AN INTRODUCTION TO

.......................................



Contents

Preface ... .. .. it i i it s vii

Comments from a Studenttoa Student ..................... xi

Acknowledgments ..................coinriiiiiiiiina Xiii

Part1 Background ............ ... ... ... 1

L Imtroduction ...................ccoiiiiiiiia, . 3

11 PointofDeparture ..........coovnvinrnvrvnnnns 3

1.2 Health Care Applications ............. ... 5

1.3 What Is Continuum Mechanics? .................. 8

14 ABriefonCellBiology ....................... L. 11

1.5 The Extracellular Matrix ............ ... .. .00, 16

1.6 Mechanotransductionin Cells .................... 22

1.7 General Method of Approach .................... 24

Appendix 1: Engineering Statics ...................... 26
EXEICISES ...\ttt ittt 39

Part I Biosolid Mechanics .................. e 43

2. Stress, Strain, and Constitutive Relations ................ 45

21 Introduction ...........c.cvvurininniaiininnann. 45

22 ConceptofStress ................ PP .. 46

2.3 Stress Transformations . .................coviues 56

2.4 Principal Stresses and Maximum Shear ............. 62

25 ConceptofStrain ............covviniiiiiiiin.., 67

2.6 Constitutive Behavior ........... e 81

2.7 Mechanical Propertiesof Bone ................... 94

Appendix 2: Material Properties ...................... 96

Bretcises ..ot e e 97

Xv



xvi Contents

3. Equilibrium, Universal Solutions, and Inflation . . . ......... 104
3.1 General Equilibrium Equations . .................. 104
3.2 Navier-Space Equilibrium Equations .............. 108
33 AxiallyloadedRods ................ ..ot 110

3.4 Pressurization and Extension of a Thin-Walled .
Tube ..o e 118
3.5 Pressurization of a Thin Spherical Structure ......... 130
3.6 Thick-Walled Cylinders ....................0vvun 135
Appendix 3: First Momentsof Area ................... 142
BXercises ..vvvieiinineiinnenensnennanannacnsinae. 147
4, ExtensionandTorsion ............. ... .. .o, 154
4.1 Deformations due to Extension ................... 155
4.2 Shear StressduetoTorsion ................. e 169
4.3 Principal Stresses and Strains in Torsion ............ 176
4.4 Angle of TwistduetoTorque .................... 181
4.5 Experimental Design: Bone Properties ............. 188
4.6 Experimental Design: Papillary Muscles ............ 189
4.7 Inflation, Extension and Twist .................... 193
Appendix 4: Second Moments of Area ................. 194
EXCICISES + v vvin i in i inae et annernennnaneans 197
5. Beam Bending and Colummn Buckling ................... 202
5.1 Shear Forces and Bending Moments ............... 203
52 StressesinBeams . ... ... ..o 211
53 DeformationinBeams ..............ciiiiviean, 227
5.4 Transducer Design: The AFM .................... 235
5.5 Principle of Superposition ........... ... ... 239
56 ColumnBuckling .........coiviiiiiiiiiiinnns 245

Appendix 5: Parallel Axis Theorem and Composite

BT ST Lo 1 - SO 254
Exercises .............. SR e 260
6. Some Nonlinear Problems ............................ 2N
6.1 Kinematics ...........ciiiniiriirniiaaaas 27
6.2 Pseudoelastic Constitutive Relations ............... 277
6.3 Design of Biaxial Tests on Planar Membranes ....... 287
6.4 Stability of Elastomeric Balloons . ................. 293
6.5 Residual Stress and Arteries . ................ 000 303
6.6 A Role of Vascular Smooth Muscle ................ 315
Appendix 6: Matrices ....... ...ttt 321

o Loy = - S N L. 324



Part IIl Biofluid Mechanics ......................... 329
7. Stress, Motion, and Constitutive Relations ............... 331
7.1 Introduction ...............coiiiiininnennnann. 331
72 Stressand Pressure .............. ... ... ... ..., 332
7.3 Kinematics: The Study of Motion ................. 333
7.4 Constitutive Behavior .......................... 351
7.5 Blood Characteristics .. ......................... 359
7.6 Cone-and-Plate Viscometry .........,........000 364
Appendix 7: Vector Calculus Review ......... e 368
Exercises . ..... ... e 371
8. Fundamental Balance Relations ....................... 379
81 BalanceofMass ......... ... ... ... ... 380
8.2 Balance of Linear Momentum . ................... 383
8.3 Navier-Stokes Equations ........................ 386
84 EulerEquation ...................cccinia.n, 392

8.5 The Bernoulli Equation ............... S 396 °
. 8.6 Measurement of Pressureand Flow ................ 411
8.7 Navier-Stokes Worksheets . ... ................... 415
Appendix 8; Differential Equations .................... 419
BXercises . ... ..ot i e 421
9. SomeExactSolutions ............ ... . ... .. ... ... 426
9.1 Flow Between Parallel Flat Plates ................. 427
9.2 Steady Flow in Circular Tubes . ................... 444
9.3 Circumferential Flow Between Concentric Cylinders .. 452
9.4 Steady Flow in an Elliptical Cross Section .......... 462
95 Pulsatile Flow ......... ...t iiiininiennnn.. 465
9.6 Non-Newtonian Flow in a Circular Tube ............ 473
Appendix 9: Biological Parameters .................... 477
CEXeICISES ... e e 479
10. Control Volume and Semi-empirical Methods . . ........... 491
10.1 Fundamental Equations ......................... 491
10.2 ' Control Volume Analyses in Rigid Conduits ... ...... 500
10.3  Control Volume Analyses in Deforming Containers ... 509
10.4 Murray’s Law and Optimal Design ................ 513
10.5 Buckingham Pi and Experimental Design ........... 518
106 PipeFlow ...... ... ... i 528
10.7 Conclusion ......... ... . i 542
Appendix 10: Thermodynamics . ............ .. coovnn.. 543

5, 1)< S A 545 -



Xviii Contents

Part IV Closure .................ciiiiiiiiiinnann, 1555
11. Coupled Solid-Fluid Problems ........................ 557
11.1 Vein Mechanobiology ..............ccoiuvinn.n. 557
11.2 Diffusion Through a Membrane .................. 559
11.3 Dwynamics of a Saccular Aneurysm ................ 571
114 Viscoelasticity: QLVandBeyond ................. 582
11.5 Lubrication of Articular Joints .. .................. 597

11.6 Thermomechanics, Electromechamcs and )
Chemomechanics .......ccoivevrinenienenrnnns 603
R0 53 v L=< 606
12, Epilogue .. ... e e 612
12.1 Future Needs in Biomechanics ................... 612
12.2 Need for Lifelong Learning ...................... 616
123 Conclusion . ....oiii ittt e 618
REFEICIICES . . .. v vt it n sttt rnae s s e atanar s sannseenenns 619
IndeX ... o e e e e 625

Aboutthe Authors . ........... ... it iireannas 631



