert et 

al. 2004, Thomas et al. 2006, Singer et al. 2013). The behavior of the hind-foot 

in the ankle arthrodesis foot has also been verified in cadaveric studies. 

Valderrabano et al. found that hind-foot motion was significantly reduced in all 

planes following ankle arthrodesis, and they reproduced these findings using 

gait analysis (Valderrabano et al. 2003).   
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CHAPTER V. Discussion 

In this study, a computational platform of foot-ankle complex was developed for 

clinical application. The comprehensive FE model of foot and ankle involved the 

major anatomical structures. The model was used to investigate the 

biomechanical effects of three surgeries, including tarsometatarsal joint fusion, 

TAA and ankle arthrodesis on entire foot and ankle. Three characteristic 

instants of gait, namely the first-peak, mid-stance and the second-peak instants, 

were selected to represent the stance phase of gait, and were simulated in 

normal foot model and models with the three surgeries. The results were 

compared between normal foot and each treated foot. There was additional 

comparison between the TAA and arthrodesis to estimate the effectiveness of 

the two ankle surgeries. The boundary and loading conditions were obtained 

from gait analysis of the same subject with the foot model. The model was 

validated through comparison of plantar pressure during balanced standing and 

gait predicted using FE analysis with those experimentally measured, and 

comparison of joint contact pressure at the talonavicular joint between FE 

prediction and cadaveric experiment measurement. Using the validated model, 

the first and second tarsometatarsal fusion, TAA and ankle arthrodesis 

surgeries were simulated. 
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5.1 Experimental Measurements  

5.1.1 Gait Analysis 

The gait analysis was carried out for the same subject with the foot model, 

expected to avoid the effect of individual deviations in foot size and anatomical 

characteristics.  

At the initial contact, lasting from 0% to 5% of the stance phase, the foot and 

ankle is in neutral position by the functions of the pretibial muscles (tibialis 

anterior and long toe extensors), initiating a heel rocker. The body weight 

begins to transfer to the stance limb and impacts the heel, represented as a 

sharp and quick interrupt in the curve of ground reaction forces, called ‘heel 

strike transient’(Whittle 1999, Perry and Burnfield 2010). The intensity of this 

impulse was reported in a range of 50% and 125% body weight (Simon et al. 

1981, Verdini et al. 2006), here in this study, being 69% body weight. The 

intensity of the heel strike transient varies with individual gait characteristics, in 

smooth or sharp profile, even no existence (Verdini et al. 2006). There were 

corresponding responses in the antero-posterior and medial-lateral curves. 

These short perturbations at the very beginning of the stance phase are not a 

routine phenomenon. For example, in some gait the antero-posterior 
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component begins with a posterior force to brake the foot from forward slide. It 

depends on the state of the foot position during the free drop to the floor. If the 

beginning position of the heel is antero-superior to the contact point with the 

floor, a short anterior friction force will be required to stop the foot sliding 

posteriorly due to inertia. On the other hand, if the free dropping point of the 

heel is posterior-superior to the contact point, the friction force on the foot-floor 

interface would be anterior to stable the foot in place.  

The tibia tilts approximately 15   posterior to the frontal plane and sets the heel at 

the lowest position in the foot. Because of the tibia tilt, the body vector is 

posterior to the ankle joint, inducing flexion moment at the knee joint and 

plantarflexion moment at the ankle joint to get ready for impact absorption. 

Loading response, 5% to 18% of the stance phase, follows this small sharp. In 

this procedure the center of gravity moves forward, transferring more body 

weight to the stance limb rapidly, which was depicted by an ascending ground 

reaction forces. The posterior body vector and the rapidly increased impact 

generate plantarflexion moment at the ankle joint, driving the fore-foot falls down 

till the plantar foot gets full contact with ground. The ankle plantarflexion, 

combined with flexion at the knee and hip joints, absorbs part of the impacts. 

The pretibial muscles function opposing the dorsiflexion to control the 
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plantarflexion of the foot and ankle. The tibia bone progresses slightly with the 

foot drop and roll over the heel, propelling the center of gravity, so called heel 

rocker. The progression of the tibia generates a flexion position at the knee joint 

to absorb part of impact. 

Because there is a lag in muscle effectiveness, there is a ‘free fall’ period of the 

fore-foot, showing up as a rapid ankle plantarflexion. With the contraction of the 

pretibial muscles becomes sufficient, the fall down motion of the fore-foot is 

slowed, producing a quiet contact to the ground. This behavior of the pretibial 

muscles distributes part of the shock to the muscles. After the fore-foot getting 

contact with the ground the pretibial muscles keeps contraction and drive the 

ankle joint from plantarflexion towards dorsiflexion position.  

A lateral rotation occurs at the calcaneus, causing a fast eversion at the subtalar 

joint which further results in an internal rotation of the talus, because the support 

on the talus head is reduced. The internal rotation fits the talus tightly to the 

ankle joint mortise, aligning the axis of the ankle joint to a more parallel position 

referring to the frontal plane and the transverse plane. This direction of the ankle 

joint axis is more energy-efficient during gait progression. The realignment of 

the ankle joint axis unlocks the midtarsal joints, which benefits the fore-foot 

contact into a soft pattern.  
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The impact of the loading response stage is partially relieved by motions of the 

ankle and subtalar joints and functioning muscles. 

The mid-stance stage occupies from 18% to 52% of the stance phase. In this 

stage stance limb begins a single stance state. The foot contacts the floor with 

the heel and the metatarsals, mainly the first and the fifth, forming a tripod 

support pattern. The rocker function of the heel is replaced by the ankle 

rocker(Gage 1983) behavior, since that the tibia rolls over the ankle articular 

interface from the plantarflexion to dorsiflexion positions, during which the heel 

and the fore-foot keep contact with the floor. With the dorsiflexion of the tibia, 

the body vector passes through the ankle joint axis from posterior to the anterior 

aspect in the sagittal plane, pointing to antero-superior direction.  

At the initial acceleration of the tibial propulsion, the impact of the upper body 

and the moment force from the pretibial muscles produce a peak at the curve of 

the ground reaction force at the beginning of the mid-stance stage, commonly 

named the first-peak, which is about 1.1 times of the body weight, which is 

consistent with Perry’s findings in normal gait (Perry 1992). As the full undertake 

of the body weight in the stance limb, the center of gravity moves anteriorly in 

the sagittal plane and the ground reaction forces slowly decrease from the first-

peak point. At the about the midpoint of the stance phase, the ground reaction 
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forces reached a valley point in the curve, which is slight lower than the body 

weight level. After the valley point, the body moves forward with an acceleration, 

resulting in another ascending of the vertical ground reaction force. 

The soleus and gastrocnemius muscles are in active to control the progression 

and the stability of the ankle joint during the tibia dorsiflexion. The soleus 

muscle, connecting the calcaneus and the proximal tibia functions dominantly 

as the largest plantar flexor. On the contrary, the gastrocnemius muscle, 

running from the distal femur to the calcaneus, acts as a knee flexor and 

increases with the mid-stance progression. The contraction of the two muscles 

maintains the stability of the ankle rocker. 

The eversion of the subtalar joint is reduced due to the eccentric contraction of 

the soleus and tibialis posterior, strengthening the stability of the midtarsal joints 

and preparing for the fore-foot rocker stage. 

The following stage of the mid-stance is defined as the terminal stance stage, 

locating from 52% to 83% of the stance phase. At the initial of this stage the 

heel raises as a result of the continuous anterior tilt progression of the tibia and 

the contraction of the plantar flexor muscles, leaving the fore-foot solely support 

the upper body. The heel rise releases the subtalar joint eversion, and 
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consequently locks the midtarsal enhancing the stability of the fore-foot support. 

The fore-foot contact the floor with the heads of the metatarsals and bases of 

the five proximal phalanges, making the metatarsophalangeal joints the rocker 

for gait progression in this stage.  

The stance limb is proximately in a vertical line at the onset of this stage, 

positioning the center of mass in its highest level. The opposite limb is slightly 

anterior to the stance limb and continuously swings forward. The falling of the 

center of mass and the momentum generated from the swing limb propels the 

gait progression.   

The intensity of the plantar flexor muscles increases rapidly to drive the tibia tilt 

and a further dorsiflexion of the ankle joint at the first half of this stage. Toe 

flexors combined with the plantar flexors are responsible for the stability of the 

metatarsophalangeal joint rocker. The contraction of the plantar flexor muscles 

were reported to restrain the body momentum and control the rate of tibia tilt 

(Simon et al. 1978). When the intensity of the soleus and gastrocnemius 

muscles decreases, the body retrieves a rapid momentum and propelling force, 

which induces a second peak in the curve of the vertical ground reaction force. 
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The peroneus longus muscle, originating from the proximal head of the fibula, 

crossing the lateral malleolus and inserting into the base of the first metatarsal 

and the medial cuneiform, functions to stable the fore-foot support in the medial-

lateral direction. It distributes the body weight towards the medial rays of the 

foot by plantarflexing the first ray. As found in this study, the first three rays 

sustained most of the forces from the upper body, and the second and third 

metatarsal suffered higher stress than the others. 

With heel rise and the progression of the limb, the metatarsophalangeal joints 

expand the degree of dorsiflexion, enabling the body vector beyond the heads 

of the metatarsals. At the meantime, the opposite foot gets contact with the 

ground and begins the body weight transfer. The terminal stance phase ends 

with this contact. 

The last stage of the stance phase, commonly named as toe-off or pre-swing, 

lasting form 83% to the 100% of the stance phase. The body weight is rapidly 

transferred to another foot, inducing a small impact mentioned as heel strike 

transient. The body weight on the pre-swing foot reduced in the same rate. The 

plantar flexor muscles release the majority of contraction rapidly to get prepare 

for the following swing. 
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The stance phase is repeated in the other limb and cycle the gait continuously. 

The distribution of each stage varies in the entire stance phase for the same 

subject in different trials, depending on the walking velocity, the stride length 

and so on. In this study, deviations were shown between every two trials, even 

with the same walking velocity.  

5.1.2 Cadaveric Experiment 

In the loading condition of 100 N pure axial compression, the location of the 

peak pressure in the ankle arthrodesis foot was much anterior to that in the 

normal foot, which demonstrated that more force was transferred to the forefoot 

after ankle arthrodesis. The ankle with normal function could rotate to deliver 

external loading to the next segment and simultaneously absorb part of the 

loadings. The ankle joint motion, cooperating with other segments, positions the 

segments of foot-ankle complex in energy efficient states, and protect them 

from over sustaining. A fused ankle joint resulted in stiffer ankle structures, and 

the loading was directly delivered forward the forefoot.  

Moreover, the stiffness limited the capability of the ankle arthrodesis foot to 

absorb loadings, resulting in higher plantar pressure in the ankle arthrodesis 

foot than the normal foot in the three loading conditions.  
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The midfoot sustained abnormal pressure distribution, higher pressure 

magnitudes and contact areas, compared to observations in gait analysis 

experiment. The reason could be the non-physiological muscle loadings, and it 

is possible that the arch was not able to maintain stable and collapse under 

external loadings in a cadaveric foot.  

After the application of the muscle loadings based on the axial compression, 

greater deviation of the peak pressure between the normal foot and the ankle 

arthrodesis foot was produced. It could be speculated that the ankle joint 

functions flexibly with the variation of loading environment. 

To reduce the effect of the foot size difference between the model subject and 

the cadaveric specimen, which could result in some variation of contact area of 

joints, relatively smaller area was selected at the talonavicular joint in the model 

to compare with the corresponding K-Scan measurement. The difference of 

contact pressure distribution at the talonavicular joint demonstrated that the 

ankle joint fusion affected the behavior of the other segments in the foot. Each 

segments in the foot-ankle complex interacts interdependently, the modification 

at any region of the foot could results in alteration of biomechanics of the entire 

foot. 
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During daily activities, the foot-ankle complex sustained complex loading 

conditions, including compression loading from the upper body, and muscle 

forces in and out of the foot. These loadings were transferred among segments 

through joint motion and segments translation. The fusion of the ankle joint 

changed the mechanism of loading transfer in the foot, and could potentially 

result in negative outcomes after the ankle arthrodesis surgery. 

5.2 Muscle Forces 

Many factors affect the force generation ability of the muscles including the 

pattern of muscle action, muscle contraction speed and joint position. The 

muscle action types consist of isometric contraction, eccentric contraction and 

concentric contraction. The isometric contraction allows little motion of the 

muscle fibers and fibrous connective tissue, and has long been the pattern for 

maximum effort testing. Eccentric or lengthening contraction was reported to 

generate similar(Smidt 1973) or 10% - 20% (Komi 1973, Vandervoort et al. 

1990)more strength under maximum effort conditions than the isometric 

contraction. Concentric contraction, in contrast, generates 20% less strength 

than the isometric contraction under the same muscle effort (Smidt 1973, 

Osternig 1975, Osternig et al. 1984). Three muscle actions occurs during 

walking, eccentric contraction dominating the stance phase for limb deceleration 
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and isometric contraction producing peak force, while concentric contraction 

dominating the swing phase for the advancement of the limb. These factors 

influence the accuracy of the results, but the calculation of the muscle forces in 

the computes allows the consideration of these factors, making it possible of the 

signals imply muscle forces.  

For the simulation of the three instants in the stance phase in this study, the 

muscle forces calculated from the EMG data were adjusted based on an in vitro 

simulation of the stance phase using cadaveric foot and ankle. The model were 

firstly applied with muscle forces calculated from the EMG data and adjust them 

using a feedback system to best fit the position of the center of pressure. This 

adjustment aimed to maximally approach to the reality of the muscle 

performance. 

The inverse dynamic musculoskeletal model of the lower limb provided another 

organization of muscle forces based on the trajectories of the markers attached 

on the lower limb and the ground reaction forces of the gait. The distributions of 

muscle effort among the muscles were similar to the EMG data, but the 

magnitudes were three to four times greater.  
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There is lack of theoretical and experimental evidences to tell which of the two 

groups of data is more accurate. The two groups of muscle forces were applied 

to the FE model for gait simulation, finding that the muscle forces obtained from 

the inverse dynamic calculation resulted in a seriously unreasonable 

displacement in the foot and ankle, while the EMG data drove similar foot 

kinematic to that recorded in the camera.  

5.3 Computational Analysis 

Before simulations, the sensitivity, including the mesh size sensitivity and the 

loading condition sensitivity, of this computational platform was tested and 

verified. The deviations of parameters were in 5% with the variation of mesh 

size. The results showed sufficient changes responding to the change of 

loading conditions. 

The computational platform of the foot-ankle complex aims to simulate as many 

surgeries that related to the musculoskeletal as possible in forefoot, midfoot and 

hindfoot. There has been a simulation focused on a forefoot surgery, correction 

of hallux valgus previously in our team. This study covered simulations of a 

surgery in midfoot, that was the tarsometatarsal joint fusion, and two ankle 

surgeries in hindfoot which were total ankle arthroplasty and ankle arthrodesis. 
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Kinematic and kinetic information of the inner foot, including plantar pressure, 

joint contact pressure and forces, and stress distribution, some of which are not 

practicable to be measured using experimental methods, were predicted. 

Comparisons of these parameters were conducted among the normal foot 

model and three surgical foot models to distinguish the differences. 

Abnormal kinematics of the entire foot or individual segments was found to 

result in variation of load transfer mechanism, joint contact pressure (Andriacchi 

et al. 2004) and bone stress.  

5.3.1 Tarsometatarsal Joint Fusion 

The FE model of foot and ankle predicted changes of several biomechanical 

parameters after tarsometatarsal joint fusion. The information obtained can help 

in understanding of current treatment protocols and precaution of potential risks 

of complications. It was found that joint contact pressures, von Mises stress in 

metatarsal bones, and plantar pressure in several parts increased after fusion. 

The plantar pressure increased in the late instants of stance phase after fusion, 

possibly due to arch stiffness changes. Normal arch deforms to interact with the 

environment in a most effective way, protecting the segments from excessive 
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loads. Structural modification, like tarsometatarsal joint fusion could partially 

restrict the interaction and adjustment among joints. Smaller change in arch 

height of foot with joint fusion indicated that the joint fusion increases the arch 

stiffness.   

The results indicated that joint fusion resulted in a limited range of movement of 

the first metatarsal bone and a stiffer arch. This could be attributed to that the 

fused foot was more capable to resistant the arch deformation, because the 

relative motion among the four fused bones was totally limited. This was 

consistent with a previous study in the outcomes of fixation treatment in tarsal 

bones, involving tarsometatarsal joints. Minor restriction in the range of motion, 

particularly in talonavicular and medial tarsometatarsal joints of mid-foot, were 

found with the patients (Weber and Locher 2002). The first metatarsal bone was 

observed to be significantly dorsiflexed in flatfoot relative to the talus bone 

(Blackman et al. 2009, Kido et al. 2013). Fusion of tarsometatarsal joints could 

be a way for correction of flatfoot, but may cause increasing in plantar pressure 

and other joint stress, especially during push-off stage.  

In the analysis of the contact pressure in joints of hind- and midfoot, the 

navicular and cuboid contact pair showed the most considerable variation in 

mid-stance, but with small magnitude. The intermediate cuneonavicular and fifth 
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tarsometatarsal joints increased 27% and 40% at second-peak, with much 

higher pressure than navicular and cuboid contact pair. Ankle and talonavicular 

joints also sustained increased contact pressure, but with slight changes. 

Limited motion of fixed bones induced higher contact pressure in mid-and hind-

foot joints. These joints were subject to greater risk of deformation from a 

normal anatomical position under a continual and long-term excessive loading 

condition. This could be regarded as a predictor of foot pain and malalignment, 

as common clinical complications Malalignment of foot segments could further 

affect normal functioning of parts upper foot and ankle, for example the knee 

joint. A disordered mechanical environment also contributed to disturbing the 

maintenance of the articular cartilage and underlying bones. Heightened 

pressure on joints may leave them more susceptible to fatigue wear of the 

contact surfaces over a prolonged period. Excessive contact stress at articular 

surface was believed to be a predominant factor of osteoarthritis (Buckwalter 

and Martin 2006). It was reported that repetitive compressive stress exceeding 

6.9 MPa could accelerate articular cartilage and subchondral bone. Contact 

stresses on articulation interfaces of healthy joints typically ranged from 1 to 6 

MPa during daily activities (Natali et al. 2010), while much higher contact 

stresses could occur in localized regions. In an experimental and a FE ankle 

model, under 600N vertical compression, contact spanned most of the lateral 
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half of the tibial surface (Anderson et al. 2007). The averaged pressure at the 

ankle joint during neutral position was recorded to be 1.15MPa to 2.02MPa. 

Unspecific pain and arthritis in foot were quite common after surgical treatments 

(Myerson 1999, Ghate et al. 2012, van Rijn et al. 2012), (Weber and Locher 

2002), (Benirschke et al. 2012). Clinical observations showed early degenerative 

signs of arthritis at fifth tarsometatarsal joint and other tarsometatarsal joints 

(Weber and Locher 2002) and arthritis as long term side effect (Benirschke et al. 

2012). The predictions from this FE analysis indicate that intermediate 

cuneonavicular and fifth tarsometatarsal joints have the potentials to succumb 

to arthritis. 

Von Mises stress is often considered as one predictor for bony stress fracture 

(Keyak and Rossi 2000). The five metatarsal bones are thought to be most 

susceptible for recurring stress fracture because of the long and thin shape and 

the function of loading transfer. Metatarsal stress fractures are most commonly 

seen in the second and the third metatarsals and fracture of the second 

metatarsal is reported to be one of the most common problems after surgeries 

in foot and ankle (Weatherall et al. 2013). Among the five metatarsal bones, von 

Mises stress in the second metatarsal varied the most in the mid-stance. 



248 
 

Considering the 22% increase of von Mises stress, the second metatarsal bone 

was more likely to sustain a fracture. 

Parametrical analyses using our FE can reveal biomechanical performance of 

foot and ankle complex after tarsometatarsal joint fusion during the first, second-

peak and mid-stance. Stance phase of gait can be analyzed in the way by 

applying different boundary and loading conditions. Dynamic activities such as 

impact on foot during landing can also be simulated to find how foot segments 

adapt to shocks. This is much more difficult using experimental methods. 

Current biomechanical studies are mainly clinical follow-up investigations, gait 

analysis, and cadaveric experiments. Follow-up investigations involving 

radiography estimation and score systems are generally combined together to 

evaluate reductions, arthritis and fractures (Coetzee and Wickum 2004, Adam 

et al. 2011, Richter and Zech 2013). Gait analysis provides kinematic and 

kinetic information of foot and ankle to evaluate surgical outcomes and 

rehabilitations (Garrido et al. 2010, Hetsroni et al. 2011, Graf et al. 2012, Goetz 

et al. 2013, Lins et al. 2013). Cadaveric experiments could detail contact 

pressure, stress/strain in some regions of foot and ankle, but the measurements 

are still technically and ethically limited (Cook et al. 2009, Kamiya et al. 2012, 

Lui et al. 2013). For joints with complex contours embraced by plenty of 
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ligaments, it is difficult to obtain any measurements without destructive 

operation. These studies cannot provide enough biomechanical information 

such as the internal stress distribution and contact pressure which contribute to 

complications.  

In this study, the FE model responded to geometrical modification in 

tarsometatarsal joints, and offered clear pictures in stress distribution in bones, 

contact pressure at joints and plantar foot, and arch deformation. Potential risks 

of this surgery were predicted. Optimal surgeries are expected to decrease the 

complications and negative long term outcomes, permitting effective surgical 

intervention to address foot problems. Based on the prediction in this study, it is 

speculated that rather than directly fusing the bones, wedge shaped osteotomy 

opening towards dorsi-aspect can be made at the joints before fixation. The first 

and second metatarsal bones could be fixed with more dorsiflexion, which could 

possibly distribute part of loads to other bones and thus relieve the load in 

second metatarsal bone. The decreased height of the longitude arch might 

transfer some forces from lateral foot to others and alleviate overloading 

condition of the cuboid. The obtained biomechanical information enabled 

surgeons with more low-risk, sophisticated treatment options, which are 

currently not well known or considered too risky to undertake. FE analysis could 
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be an effective method to explore the rationale of biomechanical changes 

undergone after surgery and might be beneficial to surgeons by providing direct 

guidelines for surgery planning. 

5.3.2 Total Ankle Arthroplasty 

The TAA surgery was predicted to result in alterations in foot biomechanics, 

especially at the second-peak instant. These alterations are potentially 

contributed to the negative outcomes of this surgery. 

The plantar pressure was slightly decreased in the TAA foot model compared to 

the normal foot model throughout the stance phase. It could be a result of 

variation in contact area, or it could be because of the pressure redistribution. At 

the second-peak instant, the plantar pressure and contact area beneath the first 

toe was obviously increased in the TAA foot model. This could be the direct 

factor of the decrease of peak pressure.  

The center of pressure in the TAA model was located at the same position as in 

the normal foot model at the first half of the stance phase, but there was a 

slightly antero-medial forward movement at the second-peak instant. This is 

consistent with the plantar pressure variation in the first toe region. 
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The slight alteration of the plantar pressure distribution, in terms of the peak 

pressure and the center of pressure, possess little possibility to produce 

negative results, for example plantar foot pain. 

The contact pressure at most joints stayed stable in the TAA foot model 

compared to the normal foot model at the first-peak and mid-stance instants, but 

with marked increase at the second-peak instant. Excessive contact pressure at 

articular interfaces of joints was believed to be a predominant factor of 

osteoarthritis (Buckwalter and Martin 2006, Martin and Buckwalter 2006). The 

talonavicular joint and the medial cuneonavicular joint sustained maximum 

increase and the highest pressure among these joints, and thus are most 

susceptible to arthritis after surgery. The subtalar joint has no risk of surgery-

related arthritis since the contact pressure deceased throughout the gait. 

Similar to the variation of the joint contact pressure, the joint contact force in the 

TAA foot model was very close to that in the normal foot model at the first-peak 

and mid-stance instants. But there was visible increase in the first ray joints, 

such as the talonavicular joint, the medial cuneonavicular joint and the first 

tarsometatarsal joint. The increased force may induce or deteriorate deformity 

along the first ray. Therefore, the patients who have first ray disorders such as 
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hallux valgus and flatfoot are not recommended to TAA for treatment of ankle 

problems. 

The contact force at the subtalar joint decreased in the TAA foot, thus this 

surgery will not possibly increase the risk of heel pain or deteriorate symptom of 

plantar fasciitis, and this could be the reason that seldom relevant complications 

were reported in literature. In most of clinical reports and research, the two main 

postoperative complaints were loosening of prosthetic components and wear of 

polyethylene (Henricson et al. 2007). There was also claim that osteolysis 

responded to a half of failures requiring salvage revision and was a risk factor 

for mechanical failures (Yoon et al. 2013, Weme et al. 2015).  

As predicted, the second and third metatarsal bones sustained much higher von 

Mises stress than the other metatarsal bones. Because of the relatively thinner 

and longer geometries compared to other foot bones and the function of loading 

transfer, the metatarsal bones are thought to be most susceptible for bone 

fractures. It is reported that the second and third metatarsal bones are most 

commonly suffer stress fractures and the fracture of the second metatarsal is 

one of the most common complains after surgeries in foot and ankle 

(Weatherall et al. 2013). The predictions in this study may provide the rationale 

information for this clinical phenomenon. 
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The von Mises stress increased apparently in the TAA foot, especially in the 

second and third metatarsals. It could be speculated that the TAA increases the 

risk of bone fracture in the second and the third metatarsals. The first metatarsal 

born higher stress in the TAA foot than in the normal foot at the second-peak 

instant. But this stress was much lower than that in other metatarsals. 

Considering the relatively thick and short geometry, the increased stress may 

be not a risk factor to initiate problems. 

The tibia and talus components were fixed to and move together with 

corresponding bones. The bearing component allows ankle joint motion in the 

sagittal plane through the rotational contact interface with the talus component, 

and reserves the motion in the transverse plane through the sliding interface 

with the tibia component. The inversion/eversion motion in the frontal plane is 

structurally constrained. 

As found in this study, there were both transition and internal/external rotation in 

the transverse plane on the interface between the bearing and tibia components. 

The talus component rotated externally from the first-peak to the second-peak 

instants with very slight range of motion, which was much smaller than the 

reported external rotation during dorsiflexion of a normal ankle (Close 1956).  



254 
 

The motion in the sagittal plane in this prosthesis is supposed to satisfy the 

requirement of range of motion of a normal foot, however, it was found smaller 

than in the normal foot model, as discussed in the foot displacement section. 

The ankle joint motion is a complex movement in three planes with dynamic 

rotation axis.  

The stress in the bearing component in the lateral side was much higher than in 

the medial side, which indicated a resistance of rotation towards the lateral side 

in the frontal plane. The ankle joint motion during gait was a complex motion in 

three planes, rather than pure dorsi/planter-flexion in the sagittal plane. The 

dorsiflexion of the foot and ankle in the sagittal plane was combined with 

eversion of the hind-foot in the frontal plane and external rotation in the 

transverse plane. The dorsiflexion motion and the external rotation were 

detected during the investigation of the prosthetic ankle joint motion, while the 

eversion of the hind-foot was not allowed in the current designs of the 

prostheses. The trend of eversion rotation resulted in an asymmetrical stress 

distribution that in the medial-lateral direction in the results of the simulation, that 

the lateral aspect sustained much higher stress than the medial side. Since the 

ankle prosthesis was made of physic materials, which was quite different from 

biomaterial such as human bones, their biomechanical behaviors were 
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incomparable. Take the bearing component itself for analysis, the asymmetrical 

distribution and the concentration of the stress could be an indication of fracture 

in the bearing component and subsidence of the talar component (Doets et al. 

2006, van der Heide et al. 2009). As one of the major failure patterns of the TAA 

surgery, fracture ratio in the bearing component was reported to be 14% in a 

long-term follow-up study (Brunner et al. 2013). 

To solve the problem in the current designs of ankle joint prostheses, the motion 

the frontal plane should be allowed, which might be improved by changing the 

interaction relationships among the three components. The interaction pattern 

between the bearing component and the tibia component is flat surface contact, 

allowing transition and rotation in the transverse plane and constraining rotation. 

That between the bearing and the talus components allows rotation in the 

sagittal plane only. The lacked rotation in the frontal plane could be solved by 

changing the contact contour between the bearing and talus components into 

spherical dome, allowing rotation in three planes. But the problem of ankle joint 

stability may arise, and further geometrical changes are required to manage this 

problem.  

The technique of 3D printing provides the possibility of individualized design that 

accurately representing the detailed anatomical contours of the joint articulation. 
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The geometrical models of the distal end of the tibia bone and the proximal 

surface of the talus can be reconstructed from radiographic images of the 

involved patients and printed into physical models as a two-component 

prosthetic joint. With this design, the ankle function could be theoretically 

retrieved. But the borders of the components need to be carefully determined to 

determine reasonable amount of bone resection and the practicability of fixation 

in related bones. 

5.3.3 Ankle Arthrodesis 

According to the analyze in averaged joint contact pressures and joint contact 

forces, most joints in hind- and mid-foot bear greatest loading at the second-

peak instant, while the variations were more substantial in the first-peak and 

mid-stance instants. The simulation of three gait instants, including the first-peak, 

mid-stance, and the second-peak, in normal foot model and foot model with 

ankle arthrodesis predicted different biomechanical performance. Comparisons 

of results between the two models on averaged joint contact pressures, joint 

contact forces, plantar pressure, and foot angular position in sagittal plane were 

carried out to identify effects of ankle arthrodesis.  
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The contact pressure and transmitted force at the subtalar joint were predicted 

to decrease after arthrodesis in all the three gait instants. Retrospective reports 

demonstrated development of ipsilateral hind-foot arthritis as long-term 

outcomes of ankle arthrodesis, particularly in subtalar joint (Mazur et al. 1979, 

Takakura et al. 1999, Coester et al. 2001, SooHoo et al. 2007). In consideration 

of the predicted decrease of contact loadings, the suggestions that ankle 

arthrodesis results in hind-foot arthritis may not be true. Pre-existing subtalar 

arthritis changes at foot joints were demonstrated universally in patients with 

arthritis of ankle joint requiring arthrodesis. There were debates that subtalar 

joint arthritis in patients with ankle arthrodesis may be not a consequence of this 

surgery, but a progression of pre-operative arthritis changes (Sheridan et al. 

2006). The study on relationship between hind-and mid-foot arthritis and ankle 

arthrodesis found that 68 out of 70 patients showed pre-existing arthritis, mostly 

in subtalar joints (Sheridan et al. 2006). According to Perry (Perry 1983), the 

hypermobility of subtalar joint accentuated the rotatory moments. The talus 

bone rotated 4.5 degree during foot dorsi- and plantarflexion in normal foot 

(Valderrabano et al. 2003). After ankle arthrodesis, the movement of the talus 

was constrained to the tibia bone, which could result in decreased mobility of 

the subtalar joint. It could be speculated that the decreased mobility of the 

subtalar may release part of loadings acting at this articulation. 
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Loadings transmitted from hind-foot to mid-foot through the transverse tarsal 

joints consisting of the talonavicular and calcaneocuboid articulations. As 

predicted in both foot models, the talonavicular bore the majority force passing 

through the transverse tarsal joints and delivered to the first through third rays, 

which was consistent with previous study (Manter 1941). Loadings at the 

talonavicular joint and joints of the first through third rays were substantially 

increased after ankle arthrodesis. Exclusive of ankle joint, the talonavicular joint 

undertook the maximum contact pressure and contact force, predicted as 

2.1MPa and 578N correspondingly, at the second-peak instant after ankle 

arthrodesis. These variations could be regarded as predictors of arthritis at mid-

foot joints including talonavicular, cuneonavicular, tarsometatarsal articulations, 

as reported in retrospective studies of long term outcome of ankle arthrodesis 

(Takakura et al. 1999, Coester et al. 2001, Sheridan et al. 2006, Fuentes-Sanz 

et al. 2012). 

The location and magnitude of peak value were changed obviously in the ankle 

arthrodesis model compared to the normal. In the first-peak instant, the location 

of the peak value changed from beneath the heel to the forefoot beneath the 

head of the first metatarsal bone. It could be explained that during the first-peak 

instant, which located at 27% of the stance phase, the foot was about 6 degree 
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dorsiflexion as recorded in gait analysis of this study and previous studies (Perry 

1992, Wu et al. 2000, Singer et al. 2013). The foot dorsiflexion and the forward 

tilt of the tibia bone during gait progression were compensated by the increased 

displacement of the bones between metatarsal heads and ankle joint (Mazur et 

al. 1979, Wu et al. 2000, Hunt et al. 2001, Beyaert et al. 2004) in the sagittal 

plane, which is consistent with our prediction as shown in Figure 4.32. These 

compensation could be the reason for earlier heel-off (Beyaert et al. 2004) than 

normal foot and the antero-forwarded center of pressure. 

The antero-forwarded center of pressure induces a longer moment arm of 

ground reaction force to mid- and hind-foot joints, and presumably is a 

contributor to deterioration of loading environment as predicted in this study. 

The increase plantar pressure could be a risk factor for foot pain after surgeries. 

These secondary impairments may result in discomforts during gait and patients 

consequently tend to adjust their gait pattern such as walking speed and 

cadence (Schmiegel et al. 2008) to minimize these effects. 

In both the normal and surgery foot, the two metatarsals bore much higher 

stress than others. Moreover they sustained the most substantial increase of 

von Mises stress. With regard to that von Mises stress is considered as one 

predictor for bony stress fracture (Keyak and Rossi 2000).As found in this study, 
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the von Mises stress in the two metatarsals was apparently increased during 

gait in the ankle arthrodesis foot, and thus it was speculated that patients with 

ankle arthrodesis are more susceptible to stress fractures in the second and/or 

third metatarsal bones. 

In order to explore the mechanism of the negative outcomes and carry out a 

comparison exclusive other independent factors rather than ankle motion, the 

foot with ankle arthrodesis was simulated under the same gait pattern with 

normal foot. Although there are claims that this surgery did not change the gait 

pattern, patients may adjust their weight bearing condition between two feet and 

the duration of stance phase. The ankle was fused in neutral position based on 

some clinical recommends. This was not universal adaptable to all cases 

because many different protocols were adopted such as slight dorsiflexion and 

five to ten degree heel valgus. Three featured gait instants were simulated in 

this study. In order to represent the gait activity more closely, it is worthy to 

simulate more instants in further study. 

Although ankle arthrodesis help to relieve pain and improve function of foot with 

degenerative ankle, it is considered to cause alterations in biomechanical 

performance of individual segments and the foot as a integrity, and may result in 

symptomatic outcomes postoperatively.  
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5.3.4 Comparison between Total Ankle Arthroplasty and Ankle 

Arthrodesis 

Both the two surgeries reduced the dorsiflexion range compared to the normal 

foot, with the smallest range of dorsiflexion happened in ankle arthrodesis foot 

model. The results were consistent with kinematic studies on the TAA 

(Valderrabano et al. 2003, Dyrby et al. 2004)and ankle arthrodesis feet (Mazur 

et al. 1979, Wu et al. 2000, Beyaert et al. 2004, Thomas et al. 2006, Singer et al. 

2013). TAA could reserve part of the joint motion in the sagittal and transverse 

planes, but was not necessarily a better choice compared to ankle arthrodesis. 

According to previous research, TAA gave rise to more complications and 

needed for secondary surgical intervention than ankle arthrodesis (SooHoo et al. 

2007, Saltzman et al. 2009) 

TAA produced a more reasonable plantar pressure distribution than ankle 

arthrodesis throughout the gait. It did not increase the peak pressure and 

change the location of center of pressure, while ankle arthrodesis foot increased 

the peak pressure and anteriorly forwarded the center of pressure.  

The biomechanics in the TAA foot was very close to the normal foot at the first 

half of stance phase, but substantially variation was induced around the second-
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peak instant. Different from TAA, ankle arthrodesis had more apparent effects at 

the first half of the stance phase, and provided a relatively stable biomechanics 

at the second-peak instant.  

Comparing the biomechanical effects of the two surgeries, it was found that the 

most substantial variation happened at the second-peak in the TAA foot. The 

maximum loadings of the inner foot greatly exceeded the loading level of a 

normal foot during walking. It could be deteriorative factors of post-operative 

complications under repeat gait cycles and other weight bearing activities. 

Although the joint loading and bone stress were increased apparently at the first 

half of the stance phase in the ankle arthrodesis foot, but they were theoretically 

in a safe range. Because the increased joint loading and bone stress were still 

smaller than the maximum loading of the normal foot. 

It could be speculated that TAA produces more potential factors of secondary 

problems than ankle arthrodesis. There are recommendations that for patients 

with both ankle joint arthritis and subtalar joint arthritis, ankle fusion can be 

performed to relieve pain. If the arthritis occurs only in the ankle joint at an early 

stage, TAA without other surgery can be performed to maintain motion of the 

ankle and allow less stress across the subtalar joint (Hintermann 1999, Easley 

et al. 2002, Saltzman et al. 2009) Young patients were recommended to take 
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TAA for the reservation of ankle joint motion. However, depending on the 

biomechanics of the inner foot found in this study, we suggest that ankle 

arthrodesis should be the first choice when two surgeries are both practical.  

The suggestion of arthrodesis was not a universal criterion for all cases. For 

patients with potential possibility of diabetic or symptoms of plantar foot 

problems, TAA should be a better choice for the reasonable plantar pressure 

distribution. Patients with hallux valgus and flexible flatfoot, ankle arthrodesis 

rather than TAA should be recommended, since TAA induced bad loading 

condition in the first ray. 

5.4 Limitations  

The computational models in this study were based on some simplifications and 

assumptions. The bones of the FE model of the foot and ankle were 

reconstructed without separation of cortical and trabecular components and 

assigned as a homogeneous, isotropic, and linear elastic material. The property 

constants, Young’s modulus of 7300 MPa and Poisson’s ratio of 0.3 were 

originally assumed(Nakamura et al. 1981) without experimental support and 

was defended to be a weighted average of cortical and trabecular elasticity 

properties based on their volumetric contribution(Gefen et al. 2000). Further 
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experimental study should be conducted for a more objective evaluation of the 

bone property and the reasonability of the current assumptions. Due to the 

simplification of the bone components and assumption of the bone property the 

stress distribution in metatarsal bones were expected to demonstrate the 

variation trend of the force transmission resulted from surgeries, rather than an 

exact representation of real cases.  

In cadaver experiments for model validation, only ankle arthrodesis was 

simulated among the three surgeries. It was better all three surgeries being 

simulated. Because this experiment was destructive, only one surgical 

simulation was allowed. Among the three surgeries, variation of joint motion in 

ankle arthrodesis was the most. It was expected to result in the most obvious 

effects on investigations, and thus it was selected for simulation. What’s more, 

the specimen was male, with foot size of 42, while the subject for gait analysis 

and FE model was female with foot size of 38. Although countermeasures 

during data analysis were used to reduce effects of foot size, the effects of 

gender difference was still undetectable. This was expected to be improved in 

further study upon the availability of a specimen with similar parameters to the 

subject of the FE model. 
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To explore the load transfer mechanism through comparison of other exclusive 

independent factors rather than ankle motion, the three surgeries was simulated 

under the same gait pattern as the normal foot. There were claims that patients 

with these surgeries did not change the gait pattern, but some patients may 

adjust the weight-bearing pattern during walking.  

The joint fusions were simulated by tying the contact pair of the articulations 

rather than using screws or pins. Although the concerned performance in this 

study was out of the ankle joint area, it would be better to reconstruct the screws 

for further investigation of the biomechanics on the revised site, and also the 

feasibility of the screws.  

In the surgery of ankle arthrodesis, the ankle was fused in a neutral position 

based on clinical recommendations. However, this was not universally 

adaptable to all cases because many different protocols have been adopted, 

such as slight dorsiflexion and 5 to 10 degrees of heel valgus. Three featured 

gait instants were simulated in this study. To represent the gait activity more 

closely, it will be necessary to simulate more instants in a further study.  
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CHAPTER VI. CONCLUSIONS AND FUTURE WORK 

6.1 Conclusions 

Computational models of normal foot, tarsometatarsal fusion foot, TAA and 

ankle arthrodesis foot during gait were established to understand the influence 

of surgical treatments.  The parameters included the plantar pressure 

distribution, joint contact pressure, joint contact force, and bone stress 

distribution. According to the findings, conclusions are drawn as follows. 

Tarsometatarsal Joint fusion 

1) Biomechanical variations produced potential possibility of surgical 

complications. 

Long-term consequences of this surgery could potentially be arthritis of 

intermediate cuneonavicular and fifth tarsometatarsal joints and stress fracture 

of second metatarsal bone; increased plantar pressure could be possible as a 

contributor of plantar foot pain; flexible flatfoot maybe benefit from this 

modification in consideration of increased arch stiffness. 

2) Rather than directly fusing the bones, wedge shaped osteotomy opening 
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towards dorsi-aspect was recommended at the joints before fixation.  

The first and second metatarsal bones could be fixed with more dorsiflexion, 

which could possibly distribute part of loads to other bones and thus relieve the 

load in second metatarsal bone. The decreased height of the longitude arch 

might transfer some forces from lateral foot to others and alleviate overloading 

condition of the cuboid.  

Total Ankle Arthroplasty 

1) Current designs of ankle joint prostheses could not reserve full range of 

joint motion in the sagittal plane. 

The designs theoretically allow full range of motion in the sagittal and transverse 

planes. But the constraint of motion in the frontal plane makes it impossible to 

get full range of the other two planes.  

2) There is risk of fracture in the bearing component and 

subsidence/loosening in the talus component. 

Medial-lateral asymmetric stress distribution was exerted in the bearing 

component because of the resistance against the moment in the frontal plane. 
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The stress concentration in the lateral side could possibly resulted in fracture 

under long-term repeated loading cycles. The imbalanced loading delivered to 

the talus may resulted in subsidence/ loosening of the talar component  

3) The medial cuneonavicular joint was susceptible to secondary arthritis, 

and the second and third metatarsals were in great risk of fracture post-

operatively. In case of patients with potential risk of diabetic and plantar 

foot problems, hallux valgus, and flexible flatfoot, arthroplasty should be 

avoided. 

4) Prosthesis optimization in the joint motion in the frontal plane is 

recommended to improve the conditions. An accurate anatomy 

representation of ankle joint contour may be achieved using the 3D print 

technique. 

The current designs of ankle prostheses do not perform better than ankle 

arthrodesis according to the findings in this study. The motion of the ankle joint 

is very complex in three planes. Sufficient understanding of the ankle 

biomechanics is essential for prosthesis design and alignment. This 

computational platform is a potential tool for this purpose.  

Ankle Arthrodesis 
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1) Ankle arthrodesis in the neutral position could possibly increase the risk 

of surgical secondary problems. 

Large alterations at the talonavicular joint and the joints of the first three rays 

may give rise to pain and the potential for arthritis; and large stress exerted in 

the second and third metatarsal bones may cause bone fractures. The 

increased loading in the first three rays resulted in risk of flatfoot. 

2) The decrease in subtalar joint loading after ankle arthrodesis may 

indicate that the postoperative arthritis of the subtalar joint is not be a 

consequence of ankle arthrodesis but rather a progression of pre-

existing joint degeneration. 

A slight valgus foot position for ankle arthrodesis may distribute more loading 

from the first three rays to the lateral rays of the foot to prevent adverse 

changes. In addition to adjustments to the surgical procedure, orthotics such as 

insoles or canes can help to relieve the detrimental loading effects. 

6.2 Future Work 

Model modification will be kept on for the improvement of accuracy with the 

development of assistive techniques. Current models are based on 
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assumptions and simplifications and expected to be more and more close to the 

human structures.  

Parametric study will be conducted on the ankle prostheses to investigate the 

effects of different designs on the foot-ankle biomechanics. Material properties, 

geometries of the components and alignment will be variables. 

Experimental studies, cadaveric experiments for example, will be conducted for 

further validation of the model. Since this computational platform involves the 

models with foot surgeries, validation on these models will be carried out. 

Gait analysis on patients with ankle arthrodesis and TAA are expected to be 

carried out. The simulation of the two surgeries would be conducted based on 

the boundary and loading conditions obtained from the gait analysis of 

corresponding patients.  
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