
Contents

Contributors ........................................................................................................................................ xix

Preface ............................................................................................................................................... xxv

PART 1 CONSTITUTIVE LAWS FOR BIOLOGICAL LIVING TISSUES

CHAPTER 1 Hyperelasticity Modeling for Incompressible Passive
Biological Tissues ..................................................................................... 3

1 Introduction ................................................................................................................ 3

2 Mechanical Formulation............................................................................................. 4

2.1 Description of the Deformation ........................................................................... 4

2.2 Strain-Stress Relationships................................................................................... 5

2.3 Stability................................................................................................................. 5

3 Constitutive Equations for Soft Biological Tissues................................................... 6

3.1 Introduction to Anisotropy ................................................................................... 6

3.2 Green-Lagrange Tensor Components to Describe Anisotropy ........................... 7

3.3 Strain Invariants Formulation .............................................................................. 7

4 About Some Specific Constitutive Equations.......................................................... 12

4.1 Transversely Isotropic Model of Guccione et al. .............................................. 12

4.2 HGO Orthotropic Model .................................................................................... 14

4.3 About the Two Models ...................................................................................... 15

5 How to Account for a Kinematics Constraint in a Constitutive Law? ................... 16

6 Passive Hyperelastic SEDFs Used in the Book Chapters ....................................... 18

7 Discussion................................................................................................................. 22

8 Conclusion ................................................................................................................ 23

References ................................................................................................................ 23

CHAPTER 2 Hyperelastic Models for Contractile Tissues: Application
to Cardiovascular Mechanics ................................................................ 31

1 Introduction .............................................................................................................. 31

2 Introductory Notions of Nonlinear Theory of Elasticity and Notations ................. 32

3 Modeling the Contractile Response With the Active-Stress Formalism ................ 34

4 Modeling the Contractile Response With the Active-Strain Formalism ................ 35

5 Strain Energy Density Functions Used for the Illustration of the Two

Approaches ............................................................................................................... 37

5.1 Mechanical Behavior of the Myocardium ......................................................... 37

5.2 Mechanical Behavior of the Coronary Arterial Wall ........................................ 39

6 Biomechanical Problems and Modeling Issues ....................................................... 40

6.1 Problem 1: Vascular Tone and Residual Stress in Arteries .............................. 41

v



6.2 Problem 2: Equibiaxial Stretching of Myocardial Tissue During

Contraction ......................................................................................................... 44

6.3 Problem 3: Combining Hill Model With Starling’s Law for Myocardial

Contraction ......................................................................................................... 48

7 Concluding Remarks ................................................................................................ 53

Appendix A .............................................................................................................. 54

Appendix B............................................................................................................... 55

References ................................................................................................................ 55

CHAPTER 3 Viscohyperelastic Strain Energy Function ........................................... 59
1 Introduction .............................................................................................................. 59

2 Constitutive Model ................................................................................................... 61

2.1 Dissipation Potential Theoretical Framework ................................................... 61

2.2 Short-Time Memory, Isotropic and Isothermal Case Study ............................. 63

3 Novel Polyvalent Dissipation Potential ................................................................... 65

4 Identification of the Polyvalent Dissipation Potential............................................. 68

5 Application to the Annulus Fibrosus ....................................................................... 69

5.1 Specimen Preparation......................................................................................... 69

5.2 Experimental Setup ............................................................................................ 69

5.3 Data Analysis...................................................................................................... 70

5.4 Results................................................................................................................. 70

5.5 Constitutive Modeling and Identification .......................................................... 70

6 Discussion................................................................................................................. 74

Appendix Numerical Implementation...................................................................... 75

References ................................................................................................................ 76

CHAPTER 4 Constitutive Formulations for Soft Tissue Growth
and Remodeling ....................................................................................... 79

1 Introduction .............................................................................................................. 79

2 Mechanobiology ....................................................................................................... 80

3 Mechanobiological Constitutive Equations ............................................................. 82

General Considerations......................................................................................... 82

3.1 Kinematic Growth Models ................................................................................. 84

3.2 Constrained Mixture Models.............................................................................. 87

3.3 Homogenized Constrained Mixture Models ...................................................... 91

4 Illustrative Examples................................................................................................ 92

4.1 Kinematic Model of Arterial Growth ................................................................ 92

4.2 Kinematic Model of Cardiac Growth and Remodeling .................................... 93

4.3 Kinematic Model of Skin Growth ..................................................................... 93

4.4 Kinematic Model of Skeletal Muscle Growth................................................... 93

vi Contents



4.5 Kinematic Model of Growth and Remodeling in the Eye ................................ 94

4.6 Fiber Reorientation in Collagen Gels and Tissues ............................................ 94

4.7 Constrained Mixture Models of Vascular Growth and Remodeling ................ 94

4.8 Constrained Mixture Models in Tissue Engineering......................................... 95

5 Closure...................................................................................................................... 95

Acknowledgments .................................................................................................... 95

References ................................................................................................................ 96

CHAPTER 5 Modeling of Damage in Soft Biological Tissues............................... 101
1 Introduction ............................................................................................................ 101

2 Constitutive Modeling of Damage in Soft Biological Tissues ............................. 102

2.1 Loading Domains for Soft Biological Tissues ................................................ 103

2.2 Damage Characterization in Soft Biological Tissue ....................................... 105

2.3 Models Based on Continuum Damage Mechanics.......................................... 105

2.4 Models Based on the Theory of Pseudo-Elasticity ......................................... 111

2.5 Softening Hyperelasticity Approach ................................................................ 113

3 Computational Modeling of Damage in Soft Biological Tissue........................... 114

4 Concluding Remarks and Future Direction ........................................................... 118

Acknowledgments .................................................................................................. 119

References .............................................................................................................. 119

PART 2 PASSIVE SOFT ORGANS

CHAPTER 6 Biomechanical Modeling of Brain Soft Tissues for Medical
Applications............................................................................................ 127

1 Introduction: Clinical Context ............................................................................... 127

2 Anatomical Description of the Brain..................................................................... 127

2.1 Soft Tissues ...................................................................................................... 128

2.2 Ventricular System and Cerebrospinal Fluid................................................... 128

2.3 Brain Vascularization ....................................................................................... 129

3 Brain FE Models in the Literature......................................................................... 130

3.1 Mechanical Properties of Brain Tissues .......................................................... 130

3.2 Boundary Conditions and Loading .................................................................. 135

3.3 Biomechanical Models ..................................................................................... 135

3.4 Conclusion ........................................................................................................ 138

4 Biomechanical FE Model for Vessel-Based Brain-Shift Compensation .............. 138

4.1 Relative Works ................................................................................................. 139

4.2 Our Approach ................................................................................................... 139

5 Results..................................................................................................................... 142

6 Conclusion .............................................................................................................. 143

viiContents



Acknowledgments .................................................................................................. 143

References .............................................................................................................. 143

CHAPTER 7 Esophagus............................................................................................... 147
1 Introduction ............................................................................................................ 147

2 Anatomical Characteristics of the Esophagus ....................................................... 148

2.1 Gross Anatomy of the Esophagus.................................................................... 148

2.2 Microscopic Anatomy of the Esophagus ......................................................... 149

3 Biomechanical Function of the Normal Esophagus .............................................. 150

4 Growth, Aging, and Disease-Induced Remodeling in the Esophagus .................. 151

5 Constitutive Models of Esophagus ........................................................................ 153

6 Modeling Analysis of the Esophagus .................................................................... 157

6.1 Modeling of Esophagus Structure.................................................................... 157

6.2 Modeling of Esophagus Physiology ................................................................ 158

7 Perspectives ............................................................................................................ 160

References .............................................................................................................. 162

CHAPTER 8 Aorta ........................................................................................................ 169

1 Introduction ............................................................................................................ 169

2 Histology and Morphology of the Aorta ............................................................... 169

2.1 Extra Cellular Matrix ....................................................................................... 170

2.2 Cells .................................................................................................................. 174

3 Mechanical Properties and Experimental Observations ........................................ 174

4 Constitutive Descriptions ....................................................................................... 177

4.1 Modeling Frameworks...................................................................................... 177

4.2 Purely Phenomenological Descriptions ........................................................... 178

4.3 Histo-Mechanical Descriptions ........................................................................ 178

4.4 Damage and Failure Descriptions .................................................................... 181

4.5 Growth and Remodeling Descriptions............................................................. 182

5 Conclusion .............................................................................................................. 182

Acknowledgment.................................................................................................... 183

References .............................................................................................................. 183

CHAPTER 9 Arterial Wall Stiffness and Atherogenesis
in Human Coronaries ............................................................................ 193

Abbreviations.......................................................................................................... 193

1 Introduction ............................................................................................................ 194

1.1 Background....................................................................................................... 194

1.2 Purpose of This Biomechanical Study............................................................. 195

2 Methods .................................................................................................................. 197

2.1 Clinical Population ........................................................................................... 197

viii Contents



2.2 Advantage of Considering Bifurcations With Small

Atherosclerotic Lesions.................................................................................... 197

2.3 Plaque Analysis and Locations ........................................................................ 197

2.4 CT Image Analysis and 3D Coronary Bifurcation Reconstruction ................ 198

2.5 MRI Image Analysis and Motion of the Basal Heart Segment ...................... 199

2.6 Computational Structural Analysis .................................................................. 199

2.7 Computational Fluid Analysis.......................................................................... 200

2.8 Bifurcation Regions of Interest and Statistical Analysis................................. 200

3 Results..................................................................................................................... 201

3.1 Population, Plaque Characteristics and Location ............................................ 201

3.2 3D Bifurcation Reconstructions ....................................................................... 201

3.3 Motion of the Basal Left Ventricular Segment ............................................... 201

3.4 Influence of Heart Motion on Spatial LWStiff Distribution............................. 201

3.5 Luminal Arterial Wall Stiffness Distributions................................................. 202

3.6 ESS Distribution............................................................................................... 205

3.7 Correlation Between ESS, LWStiff, and Stretch .............................................. 205

4 Discussion............................................................................................................... 205

4.1 Mechanobiology of Atherogenesis: Future Directions.................................... 207

4.2 Study Limitations ............................................................................................. 209

4.3 Relevance for Other Clinical Applications...................................................... 209

Acknowledgment.................................................................................................... 209

References .............................................................................................................. 210

Further Reading ...................................................................................................... 213

CHAPTER 10 Clinical Applications of Breast Biomechanics.................................. 215
1 Introduction ............................................................................................................ 215

1.1 Diagnosing Breast Cancer................................................................................ 215

1.2 Treating Breast Cancer..................................................................................... 216

1.3 Applying Breast Biomechanics to Address Clinical Challenges .................... 217

2 Anatomy of the Breast ........................................................................................... 218

2.1 3D Patient-Specific Modeling of Breast Anatomy.......................................... 219

3 Simulating Breast Biomechanics ........................................................................... 220

3.1 Simulating Breast Deformation Under Gravity Loading ................................ 223

3.2 Simulating Mammographic Compression........................................................ 224

3.3 Boundary Conditions........................................................................................ 225

4 Mechanical Properties of Breast Tissues ............................................................... 226

5 Applications of Patient-Specific Breast Biomechanics ......................................... 229

5.1 Colocating Tumors Between Different Diagnostic Imaging Modalities ........ 229

5.2 Tracking Tumors for Surgical Assistance ....................................................... 230

5.3 Predicting Outcomes of Breast Augmentation Procedures ............................. 232

6 Translating Biomechanical Models ....................................................................... 232

ixContents



7 Conclusions............................................................................................................. 233

References .............................................................................................................. 234

CHAPTER 11 Nonlinear Biomechanical Model of the Liver.................................... 243
1 Introduction: Clinical Context ............................................................................... 243

2 Anatomy of the Liver............................................................................................. 244

3 Finite Element Models and Constitutive Laws of the Liver:

Literature Review................................................................................................... 245

3.1 Nonlinear Constitutive Laws for Liver Modeling ........................................... 245

3.2 Influence of the Test Conditions and Specific Mechanical Properties ........... 247

3.3 Finite Element Models of the Liver................................................................. 251

4 A Porous Viscohyperelastic Finite Element Model of the Liver.......................... 251

4.1 Optimized Assembly of Finite Elements for Hyperelastic Materials ............. 252

4.2 Viscohyperelasticity Based on Prony Series ................................................... 255

4.3 Poroelasticity .................................................................................................... 256

5 Results..................................................................................................................... 257

5.1 MJED Validation.............................................................................................. 257

5.2 Rheological Testing on Porcine Liver: Experimental Materials

and Methods ..................................................................................................... 258

5.3 Model Parameter Fitting From Experiments ................................................... 259

5.4 Liver Simulations ............................................................................................. 260

6 Discussion and Perspectives................................................................................... 261

References .............................................................................................................. 262

CHAPTER 12 Human Abdomen: Mechanical Modeling and Clinical
Applications............................................................................................ 267

1 Introduction: Clinical Context ............................................................................... 267

2 Background: Anatomical and Functional Description of the Organ..................... 268

3 Some Relevant Models of the Human Abdomen.................................................. 269

4 Mathematical Model: 3D Hyperelastic Constitutive Laws ................................... 270

5 Finite Element Model of the Human Abdomen .................................................... 273

5.1 Geometry and Mesh ......................................................................................... 273

5.2 Material Properties and Preferential Direction of Anisotropy ........................ 274

5.3 Including the Initial Strains in the FE Model.................................................. 275

6 Results..................................................................................................................... 277

6.1 Modeling Physiological Loads......................................................................... 277

6.2 Modeling Hernia Surgery................................................................................. 280

6.3 Rectus Abdominis Contraction ........................................................................ 280

7 Conclusions............................................................................................................. 281

Acknowledgments .................................................................................................. 283

References .............................................................................................................. 283

x Contents



CHAPTER 13 Constitutive Modeling of the Small Intestine .................................... 287
1 Introduction ............................................................................................................ 287

2 Anatomy and Function ........................................................................................... 288

3 Relevant Constitutive Models and Numerical Simulations .................................. 288

4 Mechanical Testing and Constitutive Modeling of the Small Intestine

for FEM Implementation........................................................................................ 290

4.1 Specimen Preparation....................................................................................... 290

4.2 Biaxial Testing Protocol................................................................................... 291

4.3 Constitutive Model Development .................................................................... 292

4.4 Average Model Generation .............................................................................. 294

4.5 Numerical Validation of the Specimen-Specific Constitutive Models ........... 295

4.6 Evaluation of the Predictive Capability of the Specimen-Specific

Constitutive Models ......................................................................................... 295

4.7 Evaluation of the Predictive Capability of the Average Constitutive

Models .............................................................................................................. 296

4.8 Statistical Analysis ........................................................................................... 296

4.9 Simulation of an Active Capsule Endoscope .................................................. 296

5 Results..................................................................................................................... 296

5.1 Biaxial Mechanical Response .......................................................................... 297

5.2 Constitutive Models ......................................................................................... 298

5.3 Predictive Capability of the Specimen-Specific Constitutive Models ............ 299

5.4 Numerical Simulations of the Biaxial Tests .................................................... 300

5.5 Simulation of an Active Capsule Endoscope .................................................. 301

6 Discussion............................................................................................................... 301

7 Conclusion .............................................................................................................. 302

Acknowledgments .................................................................................................. 303

References .............................................................................................................. 303

CHAPTER 14 Bladder/Prostate/Rectum: Biomechanical Models of the
Mobility of Pelvic Organs in the Context of Prostate
Radiotherapy .......................................................................................... 307

1 Introduction ............................................................................................................ 307

2 State of the Art ....................................................................................................... 308

2.1 Review .............................................................................................................. 308

2.2 Discussion......................................................................................................... 309

2.3 Current Contribution ........................................................................................ 310

3 Physiology and Anatomy ....................................................................................... 310

3.1 Anatomy Overview of the Pelvic Area............................................................ 310

3.2 Prostate Motion ................................................................................................ 311

3.3 Rheological Properties ..................................................................................... 313

3.4 Urodynamic Data ............................................................................................. 313

xiContents



4 Computational Model............................................................................................. 314

4.1 Geometry and Mesh Generation ...................................................................... 314

4.2 Boundary Conditions........................................................................................ 315

4.3 Material Model and Parameter Fitting............................................................. 316

5 Results and Discussion........................................................................................... 318

5.1 Preliminary Simulations ................................................................................... 318

5.2 Simulations “01” .............................................................................................. 319

5.3 Simulations “02” .............................................................................................. 321

5.4 Simulations With Breathing Action................................................................. 321

6 Conclusion .............................................................................................................. 322

Acknowledgments .................................................................................................. 323

References .............................................................................................................. 323

CHAPTER 15 Uterus ...................................................................................................... 325
1 Introduction ............................................................................................................ 325

2 Anatomical and Functional Description of the Uterus.......................................... 326

3 Previous Work Published in the Literature About the Uterus .............................. 327

3.1 Generation of the Geometrical Models............................................................ 327

3.2 Study of the Uterus in Laparoscopic Images................................................... 330

3.3 Assessment of the Biomechanical Properties of the Uterus............................ 333

3.4 Finite Element Models Proposed to Simulate the Behavior of the Uterus..... 334

4 Our Childbirth Simulation in Real Time ............................................................... 337

4.1 Generation of the Geometrical Models............................................................ 337

4.2 Biomechanical Modeling of the Uterus and Forces ........................................ 338

4.3 Contacts Between the Uterus and the Others Organs Involved in the

Simulation......................................................................................................... 341

4.4 Mechanical Behavior of the Uterus During the Simulation............................ 341

4.5 Discussion About Our Real-Time Simulation of Vaginal Delivery ............... 343

5 Conclusion .............................................................................................................. 343

Acknowledgments .................................................................................................. 344

References .............................................................................................................. 344

CHAPTER 16 Skin Mechanics ..................................................................................... 347
1 Introduction ............................................................................................................ 347

2 Phenomenological Description of the Mechanical Behavior of Skin ................... 348

3 Constitutive Equations for Skin ............................................................................. 350

3.1 Hyperelastic Models......................................................................................... 350

3.2 Viscoelastic Models for Skin ........................................................................... 353

4 Conclusion and Discussion .................................................................................... 355

References .............................................................................................................. 356

xii Contents



PART 3 ACTIVE SOFT ORGANS

CHAPTER 17 Three-Dimensional Modeling of Active Muscle Tissue:
The Why, The How, and The Future.................................................... 361

1 Introduction ............................................................................................................ 361

2 Step 1: Establish the Initial Question .................................................................... 362

3 Step 2: Establish the Geometrical Representation of the Model .......................... 363

4 Step 3: Fiber Trajectories....................................................................................... 364

5 Step 4: The Constitutive Model ............................................................................. 366

6 Step 5. The Simulation Conditions ........................................................................ 368

7 Step 6. Validation................................................................................................... 368

8 Step 7. Generate Insights ....................................................................................... 370

9 Future Directions .................................................................................................... 371

9.1 Constitutive Models ......................................................................................... 371

9.2 Novel Methods to Create 3D Muscle Models ................................................. 371

9.3 Extended Applications ..................................................................................... 371

9.4 Linking Structural Finite-Element Models With Other Modeling

Scales and Domains ......................................................................................... 372

10 Summary................................................................................................................. 372

Acknowledgments .................................................................................................. 372

References .............................................................................................................. 372

CHAPTER 18 Computational Modeling of the Passive and Active
Components of the Face ....................................................................... 377

1 Introduction ............................................................................................................ 377

2 Background............................................................................................................. 378

2.1 Skin ................................................................................................................... 378

2.2 Subcutaneous Fat.............................................................................................. 378

2.3 Superficial Musculoaponeurotic System.......................................................... 378

2.4 Retaining Ligaments......................................................................................... 378

2.5 Mimetic Muscles .............................................................................................. 379

2.6 Deep-Plane Fat ................................................................................................. 380

2.7 Facial Skeleton ................................................................................................. 380

3 Previous Computational Models of the Face......................................................... 380

3.1 Facial Tissue Constitutive Relationships ......................................................... 380

3.2 Facial Muscle Modeling................................................................................... 382

3.3 Finite Element Models ..................................................................................... 383

4 Face Model Development ...................................................................................... 384

4.1 General Face Model ......................................................................................... 384

4.2 Subject-Specific Model Development ............................................................. 386

xiiiContents



5 Results..................................................................................................................... 389

5.1 General Face Model Results ............................................................................ 389

5.2 Subject-Specific Model Results ....................................................................... 389

6 Conclusion .............................................................................................................. 391

References .............................................................................................................. 391

Further Reading ...................................................................................................... 394

CHAPTER 19 Human Tongue Biomechanical Modeling .......................................... 395

1 Introduction: Human Tongue Anatomy................................................................. 395

2 Tongue Biomechanical Modeling: A Review of the Constitutive Models

Proposed in the Literature ...................................................................................... 398

3 A 3D Finite Element Model of the Human Tongue ............................................. 402

3.1 Geometrical Structures and Mesh Creation ..................................................... 402

3.2 Mechanical Properties and Muscle Activation Model .................................... 402

3.3 Dynamic Parameters and Resolution Method ................................................. 403

3.4 Muscle Activation: Simulations Results .......................................................... 403

4 Conclusion .............................................................................................................. 408

Acknowledgments .................................................................................................. 409

References .............................................................................................................. 409

Further Reading ...................................................................................................... 411

CHAPTER 20 FRANK: A Hybrid 3D Biomechanical Model of the Head
and Neck................................................................................................. 413

1 Introduction ............................................................................................................ 413

2 Related Work.......................................................................................................... 415

3 ArtiSynth: A Hybrid Simulation Platform for Biomechanics ............................... 416

3.1 Combined Multibody Finite-Element Simulation ........................................... 416

3.2 Muscle Modeling.............................................................................................. 417

3.3 Inverse Modeling With FRANK...................................................................... 419

4 Approaches to Common Challenges With Constructing FRANK........................ 420

4.1 Segmentation and Registration From Medical Data ....................................... 421

4.2 Volumetric Meshing......................................................................................... 423

4.3 Attachments ...................................................................................................... 423

5 FRANK: A Hybrid Head and Neck Model ........................................................... 423

5.1 Data Sources..................................................................................................... 424

5.2 Bony Structures ................................................................................................ 424

5.3 Soft Tissues ...................................................................................................... 427

5.4 Missing Components and Geometric Skinning ............................................... 431

6 Applications Using FRANK .................................................................................. 432

6.1 Swallowing Using SPH.................................................................................... 432

xiv Contents



6.2 Mastication ....................................................................................................... 434

6.3 Speaking ........................................................................................................... 434

6.4 Patient-Specific Modeling With FRANK........................................................ 435

7 Summary and Future Work.................................................................................... 436

Appendix A Rigid Body Components in FRANK ..................................................................... 437

Appendix B Deformable Components in FRANK..................................................................... 438

Appendix C Muscles in FRANK................................................................................................ 438

Appendix D Ligaments in FRANK ............................................................................................ 442

Acknowledgments .................................................................................................. 442

References .............................................................................................................. 443

Further Reading ...................................................................................................... 447

CHAPTER 21 Adaptive Reorientation of Myofiber Orientation in a Model of
Biventricular Cardiac Mechanics: The Effect of Triaxial Active
Stress, Passive Shear Stiffness, and Activation Sequence ............ 449

1 Introduction ............................................................................................................ 449

2 Modeling Myocardial Tissue Properties and Cardiac Mechanics......................... 451

3 Finite Element Model of Biventricular Mechanics and Remodeling ................... 454

4 Results..................................................................................................................... 460

5 Discussion............................................................................................................... 463

6 Conclusion .............................................................................................................. 466

References .............................................................................................................. 466

PART 4 MUSCULO-SKELETAL MODELS

CHAPTER 22 Spine ....................................................................................................... 471

1 Introduction ............................................................................................................ 471

2 Vertebral Mobility.................................................................................................. 473

2.1 Loads on the Spine and Posture....................................................................... 473

2.2 Range of Motion Under External Loading ...................................................... 473

3 Intervertebral Disc.................................................................................................. 479

3.1 Multiscale Modeling......................................................................................... 480

3.2 Noninvasive Biomechanical Characterization ................................................. 482

3.3 Viscoelastic Properties of the IVD .................................................................. 484

4 Ligaments ............................................................................................................... 485

4.1 Experimental data............................................................................................. 485

4.2 Spinal modeling................................................................................................ 486

5 Strain Energy Density Functions Used in the Literature ...................................... 486

6 Discussion............................................................................................................... 490

Acknowledgments .................................................................................................. 491

xvContents



References .............................................................................................................. 491

Further Reading ...................................................................................................... 495

CHAPTER 23 Modeling of the Thigh: A 3D Deformable Approach
Considering Muscle Interactions ........................................................ 497

1 Introduction ............................................................................................................ 497

2 Background: Anatomical and Functional Description of the Organs ................... 499

3 Material and Methods ............................................................................................ 501

3.1 Multibody Rigid Modeling of the Lower Limb .............................................. 501

3.2 Deformable Modeling of the Thigh ................................................................. 503

4 Results..................................................................................................................... 508

5 Discussion and Perspectives................................................................................... 509

5.1 Modelling Choices ........................................................................................... 510

5.2 Interactions Among Muscles............................................................................ 511

5.3 Limitations........................................................................................................ 512

6 Conclusion and Perspectives.................................................................................. 513

Acknowledgments .................................................................................................. 515

References .............................................................................................................. 515

CHAPTER 24 Subject-Specific Computational Prediction
of the Effects of Elastic Compression in the Calf ............................. 523

1 Introduction ............................................................................................................ 523

1.1 Anatomy ........................................................................................................... 523

1.2 Fat Tissues ........................................................................................................ 525

1.3 Physiology of Venous Return .......................................................................... 525

1.4 The Calf Muscle Pump .................................................................................... 526

1.5 Venous Dysfunction ......................................................................................... 526

1.6 Treatments by Compression Therapy .............................................................. 527

1.7 Objectives ......................................................................................................... 527

2 Materials and Methods ........................................................................................... 527

2.1 Data Acquisition............................................................................................... 528

2.2 Assumptions About the Anatomy .................................................................... 528

2.3 Development of the FE Model......................................................................... 528

2.4 Material Properties ........................................................................................... 530

2.5 Modeling of Elastic Compression.................................................................... 531

2.6 Contact Definition ............................................................................................ 532

2.7 Assessment of the FE Model ........................................................................... 533

3 Results..................................................................................................................... 535

3.1 Distribution Hydrostatic Pressure .................................................................... 535

3.2 Closure of Veins............................................................................................... 537

xvi Contents



4 Discussion............................................................................................................... 539

4.1 Originality of the Study.................................................................................... 539

4.2 Prediction of the Effects of Elastic Compression............................................ 541

4.3 Limitations and Future Work........................................................................... 542

5 Conclusions............................................................................................................. 542

References .............................................................................................................. 543

Further Reading ...................................................................................................... 544

CHAPTER 25 Biomechanical Modeling of the Foot.................................................. 545
1 Introduction: Clinical Context ............................................................................... 545

2 Anatomical Description of the Foot ...................................................................... 546

3 Foot Models in the Literature ................................................................................ 547

4 Biomechanical Foot Model for Arthrodesis Simulation and

Foot Pressure Ulcer Prevention.............................................................................. 554

5 Results and Discussions ......................................................................................... 559

5.1 Arthrodesis Simulation..................................................................................... 559

5.2 Pressure Ulcer Prevention ................................................................................ 559

6 Conclusion .............................................................................................................. 561

Acknowledgments .................................................................................................. 562

References .............................................................................................................. 562

Index .................................................................................................................................................. 565

xviiContents


