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Abstract

Humanoid robots will have many applications in the industrial sector in
near future. Based on this motivation, the thesis presents a complete study
on humanoid robot kinematics and dynamics. The thesis also discusses
some basic methods for walking pattern generation and elaborates on some
modifications to enhance the basic walking pattern generation methods in
terms of stability and power consumption optimization. The thesis then
proceeds to introduce some stabilization techniques using ZMP feedback
and upper body posture correction. The suggested algorithms were
validated using MATLAB [104] simulations for NAO robot. The presented
methods produced satisfactory results in terms of stability, as the RMSE
for ZMP x-coordinates (x-axis being parallel to walking direction),
ZMP y-coordinates, upper body roll angle deviation and upper body
pitch angle deviation were found to be 0.0028 m, 0.0139 m, 0.0028
rad and 0.0014 rad respectively. Also, the presented work contributed
significantly to humanoid walking power consumption optimization as the
average locomotion cost of transport was reduced from 0.2367 to 0.11993.

Keywords: bipedal; model-predictive control; humanoid; cart-table model;
cost of transport; linear inverted pendulum model; Zero moment point;
bio-inspired robotics; trajectories; center of mass.

- VIII -



Table of Contents

Statement ........cceeeecveeereeninnnnne v
Researcher Data.............cceeeuueeennnnene. v
Acknowledgement vi
List of Publications vii
ADbStract......ueeeeeiseeccseecnnnnne «. Vil
Table of Contents ix
Nomenclature.........c.cceeeveeeercneecnnns xvii
Abbreviations .........eeeeeveecssnnecnnns XX
Chapter 1 .......coovveeevvurecnneccnnns . |
1  Introduction 1
1.1 BacKground.........occuieiiiiiiiieiieiecic ettt ettt ebe e s aeenne s 1

1.2 HYPONESIS .eeouvieiiiieiiceieciieieete ettt sttt ettt ste et sbeesbessaesaaesaeeseenseenns 7

1.3 DElIMItatioNS. .....couecveuiriereririiteiinieteientet ettt ettt ne b e 11

1.4 MethOdOIOZY ...ccvieeiieiiieiieeiieeeeee ettt 11

1.5 SUMMATY ..ottt ettt et e st e sanee e 15

O] 1 F:1 1] 1) 00 .16
2 Literature Review 16
2.1 INOAUCHION . ..cueviiiiieiiieiieiertet ettt ettt 16

0 T B 11 1S) 0T 1 (R URR 16

2.1.2 Humanoid rODOt.........ccceeriieiiieieeie et 17

2.1.3  Mobility of biped humanoids ..........cc.cocevvererercienineninenceeeiceenne 18

2.1.4  Walking pattern Zeneration ..........c.ccoceveeereeeeeenienereneneneeeeneennenuens 19

2.1.5  Closed 100pP Stability .....cc.covevueeieieniinieninieneeeeteteereeeee e 20

2.1.6 NOVEl tEChNIQUES ..ecuvvievieeiiiesiieeiie ettt sve e sreesbeesbeeesaee e 21



2.2 TheSiS ODJECHIVE...c.uierieeieiieeiiertieieeieetesteseesteesaeesseereesaessaesseeseenseensesssenanes 22
2.3 TRESIS SIUCTUIE ....cuvevireiieiiiiiieiinieieieetee ettt 22
2.4 SUIMMATY c.ueveeiiieriieeniieesteesiieeeiee sttt e stte st e sbeesabeeebtesabeeenbtesnbeeenseesseeessseenseeas 23

O] 1F:11] 1) G SR .24
3  Robot Modeling 24
3.1 Biped robot KINEMALICS ......ccvvervieieeiieieeiieiieieeie e esee e sneens 24
3.1.1  Kinematic StIUCTUIE ..c..ooveruiriieiiiieierieniesieetteitetete sttt 24

3.1.2  Forward KinematiCs ........ccecererueuirienieinienieinieniecnieeeecereeeie e 26

3.1.3  Inverse KiNematiCs ........ccverueeiiruieniieiiesieeie ettt 31

3.1.4  Jacobian and link linear VelOCItY .........ccceereruerienierieeec e 34

3.2  Biped robot dyNamiCs .........cccereerieiieieniesiieieeie e 38
3.2.1  Dynamics of a rigid BodY ......cccooeerieiieiieiiiieee et 38

The skew symmetric matrix has the following property..........cccoceeveevennennnnnen. 41

3.2.2  Dynamics of a system of connected links.............ccooevervevvevieecieniennnnns 42

33 Dynamic simulation and walking environment...........c..coccoceeeeceencnncnenne. 46
3.3.1  Contact AYNAMICS .....ccveervierieeiieeienieesieesieeieeresaeseesreesseesseessesssesssessaens 46

3.3.2  Zero MOMENt POINE ...cueevierieeeieiiestieieeteereereseaeseesteesseeseesseessesssensaens 47

3.3.3  Body construction and robot visualization .............cccceevevrieieereniennnns 49

3.4 RESUIS ..t ettt 51
3.4.1  Dynamic behavior 0DSErvations ............ccecceeeuerierierieneeneeieeeeseeneens 51

3.4.2  Dynamic behavior CONCIUSIONS........cceeruiriueriierieiiesiesieeie e 60

3.5 SUMMATY ..ottt ettt st et esibeesaee e st e saree e 60
Chapter 4 .....eeeeevvvnerccscnnnnnes .61
4  Walking pattern generation 61
4.1  Analytical apProach .........cccoceeerieieiiiniiinnenceee e 61
4.1.1  Modeling procedure............ceceeeererieniereneneeietentene s sienieeieeeeneenae e 61

4.1.2  Algorithm formulation........c..cccecevuinirininenieienieneserceeeeeee e 66

4.1.3  Improvements to the analytical model............ccceovvievrieriiieniieniieeiens 76

-X -



4.2 Numerical apProaCh .........ccoevieriieriieieeie ettt 83

4.2.1  Modeling ProCedure..........cecuieeuerreriierieniieeeie e eeeeite e te e ese e senes 83

4.2.2  Algorithm formulation............cceeeveriierienieniet e 87

4.2.3  Improvements to the numerical approach...........ccoccoeeeniieniininncnnnnns. 91

4.3 SUIMIMATY .ottt ettt ettt et e b e bt e bt e ae et e eaeesaeenbeebeenseensesneesaeas 98
Chapter 5 ......oevvvvecvvnnccscnnccnns .99
5  Walking Pattern Generation Implementation 99
5.1 RESULS .ot 99

5.1.1  COM trajectory eneration .........cccceerueerueerueruereeseesieeneeeneeeeeeeesneeneeans 99

5.1.2  ZMP generation aCCULACY ........ceoueeeeeuierueenieesieenieeeeseeseeeseeeseeeneeeseenes 103

5.1.3  Angular trajectories ......oiiereeriierieeieeiesieetie e e 106

5.1.4  ZMP tracking & upper POStULE........ccceerueeruieriienieeieeie s siee e 113

5.1.5  Mechanical @Nergy........ccccerieiieiieiieieeiieie et 123

5.2 SUMMATY .eeiiitiiiiieeiie ettt ettt et e et e et e e sabeebeeenereenteeennneenneees 125
Chapter 6 ......cooceeveeereeccnecnnnee 127
6  Stabilization 127
6.1 System dynamics deCOUPIING........cccuveriiriiriirieriere et 127

0.2 ZMP StabIlIZET ......ceeiiiiieiiiiiniciiicrtceercee ettt 130

6.3 Upper body posture Stabilizer ............cceevvieiirienieniienieeieeie e 134

6.4 RESUIS...ciiiiiiiicicc e 136
.......................................................................................................................... 139

6.5 SUMMATY ...eieiiiiiiieeiie ettt ettt e et e et e e sabeeaaeestaeenseeensseenseees 146
Chapter 7 ...eeevveecsvnnccssnnccnns 147
7  Conclusion and future work 147
7.1 CONCIUSION ..ottt st 147

7.2 FULUIE WOTK ..ottt 148
Bibliography ........ccceccevercueecsnnne. 149
APPeNndices ......ccoverescrnicssaeecsaanes 160

-X]I -



Appendix A 161

MATLAB COUCS ...ooiviiiiieeiieeiie sttt ettt e s ve e s tee s beeebeesbeeenbeeentaeenseesnnes 161
Appendix B Error! Bookmark not defined.
Lo 10) D221 5 ) s PSP 211

List of Figures

Figure 1.1. A humanoid lower part structural diagram.............c..ccceeevrenneene 1
Figure 1.2. Autonomy of humanoid robots...........ccceevieriieriienciieriienieeiens 4
Figure 1.3. passive dynamic Walking ..........ccccoeevveriiienieniieenienieeieesre e 6
Figure 1.4. Illustration for the modeling strategy .........cc.cceveevieeiieneenncne 7
Figure 1.5. Systematic approach for optimal control formulation .............. 8
Figure 1.6. Second approach for formulating a computationally

optimized CONLIOL 1AW .......eeeiiiiiiieeiie e 9
Figure 1.7. feedback control law validity assumption ...........ccccceceevuennnene 10
Figure 1.8. research delimitation approach ..........c.cccceeceniiiiniiniincnnne. 12
Figure 1.9. Gait pattern generation methodology ..........cccceeevienieniennene. 13
Figure 1.10. Solution development for walking pattern generation

J000] 0] (<3 s LR SRRSO 14
Figure 2.1. Humanoid robot classification ............ccccoeceevieeiienieniieeneenne, 17
Figure 2.2. Constructing a walking engine ...........cccoeeueevieeviienieenieennnenne. 19
Figure 2.3. Model conversion from multi-body form to inverted

PeNnduluM fOTM ..o e 20
Figure 2.4. Reinforcement learning block diagram ............ccccoccveeiienennnn. 21
Figure 3.1. Biped kinematic Structure ..........cccceeceeveevienieneeneneeneeniennene 24

- XII -



