Contents

Acknowledgements iii
Abstract/Resume v
Keywords/Mots-clefs ix
List of Acronyms xvi
List of Figures xvi
List of Tables xix
Introduction 1
1 ROREEHE . i o o o ek b s G o s e i e 1

2 Physiological aspects oflocomotion . . .. .. ... ..o L. 3
2.1  Spinal cord’s reflexcircuits . . ... ... ... .. oL L 3

2.2 Spinal central patterngenerators .. . . . ... ... ... ..., .. .. .. 4

2.3 Upper brainstructures . . . . .. ... .. ... L. 6

24  Musculo-skeletal system . . . . .. ... L oL oL 10

2.0, "SEHSOIVEYSIEM & & <o la i wip s m s i on il o i e e 13

3 Analysisand modelingofwalking . . ... ... ... ... ... ... 14
3.1 Top-downapproaches . . . . ...... .. ... ... .. ... ... 14

3.2  Bottom-upapproaches . ... ........... ... ... .. ... ... 15

3.3  Neuromechanical approaches . .. ................. ... .. 15

4 Control aspects of CPGs and current use inrobotics . . . . .. ... ....... 17
4], - BaCKGIOUMO . v i o ioisos & ol b ioh e ifhs 5 fe s o 800 i 5 i 0 & 17

42  CPGdesignmethodology . . ... ....................... 18

5  Robotic training controller for spinal cord injury . . .. .. ... ... L. 28

5.1 Spinal CordiNjuIy - o . iovos v v5 s s s s e sl s 28

5.2 Robotic training after neurologic injuries . . . . ... ... ... ...... 29

53 Assistivecontrol. . . .. ... L 30

6:4 -~ Adaptivecontrol . i s s s ol sl me b B 31

61" Thesis ODJECHIVES: .. " .uid sis s oo vy o woisin s wiaia s sifeiscis ailaiint dha st s 33

¥ CCONNDULHONS & vl v e gsia bl 200 8 DU Re it L i Sl I e 35

xiii



Contents
\\

I On NeuroMechanical modeling of locomotion control 39
1 Learning and optimization of walking gaits 43
L e e e e e 43
1.2 particle swarm Sl Goo) B R I e O 43
s I R ORI L 44
& aBORS0 ObICHVE NCHOMh.c e dine iy st s i 46
D e e 46
1.2.4  Practical consideration when optimizing walking controller. . . . . . . 50
2 Areflex based neuromuscular model of human walking 53
e L s e ek bl 53
e e e e 55
Gt et R e G A S TN 56
2.2.2 Simulation environment and Optimization . .. .. . . . . 59
B ey TSI N e N 63
2.3.1 Metabolic cost e R R ORI R 63
2.3.2 Golden ratio analysis of gait harmony . ... 64
2.3.3 Gait PRI o £ o b chesin g it e e s 64
P BN e St it i e A 65
3 Pattern in the central nervous system 69
A i ouas TATE BRI AR LT 69
e e e 70
L L s e 71
i i R R R R R 75
3.2.3 3FBL modulation: model of supraspinal influences . . . ... . 5
Bl i T T R O e 76
3.3.1 Feedback and feedforward study . ... 77

3.3.2 3FBL Models: Systematic study of supraspinal signal modulation and
et O RN e 81
N e v al GUE TN G SRR R 82

3.4.1 CPG modulations on both proximal and distal muscles allow speed control 82
3.4.2 Stable locomotion is produced even with a significant decrease in feed-

e e 84

I On symbiotic control of exoskeleton 89
4 Neuro-Muscular Controller (NMC) concept validation 93
L me e e o R 93
e . s 94
e 96
. 100

Xiv

Contents

5 NMC constraints and design methodology and use cases 105
S b R e 105
5.2 Exoskeleton for g L b SO EE s Rt 105
53 Modularity and Rl RN 109

5.3.1 Neuromuscular L e 109
5.3.2 NMC Customization for subject-specific ontrol. . ... . 111
e LR P e 112
Real-time e e 113
5.5.1 Limitation et LG e e 114
5.6 Torque PR S L s T 114

6 Applications 117
T s R R LT 117
6.2 I :NMC for incomplete SCJ on the Achilles ENOCICIO0. g e 118

6.2.1 Pilotsgeneralinformation ............................ 118
6.2.2  Objectives

..................................... 120

e B e OO e 120
G el R e 123
6.2.5 Summary i R O OO 125

6.3 1I : NMC for incomplete SCI on the WE1 S 127
6.3.1 Pilots e e 127
Sdeosaadl B NSl 127
L e e R 127
e s L e e 130
6.3.5 Summary of i TS R 136

6.4 IV : NMC for complete SCI on the e e 138
6.4.1 Introduction

.................................... 138
6.4.2 Material and e s 139
L awma i e 146
e LR S EEE Y § SR 152
6.5 III : NMC for complete SCI on the el on L e e 156
6.5.1 Pilot general e P T 156
e e 156
e al S T 156
s P e S e 158
Outlook 162
I Appendix 167
A Software 169
1.1 Simulink/Matlab e, e e 169
Xv

B E—— 4




Contents

1:1.1 " Library description « <o o o i il o s L el i 169

1.1.2 Example of Ankle Knee reflex modules used with WE1 . . . .. ... ... 172

B Hardware 175
2LV Ethercat . v sa il f e ol e e e Dl 175
2.1.1 Etherlaband Symbitronwiki . . ... ..... ... ... ... ... ... 175

2.12 lowlevelsimulinklibrary . o o o i sl wiliahiitn o v iy 176

2.2 - Exoskeletondevices .. .. il v i s e d e sy e e G 176

C Mathematical models 177
3.1 Musculoskeletalsystern . . ......... ..., 177
311 Ligamentmodel ... |\ ..ol e v S e b e et e e e e 177

382 "Muselemmodel oo i o BTN E e ae  l e 178

3.1.3 Sensorsmodel . . . .. .. ... L L 179

32 CPGmodels: . 0 % s e e e e e e e 182

D Supplemental experiments 191
4.1 Neuromuscular ankle controller modeled as an impedance controller . . . . . . 191

E Clinical aspects 193
Sl Subjects: o iiv. il e e el i i B e o 193
5.1.1° Incomplete paraplegics ... . « s v i iois $u i i e s e e 193

5.1.2 Complete paraplegics . .. ... ... ... ... ... ... ... ... ... 194

b Aasenshienis B e e n e D L s e LA 194
5.2.1 trainingprocedure . .. ... ... ... L e 194

5232 . Clinicaliassessment : o .. ool et fain depin & o i e mitinile 198
Bibliography 219
Curriculum Vitae 221

Xvi



