TABLE OF CONTENTS

CONTRIBUTORS . ...ttt e e et e e e s s e e e e e a e e e e snaeaeeans iX
[ R o N O R Xi
L INTRODUCTION. ...ttt e e e e st e e e e e e e e e s snnreeeeenns !
1.1 DEFINITION OF BIOMECHANICS Nigg, BHK ... 2
12  SELECTED HISTORICAL HIGHLIGHTS Nigg, BXK......ccooiiiiiiiiiice s 3
121 THE SCIENTIFIC LEGACY OF ANTIQUITY ..coiiiicicieece e 3
1.2.2 THE MIDDLE AGES........coi ittt st ettt sr et neena et 9
123 THE ITALIAN RENAISSANCE.......cccci ottt 9
124 THE SCIENTIFIC REVOLUTION......coiiiictccrs ettt 14
125 THE ENLIGHTENMENT ..ottt st 22
126 THE GAIT CENTURY ..ottt ettt 25
127 THE TWENTIETH CENTURY ..coiiiiiicec ettt 30
1.2.8 FINAL COMMENTS......oo ittt et e st s be e be e ne e e stesteens 33
1.3 MECHANICS NigQ, BXK ..ottt ettt st nn e e 36
1.3.1 DEFINITIONS AND COMMENTS......coo ittt 36
1.3.2- SELECTED HISTORICAL HIGHLIGHTS.......cci it 37
1.3.3 NEWTON’S LAWS OF MOTION....coiiiiii ittt 37
1.3.4 EQUATIONS OF MOTION FOR A RIGID BODY. ....ccccceoiiiiiieeiieieiecse e 39
1.35 GENERAL COMMENTS ...ttt ettt ettt s be bbbt 45
14 REFERENGCES. ...ttt ettt ettt b et be e s be e sbesbe e st e be e sbeebe e beereenbeenbenes 46
2 BIOLOGICAL MATERIALS. ...ttt 49
2.1 DEFINITIONS AND COMMENTS. ...ttt e 50
2.1.1  ANATOMY ..ottt et et b e et be st et e st e e et e bebe e e ensebesbeebeete st e 50
2.1.2 MECHANICS......coo ettt ettt et sttt e e e beebesbesbesbesbesrens 55
2.2  SELECTED HISTORICAL HIGHLIGHTS. ...ttt 58
2.2 1 BONE. ... et e et et et e eae e re e e areennas 58
2.2.2 ARTICULAR CARTILAGE. ...ttt sttt 60
2.2.3 LIGAMENT ..ottt sttt ettt st et e st e st aeebaeseebesbesbeeaesrens 61
S I =\ T ] N PO 62
225 IMUSCLE. ...ttt bbb se ettt e e et e besbe e bestestesrete e 63
2.3 BONE Boyd, S.K., and Nigg, BXK ..o 65
2.3.1 MORPHOLOGY AND HISTOLOGY ...couiiiiiiiiceceecte ettt sttt 65
2.3.2 PHYSICAL PROPERTIES. ..ottt sttt 73
2.3.3 BONE MECHANICS AS RELATED TO FUNCTION........coeoiveeiecicceceecre e, 80

2.3.4 FAILURE OF BONE.......cciiiiiiiiiiiiecire e 91



vi TABLE OF CONTENTS

2.4  ARTICULAR CARTILAGE Herzog, W, and Federico, S........cccoomiriiiniieneeceneee e 95
241 INTRODUCTION......coi ittt ettt st st be sttt st st esbe e neereetas 95
2.4.2 STRUCTURE.......co ottt ettt sttt et seebeebesbesbesbeeas 95
2.4.3 COMPOSITION. ..ottt ettt sttt ettt e e st e te s besbesbesbesbesbesresrenseeas 97
2.4.4 MECHANICAL PROPERTIES.......cccce ittt ettt s aneas 102
245 BIOMECHANICS. ...ttt be e aa e s be e saaeebeenreas 104
2.4.6 OSTEOARTHRITIS.....oooiiee ettt ettt ettt re et sae b e 107
247 THEORETICAL AND NUMERICAL MODELS........cccccoiiiiiieie e 109
25 LIGAMENT Thornton, G.M., Frank, C.B., and Shrive, N.G.........c..cccecvvirinenercirece e 123
251 MORPHOLOGY AND HISTOLOGY ...ttt s 123
2.5.2  FUNCTION. ..ottt sttt e et e s e e e e e eneerentesrenrenre e 29
2.5.3 PHYSICAL PROPERTIES AND MECHANICS........ccoo it 135
2.5.4 BIOLOGY AND FUNCTION......coiiiitite ettt sttt aera s 142
255 FAILURE AND HEALING.......cc.co ittt sttt st e 144
26  TENDON/APONEUROSIS HErzog, W. ..ccccviiieieierese ettt s 146
2.6.1 MORPHOLOGY AND HISTOLOGY ....cctiiiiiieiite sttt 146
2.6.2 PHYSICAL PROPERTIES.......oooii ittt ettt et 151
2.6.3 PHYSIOLOGICAL PROPERTIES AND ADAPTIVE FUNCTION.........cccceeurnnene. 158
2.6.4 TENDON-MUSCLE-APONEUROSIS INTERACTIONS........c.cciivcieeeeceee, 162
2.7 MUSCLE HEIZOG W. .ottt ettt sttt sttt sn et eereane e 169
2.7.1 INTRODUCTION. ...ttt se et e e e be e te e sreesne e e nreeanaeenns 169
2.7.2 MORPHOLOGY ..ottt sttt sttt ettt et e sttt eneanis 169
2.7.3 MUSCULAR CONTRACTION. ..ottt snen s 177
2.7.4 THE CROSS-BRIDGE THEORY ......cooiiiicicectctcte ettt veane 182
2.7.5 PHYSICAL PROPERTIES......cococt ittt sttt st 197
2.7.6 APPLICATIONS.......coe ottt sttt sttt ae et e e reereeteere e 217
2.8 ADAPTATION OF BIOLOGICAL MATERIALS TO EXERCISE, DISUSE,
AND AGING Zernicke, R.F, Judex, S., and Lorincz, C........cccooeviiiieiieiieiecieceeie e 226
2.8.1 INTRODUCTION. ... .ciioii ittt ste ettt e e e sbae e steesnneenne s 226
2.8.2 BONE.......o ettt te ettt ettt et et et eneans 226
2.8.3 ARTICULAR CARTILAGE. ......ci ottt ettt sttt eae e ere 235
2.8.4 LIGAMENT ..ottt ettt bbbt et sttt eteebeeaeebeeae s 237
2.8.5 TENDON. ..ottt e ettt st st e st e s besbe st e sbe st et este st e e abesbesbeatens 239
2.8.6 SKELETAL MUSCLE.......cco ottt ettt st 240
2.9  JOINTS Nigg BM, and Herzog, W. ...t 244
2.9.1 CLASSIFICATION OF JOINTS....occiitiirietiiiieriete e ettt e e vt sve e snese e 244
2.9.2 FUNCTION. .. ..ottt ettt e et et e te s be e be et e s be s besbesbe st e sbesteste s esseseennans 245
2.9.3 DEGREES OF FREEDOM OF JOINTS......ccocsiiiiiiie et 245
2.9.4 THE HUMAN ANKLE JOINT COMPLEX......cccccciiiiiiiiit et 247
2.9.5 JOINT ADAPTATION. ..ottt sttt be b b besre b nas 252
2.10 ADDITIONAL EXAMPLES.. ...ttt ettt sttt st sttt esera e 260
211 REFERENCES.......oct ottt sttt s et be s be st et e s te et e e e e nteaenes 266
3 MEASURING TECHNIQUES.........ci i 293
3.1 DEFINITIONS AND COMMENTS......ciitiitiiiiiire ettt s aenes 294
3.2 SELECTED HISTORICAL HIGHLIGHTS.......ciiiiie ettt 304



TABLE OF CONTENTS vii

3.3 FORCE MY, BVl ..ottt ettt bt 311
3.3.1 MEASURING POSSIBILITIES.......cccoooviirinrereien, 311
3.3.2 APPLICATIONS. ..ottt sttt ettt see e anes 320
3.4  PRESSURE DISTRIBUTION Nigg, BM.....ccccooiiiiiiiiiinisenne e 334
341 MEASURING POSSIBILITIES.......ccoiitiie ettt 334
3.4.2  APPLICATIONS. ...ttt sttt ettt sttt st bt seere e 339
3.5  ACCELERATION Nigg, BM., and Boyer, K.A......cccccoiiiiiiiiiiinee e 343
351 MEASURING POSSIBILITIES.......ccootiitiieieisise et 343
3.5.2  APPLICATIONS. ..ottt sttt sttt sb ettt et sa et b te bt snere e 354
3.6 OPTICAL METHODS Nigg, BM., Cole, G.K., and Wright, 1.C. ......ccccceveiirirririnieeieeenes 362
3.6.1 CAMERAS AND MARKERS........oo oottt 362
3.6.2 DETERMINING MARKER POSITIONS........cccooitieitieit ettt 366
3.6.3 DETERMINING RIGID BODY KINEMATICS......c.cccooveiiieitieineie e 373
3.7 STRAIN MEASUREMENT Shrive, N ..ottt e 392
3.7.1 MEASURING POSSIBILITIES.......c oottt s 392
3.7.2 APPLICATIONS. ..ottt bbbttt sttt 406
3.8 EMG von Tscharner, V., and HErzog, W. .....ccccceioiiieciiiie e 409
3.8.1  INTRODUCTION. . ..cctiititiste ettt sttt ettt sttt et 409
3.8.2  EMG SIGNAL. ..ottt sttt ettt seere e 409
3.8.3 EMG SIGNAL RECORDING......c.cocoii ettt sttt 415
3.8.4 EMG SIGNAL PROCESSING.......ccccotiieiiieiseit ettt e s e svese e sasseneas 418
3.8.5 EMG-FORCE RELATION....cccititiitiieteriete sttt seete st st sreresresessesesbesessesassesessesanses 430
3.8.6 EXAMPLES OF WAVELET EMG ANALYSIS......ccoooitieiieicerieeee e 448
3.9 INERTIAL PROPERTIES OF THE HUMAN OR ANIMAL BODY Nigg, BM............... 453
3.9.1 INERTIAL PROPERTIES......ccotit ittt 453
3.10 ADDITIONAL EXAMPLES.. ..ottt ssesa e ssenes 476
311l REFERENCES. ..ottt ettt et e bbbt et e b 484
MODELLING. ...t e e nnnees 501
41 DEFINITIONS AND COMMENTS......cotiiiietniet ittt 502
4.2  SELECTED HISTORICAL HIGHLIGHTS......coiiiitie et 508
4.3 A NEARLY POSSIBLE STORY Nigg, BM ..o 512
4.4 GENERAL COMMENTS ABOUT MODELLING Nigg, BM.....cccocoiiieeeeceecen 513
441 GENERAL CONSIDERATIONS. ..ottt 513
4.4.2 INFORMATION USED TO CONSTRUCT A MODEL.....c.cccccevvviiiieiieiiie e 513
4.4.3  SIMPLIFICATION. .. ..ottt e et esnteebe e s raeenreenneeens 514
444 THE PURPOSE OF A MODEL.....cootiiiiiiiie ettt 515
445 THE VALIDATION OF A MODEL......cccotiiiieiiee ettt 516
4.4.6 TYPES OF MODELS.......coccoitiiiiiictt ettt ettt 518
4.4.7 DESCRIPTIVE, EXPERIMENTAL, AND/OR ANALYTICAL RESEARCH AND
MODELLING ..ottt ettt et e e e sra e e rbe e staeere e e 519
4.4.8 GENERAL PROCEDURES IN MODELLING.......c.cccoeiiiiieeccc e 521
45  FORCE SYSTEM ANALYSIS Nigg, BM . ..ot 523
451 INTRODUCTION. . ..ottt ettt 523
452 THE MECHANICAL SYSTEM OF INTEREST ..o, 523

4.5.3 ASSUMPTIONS. ..ottt 524



viii TABLE OF CONTENTS

4.6

4.7

4.8

454 FREE BODY DIAGRAM......cccctititittiist ettt sttt 525
455 EQUATIONS OF MOTION....ciciiiiiiiiistetcet sttt 531
456 MATHEMATICAL SOLUTION.....ccciitiseiiiirireie vttt sse s ssssenens 534
MATHEMATICALLY DETERMINATE SYSTEMS Nigg, BM......ccccoviieiiiiciee, 535
4.6.1  INTRODUCTION......ccceititietitiititsietciesi sttt sttt s et sase b sene s 535
4.6.2 MECHANICAL MODELS USING PARTICLES........ccocsivmierirseere e 536
4.6.3 MECHANICAL MODELS USING RIGID BODIES.........cccccovniiieirisreeiesisevenns 574
4.6.4 COMMENTS FOR SECTION 4.6....c.ccootiiireiiiisieteenisissesiesissssss s ssesssssseesessenens 608
MATHEMATICALLY INDETERMINATE SYSTEMS Herzog, W ...cccccoeeevvveeenriiirieieeennn, 609
471 INTRODUCTION. ...ttt sttt b bbb es 609
4.7.2 BASIC CONCEPTS.....coiitiisteiisiete ettt eb et en et e st ne s 610
4.7.3 JOINT EQUIPOLLENCE EQUATIONS.......c.ccoiiiiiceitt et 611
4.7.4 SOLVING MATHEMATICALLY UNDERDETERMINED SYSTEMS

USING OPTIMIZATION THEORY ..ottt 612
SIMULATION van den Bogert, A.J., and Nigg, BM. ... 622
481 INTRODUCTION......ciiiiie ittt te e s e b st este e see e teesaneesaeesaeennaesareens 622
4.8.2 DIFFERENTIAL EQUATIONS. .....ociiiictetise ettt sttt sn s ere e 623
4.8.3 NUMERICAL SOLUTION METHODS.......ccccoeiiiirreirenessieieees s 624
4.8.4 EQUATIONS OF MOTION FOR MECHANICAL SYSTEMS.........cccccovvvivriennnnn. 628
4.85 MUSCLE MODELS........cciiitiettiee ettt st sttt st a s e s e stenens 631
4.8.6 SIMULATION USING MUSCULO-SKELETAL MODELS........cccovvvivrirnririerennn, 634
4.8.7 MODELLING OF EXTERNAL FORCES.......ccccooiiriiisscee st 637
4.8.8 OPTIMIZATION STUDIES.......cocceitisieiieisie ettt 639
4.8.9 SIMULATION AS A SCIENTIFIC TOOL...ccccoiiiiiiieieieiisisieiesesiseess s 643
4.8.10 APPLICATIONS ..ottt ettt ettt b bbb s e s esenes 644
ADDITIONAL EXAMPLES.......coo oottt ettt sttt sttt sa e aaa 645
REFERENCES.........ccoititice ittt ettt ettt es ettt ne s nees 658



