Contents

BOTeWo s st e e asun s T i s e e G R T s Pl xi
A O e T T T s A e e P S R AT T s T T Xiii
Chapter 1 Force Generation Mechanism of Skeletal Muscle Contraction.............cocoooverveviennennns 1
1.1  Anatomy of Skeletal MUSCIE...........ccceouiiiiiieiiienicieseeceee e 1
LAY  MaCtosEuCHITS cssusmusmsomeumsmssmmasssssssesssssossessss oo easss B s R 1
L2, VI CSOSECEUTE sususssasiiussunssnosnsmnsssisiousasvosins ohosiinonienisas sssasmesAesininas Sevmi o 2
151587 MICTOSIIICTUIE o« osiessnermsroiniion i sssmsimaios sommsraaes iAoty s aiaa e 2
1.2 Force Generation Mechanism of Skeletal Muscle Contraction:
The Excitation=—Contraction COUPING, ...uoswsrissmssiemmnisnsisbmmsaiossrooiommias 3
1.2.1  Motoneuron and Neuromuscular JUNCtion .........cccceceevivviieniniierennens 3
1.2.1.1  Action Potential ...........cccceevieniinininineniiinineccesee e 3
1.2.1.2  The Acceleration of Ion Diffusion Due to
Electromagnetic Effects of Ion Currents in Ion Channels..... 7
1.2.1.3  Postsynaptic Response on Sarcolemma............ccccecervernennne 13
1:2:2  "TEubule and SR ... coiisiiimnssmmmmmsmems e A 14
1.2.2.1 Contraction Drive: RyR Channel and DHPR ..................... 14
1.2.22 Ca?* Dynamics i Sarcoplasi .. wwmsiessiisnmmms 15
1.2.3)  MYOSINIMOOE: ..osomirsssnssnmsrosssmesnorsnnsassinismopssmssissmsisosbonisssesassinssssostiing 16
1.2.3.1 Operation Mechanism of Single Molecular Motor:
Lymn=—Taylor'Cyele.  cusimsmimtimssmssmssisssnsonsssmvssis 16
1.2.3.2  Collective Working Mechanism of Molecular Motors....... 16
1124 RECEPIOT: fuscusessessmafionisisssiossnssnsnsssssaonssasssiatesisssi siesnioqeiessmamatssas Toases 17
1.2.4:1 Muscle Spindle...........overessssssvmisssssissssnsnssssssssisnsnnsnssassussns 17
1:2:4.2. Tendon'OTPAN e smumssiimmsimmss o it 18
1.2.5 A Dynamical System: Markov Model for Active Postsynaptic
Responses of Muscle Spindle Afferent Nerve...........ccocevcevvevieicenenene. 18
1.2.5.1 The Synapse of Ia Afferent Nerve..........cccocecevvevierieinnnnenn, 19
1.2.5.2 The Dynamical System Model for Membrane Potential....20
1.2.5.3 The Kinetic Model for Postsynaptic Receptors.................. 22
1.2.5.4 The Model for Postsynaptic Responses............cocecveveenenene 25
REICTENCE S st i v e R T T T T T e S o 30
Chapter 2 Biomechanical Modeling of Muscular CONtraction ............ccocevevvernreresneseeeninennes 33
2.1 Modeling of Driving :and Control PrOCESSes . : . uuusmmsissesssasamssssmisassniss 35
2.1.1  Bioelectrochemical Control Model with Variable-Frequency
Regulation for Sarcomere Contraction............cccooeeveieesenienieeenenenn. 36
2.1.1.1 Modeling of Action Potentials on Sarcolemma.................. 37
2.1.1.2  [Ca?] Variation Inside Sarcomeres Caused by AP ............ 40
2.1.1.3  Regulation of [Ca?*] Inside Sarcomeres by AP .................. 42
2.1.1.4 The Application of the Variable-Frequency Regulation
Model.1n Muscle Force Estimation . .suscessssssssiosms 45
2.2 Modeling the Force-Producing Mechanism of Skeletal Muscle...................... 50
22,1 Classical MOAEIS: . cusiasismmmsssmsammmiosiorissssessaearssssississsssasssmesimmass 50
2.2.1.1  Hill-Type Model.......cocoviiieririiiniiiniiieeiee e 50
2212 Conformational Change Model ..cooewsummsmmmsessssvsmsasss 53



vi

Chapter 3

Chapter 4

Contents
2.2.1.3  Statistical Thermodynamical Model .............ccceoeuevnircnnen. 55
2.2.2  Coupling Mechanism of Multi-Force Interactions of a
Single MyosinMOtOE: « ssimssnssesmsameimsionams it g 56
2.2.2.1 Forces Involved in the Approaching Process .........c........... 57
2.2.2.2 Calculation of the Main Interaction Force.............c.cecveurenn. 60
2223 Monte Carlo:SIMUIAHONL usesssiscmumsosvmsossspmsmmmamnim 63
2.2.3 The4M Modelof Muscular Contraction .v..ssvsssssusssssimsussssssasesmssmsss 64
2.2.3.1 Modeling of Sarcomere Activation............cccecevvevrerereennen 64
2.2.3.2 Modeling of Sarcomere Contraction .............ceceeevecreeeunne 66
2.2.3.3 Sarcomere in Series and in Parallel..............ccccceeeevrinnnnnnne. 67
2.2.3.4 Generalization to the Macroscopic Model .............cccceuee. 68
2.2.3.5 Numerical Analysis and Simulation............cccecoevevviviinennns 69
224 The New Semiphenomenological Model of Sarcomere..................... 73
2:24:1 Modeling: PRACIDIES:. cmmsssmmmspousumsssmosssvmysssmsssiny 74
218 RESUNS s cmimammsnsninaemmss  r  R EPEeSTies 82
2.3.1 The Development of Isometric FOIce..........coouvviivieviinieninnenieneiennn, 82
2.3.2  Isotonic Contraction and the Force-Velocity Relationship................ 82
2.3.3  Step-Length Change with Finite Velocities during Activation........... 83
2.3.4  Cyclic Contractions under Periodic Burst Activations.............c......... 84
2i4:  |DiSCUSSION st s Gt e e e v et A R s 85
RETCTCIICES v sivasonssssvasnsns s srsvins oaus v ass s ST aT AV S TRS s R IV e s gt s s S a s s B SR e ss A e 87
Estimation of Skeletal Muscle Activation and Contraction Force
Based onl EMG SiZRAlS: ... wusirowvisoiomsvmssmumsivessismssayunians sissssssmsvsnsss oot ossvssiiassn sanssse 91
3.1 ‘Generation Mechanism of SEMG SIgnalsi.....ussevemmssmonsnsessmmsssssssasnesss 91
3.2 Real-Time Feature Extraction and Contraction Force Estimation of
SEMG SITNAIS ..o comuismmssssmaminsaimamsvmmssisssimssmissmassrion mbaasdsrinies arivsmes 92
3.2.1 Traditional Extraction Methods ..........ccccocerieviriiereneenieieseseseciene 92
3.2.2 Differentiated Extraction Method........c..ccisvescnssessansensssssssssssissassasas 95
3.2.3 Real-Time Signal Feature Extraction Experiment and Effect
Comparison of the Different Methods ...........cccoceveriiininincivcenne. 96
3.2.3.1 Artificial Synthesis of Signals ..........cccoevivviviniininiennn. 96
3.2.3.2 Real-Time Feature Extraction of sSEMG Signals and
Comparisoh of ReSults:cmmmmammimmmmsmmsmmmsis s 100
3.24 Phase-Portrait-Based Energy Kernel Method for Feature
Extraction and Contraction Force Estimation.............c.cccceeveeeveenene. 101
3.2.4.1 The Oscillator Model of EMG Signal ...........cccoeeverennnnene 102
3242 Algorithi: iitomrisiinmmpimss i 105
3.2.4.3 Extraction Effects’ Validation .............cccceeveevveeveeeenenne. 107
RETETENCES ....vvieeirieciieeeeeeee e e easa e e ae e e aseeasaeeebaaeeesaeeeneesneens 114
Human-Machine Force Interactive Interface and Exoskeleton Robot
Techniques Based on Biomechanical Model of Skeletal Muscle..............ccccoevuinee. 117
4.1 Lowet:Extremiity EXOsKEIEton RODOC ..o simsevssmsmssmranesomsesmes snamivass 119
411 ‘State ol the ATL cismsmmmommmns s s s S s s 120
4.1.1.1 Early Exoskeleton RObOt ..........cccceoveruircenieniicieienieiennn, 120
4.1.1.2 Exoskeleton Project by DARPA .......c.ccccooimiiviiiiiniiinnn 121
4.1.1.3 Other Exoskeleton RODOLS .«...icivumsssimmiismiisismasevsssism 123

4.1.1.4 Exoskeleton Robot for Rehabilitation...........cccceeevvveennnnn. 125



Contents

42

43

4.13

vii

Key TeChNOIOTIES «ouxiosrsssssssonuizssnsassissvismsoniivisuni Maisstunesih s s 126
4.1:2.1 Control System for Exoskeleton ::.sussmmmmmscammnais 126
4.1.2.2 Human-Machine Interface Technology..........ccccccceueeneee 131
4.1.2.3 IoT-Based Rehabilitation System............cccccvevvevrinerennns 132
Anatomical Structure and Gait Feature of Human Lower Limbs....... 133
4.1.3.1 Datum Plane and Datum Axis of Humans..............c.c..... 134
4.1.3.2  Joints and Muscle Groups of Human Lower Extremity......134
4.1.3.3 Gait Features of Human Motion.........c...cccceveevveieiiinnenens 137
Bionic Design of the Lower-Extremity Exoskeleton Robot............. 141
4.14.1 Requirements of Lower-Extremity Rehabilitation and
Design Key Points ........cccoceevvevenienieniniinneneciesieseeiee 142
4.14.2 Configuration Design for Exoskeleton Robot................... 143
4.1.4.3 Static/Dynamic Analysis of Exoskeleton ................ccc..... 149
Hardware System for Lower-Extremity Exoskeleton Robot............. 161
4.1.5.1 EMG Signal Amplifier.........ccccevvrivirnrneninenincsrnnenenene 161
4.1.5.2 EMG Signal DAQ Instrument ............cccecuevervverievirinennenns 163
4.1.53 Motion CONTOMET «uusersismsmsmmmussinmiimsstsssionie 165
Software System for Lower-Extremity Exoskeleton Robot ............. 168
4.1.6.1 Software for EMG Signal Collection............ccccceeeeueuennenene 168

4.1.6.2 Software for Lower-Extremity Rehabilitation System ..... 170

Multi-Source-Signal-Based Bioelectromechanical Human—Machine

Interface and Active Compliance Control............cceceeveevirenvieseninnnreniessnennes 171
428 ResearchiODIECt:..c... o o iisivasmoimiimncibisipionims s iasesmta i 173
4.2.2  Musculoskeletal System of Knee Joint..........ccccocvcvevvneeninniennnnnenne. 174
4.2.2.1 Geometric Parameter Computation of Muscles................ 175
4222 Dynamic Analysis of Knee Joint ... 177
4.2.3  Multi-Source Information Fusion Based on Force Interaction ........ 179
4.2.3.1 Multi-Source Biosignal AcqQuiSition ...........ccccveveeriirvenenne 179

4.2.3.2 The Neurofuzzy-Network—Based Multi-Source
Information Fusion and Movement Intention

TACRUACAIONY ouiiivoeiisimimmeaitiittinsspyrersi T SRS 180
4.2.4 Human-Machine Coordinated Control Mechanism...........c.cccco.c.... 187
4.24.1 Local Closed-Loop Control Mechanism in Motorium..... 190
4.2.42 Closed-Loop Control Mechanism for
Exoskeleton Robot.........ccccooviiiiiiiiiniiiiiincccs 191
4243 Requirement Analysis of Bioelectromechanical
INCEBTALION & svcses srsmmsmussssmstsssinoes fratiaisanss vasmasssnessasnasopusssss 191
4.2.5 Bioelectromechanical Integrated Coordination Control Strategy.... 192
4.2.5.1 Bidirectional Interaction Interface Based on EPP and
SEMG ... conmusmmsmssnssmapsovsmnirsessisaismoss 192
4.2.5.2 Human-Machine Coordinated Control Strategy.............. 193
4.2.5.3 Human-Machine Integrated System Modeling................ 193
4.2.6  Experimental Results of Active Compliance Control...................... 195
4:2:6:1' Bxpettment 1..coacusomsnuinsvisiaiaiimasniensmm 195
4.2.02° 'BXPETITNCHE Ziuvisnissvivncssiusisnsstsns sussssisssussssisssssasesasmsmsssinins 200
Improving the Transparency of the Exoskeleton Knee Joint Based on
Energy Kernel Method of EMG......c..c.coooiviniiniinncicicceeseceeeee 208
4.3.1 Real-Time Extraction Algorithm of Energy Kernel of EMG........... 209
4.3.2 HMIM and Adaptive Prediction Scheme...........c.cccevurenrenenccnncnne. 210
4.3:2.1 THMIM i cumaomvmsmssmsssisensssiasssassissss fosomsnsisississ 210

4.3.2.2 Adaptive Prediction Scheme Using FTDNN.................... 211



viii

Chapter 5

Chapter 6

Contents
4.3.2.3 TIterative Prediction—Compensation Control Loop ........... 212
4.3.3 Initial Experiment and Results s 214
4.3.3.1 Lower-Limb Robotic Exoskeleton ............c.ccccevvverrinuniennn. 214
4.3.3.2 EMG and Force Signal AcquiSition...........ccceeevrrrueernnes 214
4.3.3.3 Data Collection and Control System ............cccccerevvenenennne 214
43304  RESUNS . cimsesis s apuismsme s e s i Esvh 216
RETCTENCES s svusnasvrunes soumassms onssgs s Ry T i Fo R SR B TR A B S RSB RS 220
Clinical Rehabilitation Technologies for Force-Control-Based
Exoskeleton RODOL s s tibos i byt i sivem sieansmiss s dsasssiian 227
5.1  System Integration for Lower-Extremity Exoskeleton
Rehabilitation RODOE. ..t imnsommsssssi e o s e sraees 22/
5.1.1 Mechanical Structure of Rehabilitation RoObot ...........c.coeeirrrunnnen. 228
5.1.2  Rehabilitation Robot Control System............ccceveeeevririnerivrenrueennns 229
5.1.3  Rehabilitation Strategy Generation .............cccceeeeeeuenerverieieeniereenes 231
5.1.4  Rehabilitation Robot System Software ...........cccccevceevivivvenieciieniennn. 232
52 Conipound Rehabilitatioh SEAtEEY wousmmsvmsvosmsmmsasssimssmmvns o 234
5.2.1 Passive Rehabilitation Stratepy «.ucwmnumsmsnmnnmmnnuassvas 234
522 Active Rehabilitation Strate gy’ s sawmaamnmamsissmiusmosimnias 236
5.2.3  Progressive Rehabilitation Strategy ...........ccccoceeeevenenieniniceirnnninnn. 236
5.24 IoT-Based Remote Rehabilitation Strategy ............ccccoevvreirierecnnen. 238
53  (Clinical Rehabilitation EXperimentsi. usaissssinmasssissssiamsais st 241
5.3.1 Zero-Load Check of Exoskeleton Robot............cocoeivneiiniienennnnn, 241
5.3.2  Application Experiment of Exoskeleton Rehabilitation Robot......... 242
5:3:21 JONEE/E NEAIRIRG soveconossponsssmsomsesassmnassse sy wassi 242
5.3.22 Lower-Extremity Gait Training .....ovusssoussssnmssonssss 242
5.3.2.3 Active Muscle Force Training ..........c.coccevereeveneevenieseninnens 243
5.3.2.4  Active Control Training........ccccecevvevveinererererenieneninienens 246
5.3.3 Experiment Device and Patient SeleCtion . . ..uimsussvasssssvesssssssnoniss 248
5.3.4  Aim, Process, and Method of Clinical Experiment................c....... 249
5.3.5 Evaluation Index and Statistical Method ...........ccccccceviiniininninenn. 249
5.4  Experimental Results and Analysis.........cccoecevvenieenincninieninciseeeenes 250
54.1 Clinical Experimental Results and Cases .............cosssessessassonssnssosnes 250
542 Resulls” ADALYSIE: s mrm s s Gy ar e 253
L 0 {11 o 254
Bionic Design of Artificial Muscle Based on Biomechanical Models of
T [ TN P e 257
6.1  Brief Introduction of Skeletal Muscle BIiOnics .........ccccoevvvveniveirinininecinenns 258
6.1.1 Biotiic Design Concept EVOIUHON « it 258
6.1:1;1.  MechaniCal AMi. s amimasmommis 259
6.1.1.2 Prneumatic AM i .....cusimsemmmssmimemsonssisvismersossessrsisssssssmnss 261
6.1.1.3 AM with Smart Material ...........cccocevvvrvieneriinieieieceen 264
6.1.2 BIDBiohic Desigh Methodology ....oumssmmssesummmmimssmssssssss 268
6:1.2:1 Framework:of BIDinianmmsransmnmasyismsmssg 269
6.1.2.2  Sub-Conceptual Design Principles..........cccoccceveeernucerucnnn 270
6.2  Skeletal Muscle Character Identification and Modeling ...........cccceccviinnnene. 273
6.2.1 Biological Character Identification of Skeletal Muscle.................... 273

6.2.1.1  Structure and Function Properties of Skeletal Muscle .....273



Contents

6.2.1.2 Biomechanical Property of Skeletal Muscle..................... 275
6.2.2  Contraction Property Modelling of Skeletal Muscle ............c.......... 277
6.2.2.1 Isometric Contraction Modeling............ccccocevveviirnncnnne. 2717
6.2.2.2 Isotonic Contraction Modeling............ccccervevuevinienecnnnnee 280

6.3 SMA Artificial Skeletal Muscle Integrating Actuation, Sensing,
AT SEOCHORE s suisgoinuns Gammsmsssvdsitanesmostosnssss JiRss ToImseR S SR SR 378 4R TSR ST 282
6.3.1 Key Technologies of SMA ..........cccovnvenisnnnsiisinscssssesensunsissssessenes 283
6.3.1.1 Low Strain and Low Response Time of SMA ................. 283
6.3.1.2 SMA Self-Sensing Character Analysis.........cccceccrreeuennee 284
6.3.1.3  Hysteresis Nonlinearity Analysis and Control of SMA ..... 285
6.3.2 SMA-Based AM Design Realization............ccccveevnivinvcceniiininen. 286
6.3.2.1 Bionic Design of Active Elements.........c..cccocevviiinnennne 288
6322 Design of AM PassiVe BIGMERt .ouisvinssmumussonmsssssss 290
6:3.2:3 Bionic Stivcture/ Vertheation wsssswamwssunssmsmvsssags 291
6.3.3  Self-Sensing Properties of SMA ........ccccceiiiniiiininiiicicee 292
6.3.3.1 SMA Resistivity Phase Transformation Dynamics........... 292
6.3.3.2 Electro-Thermomechanical Coupling Properties............. 297
6.3.:3.3 SMA Self-Sensing Model «ucsmiimsmammmmisswamsm 304
6.3.4  Application of SMA Self-Sensing Model...........ccccccovvirinincinnnnn. 306
6.4  Hysteresis Properties of SMA-AM........cccooiiiniiiiinineeieee e 309
6.4.1 SMA Hysteresis Properties and Research Survey .........c...cccceueee. 310
6.4.1.1 Description of Hysteresis Property...........ccoccevevurucuenne 310
6.4.1.2 Hysteresis Model .........ccccocevevievnininiiniiiiiciiiccee, 315
6.4.1.3 SBH Model of SMA ......ccocoiiiiinininicicceeeneceee, 320
6.4.1.4 Inverse SBH Model and Feedforward Compensation...... 322
6.5 SMA-AM Application in Ankle—Foot Rehabilitation System..................... 327
6.5 SMASABOL: cronosmummsmnmsisoi s iemissssmiesmes iosstsasnsy 328
6.5.1.1 Actuating—Sensing SYStem ..........cccceeeverueverreiineneneennenes 329
0.901.2, ABQuusionmmsssrssssmmeions was i sion i s wasgns 329
65013 Control SYStemis: smusimsmvmessssssvmsmssssmsess s s 329
6.5.2 Comprehensive Dynamic Model of SMA-AFO System.................. 330
6:52.1 Thernmoelectric: PrOPerty «..ousummnrmsnanmmsmmsmsassiviss 330
6:52.2 SMA Physics-Based PTOPErty s wiusninvissossarsasussassests 331
6523 HySteresis PIOPEILIEs s imsmssmssiosmavemssmsamsmiesnismsosg 331
6.5.2.4 Mechanical Properties...........ccocuvvvevreviiniveneneeneneeenirene 332
6.5.3 Sliding-Mode Control of SMA-AFO System..........ccccccevvviiinennennns 332
6.5.3.1 Mechanism of Sliding-Mode Control.............cccecvvruennenne. 332
6:53.2 -ControllerDesion:simunsanu s 333
6.5.3.3  Stability ANalySiS......ccocerireriereiiireeniniiiere e 336
6:54  Expetimental Sy, v s snrammnm s 337
APPENAIXOIA - coivossnaminssssmmsianmess s o T RIS AR S eSS e e s 341
RETCICNCRS . . iisinssscssvmsssmsssnsiams s e SAr bAoA as S sH s e au oA ahe N R s it 342
.................................................................................................................................... 349



