Contents

Preface XI
List of Contributors  XIII

1 Bone and Cartilage — its Structure and Physical Properties 1
Ryszard Wojnar

i 31 Introduction 1

1:1.1 The Structure of Living Organisms 7

112 Growth of Living Organisms 9

11241 Ring-Shaped Grain Boundary 10

113 Planarity of Biological Structures 12

1.2 Macroscopic Structure of the Bone 13

121 Growth of the Bone 13

1.2:2 Structure of the Body 16

123 Macroscopic Structure of Skeleton 17

1.2.4 Apatite in the Bone 18

1.2.5 Structure of the Bone 21

1.3 Microscopic Structure of the Bone 22

1:3.1 General 22

1.3.2 Osteon 24

1.3:3 Bone Innervation 28

1.3:3.1 Anatomy of Bone Innervation 30
1.3.4 Bone Cells 31

1.3.4.1 Cells 31

1.3.42  Cell Membrane 32

1.3.4.3 Membrane Transport 34

1.3.4.4  Bone Cell Types 35

1.3.45  Osteoclasts 38

1.3:5 Cellular Image — OPG/RANK/RANKL Signaling System 39
1:3:5.1 Osteoprotegerin 40

1.3.5.2 RANK/RANKL 41

1:3:5.3 TACE 42

1.3.5.4  Bone Modeling and Remodeling 42
1.3.6 Proteins and Amino Acids 46

Biomechanics of Hard Tissues: Modeling, Testing, and Materials.

Edited by Andreas Ochsner and Waqar Ahmed

Copyright © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-32431-6



Vi

Contents

1.3.7
1.3.7.1
1.3.8
1.3:9
1.3:9:1
1.3.9.2
1.3.9.3
1394
1.3:9.5
1.3:9.6
1.4
1.5
1.6

2.1
2.2
2.3
2.3:.1
2.3:2
2:3:3
234
2.4
2.5
2.6

3.1
3.2
3.2:1
3.2.2
3.2.3
3.24
3.3
8:3.1
3.3.2
3.3.3
3.34
34

Collagen and its Properties 48
Molecular Structure 51

Geometry of Triple Helix 52
Polymer Thermodynamics 55
Thermodynamics 55

Ideal Chain 56

Wormlike Chain 57

Architecture of Biological Fibers 58
Architecture of Collagen Fibers in Human Osteon 59
Collagen Elasticity 60

Remarks and Conclusions 63
Comments 64

Acknowledgments 65

References 65

Further Reading 75

Numerical Simulation of Bone Remodeling Process Considering
Interface Tissue Differentiation in Total Hip Replacements 77
Eduardo A. Fancello, Darlan Dallacosta, and Carlos R. M. Roesler
Introduction 77

Mechanical Adaptation of Bone 79

Constitutive Models 80

Bone Constitutive Model 80

Interface Constitutive Model 82

Model for Periprosthetic Adaptation 85

Model for Interfacial Adaptation 89

Numerical Examples 90

Final Remarks 98

Acknowledgments 98

References 99

Bone as a Composite Material 101

Michelle L. Oyen and Virginia L. Ferguson
Introduction 101

Bone Phases 102

Organic 103

Mineral 103

Physical Structure of Bone Material 104
Water 104

Bone Phase Material Properties 105
Organic Matrix 105

Mineral Phase 106

Water 107

Elastic Modulus of Composite Materials 108
Bone as a Composite: Macroscopic Effects 111



3.5
3.6
3.7

4.1
4.2

4.2.1
4.2.2
4.3
4.4
4.5

4.6

4.7
4.8

4.9

51
5.2
5.3
5.4

6.1
6.2
6.2.1
6.2.2
6.3
6:3.1

Contents

Bone as a Composite: Microscale Effects 112
Bone as a Composite: Anisotropy Effects 113
Bone as a Composite: Implications 117
References 119

Mechanobiological Models for Bone Tissue. Applications to Implant
Design 123

José Manuel Garcia-Aznar, Maria José Gomez-Benito, Maria Angeles
Pérez, and Manuel Doblaré

Introduction 123

Biological and Mechanobiological Factors in Bone Remodeling and
Bone Fracture Healing 124

Bone Remodeling 124

Bone Fracture Healing 125

Phenomenological Models of Bone Remodeling 126

Mechanistic Models of Bone Remodeling 126

Examples of Application of Bone Remodeling Models to Implant
Design 128

Models of Tissue Differentiation. Application to Bone Fracture
Healing 133

Mechanistic Models of Bone Fracture Healing 134

Examples of Application of Bone Fracture Healing Models to Implant
Design 137

Concluding Remarks 140

References 140

Biomechanical Testing of Orthopedic Implants; Aspects of Tribology
and Simulation 145

Yoshitaka Nakanishi

Introduction 145

Tribological Testing of Orthopedic Implants 145

Tribological Testing of Tissue from a Living Body 152
Theoretical Analysis for Tribological Issues 154

References 155

Constitutive Modeling of the Mechanical Behavior of Trabecular
Bone — Continuum Mechanical Approaches 159

Andreas Ochsner and Seyed Mohammad Hossein Hosseini
Introduction 159

Summary of Elasticity Theory and Continuum Mechanics 160
Stress Tensor and Decomposition 160

Invariants 161

Constitutive Equations 164

Linear Elastic Behavior: Generalized Hooke’s Law for Isotropic
Materials 165

Vil




vl

Contents

6.3.2

6.3.3

6.3.4

6:3.5
6.4
6.4.1
6.5

7ol
7+2
72,
722
7.2:3
7.2.4
7.3
7.3.1
7311
7.3:1:2
7.3.2
7.3.21
7.3.2.:2
7.3:3
7.3.4

7.4

8.1
8.2
8.3
8.3.1
8.3.2
83.3
8.3.4
8.3.5

Linear Elastic Behavior: Generalized Hooke’s Law for Orthotropic
Materials 171

Linear Elastic Behavior: Generalized Hooke’s Law for Orthotropic
Materials with Cubic Structure 173

Linear Elastic Behavior: Generalized Hooke’s Law for Transverse
Isotropic Materials 173

Plastic Behavior, Failure, and Limit Surface 174

The Structure of Trabecular Bone and Modeling Approaches 181

Structural Analogies: Cellular Plastics and Metals 183
Conclusions 189
References 189

Mechanical and Magnetic Stimulation on Cells for Bone
Regeneration 193

Humphrey Hak Ping Yiu and Kuo-Kang Liu
Introduction 193

Mechanical Stimulation on Cells 194

Various Mechanical Stimulations 194

Techniques for Applying Mechanical Loading 195
Mechanotransduction 196

Mechanical Influences on Stem Cell 197

Magnetic Stimulation on Cells 199

Magnetic Nanoparticles for Cell Stimulation 199
Properties of Magnetic Nanoparticles 199
Functionalization of Magnetic Nanoparticles 201
Magnetic Stimulation 201

Magnetic Pulling 201

Magnetic Twisting 202

Limitation of Using Magnetic Nanoparticles for Cell Stimulation
Magnetic Stimulation and Cell Conditioning for Tissue
Regeneration 204

Summary 205

References 205

Joint Replacement Implants 209

Duncan E. T. Shepherd

Introduction 209

Biomaterials for Joint Replacement Implants 209

Joint Replacement Implants for Weight-Bearing Joints 211
Introduction 211

Hip Joint Replacement 211

Knee Joint Replacement 215

Ankle Joint Replacement 216

Methods of Fixation for Weight-Bearing Joint Replacement
Implants 217

203



8.4

8.4.1
8.4.2
843
8.5

85.1
8.5:2
8.5.3
8.5.4
8.5.5
8.5.6
8.5.7
8.5.8
8.6

91
9.2
9:2.1
922
9.2.3
9.24

9.3
9.4
9.5
9.6
9.7
9.7.1
9.7.2
9.7.3
9.7.4
9.7.5
9.8
9.8.1

9.8:2
9.8.3
9.8.4
9.8:5

9.8.6

Contents | IX

Joint Replacement Implants for Joints of the Hand and Wrist 218
Introduction 218

Finger Joint Replacement 219

Wrist Joint Replacement 222

Design of Joint Replacement Implants 223
Introduction 223

Feasibility 225

Design 225

Verification 226

Manufacture 228

Validation 228

Design Transfer 229

Design Changes 229

Conclusions 230

References 230

Interstitial Fluid Movement in Cortical Bone Tissue 233
Stephen C. Cowin

Introduction 233

Arterial Supply 234

Overview of the Arterial System in Bone 234

Dynamics of the Arterial System 236

Transcortical Arterial Hemodynamics 237

The Arterial System in Small Animals may be Different from that in
Humans 238

Microvascular Network of the Medullary Canal 239
Microvascular Network of Cortical Bone 240

Venous Drainage of Bone 241

Bone Lymphatics and Blood Vessel Trans-Wall Transport = 241
The Levels of Bone Porosity and their Bone Interfaces 244
The Vascular Porosity (PV) 244

The Lacunar—Canalicular Porosity (PLC) 245

The Collagen—Hydroxyapatite Porosity (PCA) 245
Cancellous Bone Porosity 246

The Interfaces between the Levels of Bone Porosity 246
Interstitial Fluid Flow 248

The Different Fluid Pressures in Long Bones (Blood Pressure,
Interstitial Fluid Pressure, and Intramedullary Pressure) 248
Interstitial Flow and Mechanosensation 249

Electrokinetic Effects in Bone 252

The Poroelastic Model for the Cortical Bone 254

Interchange of Interstitial Fluid between the Vascular and
Lacunar—Canalicular Porosities 257

Implications for the Determination of the Permeabilities 262
References 263



X | Contents

10 Bone Implant Design Using Optimization Methods 267
Paulo R. Fernandes, Rui B. Ruben, and Joao Folgado

10.1 Introduction 267

10.2 Optimization Methods for Implant Design 269

10.2.1 Cemented Stems 269
10.2.2 Uncemented Stems 270
10.3 Design Requirements for a Cementless Hip Stem 271
10.3.1 Implant Stability 272
10.3.2 Stress Shielding Effect 272
10.4 Multicriteria Formulation for Hip Stem Design 273
10.4.1 Design Variables and Geometry 274
10.4.2 Objective Function for Interface Displacement 275
10.4.3 Objective Function for Interface Stress 275
10.4.4 Objective Function for Bone Remodeling 276
10.4.5 Multicriteria Objective Function 277
10.5 Computational Model 277
10.5.1 Optimization Algorithm 278
10.5.2 Finite Element Model 280
10.6 Optimal Geometries Analysis 281
10.6.1 Optimal Geometry for Tangential Interfacial Displacement — f3 282
10.6.2 Optimal Geometry for Normal Contact Stress — f; 283
10.6.3 Optimal Geometry for Remodeling — f; 284
10.6.4 Multicriteria Optimal Geometries — f,,c 286
10.7 Long-Term Performance of Optimized Implants 289
10.8 Concluding Remarks 294
References 295

Index 297



