Table of Contents

AADSITACT ... bbb bbb E bbbt ii
ACKNOWIBAGEIMENTS ...ttt ettt ettt e e e et es et e stees e sbesteeneeseeaseenteaseeteeneeneeeneeneeseeeneeneeas iv
TaBIE OF CONMLENTS ...t b bbbt b et bbbttt v
I A0 o 0TSSR X
LISE OF TADIES ... bbb e st b bbbttt b e XX
NOMENCIALUIE ...ttt bt bt s e r e et e ettt r e nn e xxii
ADDIEVIATIONS ...ttt bbbt b bt bbbttt bt XXii
DEFINIION OF TEIMS ...ttt bbbt XXii

L@ =T o (= I o T L1 Tox o o ST S 1
1.1 Rehabilitation RODOLS .........cviiiiiiiiiii e 1
1.1.1 Motivation for Rehabilitation RODOLS..........ccocoiiiiiiiicc s 2
1.1.2 Examples of Rehabilitation RODOTS ...........ooiiiiiiiiieis e 3
1.1.3 Common Features of Rehabilitation RODOLS.............coceiieiiiiiiiiice e 4

1.2 INEraCtion CONIIOL.......c.viiiiiiitiitiite ettt b bbbttt bt 5
1.3 AnKIe RENADTITATION .......coviiiiiiiiicc e 7
1.4 Research Objectives and MOTIVATION ..ot 9
1.4.1 Development of an Ankle Rehabilitation RODOL ............cccoviiiiiiiiic e, 9
1.4.2 Construction of a Computational Ankle MOdEl............cccoeiiiiiiei e 10
1.4.3 Development of an Adaptive Interaction Control SChemMe.........cccocvveveivcce v 11

1.5 TRESIS OULIINE ...t b bttt s et b b n e 11
1.6 CRAPTET SUMIMAIY ...ttt b bbb bbbt bbbttt e bt n e 13
Chapter 2 LITEratUre REVIEW .......ueeiueeiieeieeiiesesie e te et e st e s e e te e e e e e steesteesteesteestaesseeaneeenteenteesteesreesneesneeannes 14
2.1 Existing Ankle Rehabilitation DEVICES.........ccoiiiiriiiiieieisie e 14
2.1.1 Wearable Ankle Rehabilitation RODOLS ..........c.ccoiiiiiiiiiiiiic e 15
2.1.2 Platform Based Ankle Rehabilitation RODOTS.............coveiiiiiiiiiieieec e 17

2.2 Ankle Kinematics and Computational Ankle ModelS...........ccooevieiiiiiicic e 18
2.2.1 Kinematics of the HUmMan ANKIE ..o 18
2.2.2 Computational ANKIE MOEIS..........ccviiiiiiice e ene 20

2.3 Interaction Control in Rehabilitation RODOLS...........ccoiiiiiiiiiee e 22
2.3.1 Motion/ FOrce Control STratBGIES ........cviuriiiriiieieieieiese sttt 22
2.3.2 Interaction Controllers for Rehabilitation RODOLS .............cooiiiiiiiiiiiiiee s 25

2.2 DISCUSSION. ...tttk stttk h bbbt bt st s e bbb bbbt b e s e st e bt h e e bbbt e s e e bt bt bbb n e 27
B O g1 o] (= W41 1 TS 29
Chapter 3 Development of the Ankle Rehabilitation RODOL.............cccooiiiiiiiie e 30

\Y



Table of Contents

3.1 DESIGN REQUITEIMENTS. .. .cuviitiierete it esie sttt ste ettt e e st e te et e s beess e s beaseesbesteesesbeesaesteaneaneenbestaeneesrenren 30
3.2 Determination of a Suitable Robot Kinematic StrUCTUIE.............cocviviiiiiiiiiie e 32
3.3 Workspace, Singularity and FOrce ANalYSES.......cc.ooviieiiiecie sttt 34
3.3.1 Analysis for 3 Link Parallel MeChaniSIm .........c.ccceiiiiiiiiiiie et 35
3.3.2 Analysis for 4 Link Parallel MeChaniSM ..........ccooiiiiiiiiiiieee e 43
3.3.3 Evaluation of 4 Link Design with Additional Constraints ...........cccccvvvviiiiiisie s 45
3.4 SYSTEM DBSCIIPIION ...tttk b bbbt st b ket b bttt 50
KRR O =T (T g [ L 4 YRR 53
Chapter 4 Online Identification of a Biaxial Ankle MOdel ..o 54
N = 7= Tod (o {1 o T PSSP 54
4.2 Mathematical Description of the Biaxial Ankle Model............cccooiiiiiiiiie e 56
4.3 ldentification of the Reduced Biaxial MOdEl...............ccouiiiiiiiiiiii 58
4.3.1 Solution of Ankle and Subtalar Joint DiSpPlaCemMENtS ..........cccevieiieiieiie e 60
4.3.2 Gradient Computation of the Kinematic MOl ............cccooiiiiiiiiiniiee e 62
4.4 Online Identification AIGOITTNMS. .........oo i e s ee s 63
4.4.1 Extended Kalman Filter/ Recursive Least SQUATES ..........ccoirirerieieiieinescsiesiesee e 64
4.4.2 LeaSt IMIBAN STUAIE ......veeiieeiieeieieieieste e e e ste e teeste e st e sse e e steeste e sbeesbeeshee st aessaeas e enteenteesbeenbeesneeanaeaneeenres 66
4.5 Kinematic Model with Configuration Dependent Axes Orientations ............ccoceeveveeienenieeiese e 67
4.5.1 Variation of Axis Tilt Angles with Ankle and Subtalar Joint Displacements..........c.c.ccccevvervenenn. 67
4.5.2 Variation of Axis Tilt Angles with Measured Euler ANgIeS .........c.ooviviiiiiiieie e 68
4.6 Preliminary RESUILS .......c.oiiiiiiieiee sttt bbbttt bttt 71
4.6.1 Simulations Involving Constant AXiS Tilt ANGIES........cceiii e e e 71
4.6.2 Simulations Involving Configuration Dependent AXis Tilt ANGIES .......ccccoviiiiiiiiiiiii 73
4.6.3 EXPErimMental RESUITS........cciiiiieiie et te sttt st r e e naeente e ste e sre e sneesnaeaneeanns 76
4.7 RLS Algorithm with Penalty on Deviation from Nominal Parameters...........ccococceveiviniinieninenenenns 79
4.7.1 EXPErimental RESUILS .......c.viiiiieiiieie ettt ettt este e esbeetaestesneeneesre e 81
4.8 CAPTEI SUMIMIAIY ...eeiiee ettt ettt ettt e ettt e e te st e teste e s e e see et e eneesae et eentenaeeseenteaneeneeaneeneeneeeees 83
Chapter 5 Computational Model of the HUMan ANKIE...........ccooiiieiiii i 85
5.1 Determination of Model COMPIEXILY .......cceiiiiiiiiice e 85
5.2 Modelling Of FOIrCe EIBMENTS ........cviiiiiiiiie e 86
oI R\, [oTo (=1 | [T To o) B I To T 0 = g SRS SRR 86
5.2.2 Modelling of MUSCIe-Tendon UNILS .........ccoiiiiiiieiiiiisese e 88
5.3 Definition of Force EIemMeNnt PArameters ..o 91
5.4 Modelling of AnKIE-FOOt DYNAIMICS..........ccuiiiiiieiiieieieese et 95
5.5 CRAPIEE SUIMMAIY ...c.viiviiiie ettt ettt e st et a et e s be e s e e s besse et e s teestesbeeteesbesbeaneeneestaeneesrenren 99
Chapter 6 Validation and Application of Ankle MOdel............cooeeiiiiiii e 100
6.1 MOGEI ValIAALION ...t et 100



Table of Contents

6.1.1 Validation of Passive Moment-Displacement CharacteristiCs..........ccovveveviiivieieieereseeiese e 101
6.1.2 Simulation of Active Ankle-Foot Motion/Benaviour............cccocuviiiriieneieicnce e 102
6.1.3 Comparison of Simulation and Experimental RESUILS...........cccccovveiiieiieciisesee e 103
6.2 SENSILIVITY ANAIYSIS .. eiitieieiiiiiie ettt et e st e e s e e te e ste e sreesaeesnee e teeseeaneeenteereenree e 109
6.3 Rehabilitation Trajectory GeNEratiON ...........cccoviiiiririeieieeei st 113
6.3.1 Formulation of Optimisation ProbIEm ... 114
B.3.2 RESUILS ..ottt sttt ettt e b et r et s R e e e Re Rt e b e Re e R e nReeR e e R tenRe e teereeaenreereetenre s 116
R O =T T ST L 1 OSSPSR 118
Chapter 7 Multi-Input Multi-Output Actuator FOrce Control ............cooceiieiiiiie e 120
7.1 Motivation for a MIMO Actuator FOrce CONtroller ...........oeoiiiiiiiiiiciscscse s 120
7.2 Actuator Force Control by Decoupling of Inertia MatriX..........ccocooveiiriieniiiieiee e 122
7.2.1 BeNefits OF DECOUPIING .....viiiiiiiiecie ettt sttt s te e be s ba e b e beereesteare s 124
7.2.2 Generalisation of the Decoupling Force Controller..........c.ccovvveiieiie v 125
7.3 Higher Order Dynamic Model of Actuator-Sensor-Environment System ..........cccocvvvveierievvereeninnnnnn, 127
7.3.1 General Three-Mass Model for Unidirectional Actuator- Sensor-Environment Systems............ 127
7.3.2 Sensitivity of the General Three-Mass Model to Parameter Variation .............ccccceeevivvveiennnnnns 129
7.3.3 Three-Mass Model of the Actuator and Force Sensor Hardware ..., 132
7.3.4 Inclusion of KinematiC COUPIING ......eoeiiiiieie ittt s sae e 135
7.3.5 Decoupled Transfer Functions of Actuator-Sensor-Environment SYstem ...........ccoccevveveneieenn. 136
7.3.6 State Space Model of the Linearised Actuator-Sensor-Environment System ..........cc.ccoceveveenee. 137
7.4 Stability Analysis of the Coupled Actuator-Sensor-Environment SyStem...........ccocevvvvivinienenennenn 138
7.4.1 Stability Analysis using Decoupled Transfer FUNCLIONS .........cccoivvviiiii i see e 139
7.4.2 Stability and Robustness Analysis in State SPACE .........ccuvviireririeieesi e 143
7.5 Proposed Actuator FOrce CONIOIIET.........coii it nre e 149
7.6 SIMUIATION RESUITS ...ttt bbbttt 152
7.6.1 Test for Disturbance REJECION ........ceeiiiicice et are s 152
7.6.2 Test for Backdriveability ...........coooiiiee e e 153
7.7 EXPEriMENTal RESUILS.....c.viiieiiicie ittt e st e be s e sbeesaesbeaneenaenre e 155
7.7.1 Stability EXPEIIMENT ... ..ottt sttt et te e e seesreeneenaeaneas 155
7.7.2 Experiments for Performance EVAIUALION. ..........ccoviviiiiiiiiieece e 157
7.7.3 Comparison of Simulation and Experimental RESUILS..........c.cccvviiiiiiiie v 162
7.8 CRAPTET SUMIMAIY .....eiiiiiieietist ettt bbbt b bbbt b et b bbb 163
Chapter 8 Model Integration and Elementary Robot COntrol ...........cccovvvv e 165
8.1 Dynamic Modelling of Parallel MeChaniSm............ccooiiiiiiiiiieees e s 165
8.1.1 ACtuating LinNK DYNAMICS......ceiiveiiiitiiie ettt sttt ste ettt sbe st e steessestesseessestesnaesaeeraesreaneas 165
8.1.2 ENd EFFECIOr DYNAMICS ....eoviiiiiiieiieie ettt sttt ettt e e seeese e e ste e e e sbeeneeseeeneeneenneas 170
8.1.3 Formation of Overall Mechanism DYNAMICS .........cccviiiiiiiiiieie e 170

vii



Table of Contents

8.2 Integration of Manipulator Model with Foot and Actuator DYNnamics..........cccceevveveveeieneseeseesieenen, 172
8.2.1 Integration Of OO AYNAMICS........cciiiiie ettt seeereeneesaeene s 172
8.2.2 Integration of actuator electrical dYNAmMICS..........cccviiveiiiiiiie e 174

8.3 Elementary RODOT CONIOL...........ooiiiii et eeneeeee e nre e e 175
8.3.1 BasiC IMpedance CONLIOL. ..o 176
8.3.2 RedundanCy RESOIULION .........ccv e e et e e st e s re e sn e neeeneeenre e e 178

8.4 IMPIEMENTALION ISSUES ..ottt b et bbbttt enes 180
8.4.1 Estimation of End Effector Orientation............cocoiieiiiiiiiincincse s 180
8.4.2 Estimation of Centre 0f ROTALION..............cuiiiiiiicece e 183

8.5 SIMUIALION RESUITS ..ot 185
8.5.1 Simulation with Rigid Biaxial Ankle KiNEMALICS ..........cceeiuiiiiieiiiieie e 185
8.5.2 Simulation with Added Yaw COMPHANCE .........cccviiiiiicieiecie ettt anes 187
B.5.3 DISCUSSION. ...ttt r ettt b bt et r ettt et b b renr e 188

8.6 EXPErMENTAL RESUILS......ouiiiiiiiiieee bbbttt 188
B.0.1 DISCUSSION. ...ttt r ettt b bt et n ettt et b bt nenr e 189

8.7 CRAPTET SUMIMAIY .....iveiiiiieti sttt b bbbt b bt bbbt e bbbt 191

Chapter 9 Adaptive Interaction Control via Variable Impedance Control.............cccccvovveveiecicceie e, 192

9.1 Biomechanical Model Based Impedance AdjUStMENt.............cocoeiiirieeieie e 192
9.1.1 Formulation of Environment Based Stiffness Adaptation Scheme ..........ccccocevvviiiiie e, 193
9.1.2 Limitations of the Proposed Impedance Adjustment SChemMe .........ccccveieiiiiinienie i 197

9.2 Simulation Results for Impedance Adjustment MOdUIE...........ccooeiiiiiiiiiiee s 198
0.2.1 DISCUSSION. ...tttk r et b bt e bR ettt b bt r e r e 199

9.3 Experimental Results for Impedance Adjustment ModUI€............ccoveeiiieieiii e 200
0.3, 1 DISCUSSION. ...ttt b et b bt e bR ettt et bt bt n e nr e 200

9.4 CRAPTET SUMIMAIY ...ttt ettt b bbb s bbbt st b et et b ettt b b enes 202

Chapter 10 Adaptive Interaction Control via Assistance Adaptation...........cccccvvvveveiiienie s, 203

IO RN 1 =T ot 3o oo = o TSR 203
10.1.1 Impedance Control with Adaptive Feed Forward FOICe ..........cccooviviicieiice e 204
10.1.2 Alternative Error Dependency FUNCLIONS .........cccoiiiiiiiieeiese e 205
10.1.3 Work based Stiffness AdapLation ...........cceviiiiiiieieeees s 207
10.1.4 Stability Analysis of Adaptive Control Scheme for Active ASSIStANCE..........cccevveiveieereevieene. 208
10.1.5 Reference Trajectory MOGITICALION .........ccccuiiiiiiiiieieeses s 213

10.2 Simulated Case Study for Assistance Adaptation ............cccccveiiieiiieiieeiie s 214
10.2.1 RESUILS @N0 DISCUSSTON ...ttt sttt bbb b et b e 216
10.2.2 Summary of SImulation RESUILS .........ccviviiiiicc e 226

10.3 Experimental Results for Assistance Adaptation .............ccoceeieriieienieniere e 227
10.3.1 Basic Feed Forward Moment Adaptation...........ccccvevuiiiiieiiiieic e 228

viii



Table of Contents

10.3.2 Effects of Different Error Dependency FUNCLIONS..........cccooviiiiiiiciese e 230
10.3.3 Effects of Incremental Work Based Stiffness Adaptation...........ccccooevrieiienin i, 232
10.3.4 Effects of Reference Trajectory ModifiCation.............ccocveviiiiiiiiiieie e 235
10.3.5 Summary of Experimental RESUIS ..........ccviiiiiece e 236

10.4 Overall Control Structure and Implementation of Rehabilitation EXercises ........c.ccccoevevvvvvvvervennne 237
10.5 Chapter SUMIMAIY ....ccviiieeiieiiesie ettt s et e st eesee e teesbeesbeesseesseesseeasbeenbeesteesseesteeaseesneesnneanneennes 239
Chapter 11 Conclusions and FULUIE WOTK ..........oiiiiiiiriiieieisise e 241
11.1 Outcomes, Conclusions and CONFDULIONS ..o 241
11.1.1 Development of a Novel Ankle Rehabilitation RODOL............cccoiiiiiiiiii e, 241
11.1.2 Kinematic Parameter Estimation of Human AnKIe ............cccoviiiiiiiiiiiiccc 243
11.1.3 Computational Ankle Model for Controller Development..........cccoovieeivieeie e 244
11.1.4 MIMO ACtUator FOICe CONLIOL........c.ciiiiiiiriiiiciitct e 245
11.1.5 Adaptive INteraCtion CONIOL..........ccveiiiiic e e e 247

I T (U] (=R o] SR 249
11.2.1 Design Optimisation and IMProVEMENT...........cceieeiiiiieiie e e e ne e e ens 249
11.2.2 Further Investigation of Kinematic Estimation AIgOrithm............cccooviiiiiiniiiiieee 250
11.2.3 Customisation of Computational Ankle MOdel...........cccoeiiiiiiiiiccc e 250
11.2.4 MIMO Actuator Force Control DESIGN ........ccueiriieieie et 251
11.2.5 Further Investigation of Adaptive Interaction CoNntroller............cccooveveiieiineiiecc e 251
Appendix A Supplementary Material on Robot Design ANalYSIS........cccveeiiieeiiieiiee e 253
A.1 Test Conditions fOr FOICE ANAIYSIS .....c.oviiiiiiiiieiieiee e 253
Appendix B Supplementary Mathematical ProofS..........cccccooie i 254
B.1 Simplification of the Effective Inertia MatriX...........cccooiiiiiininiieee e 254
B.2 Supplementary Material for Stability Analysis of the Assistance Adaptation Scheme...................... 255
B.2.1 Simplification 0f the BTC B MALIIX .........ccvueveeeeeieeeeeeiersseeseessseesees e seessesses s seensss s seenanes 255
B.2.2 Establishment 0f BOUNAS ON Y ..oovviiieie et st 256
Appendix C Simulation Parameters for MIMO Actuator Force Control ...........cccccovvviinineneieininenecees 257
Appendix D Simulation Parameters and Results for Assistance Adaptation Scheme............cccccceevievieninns 258
D.1 SIMUIATION PAFAMETEIS .....c.eieiiieicieiieiire ettt b et b b srenn e 258
D.2 Simulation Results for Passive Unconstrained MOtioN ...........ccccoiviiriiniiniisce e 259
D.3 Simulation Results for Passive Constrained MOTION ...........cccooiiiiiiiiiieisise e 262
D.4 Simulation Results for Active Unconstrained MOtION............cccoiiiiiiiiniis e 265
D.5 Simulation Results for Active Constrained MOTION............ccooiiiriiiiiini e 268
D.6 Summary of Performance COSt INUEX...........ooeiiiiiiiieieiie e 271
RETEIENCES ...ttt b R et E et e ettt 273



List of Figures

Figure 1.1: Bones and ligaments at the human foot and ankle. ............cccooiiiiniicii e 7
Figure 1.2: The typical ankle rehabilitation program for ankle Sprains...........ccceccvvveviveieiiennsiennn, 8
Figure 2.1: Examples of wearable ankle rehabilitation robots. (a) The anklebot developed in [12];
(b) The robotic gait trainer developed in [56]; (c) The pneumatically powered ankle foot
orthosis developed in [57]. (Images reproduced from [12], [56] and [57]). ...ccccoevrvrmrveininennes 14
Figure 2.2: Examples of platform based ankle rehabilitation robots. (a) The ankle exerciser
developed in [10]; (b) The reconfigurable ankle rehabilitation robot developed in [41]; (c) The
Rutgers Ankle rehabilitation interface developed in [9]. (Images reproduced from [10], [41],

AN [58]). vvveerterteit ettt ettt bbbttt renas 15
Figure 2.3: Kinematic models used to describe ankle motion. (Adapted from[76]) ........cc.cccevvvennenn. 19
Figure 3.1: (a) Rotational motions of the human ankle. (b) anatomical planes of the human body

(Adapted FrOM [L09]) ...ee ettt ettt b e bbbt ne b neenreas 31
Figure 3.2: Kinematic structure of the three link parallel mechanism.............ccccoceoviniiiinncnnn, 36

Figure 3.3: A slice of the robot workspace at zero Z Euler angle for the three link parallel
1Tl 0T 0T ] o ST RPS USRS RRRPR 42
Figure 3.4: Superposition of the workspace volume on regions of the task space with low
manipulability (configurations where condition number >50) for the three link parallel
A Tod 0 a1 PSS PR PSRRI 42
Figure 3.5: Plot indicating the distribution of manipulator Jacobian condition numbers throughout
the manipulator task space for the three link parallel mechanism. The colour spectrum is
assigned to the base 10 logarithms of the condition NUMDErS. ..........cceeiiiiiiiiie e, 43
Figure 3.6: Kinematic structure of the three link parallel mechanism.............cccoeiiiiiiiincnn, 43
Figure 3.7: A slice of the robot workspace at zero Z Euler angle for the four link parallel
1Tl 0T 0T ] o OO SPSPSPRRRRPR 44
Figure 3.8: Superposition of the workspace volume on regions of the task space with low
manipulability (configurations where condition number >50) for the four link parallel
LTl 0T 0T ] o TR PPPRPRRPRPR 45
Figure 3.9: Plot indicating the distribution of manipulator Jacobian condition numbers throughout
the manipulator task space for the four link parallel mechanism. The colour spectrum is
assigned to the base 10 logarithms of the condition NUMDErS. .........cccovvviiiiiiienecec e 45

Figure 3.10: Illustration of the joint limit on the effective spherical joint...........cccccocvviviviiiiiienne 46



List of Figures

Figure 3.11: The common robot workspace at zero Z Euler angle. The information shown is that for
the four link parallel mechanisms obtained by varying 0OA within a 30mm cube centred about
TES NOMINGAL VAIUB. ...ttt bbb 48
Figure 3.12: Superposition of the common workspace volume on regions of the task space with low
manipulability (configurations where largest condition number >50). The information shown is
that for four link parallel mechanisms obtained by varying OA within a 30mm cube centred
about its nominal value. Note that the common workspace shown is the intersection of all the
reachable workspaces computed by varying OA, while the low manipulability region shown is
the union of all the low manipulability regions obtained by varying OA. .............cccccecuveueenn.n. 48
Figure 3.13: Plot indicating the distribution of the largest manipulator Jacobian condition numbers
throughout the manipulator task space. The colour spectrum is assigned to the base 10
logarithms of the condition numbers and the information shown is that for four link parallel
mechanisms obtained by varying OA within a 30mm cube centred about its nominal value.
Note that the condition numbers used to generate the plot are the largest among the results
0btaINed FrOM VAINYING OA.......ooiiiiiiiieee ettt ettt bbb e s 49
Figure 3.14: The 3D CAD model of the developed ankle rehabilitation robot (a) and a photograph
showing the robot with the user’s lower limb attached (B)............cccocoviiiiniei 50

Figure 3.15: A block diagram showing various hardware and software components of the ankle

rehabilitation robot developed in this reSEArCH. ........ccecviiii i 51
Figure 3.16: End user GUI for the developed ankle rehabilitation robot. ..............c.ccooiiiiiiicienn, 52
Figure 4.1: The lower leg and foot bones and the terminology used to describe various foot

0] ¥= UL 0] £ S J TSP PP PR PPRPRPR 55
Figure 4.2: Graphical representation of variables used in (4.1) — (4.3). .ccccooveveiieiiiece e, 56

Figure 4.3: The superposition of indicative ankle, subtalar, foot and global coordinate frames on a
three dimensional surface model of the foot-ankle structure. Red axes represent the axes about
WHICH FOLALIONS OCCUF. .....citiitiitiitieiieieie sttt ettt bbbttt 57

Figure 4.4: Diagram showing additional degrees of freedom available in the 16-parameter kinematic
model when compared with the 12 parameter model. ... 58

Figure 4.5: The relationships between the X and Y components of the XYZ Euler angles and the
ankle and subtalar joint displacements when the axis tilt angles of the ankle kinematic model
are identical to those presented IN HErature. ........cccveieiic e 69

Figure 4.6: Box plots for R? values found by fitting a linear model through the Euler angle-joint
displacement relationships over 500 randomly generated model parameters. The top plot
shows the R* values for relationships obtained using various pair-wise combinations of the

XYZ Euler angles while the bottom plot shows the same obtained using different pair-wise
Xi



List of Figures

combinations of the ZXY Euler angles. Note that the notation of P:Q is used to identify results
relating to the angle pairing P and displacement output Q, with A and S denoting the ankle and
subtalar joint displacements reSPECIVEIY.........c.iiiiiiiiiiic e 70
Figure 4.7: A time history of estimated parameters for EKF algorithms with different process and
measurement noise covariance matrices. The blue, red and black lines represent parameters
obtained from trials A, B and C reSpPectiVely..........cocooiiiriieii i 72
Figure 4.8: A time history of estimated parameters for the LMS algorithm with different € values.
The blue and red lines represent trials D and E respectively. ........ccccovvveviveiecieveenn s 72
Figure 4.9: The time history of the axis tilt angle estimates obtained from case F (blue) and G (red)
during the identification process. The actual axes tilt angles used in data generation is given by
TNE GIEEN TINE. ..ottt b et 74
Figure 4.10: The estimated axis tilt angles using the final parameters obtain from case H (blue) and
case | (red). The actual axis tilt angles used for data generation is given by the green line......75
Figure 4.11: The errors in estimation of the ankle and subtalar joint angles using parameters
obtained from the identification trials. Data relating to cases F, H and | are respectively given
by the green, bIue and red HINES. .........ooveii i 75
Figure 4.12: The measured and estimated ZXY Euler angles of the robot/foot orientation using the
RLS algorithm. Blue lines represent the measured quantities while red lines represent the
ESTIMALEU VAIUES. ...ttt ettt e te e e e s re e teeneesneenreeneeenes 77
Figure 4.13: The estimated ankle (blue) and subtalar (red) joint displacements using the RLS
Lo To] 11010 PSSR 77
Figure 4.14: The measured and estimated ZXY Euler angles of the robot/foot orientation using the
modified RLS algorithm. Blue lines represent the measured quantities while red lines represent
the EStIMALE VAIUES. .......oeiiiiiicee bbbttt 82

Figure 4.15: The estimated ankle (blue) and subtalar (red) joint displacements using the modified

RIS T 1o To] ¢ 1101 1 SRR PRI 82
Figure 5.1: Spring damper system to model viscoelasticity of ligaments. ..........c.ccooeveieiiniiinnnn. 87
Figure 5.2: Forces found in the ligament Model. ...........coooeiieii i 88
Figure 5.3: Model structure of the muscle-tendon Unit.............ccooveiieiiiic i, 89

Figure 5.4: (a)Normalised tension-length relationship for the tendon. (b)Normalised tension-length
relationship for the contractile element. (c)Normalised tension-length relationship for the
parallel element. (d) Normalised force-velocity relationship for the contractile element (note
that negative velocity Signify CONraCtion)...........cccveiieiieiieie e 90

Figure 5.5: ligaments of the ankle and subtalar joints considered in the ankle model. (Adapted from
R TSRS 92



List of Figures

Figure 5.6: Foot muscles considered in the ankle model (Adapted from [119]). .....cccovvviiiiiininne. 92
Figure 5.7: GUI developed to facilitate definition of force element parameters. ...........ccccccevvrvennnne 94
Figure 5.8: Free body diagram of the ankle-foot structure considered in the ankle model. .............. 95

Figure 6.1: The moment-angular displacement relationship generated by applying a slow moment
ramp input to the developed ankle model. Plot (a) shows the relationship for the flexion
direction while plot (b) shows that for the inversion-eversion direction. ............cccccceeeevennenn. 101

Figure 6.2: Typical moment-angular displacement relationship in the flexion direction (Reproduced
101101 £S5 ) PSR PRTRRPROPPRRPRS 102

Figure 6.3: Time histories of the foot orientation in XYZ Euler angles obtained from simulations of
the developed ankle model with muscle activations. ...........ccccccevvveveeiesieseece e 103

Figure 6.4: Schematic describing the nominal and actual interaction points on the robot and the
equivalent wrenches applied at each of these POINtS. ........cccoeiiiiiiii i 104

Figure 6.5: Possible solutions of rya includes all vectors that connects point O and any other point
on the dashed line (which is parallel to the force vector Fy). ....ccoocevveieiieiiiic e, 106

Figure 6.6: Schematic describing the nominal and actual centres of rotation of the ankle and the
equivalent wrenches applied at each of these POINtS. ........cccoeiiiiiiii i 107

Figure 6.7: (a) Comparison of actual (blue) and simulated (red) foot orientations in terms of XYZ
Euler angles. (b) Moments applied at the interaction point. ...........cccccoceviveveiienceere e 109

Figure 6.8: Box plots of the minimal norm interaction forces and moments computed for a variety
of randomly selected ankle model parameters. The foot configuration is fixed at &, = 30°,
6= 20° and muscle activations are set at zero. The values of the interaction forces and
moments calculated for the nominal model parameters are F,=0.03N, Fy = ON, F, = 0.02N, My
=-0.07Nm, My = L.6INM, Mz = -0.56NM. ..ocoiiiiiiiiii e, 110

Figure 6.9: Box plots of the minimal norm interaction forces and moments computed for a variety
of randomly selected ankle model parameters. The foot configuration is fixed at &, = —30°, &,
= —20° and muscle activations are set at zero. The values of the interaction forces and
moments calculated for the nominal model parameters are Fy = -0.89N, F, = 0.65N, F, = -
0.74N, My = -21.92Nm, My = -13.03NM, M; = 22.25NM. ...cociiririiriiiineicie e 110

Figure 6.10: Scatter plots of different elements of the interaction wrench against their most
influential model parameters when the foot is in supination. The vertical red lines are used to
mark the nominal model Parameters. .........coovevviii e 112

Figure 6.11: Scatter plots of different elements of the interaction wrench against their most
influential model parameters when the foot is in pronation. The vertical red lines are used to

mark the nominal model paramieigfs®.,. o ... &..... G d B ... & .. ol 113

Xiii



List of Figures

Figure 6.12: (a) Initial (green) and improved (blue) rehabilitation trajectories. (b) Instantaneous
costs related to the initial (green) and improved (blue) trajectories. ........cccccevevierveieciennnnn, 117
Figure 6.13: Ligament tensions and joint reaction moment magnitudes for the intial (green) and
IMProved (DIUE) TraJECLOTIES. ......eieiiiieiti ettt ettt sb et sre e b e enes 118
Figure 7.1: Block diagrams of the actuator dynamics (a) and block diagram of the system under
disturbance observer based CONtrol (D). ......coovoiveiiie e 123
Figure 7.2: A three degree of freedom mass-spring-damper SyStem. ...........cccceevveveviieieesesiie s, 127

Figure 7.3: Bode diagram of the transfer function between applied actuator force and the interaction

force as measured Dy the TOrCe SENSOT. ........ccoiiiiiiii e 128
Figure 7.4: Loading conditions between the motor rotor and the ball sCrew............ccccoovevvvierinnee. 132
Figure 7.5: Loading conditions between the actuator rod and force Sensor. .........cccccccveveveeieeneennn. 133

Figure 7.6: Environment dynamics along one of the output basis vectors of the manipulator
B = Tolo] o - o PSSRSO 134
Figure 7.7: Bode diagrams of the frequency responses for the actuator-sensor-environment system
along the decoupled direction with the largest singular value (blue lines) and along the null
vector (red lines). Solid lines indicate that no low pass filter is added to the system while
dotted line INICAIES OTNEIWISE. ........ciieiicie et sne e 140
Figure 7.8: Block diagram showing discrete proportional derivative force feedback control along
the decOUPIEd dIFBCLIONS. .....c.veii e e e e e e sreeneenneas 141
Figure 7.9: The discrete Bode plots of the input force to output force frequency responses along all
decoupled directions. The cross-over frequencies of these responses are marked using the
thick vertical dashed lINES. .........coviiiiie e e 141
Figure 7.10: Plots of the critical gains in non-null decoupled directions against their corresponding
SINQUIAT VAIUES. ...ttt e et e st e st e et e s seeste et e sneesbeenbeaneenneas 143
Figure 7.11: Uncertainty formulation of the task space environment...........c.cccocevcvrieiienenicnenen. 145
Figure 7.12: Typical representation of systems with uncertainties where the uncertainty block is
separated from the OVerall SYSIEM..........c.oiv i 146
Figure 7.13: The structured singular values of the system at different frequencies. Solid line
indicates the upper bound and dotted line indicate the lower bound. ...........cccooeiiiiiniine. 148
Figure 7.14: Structure of the final actuator force control 1aw............cccocceiiiiiiiincicic e 149
Figure 7.15: Linear piecewise functions used for gain scheduling in different decoupled directions
0] 1 SRRSO 150

Figure 7.16: Values of x (Msys) computed over a range of foot orientations defined by the ankle (&)

and subtalar (&) joint diSPIACEMENLS. .......c.veiiiiiiciee e 151

Xiv



List of Figures

Figure 7.17: Desired (dotted lines) and measured (solid lines) actuator force profiles, as well as
force errors Fer for (a) the uniform gain controller and (b) the proposed controller. ............. 153
Figure 7.18: Task space displacements of the system obtained in the backdriveability simulation
with (a) the uniform gain controller and (b) the proposed controller. ..., 154
Figure 7.19: Forces measured along actuator 1 using different actuator force controllers.............. 156
Figure 7.20: Experimental results obtained during free motion of the user's foot on the ankle
rehabilitation robot. The Euler angle trajectories for the uniform gain controller is shown in (a)
while the associated actuator forces and force errors are given in (b) and (c). Similarly, the
motion trajectories obtained using the proposed controller is given in (d) and its associated
forces and force errors are Shown in (&) and (f)......ccoevvrieiiieiiecic e 158
Figure 7.21: Experimental results obtained when foot of the user is moved passively by the ankle
rehabilitation robot. The Euler angle trajectories for the uniform gain controller is shown in (a)
while the associated actuator forces and force errors are given in (b) and (c). Similarly, the
motion trajectories obtained using the proposed controller is given in (d) and its associated
forces and force errors are sShown in (&) and (f)......ccoeveeieiieii i, 159
Figure 7.22: Desired and measured ankle moments about the ankle as obtained from the torque
CONEIOL EXPEITMENT. ...ttt e b et b et n e e 160
Figure 7.23: Moment errors as obtained from the torque control experiment...........c.ccccoecveivernenee. 160
Figure 7.24: Experimental results obtained by using the proposed controller in regulation of the X
interaction moment about three different IeVelS. ... 161

Figure 8.1: Graphical representation of an actuating link (a) and free body diagrams of the lower

actuator segment (b), actuator rod (c), and force Sensor (). ......cccocervrrerieeresieese e 166
Figure 8.2: Free body diagram of the end effector. ..o 170
Figure 8.3: Action of gravitational forces on the robot end effector and distal segments of the

ACTUALING TINKS. 1.ttt ettt e st e st e et e e neesreenbeeneenneas 178
Figure 8.4: Relationships between the nominal and actual end effector centre of rotation............. 184

Figure 8.5: Simulation results of a passive motion trial on the ankle rehabilitation robot. This
simulation applies the proposed basic impedance controller, redundancy resolution scheme and
a modified actuator force controller on the integrated foot-robot model..............cccoereiennnnns 186

Figure 8.6: Simulation results of a passive motion trial on the ankle rehabilitation robot. This
simulation applies the proposed basic impedance controller, redundancy resolution scheme and
actuator force controller on the integrated foot-robot model with added yaw compliance. ....187

Figure 8.7: Experimental results of a passive motion trial on the ankle rehabilitation robot. This
simulation applies the proposed basic impedance controller, redundancy resolution scheme and

actuator force controller on the actual ankle rehabilitation robot. ..........ccooeeeiveeieie 189
XV



List of Figures

Figure 9.1: Resistive moments contributed by the ligaments and muscle-tendon units on the ankle
and subtalar joints. These moments are obtained from the computational ankle model by
assuming steady state behaviour of the force elements. ..., 194

Figure 9.2: Surface plots for different elements of the ankle stiffness matrix computed across a
range of ankle and subtalar joint diSplacements. .........cccooviiriiiiiici 194

Figure 9.3: Contour plots for different elements of the ankle stiffness matrix computed across a
range of ankle and subtalar joint displacemMENts ..........ccceeiiiieiiiiiiiecr e 195

Figure 9.4: Simulation results of passive moment trials using the constant and variable impedance
(010 10 IKSTod g T 4T TSP 199

Figure 9.5: Experimental results of passive moment trials using the constant and variable impedance

CONEIOL SCRBMES. ...ttt sttt e et e 201
Figure 10.1: The proposed parabolic error dependency funCtion. .........c.ccoccevenenininnienese e, 206
Figure 10.2: Graphical representation of the environment used in the simulation case study. ....... 216

Figure 10.3: (a) Comparison of the reference and actual trajectories obtained from simulations on
unconstrained motion using different error dependency functions. The force vectors applied at
different points along the trajectories are shown for the linear, saturated and parabolic
approaches in (b), () and (d) reSPECLIVELY..........ooiiiiiiiiiiiee e 217

Figure 10.4: (a) Comparison of the reference and actual trajectories obtained from simulations on
constrained motion using different error dependency functions. The force vectors applied at
different points along the trajectories are shown for the linear, saturated and parabolic EDF
approaches in (b), () and (d) reSPECLIVEIY.......ccoieiiiiiieee e 218

Figure 10.5: Comparison of the motion trajectories and the magnitudes of negative work done by
the controller at different trajectory points for control schemes with (W1) and without (WO0)
work based adaptation for both unconstrained (a) and constrained (b) motions. Note that the
lengths of the thin lines give an indication of the negative work magnitudes, with positive
WOrk having a 1eNgth OF ZEI0. ......oeiiii s 219

Figure 10.6: The forces applied along the actual trajectories during unconstrained motion for the
controllers without (a) and with (b) work based stiffness adaptation. Note that force vectors are
drawn at uniformly sampled time INTErValS. ........cccocoiiiiiii e 220

Figure 10.7: Summary of the average negative work done by different controllers with a linear error
dependency function under various operating CONditioNS. .........cccccevvererieeriere e 221

Figure 10.8: Simulation results for trajectory modification module: Comparison of the reference and
actual trajectories for simulations involving both unconstrained (a) and constrained (b)
motions; force vectors applied by the control scheme with no trajectory modification during

XVi



List of Figures

unconstrained (c) and constrained (d) motions; and force vectors applied by the control scheme
with trajectory modification during unconstrained (c) and constrained (d) motions............... 223
Figure 10.9: Summary of performance cost indices for controllers with different combinations of
error dependency functions, work based stiffness adaptation activation and trajectory
modification activation under various operation conditions considered in the simulation.
Indices related to linear, saturated and parabolic error dependency functions are shown as blue,
green and red Dars rESPECHIVEIY . ..o i 226
Figure 10.10: Modified performance cost indices (without negative work considerations) of the
different controllers considered under the passive unconstrained and passive constrained
simulation conditions. Indices related to linear, saturated and parabolic error dependency
functions are shown as blue, green and red bars respectively. .........cccooevveieiieiiv e, 226
Figure 10.11: Desired and measured foot orientation, as well as tracking errors obtained from
passive motion trials using the conventional impedance controller (without feed forward

moments tff) and the basic assistance adaptation scheme (with feed forward moments tff).

Figure 10.12: Feed forward moments generated by the basic assistance adaptation scheme.......... 229
Figure 10.13: Desired and measured foot orientations, as well as the feed forward torque obtained
from active motion trials using the basic assistance adaptation scheme. .............ccccvveiennnns 229
Figure 10.14: Desired and measured foot orientation, as well as measured moments obtained from
constrained motion trials using the conventional impedance controller (without feed forward
moments z) and the basic assistance adaptation scheme (with feed forward moments )....229
Figure 10.15: Desired and measured foot orientations, as well as tracking errors obtained from
passive motion trials using assistance adaptation schemes with different error dependency
functions in the feed forward moment adaptation law.............ccocviriiiiiiciene, 231
Figure 10.16: Desired and measured foot orientations, as well as assistive moments obtained from
constrained motion trials using assistance adaptation schemes with different error dependency
functions in the feed forward moment adaptation law............ccccceiirinin i 231
Figure 10.17: Desired and measured foot orientations, as well as incremental work done by the
robot obtained from active motion trials requiring the subject to follow the reference trajectory
as closely as possible. The incremental work based stiffness adaptation module was toggled
between on and off for the two control schemes considered. ...........ccocoveveiiieiinenieieien 233
Figure 10.18: Desired/measured foot orientations, measured moments, as well as incremental work
done by the robot obtained from active motion trials where subject attempts to move the foot

as much as possible in the desired direction with no regard to trajectory tracking. The

Xvii



List of Figures

incremental work based stiffness adaptation module was toggled between on and off for the

two control SChemMES CONSIABIEA. ........oiiiiiieee e 234
Figure 10.19: Desired and measured foot orientations, as well as estimated interaction moments

obtained from constrained motion trials using assistance adaptation schemes without and with

the reference trajectory modification MOAUIE. ..........c.ooeiiiiiiiiiiiieee e 236
Figure 10.20: Overview of the interaction control scheme proposed in this research..................... 238
Figure 10.21: Experimental trials showing the implementation of resistive exercises on the

developed ankle rehabilitation robot through the use of impedance control and torque control.

Figure D.11.1: Feed forward forces in the final motion cycle (red vectors), original reference
trajectory (green dashed lines), final reference trajectory (magenta dashed lines) and final
actual path (blue lines) for passive unconstrained motion trials. TM is the flag used to denote
activation of the trajectory modification module and W is the flag used to indicate activation of
the work based stiffness adjustment Mmodule. ...........ccoooveiiiieiiie s 259

Figure D.11.2: Total driving forces in the final motion cycle (red vectors), original reference
trajectory (green dashed lines), final reference trajectory (magenta dashed lines) and final
actual path (blue lines) for passive unconstrained motion trials. TM is the flag used to denote
activation of the trajectory modification module and W is the flag used to indicate activation of
the work based stiffness adjustment Mmodule. ...........ccoooveiiiiiiiine s 260

Figure D.11.3: Incremental work done by the robot in the final cycle of passive unconstrained
motion trials. TM is the flag used to denote activation of the trajectory modification module
and W is the flag used to indicate activation of the work based stiffness adjustment module.

Figure D.11.4: Feed forward forces in the final motion cycle (red vectors), original reference
trajectory (green dashed lines), final reference trajectory (magenta dashed lines) and final
actual path (blue lines) for passive constrained motion trials. TM is the flag used to denote
activation of the trajectory modification module and W is the flag used to indicate activation of
the work based stiffness adjustment module. ...........cccooveiiiii i, 262

Figure D.11.5: Total driving forces in the final motion cycle (red vectors), original reference
trajectory (green dashed lines), final reference trajectory (magenta dashed lines) and final
actual path (blue lines) for passive constrained motion trials. TM is the flag used to denote
activation of the trajectory modification module and W is the flag used to indicate activation of

the work based stiffness adjustment module. ... 263

Xviii



List of Figures

Figure D.11.6: Incremental work done by the robot in the final cycle of passive constrained motion
trials. TM is the flag used to denote activation of the trajectory modification module and W is
the flag used to indicate activation of the work based stiffness adjustment module. .............. 264
Figure D.11.7: Feed forward forces in the final motion cycle (red vectors), original reference
trajectory (green dashed lines), final reference trajectory (magenta dashed lines) and final
actual path (blue lines) for active unconstrained motion trials. TM is the flag used to denote
activation of the trajectory modification module and W is the flag used to indicate activation of
the work based stiffness adjustment module. ... 265
Figure D.11.8: Total driving forces in the final motion cycle (red vectors), original reference
trajectory (green dashed lines), final reference trajectory (magenta dashed lines) and final
actual path (blue lines) for active unconstrained motion trials. TM is the flag used to denote
activation of the trajectory modification module and W is the flag used to indicate activation of
the work based stiffness adjustment Module. ..........ccoooiiiiiiiiii e 266
Figure D.11.9: Incremental work done by the robot in the final cycle of active unconstrained motion
trials. TM is the flag used to denote activation of the trajectory modification module and W is
the flag used to indicate activation of the work based stiffness adjustment module. .............. 267
Figure D.11.10: Feed forward forces in the final motion cycle (red vectors), original reference
trajectory (green dashed lines), final reference trajectory (magenta dashed lines) and actual
path (blue lines) for active constrained motion trials. TM is the flag used to denote activation
of the trajectory modification module and W is the flag used to indicate activation of the work
based stiffness adjustment MOAUIE. .........cc.ooi i e 268
Figure D.11.11: Total driving forces in the final motion cycle (red vectors), original reference
trajectory (green dashed lines), final reference trajectory (magenta dashed lines) and final
actual path (blue lines) for active constrained motion trials. TM is the flag used to denote
activation of the trajectory modification module and W is the flag used to indicate activation of
the work based stiffness adjustment Module. ...........cooiiiiiiiii e 269
Figure D.11.12: Incremental work done by the robot in the final cycle of active constrained motion
trials. TM is the flag used to denote activation of the trajectory modification module and W is

the flag used to indicate activation of the work based stiffness adjustment module. .............. 270

XiX



List of Tables

Table 3.1: Typical range of motion at the human ankle .............ccooo i 31

Table 3.2: Kinematic parameters of designs considered in the three link manipulator analysis. ......39

Table 3.3: Design analysis results for different three link designs. ... 39
Table 3.4: Kinematic parameters for the three link parallel mechanism ...........cc.cccooeiviinienen 41
Table 3.5: Kinematic parameters for the four link parallel mechanism.............cccccociiiiiiiiiciee, 44

Table 3.6: Motion limits and moment capacity of the 4 link parallel mechanism (with consideration
Of ankle CeNtre VAriation) ..........ccviie ittt ste e nreas 49
Table 4.1: Summary of test parameters and results for a test to compare ankle and subtalar
displacements computed using the MEM and optimisation approaches. ............cccccecerevvnnenes 62
Table 4.2: The EKF algOrithm .......co it 64
Table 4.3: Results summary of different kinematic parameter estimation algorithms on a kinematic
model with constant axes tilt ANGIES. ......ccooiiiiiie s 73
Table 4.4: Parameters for the ankle kinematic model with configuration dependent axis tilt angles
USEA TN STMUIBTION. ...ttt b bbb e e 74
Table 4.5: Results summary of different kinematic parameter estimation algorithms on a kinematic
model with axis tilt angles which varies linearly with joint displacements...............cccoceveennen. 74
Table 4.6: Results summary for the use of the conventional RLS algorithm in fitting the proposed
ankle kinematic model to the experimental data............ccooeviiieiiiinei e 78
Table 4.7: Results summary for the use of the modified RLS algorithm in fitting the proposed ankle
kinematic model to the experimental data. .............cccoveiiiie i 81
Table 6.1: Muscles recruited for different cases considered in simulation..............ccccccoevenciennnnn. 102
Table 6.2: The three most influential model parameters (in terms of sensitivity) for each element of
the interaction wrenches obtained from the two test SCENArioS..........ccccvvvviieieiireii i 111
Table 6.3: Weightings for ligament tensions/joint reaction moments and the cost of initial and final
LUV [T (0T 1TSS PPOPRPRRPRS 117
Table 7.1: Results summary of sensitivity analysis for the first two resonant frequencies. ............ 130
Table 7.2: Results summary of sensitivity analysis for the last resonant frequency and the anti-
FESONANT TTEQUEINCY . ..e.vvieieie ettt ettt e b et e et e et e e b e e e st e e beesnbeesbeesnneetee e 130
Table 7.3: Relationship between the system parameters of the general three-mass model and the
NArAWAIE PAFAMETEIS. .. .o.viieiitiie bbbt b ettt 135

Table 7.4: Uncertainty weighting matrices used in the robust stability analysis. ............ccccccevvennnne 151

XX



List of Tables

Table 7.5: The environmental inertia matrix and the effective inertia matrices for the force
controllers considered in the backdriveability Simulation .............cccooeveiienivcie s, 155
Table 7.6: Actuator force controllers considered in the stability experiments. ...........ccccccoveinnennnn. 156
Table 7.7: Root mean squares of actuator force errors for both the uniform gain controller and the
proposed controller during free and passive MOtION taSKS. .........cccuvrverviieeieesiieiee e 157
Table 8.1: Definition of Moment arm vectors and motion variables for an actuating link. ............ 168

Table 10.1: Relationship between the feed forward adaptation rule parameters and the types of error

AEPENENCY TUNCLIONS. .......iiiiiiiiiicee ettt bbbt a it b e ne e 207
Table 10.2: Assistance adaptation scheme parameters used in the experimental trials.................... 227
Table A.1: Configuration-moment pairings used in force analysis. .......ccccoevvvvereeresieesieeie e 253

Table C.1: Parameters used in simulation and analysis of the MIMO Actuator Force Controller. 252
Table D.1: Parameters used in the simulation case study for the proposed assistance adaptation
00 1= 0 01 Ao X
Table D.2: Performance cost indices of motion trials in the simulation case study prior to
010 g4 ST 4[] o S PP 266
Table D.3: Performance cost indices of motion trials in the simulation case study after
0] 0 F= 1 ESY= [ o 267

XXi



Nomenclature

Abbreviations

3D - Three Dimensional

CE — Contractild Element

CPM - Continuous Passive Motion
dof — degrees of freedom

EDF — Error Dependency Function
EKF - Extended Kalman Filter
GUI - Graphical User Interface
LMS — Least Mean Square

MEM - Matrix Element Matching
MIMO - Multi-Input Multi-Output
PE — Parallel-elastic Element

RLS — Recursive Least Square
ROM - Range Of Motion

SE - Series-elastic Element

SISO - Single-Input Single-Output

Definition of Terms

Ankle/Talocrural joint — The articulation between the Tibia, Fibula and Talus

Subtalar joint — The articulation between the Talus and Calcaneus

Sagittal plane — the anatomical plane separating the body into left and right portions

Frontal plane — the anatomical plane separating the body into front and back portions

Transverse plane — the anatomical plane separating the body into top and bottom portions

Lateral — used to describe the side of a body part which is away from the sagittal plane of the
human body

Medial — used to describe the side of a body part which is facing towards the sagittal plane of the
human body

Shank — the portion of the lower limb between the knee and the ankle

Plantarflexion — rotation of the foot on the sagittal plane so that the toes are brought away from the
shank

xxii


https://www.bestpfe.com/

Nomenclature

Dorsiflexion — rotation of the foot on the sagittal plane so that the toes are brought closer towards
the shank

Inversion — Rotation of the foot so that the lateral side of the foot is moved closer to the sagittal
plane of the human body

Eversion — Rotation of the foot so that the medial side of the foot is moved away from the sagittal
plane of the human body

Abduction/External Rotation — Rotation of the foot on the transverse plane so that the big toe is
moved away from the sagittal plane of the human body

Adduction/Internal Rotation — Rotation of the foot on the transverse plane so that the big toe is
moved closer towards the sagittal plane of the human body

Euler Angles — A sequence of angles used to define orientation of an object through consecutive
rotations about the specified axes. For examples, XYZ Euler angles give the X rotation about the
x-axis, followed by a Y rotation about the resulting y-axis and then the Z rotation about the
resulting z-axis

Joint space — generalised coordinates used to describe the motion or force quantities along the
actuators of a robot

Task space — generalised coordinates used to describe the motion or force quantities in the
operational space of a robot.

Singular Value Decomposition (SVD) — A matrix factorisation which represents a rectangular
matrix as the product of a unitary matrix, a rectangular diagonal matrix with non negative real
numbers along its diagonal, and another unitary matrix.

Singular Values — The values along the leading diagonal of the rectangular diagonal matrix
resulting from the singular value decomposition of a matrix.

Condition Number — The ratio between the maximum and minimum singular values of a matrix

Rank deficient — A matrix is considered to be rank deficient if it has zero as a singular value.

Null vector — A null vector of a matrix is a column vector of unit length whereby the matrix
multiplication of this matrix and the null vector will result in a zero vector

Null space — A column-wise collection of the null vectors of a matrix

Manipulator Jacobian — A matrix describing the linear mapping between the joint space velocity
and task space velocity

Robot singularity — A point in the robot workspace whereby the Manipulator Jacobian becomes

rank deficient.

xxiii



Chapter 1 Introduction

Robots can be considered as reprogrammable devices which can be used to complete certain
tasks in an autonomous manner. While robots have long been used for automation of industrial
processes, there is a growing trend where robotic devices are used to provide services for end users.
An area where robots are believed to have a significant impact is healthcare. Accessibility to
healthcare services is a vital component to improve the quality of life. However, the trend of aging
populations will certainly increase demand on healthcare and create more strain on the already
limited resources available [1, 2]. For this reason, much research had been dedicated to medical and
healthcare robots [3]. As ankle sprain is a very common form of musculoskeletal injuries and
requires a comprehensive rehabilitation program to avoid recurrent injuries [4], application of
robots in ankle rehabilitation will be greatly beneficial in providing additional resources to facilitate
the physical therapy of patients suffering from ankle injuries. The overall aim of this research is
therefore to develop a robot to facilitate physical therapy of the human ankle. This chapter provides
background information on issues relating to this research, starting with the motivations behind the
development of rehabilitation robots for physical therapy and successful examples of such systems.
An overview of strategies used to control the physical interaction of robots with their environment
is also provided. This is followed by a description of the general procedures involved in ankle
rehabilitation. The motivations and objectives for this research, as well as the structure of this thesis
are also detailed at the end of this chapter.

1.1 Rehabilitation Robots

Robots were used for rehabilitation purposes since the 1960s [5]. Application of robots in
rehabilitation was initially more focused on replacing lost functions in individuals with physical
disabilities through the use of devices such as robotic orthoses, robotic workstations, feeding
devices and robotic wheelchairs [1]. Over the last two decades however, there has been an
increasing amount of research into the use of robots in physical therapy [2, 3, 6-9]. This Section will
discuss the main motivations behind this trend, notable robotic systems used for the rehabilitation of
upper and lower limbs, as well as the some of the important features of these rehabilitation robots.
In the context of this research, rehabilitation robots used for physical therapy purposes are
considered as devices which utilises active feedback control to provide guidance, assistance or

resistance to patients during their rehabilitation exercises.



1.1 - Rehabilitation Robots
1.1.1 Motivation for Rehabilitation Robots

One of the main motivations behind the adoption of robots in physical therapy is the potential
improvement in productivity [7, 10]. Physical therapy normally requires manual manipulation of the
patient’s affected limb, and these manipulations can be rather repetitive and labour intensive [8, 11].
Consequently, such rehabilitation exercises can easily lead to the onset of fatigue in the therapist,
thus limiting the duration and intensity of the therapy session. Since robots are well suited for
repetitive tasks and can be designed to have adequate force capabilities, their use in the execution of
these exercises will be able to reduce the physical workload of therapists, and can potentially allow
the therapists to simultaneously oversee the treatment of multiple patients in a supervisory role [7,
8]. Additionally, by removing the physically demanding component of a therapist’s workload,
application of robots in rehabilitation also has the potential of reducing the likelihood of repetitive
stress injuries amongst physical therapists.

The use of robots in physical therapy also offers further advantages due to their high
repeatability and ability to collect vast amount of quantitative data when equipped with appropriate
sensors. Since therapists mainly operates based on their “feel”, their evaluation of the patient’s
condition can be rather subjective. By using robotic devices, diagnosis and prognosis can be made
more objectively with the help of quantitative data, and comparisons between different cases can
also be made more easily [8, 12]. The high repeatability of the robotic devices also allows therapy
to be applied more consistently and will help to identify the effectiveness of the treatment. As a
result, in addition to the delivery of physical therapy, robots can also contribute to rehabilitation
research.

Research has advocated that active participation of the patient in physical therapy is important in
enhancing its effectiveness [2, 13, 14]. This means that the patient will have to be motivated to
carry out the required rehabilitation exercises. Robotic systems can provide a rich graphical user
interface which can be designed to capture the attention of the patient. Many existing rehabilitation
robots for the upper limb have administered robotic therapy in the form of “video games”[2, 9, 15,
16], where the required trajectory or end point of motion is displayed on a monitor and the patient is
required to follow the target. This has made the rehabilitation exercises more goal-oriented and
makes the exercises more engaging, thus giving the patients added motivation to complete the
required exercises.

Several successful rehabilitation robots have undergone clinical trials and are currently being
used in hospitals and clinics for neuromotor rehabilitation. Results from these clinical trials are
predominantly positive, suggesting that the use of intensive robotic therapy on stroke patients has
the effect of reducing the level of impairment and improving the mobility of the affected limb [3, 6,
17].



1.1 - Rehabilitation Robots
1.1.2 Examples of Rehabilitation Robots

Existing robots designed for physical therapy are commonly involved with neuromotor training
of patients suffering from neurological disorders [3, 17]. Robots used in this capacity are generally
required to manipulate the patient’s affected limb by guiding it along certain motion trajectories.
For the rehabilitation of upper limbs, the MIT-MANUS is one of the more successful devices which
had been clinically tested [2, 6, 7, 18]. The basic module of this robot is capable of guiding the
patient’s arm in two degrees of freedom motion on the horizontal plane, thus targeting motion in the
shoulder and elbow joints. Additional modules were also developed to allow motion along the
vertical direction, as well as motion of the wrist. The robotic manipulator used in this system was
designed to have a low inertia and high back-drivability, making it inherently compliant and safe to
operate. The rehabilitation exercises are carried out with the aid of a graphical user interface which
provides visual feedback to the patient to indicate the location of their hand. The robot is controlled
using a reference force field which gives the relationship between the desired patient-robot
interaction force and the position of the patient’s hand. Additionally, this force field is also designed
to evolve with the performance of the patient in previous runs of the exercises in order to set the
difficulty at a level that is challenging but yet manageable.

In terms of lower limb rehabilitation, the Lokomat® is a commercially available treadmill based
gait rehabilitation system [19]. This robotic system operates by suspending the patient over the
treadmill to provide body weight support. A robotic orthosis is worn by the patient to guide the
patient’s lower limb through the gait cycle. Various control strategies had been devised to allow
variation of the actual lower limb trajectory from the predefined reference trajectory to permit a
certain degree of gait customisation for different patients [11, 13, 20, 21]. Additionally, it employs
an assistance as required philosophy whereby the robotic orthosis will only provide assistive force if
the patient fails to carry out the required gait pattern. Another rehabilitation robot used for gait
training is the adaptive foot orthosis. This robot has a smaller scale compared to the Lokomat and
takes the form of a wearable device driven by a series elastic actuator (an electric linear actuator
placed in series with an elastic element). This orthosis has the ability to modify the stiffness at the
ankle joint through different phase of the gait cycle. Additionally, it can also adapt its damping
parameters to minimise the occurrence of drop foot gait [22].

Even though neuromotor task training is by far the biggest application area in therapeutic robots,
devices were also developed for rehabilitation of musculoskeletal injuries. These robots share many
similar requirements as those used for neuromotor rehabilitation. In fact, apart from the capability
for passive and assisted motion of the affected limb, such robots also need to be able to provide
resistive and proprioceptive training. A more detailed discussion on robots designed for ankle

rehabilitation is presented in Chapter 2 of this thesis.
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1.1.3 Common Features of Rehabilitation Robots

It can be seen that the examples of rehabilitation robots presented above share several common
traits. The obvious feature found in all these robots is the emphasis on the user’s safety. As the
patient is tightly coupled to the rehabilitation robot during its operation, it is vital that the patient-
robot interaction forces or torques be maintained at safe levels to prevent any injuries. This
therefore requires the robotic devices to have some degree of compliance or in other words, be
backdriveable. Inherent backdriveability can be realised by using a low actuator transmission ratio
or by decoupling the actuator mass from its end point through use of elastic elements. These are
respectively achieved by the MIT-MANUS and the adaptive foot orthosis described in the previous
section. Alternatively, force feedback control can also be used to reduce the apparent actuator mass
and improve the backdriveability of actuators [23, 24].

Physical characteristics such as size, shape, mass, joint kinematics, motion range and joint
dynamics can vary considerably between individuals. Additionally, the level and severity of injuries
are also likely to be different across different patients. Robots designed for rehabilitation must
therefore be adjustable or adaptable so that they can cater for a larger population with different
rehabilitative needs. Extrinsic characteristics such as size and shape are related to the ergonomics of
the device and can generally be accommodated through incorporation of an adjustment mechanism
or by replacing certain components in the device. On the other hand, variations in mass, joint
kinematics and joint stiffness, will alter the mechanical properties of the robot’s operating
environment, and can dictate whether safe operation of the rehabilitation robot is possible. For
example, closed loop system stability is influenced by joint dynamics, while joint kinematics
determines directions of admissible motion. If these characteristics are not taken into consideration
in the robot controller, the robot may become unstable or it may apply excessive forces in non-
compliant directions, thus presenting a dangerous scenario for the patient. As a result, it is crucial
that rehabilitation robots have the capability to operate safely in a range of environments. This can
be achieved through use of robust or adaptive control strategies. Adaptive control strategies are also
important in allowing the robot to cater for patients with different capabilities in performing the
rehabilitation program due to the specific extent of their injuries.

Another common feature among rehabilitation robots is the need to control the physical
interaction between the patient and the robot. This means that both the motion of the robot and the
contact forces applied to the patient must be regulated. Motion regulation is generally required
when guiding the patient’s limb along paths which are representative of reaching tasks for the upper
limb or trajectories which corresponds to normal gait pattern for the lower limb. The requirement to
control forces and torques on the other hand can arise from concerns of the patient’s safety or from

the need to apply resistive effort for strength training exercises.
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1.2 Interaction Control

Traditionally, many robotic devices are position controlled and various mature control
techniques had been developed for the design of position controllers. However, when robots are
deployed in applications that require significant physical interaction with the external environment,
pure position control is no longer adequate [25]. This is because the design of the position controller
is normally done by considering the dynamics of the robot alone and treats externally applied
forces/torques as disturbances. However, when the robot comes into contact with an external
environment, the assumed robot model may no longer be valid and the robot will therefore deviate
from its intended behaviour. Furthermore, as large controller gains are normally used in position
controllers to minimize position tracking errors, interaction with a stiff environment will result in
large position errors which can in turn lead to force build up at the contact interface. This is of
course unacceptable for robots which interact closely with humans as it is likely to cause injuries to
the user. Clearly, a control strategy which takes more than just position into consideration is needed
for the control of rehabilitation robots. Interaction control is an approach which aims to regulate
both the forces and motion of a robot which is in contact with an external environment. Two groups
of interaction control schemes are commonly used. They are hybrid force-position control and
impedance control [26, 27].

Hybrid force-position control [28] is a control strategy which splits the task space into two
complementary subspaces using a selection matrix. A position control strategy is then applied in
one of the subspace and force control in the other. Normally, directions where constraint-free
motion is permissible are position controlled while force control is applied in the constrained
directions. This will allow accurate realisation of the desired force and motion when the kinematic
constraints in the environment are known with little or no uncertainty. While such constraints may
be well known in an industrial setting, there can be considerable variations in the joint kinematics of
different individuals. This would mean that hybrid force-position control may still result in large
interaction forces due to imprecise definition of the free motion directions. Furthermore, if the robot
were to move from a constraint-free state to a constrained state, a switch in the control law is
required since all directions need be position controlled prior to contact and the hybrid position-
force control should only be active after contact had been made.

Impedance control is another type of interaction control scheme which aims to maintain a
prescribed relationship between force and motion of the robot. This relationship is termed the
mechanical impedance and is defined as the dynamic ratio of the error in applied forces to the
velocity error of the robot end effector. It is also often expressed as a second order system as shown
in (1.1) [29].
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Where M is the inertia parameter, B is the damping parameter and K is the stiffness parameter.
This relationship is also commonly expressed in its Laplace transformed form given by (1.2).
Perfect realisation of the impedance controller will therefore allow the robot end effector to behave
in such a way that it is equivalent to the desired mass-spring-damper system. It can be seen from
(1.1) that impedance control is a more unified motion control approach. This is because the robot
will behave as a position controlled system in the absence of any external and desired forces (no
interaction). Consequently, unlike the hybrid position-force controller, no switching of control law
is required for impedance control [26].

Selection of the target manipulator impedance is an important issue in impedance control since
it establishes the physical behaviour of the controlled manipulator. For a single-input-single-output
system, it can be seen that an infinite impedance will result in pure position control while a zero
impedance will lead to pure force control. From this observation, impedance control can be
designed to give a similar performance as hybrid position-force control by selecting larger
impedance values in directions of free motion and smaller impedance values in constrained
directions. While the selection of target impedances can be achieved through experimental trial and
error, more systematic approaches can also be taken. Researchers have suggested that the choice of
impedance parameters should be based on optimisation of certain objective functions. For instance,
the target impedance can be chosen to be proportional to the environmental admittance (the inverse
of impedance) to minimise a weighted sum of position error and actuator force [29].

It is evident from the above discussion that impedance control is a more robust interaction
control scheme compared to hybrid force-position control. It is therefore not surprising that a large
proportion of rehabilitation devices have employed some form of impedance control to deal with
the variability found among patients[2, 30-33]. However, the more robust nature of impedance
control does not mean that knowledge of the operating environmental is no longer important.
Information of the environmental dynamic characteristics can be used to alter robot behaviour in
such a manner that the robot performance can be enhanced. The ability to adapt the impedance
controller according to changes in environmental conditions is therefore a desired feature in
rehabilitation robots.

Several adaptive impedance controllers were developed to allow adaptation to variability in the
robot dynamics [34-36]. This is due to the fact that a computed torque control approach is often
used in position based impedance controllers to allow the desired impedance to be realised with
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higher accuracy. Since this control approach relies on accurate compensation of the robot dynamics,
uncertainties in the robot dynamic parameters will degrade the controller performance. This issue is
particularly important for fast moving robots where the robot dynamic terms are large due to high
accelerations and velocities. Serial robots are also more severely affected as they generally have
larger link inertias. However, if the manipulator is designed in such a way that the robot inertia is
low, robot performance may not be severely affected by the lack of such dynamic compensation
terms. In fact, impedance control can be successfully implemented using merely proportional
derivative position control in some applications [24]. With this in mind, computational resources
can potentially be allocated for adaptation of environmental parameters instead of robot parameters
if the robot dynamic terms are relatively small in magnitude (in comparison with the interaction

forces/moments) and when the application involves motion of lower velocity and acceleration.

1.3 Ankle Rehabilitation

The human ankle is one of the most complex structures in the human musculoskeletal system
and plays an important role in maintaining body balance during ambulation [37]. A pictorial view of
the various bones and ligaments found at the foot and ankle are shown in Figure 1.1. In general use,
the term “ankle” is used to describe the structure which encompasses both the ankle and subtalar
joints, where the ankle (or talocrural) joint is the articulation between three bones of the lower limb,
namely tibia, fibula and talus. The subtalar joint on the other hand, is formed by the interface

between the talus and calcaneus and is located beneath the ankle joint.

Shank bones
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Figure 1.1: Bones and ligaments at the human foot and ankile.

Due to its location, the human ankle is frequently subjected to large loads which can reach up to
several times the body weight. The exposure to such large loads also means a higher likelihood of
injuries. In fact, the ankle is the most common site of sprain injuries in the human body, with over

23,000 cases per day in the United States [4]. In New Zealand, approximately 82,000 new claims
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related to ankle injuries were made to the Accident Compensation Corporation (ACC) in the year

2000/2001, costing an estimated 19 million NZD and making ankle related claims the fourth biggest
cost for ACC [38].

Ankle sprains are injuries which involve the over-stretching or tearing of ligaments around the
ankle and are often sustained during sporting or physical activities. Ankle sprains can be classified
into several grades, ranging from mild overstretching to complete disruption of ankle ligaments.
Depending on the severity of the sprain, the time required for recovery can range from 12 days to
more than 6 weeks [39]. Researchers have reported that a significant number (>40%) of severe
ankle sprains can develop into chronic ankle instability [39], which makes the ankle more
susceptible to further injuries in the future. Chronic ankle instability is thought to be caused by a
combination of mechanical and functional instability at the ankle. Mechanical instability is used to
refer to changes of the ankle anatomy which makes it more prone to future sprain injuries, while
functional instability refers to changes which give rise to insufficiencies in the ankle neuromuscular

system, such as impaired proprioception, muscle weakness and reduced neuromuscular control [4].
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Figure 1.2: The typical ankle rehabilitation program for ankle sprains
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The general rehabilitation program for ankle sprains is carried out in stages as shown in Figure
1.2. The initial stage of treatment right after injury is considered the acute phase of rehabilitation
and is focused on reducing effusion and swelling at the affected to promote healing of the injured
tissues. A reduction in effusion can be achieved with elevation, application of ice and compression.
The affected ankle is also often immobilised. However, as prolonged immobilisation of the ankle
can lead to reduced Range of Motion (ROM) and muscular atrophy, the next phase of ankle
rehabilitation typically involve ROM and muscle strengthening exercises. With reduced effusion,
the rehabilitation enters into the subacute phase where active and passive ROM exercises are
normally carried out within the pain-free range of the patient to improve the range of motion and
reduce muscular atrophy. Research has also suggested that this has the ability to stimulate healing
of torn ligaments [39].

The rehabilitative phase is achieved once pain free weight bearing gait is possible. During this

phase, ROM exercises are continued together with the commencement of muscle stretching and
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resistive exercises [39]. The resistance level of these strengthening exercises should be increased as
the patient progresses with recovery. Muscle stretching is important to assist the recovery of joint
ROM while resistance training is used to improve the strength of muscles surrounding the ankle to
prevent future injuries [40]. Finally, proprioceptive and balancing exercises should be carried out
towards the end of the rehabilitation program (functional phase) to enhance the patients’ sense of
joint position, thus giving them better foot and ankle coordination and improving their ability to
respond to sudden perturbations at the ankle [39].

As can be seen from the previous discussion, muscular strength and good proprioception are
vital in preventing functional instability in the ankle. Emphasis must therefore be placed in these
areas and an extensive rehabilitation program is needed to minimise the likelihood of recurrent
injuries. The repetitive and tedious nature of such exercises therefore makes robotic devices an
attractive alternative to manual manipulation. However, the great variability observed between
different patients due to either their level of injury or their ankle characteristics such as joint limits
and stiffness also means that any robotic device employed in this area must be adaptive to allow it

to cater for the requirements of specific patients.

1.4 Research Objectives and Motivation

The ultimate goal of this research is to develop a platform based ankle rehabilitation robot which
can be effectively used to facilitate physical therapy of the human ankle. The main feature desired
from this system is the capability to adapt to users with varying ankle physical characteristics

including range of motion, joint stiffness and muscle strength.

1.4.1 Development of an Ankle Rehabilitation Robot

Due to the high incidence and potentially lengthy rehabilitation period of ankle injuries, there is
significant demand for the treatment of such injuries. As physical therapy is vital in the promotion
of recovery and prevention of future injuries, effort is required to ensure the availability of this
service. Introduction of robots in ankle rehabilitation will allow delegation of tedious rehabilitation
tasks to the robot, and allow therapists to extend care to more patients. As discussed previously,
robots can also be used as evaluation tools to determine the progress and capability of the patient.
This means that robots can potentially be used to determine whether a patient has achieved a
suitable level of muscle strength and proprioceptive capability required to prevent future injuries.

A survey of existing ankle rehabilitation robots shows that the end effectors of existing platform
based systems are typically constrained about a centre of rotation which does not coincide with the
actual ankle joint[10, 31, 32, 41, 42]. A result of this is that the user’s shank will not be stationary

during operation of these robots if the natural ankle-foot motion is to be maintained. Consequently,
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orientation and interaction moments of the robotic platform are unlikely to be equivalent to the
actual displacement and moments found between the foot and the shank. This therefore makes these
existing devices less suitable for evaluation purposes due to the greater uncertainties in the
motion/force information.

A main objective of this research is therefore to develop a suitable robotic device that can carry
out ankle rehabilitation exercises. Particular focus will be placed on ROM exercises and resistive
exercises for muscle strengthening. To allow potential use of the robot as an evaluation tool, the
device must also be able to reliably measure the orientation and moments of the ankle-foot
structure, and it is proposed that this be achieved through appropriate design of the robot kinematics

to minimise movements of the user’s shank during robot operation.

1.4.2 Construction of a Computational Ankle Model

Knowledge of the mechanical environment within which the robot operates can contribute to
improved performance and safety of the robot. It is therefore important that the human ankle be
modelled, both in terms of its kinematics and dynamics. The ankle mechanical characteristics are
ultimately governed or “parameterised” by the ankle anatomy and biomechanics. While the exact
geometry and locations of the anatomical structures are different between individuals, the overall
ankle anatomy remains largely similar. The overall biomechanics of the ankle of different people
must therefore fit a particular pattern despite quantitative variations in the observed ankle
mechanical properties. In order to better appreciate this pattern, understanding of the ankle
biomechanics is required. This need has given rise to another objective of this research, which
involves the construction of a computational model of the human ankle by considering its
kinematics, bone geometry and ligament/tendon properties. While such computational models are
not uncommon in the literature, they are typically designed to serve as tools to analyse foot
pathology and to study foot biomechanics, but not as tools to facilitate the development of robot
controllers [43-48].

In this research, the developed model will be used in controller simulation to test the feasibility
of the proposed control scheme or control parameters prior to their actual implementation.
Additionally, the resulting model can also form a basis upon which a gain scheduled control scheme
can be devised. Furthermore, the model can be equally applied in the evaluation of different control
schemes or rehabilitation trajectories by providing information on the forces and moments applied
to the ankle anatomical structures such as bones, ligaments and tendons. The model required in this
work must therefore be sufficiently complex to allow extraction of the desired force and moment

quantities, but yet computationally tractable to permit simulations in longer time durations.
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1.4.3 Development of an Adaptive Interaction Control Scheme

In order to maintain the safety of the patient, suitable control strategy must be developed to
ensure that the robot is compliant or backdriveable so that the robot can yield its position when an
external load is applied by the patient. At the same time, the robot must still be able to influence the
patient’s ankle motion in a manner so that it can achieve the required rehabilitation goals. This
makes interaction control an essential component of the ankle rehabilitation robot. Owing to its
generality and relative robustness to kinematic uncertainty, impedance control has been the more
popular choice of interaction control scheme in rehabilitation robots. It can also be seen throughout
this chapter that the ability to adapt to individual patient’s joint characteristic and capabilities can
result in safer operation and potentially improved therapeutic outcome. This makes adaptability an
important prerequisite for a successful rehabilitation robot. Consequently, the final and most
important objective in this research is the development of an adaptive impedance controller. This
controller should be capable of changing its controller parameters according to variations in the foot
orientation and ankle characteristics. Additionally, it should also be able to adapt the assistance
provided to the user to encourage their active participation [2, 14, 49].

In order to ensure safe operation, the stiffness of the robot should ideally be varied according to
the compliance of the ankle-foot structure so that excessive forcessrmoments will not be applied in
foot configurations which are close to the joint limits. In addition to the modification of robot
stiffness or damping, adaptive behaviour can also be introduced through modification of the
reference force trajectories as in [50]. However, due to the coupling of ankle rotations, movement of
the foot in the rotational space is most likely constrained. Special attention must therefore be placed
in this research to establish adaptation schemes which can accommodate constrained motions in the

rotational space.

1.5 Thesis Outline

This thesis details the work carried out in this research to meet the above objectives. A literature
review on the state of the art of the design and control of ankle rehabilitation robots, kinematic and
computational biomechanical models for the human ankle and interaction control strategies is
presented in Chapter 2. Chapter 3 then details the development of a new redundantly actuated
parallel robot for ankle rehabilitation, whereby the workspace and singularity analyses of the
mechanism is presented, together with a description of the robot hardware and user interface.

Since knowledge of the ankle kinematics and biomechanics of the human ankle can greatly
facilitate controller development, works relating to the identification and modelling of this
information are presented in Chapters 4, 5 and 6. More specifically, the ankle kinematic model used
in this research and its online parameter identification are discussed in Chapter 4. Different online

11
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identification techniques are compared in Chapter 4 and a modified recursive least squares
algorithm is also presented to carry out the parameter identification of a biaxial ankle model with
variable joint axis orientations. Chapter 5 then presents the formulation of the rigid body based
computational biomechanical model developed in this research, while Chapter 6 discusses
validation of the above ankle model through the use of simulation and experimental data. This is
accompanied by a sensitivity analysis of the developed model. Lastly, the potential application of
the model in the optimisation of rehabilitation trajectories is also demonstrated.

The final few chapters of this thesis are dedicated to discussions on the control schemes
developed for the ankle rehabilitation robot. The development of a multi-input-multi-output actuator
force controller is presented in Chapter 7, where the kinematic constraints and inertia of the parallel
mechanism are taken into account in the controller to achieve partial decoupling between the
actuator forces. The stability and robustness of the proposed control scheme are investigated using a
simplified manipulator model and experimental results are presented to show the advantage of the
proposed approach over one which controls the actuator forces in an independent manner. Chapter 8
then discusses the detailed dynamic modelling of the parallel mechanism and integrates this model
with the actuator and ankle dynamics to form a complete system model. The control schemes used
to realise basic impedance control and to resolve the actuation redundancy are also presented, while
issues encountered during implementation of these control schemes are also addressed. Chapter 8
then ends with simulation and experimental results of the proposed impedance control scheme.

After the establishment of the basic robot control scheme, the adaptive interaction control
schemes developed in this research are discussed in Chapters 9 and 10. Two adaptive modules of
the interaction controller are described, beginning with one which adjusts the robot impedance
parameters by making use of the ankle stiffness characteristics obtained from the computational
ankle model, as well as the ankle and subtalar joint displacements estimated from the online
kinematic parameter identification algorithm (Chapter 9). The second of these modules is presented
in Chapter 10 as an assistance adaptation scheme which generates a feed forward assistive force
according to the performance of the user. This scheme is based on an existing adaptation rule
developed in [50] but modifications were made in this research to improve the performance of the
original scheme during active or constrained motions. Again, simulation and experimental results
are also included in these chapters to show the efficacy of the proposed approaches.

Finally, Chapter 11 of this thesis is used to present the outcomes, conclusions and contributions
of this research, together with relevant future works which can be done to further advance the
developed system. This research had produced publications in an international journal, peer
reviewed international conferences and an invited book chapter [51-55]. Certain sections of this

thesis are therefore based on these published works.
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1.6 Chapter Summary

This chapter has highlighted the main motivations and objectives of this research through an
overview of rehabilitation robots, interaction control and rehabilitation of ankle sprains. The main
incentives for the use of robotic devices in physical therapy can be summarised as: their ability to
reduce physical workload of therapists; the possibility to log relevant data for more objective
diagnosis and prognosis; and their potential in making rehabilitation exercises more engaging
experience via interactive user interfaces. A study on several successful rehabilitation robots have
highlighted that backdriveability, interaction control and adaptability are important elements in
rehabilitation robots.

The high incidence rate of ankle injuries and the extensive rehabilitation process required to
reduce recurrent injuries have made it a suitable candidate for the application of robotic therapy.
While robotic devices had been developed for ankle rehabilitation, further improvements of these
existing devices are required to enhance their adaptability and functionality. One of the main
objectives of this research therefore involves the development of a new ankle rehabilitation robot to
provide an improvement on some of the existing solutions. As controller development can be
facilitated with greater understanding of the operating environment, the second objective of this
research is to construct a computational ankle model to describe the human ankle biomechanics.
Lastly, the final objective of this research is to develop an adaptive interaction control scheme for
the ankle rehabilitation robot so that it can improve the robot’s safety and performance by

considering the changes in its operating environment.
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Chapter 2 Literature Review

This chapter presents an up-to-date review of important works which pertain to this research.
This review is divided into three main parts, each relating to an objective of this research. It begins
with a survey of existing ankle rehabilitation devices designed for use in gait assistance and
treatment of ankle sprains. An overview of the kinematic and computational biomechanical models
of the human ankle is also provided. This is followed by a review of the state-of-the-art of
interaction control strategies, with primary focus on its application in rehabilitation robots. Finally,
the reviewed materials are assimilated in a discussion that highlights issues in ankle rehabilitation

robots that require further development, and are hence the subject of investigation for this research.

2.1 Existing Ankle Rehabilitation Devices

Robotic devices had been developed for the rehabilitation of the human ankle. Although the
main rehabilitation problem considered in this research is that of sprained ankle rehabilitation,
devices used for gait rehabilitation for neurological disorders are also considered in this discussion
for completeness. Ankle rehabilitation devices can be classified into two categories in terms of the
mobility of the device during operation. These are wearable robots and robotic platforms with
stationary bases. Wearable ankle rehabilitation robots typically take the form of a robotic orthosis or
exoskeleton (Figure 2.1) and are used to correct the user’s gait pattern. Robotic platforms (Figure
2.2) on the other hand, manipulate the user’s foot using their end effectors and are generally

developed to facilitate the treatment of ankle sprains.

Figures removed due to third party copyright ISSues.
Images can be accessed through:

Figure 2.1a: Fig. 8 of [12]

Figure 2.1b: Fig. 2 of [56]

Figure 2.1c: Fig. 1 of [57]

Figure 2.1: Examples of wearable ankle rehabilitation robots. (a) The anklebot developed in [12]; (b) The robotic gait
trainer developed in [56]; (c) The pneumatically powered ankle foot orthosis developed in [57]. (Images reproduced
from [12], [56] and [57]).
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Figures removed due to third party copyright Issues.
Images can be accessed through:

Figure 2.2a: Fig. 1 of [10]

Figure 2.2b: Fig. 4a of [41]

Figure 2.2c: Original figure  not available at [58] at
time of writing. Similar  figure can be obtained from
Fig. 2a of [9]

Figure 2.2: Examples of platform based ankle rehabilitation robots. (a) The ankle exerciser developed in [10]; (b) The
reconfigurable ankle rehabilitation robot developed in [41]; (c) The Rutgers Ankle rehabilitation interface developed in
[9]. (Images reproduced from [10], [41], and [58]).

2.1.1 Wearable Ankle Rehabilitation Robots

One of the main problems encountered in the gait of patients suffering from neurological
disorders is the inability to control the ankle and foot position during ambulation, thus resulting in
abnormal gait pattern. This is normally observed in the form of “foot drop”, a term used to describe
the situation when the patient fails to rotate the foot upwards during walking, thus causing the foot
to slap onto the ground and the toes to drag on the floor. This phenomenon is due to the loss of
control for ankle dorsiflexor muscles. Ankle foot orthosis (AFO) is a commonly used remedy for
foot drop. These orthosis in its simplest form are braces moulded to fit the patients’ foot which can
prevent involuntary foot drop through the use of elastic elements.

To enable their use in gait rehabilitation, robotic devices developed for preventing foot drop
must be wearable. It must also be controlled to limit the downward rotation of the foot during
certain phase of gait. It is therefore not surprising that many robots used in this capacity take the
form of actuated orthoses or exoskeletons. While some of these devices provide actuated motion in
only one degree of freedom (dof) to influence foot plantarflexion and dorsiflexion [22, 57, 59-61],
others also include the possibility of controlled or passive inversion and eversion movements [12,
30, 62, 63]. The internal-external rotation of the foot however, is rarely controlled as it is assumed
to be a negligible component of gait.

The actuators used in wearable ankle robots developed in the literature are typically of lower
inertia to allow higher mobility due to the wearable nature of the device. The actuators are also
chosen to be inherently backdriveable to ensure the safety of the user. An example of such actuators
is the series elastic actuators used in [22, 61]. This family of actuators is constructed by placing an
electric motor in series with a compliant elastic element. The compliant element therefore isolates
the motor inertia from the actuator end point inertia and the force applied by the actuator can be
regulated by controlling the deformation of the compliant element. These actuators are normally
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used with stiffness control and are in general utilised to influence the mechanical behaviour of the
ankle joint rather than to provide large assistive moments.

Pneumatic muscle is another type of actuator commonly used in wearable ankle robots due to its
high power to weight ratio and inherent compliance. It is typically used in systems with higher
moment capacity, thus allowing these devices to provide a greater level of assistance during the
user’s gait. The disadvantage however is the requirement of a source of compressed air and the
nonlinear dynamics of the actuators. Both position control [56] and proportional myoelectric control
[57, 59, 60] strategies had been applied on systems using pneumatic muscles. Position control is
generally used to drive the length of the muscles to values which correspond to the desired foot
configuration/orientation while proportional myoelectric control activates the pneumatic muscles
according to the myoelectric signals measured from the user/patient’s leg muscles.

In addition to the above actuators, conventional electric drives had also been utilised in some
designs [12, 30, 63, 64]. These actuators are typically used with a low transmission ratio to reduce
the effective inertia of the device and to reduce the amplification of friction within the actuators.
Control of such systems is therefore also rather straight forward through the use of simple
impedance control schemes which do not require any force feedback. As displacement and torque
of such electric drives can be readily measured and controlled, some of the rehabilitation robots
developed with conventional electrical actuators also double as evaluation tools to gather
information on the human ankle. Examples of this can be found in [12, 30], where the proposed
ankle robot had been used to estimate the stiffness of the human ankle. Similarly, the robot
developed in [64] was also used to estimate the ankle kinematic and impedance parameters.

Some notable features can also be identified in the wearable ankle robots considered in this
review. The first is the incorporation of some element of intelligence into these devices. For
example, adaptability was introduced in [22] to improve the performance of the AFO by adjusting
the AFO stiffness to reduce the occurrences of drop foot gait, while the previous gait velocity is
used in [61] to generate references for subsequent gait cycles. Additionally, knowledge of the
general gait pattern had also been incorporated in higher level control schemes which coordinate the
switching of AFO behaviour according to the current phase of gait.

Another important feature worth noting can be found in the mechanical designs of [12, 30, 56,
63] (Figure 2.1a and Figure 2.1b), where the AFOs were designed to be under-actuated when not
attached to the user/patient. The advantage of this is that it will not be necessary to align the AFO’s
kinematic constraints to those of the human ankle, thus allowing the device to cater for a wider
range of users and reducing setup time. Furthermore, with an appropriate design, the device will be
able to provide control or support in the important degrees of freedom while at the same time acting

passively in the remaining directions. This therefore helps to maintain natural movement of the
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ankle-foot structure and ensures that no unnecessary constraints are imposed on the user’s ankle-

foot complex.

2.1.2 Platform Based Ankle Rehabilitation Robots

A range of platform based devices had also been developed by researchers for the purpose of
sprained ankle rehabilitation [9, 31, 32, 41, 42, 65]. They are therefore designed to carry out various
ankle rehabilitation exercises such as motion therapy and muscle strength training. Motion therapy
can be divided into passive, active-assist and active exercises, each requiring a different level of
participation from the patient, ranging from no active effort in the passive exercises to full user
driven motion in active exercises. Strength training on the other hand requires the robot to apply a
resistive load to impede the user’s movement to improve muscle strength.

One of the key differences between these platform based devices and the wearable devices
discussed previously is that the platform based devices have a fixed base and thus cannot be used
during gait training. Given the rather limited range of motion at the ankle-foot complex, parallel
mechanisms are typically used for multiple dof systems to reduce the size of the robot. With the
exception of the Stewart platform based device proposed in [9] which is capable of six dof motion,
most researchers have opted for designs which offer two or three dof in rotational motion, where
robot movements in the yaw direction (internal-external rotation) are typically constrained on two
dof devices. Most of the lower dof devices also include a central strut in the robot’s kinematic
structure to provide the kinematic constraint required to restrict the movement of the end effector so
that it is purely rotational [10, 31, 32, 41, 42, 66] (Figure 2.2a and Figure 2.2b).

Different actuators had been used in platform based ankle rehabilitation robots. The Stewart
platform based device in [9] and the reconfigurable ankle rehabilitation platform in [31, 41] have
utilised pneumatic cylinders to provide actuation, while electric motors were used in devices
developed in [42, 67, 68]. A custom designed electric actuator was proposed in [10, 32] to improve
actuator backdriveability, whereby a cable-driven pulley system is used to convert the rotational
motion of a DC motor to linear motion of the actuator rod.

A variety of control schemes had been implemented on these platform based ankle rehabilitation
robots. One approach involves the use of either pure force or pure position control for the execution
of different exercises [9]. For instance, position control of the platform is typically used for passive
range of motion ankle exercises where the user’s foot is guided by the robot along the prescribed
rehabilitation trajectory, or for isometric exercises where the orientation of the robot is kept
constant while the user exerts a particular moment on the robot. Force control on the hand is used to
maintain a desired level of interaction torque between the user and the robot during resistive or
assistive exercises. Impedance/admittance control strategies had also been implemented, usually
through a position based approach whereby the robot’s reference trajectory is modified based on the
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desired robot impedance and the measured interaction forces/moments [10, 31, 32, 41]. Such
control schemes are also generally used with a computed torque/inverse dynamics based position
controller to allow accurate tracking of the desired reference trajectories. While the basic interaction
control schemes had been implemented on existing platform based ankle rehabilitation robots, little
emphasis had been placed on the realisation of adaptive control in such devices to allow adjustment

of the robot behaviour due to variation in the user’s joint characteristics and capability.

2.2 Ankle Kinematics and Computational Ankle Models

One of the objectives of this research is to develop a computational ankle model to facilitate
development of the robot controller. In order to establish a suitable model, a good understanding on
the ankle kinematics and existing computational ankle models are required. This section therefore

provides an overview of existing studies in these areas.

2.2.1 Kinematics of the Human Ankle

Kinematics of the ankle-foot complex had been extensively studied in the literature. The
simplest representation of ankle foot motion is that of a hinge joint perpendicular to the sagittal
plane. This description considers the entire foot as a rigid body that can rotate about the shank in the
plantarflexion and dorsiflexion directions. This is however a gross oversimplification of the ankle-
foot motion as movements in other degrees of freedom are ignored. Additionally, early studies had
found from examination of the talus bone surface geometry that the axis of rotation of the talus will
vary with its orientation [69, 70]. The actual kinematics of the foot is therefore very complex as it is
governed by the articulating surfaces between the different foot bones, as well as constraints
imposed by ligaments, tendons and soft tissues. This was highlighted in various studies which
investigated the movement patterns of foot bones in terms of six degree of freedom motion in either
in vitro or in vivo scenarios [71-74]. The general findings of these works were that the axes of
rotations of the ankle and subtalar joints do vary rather considerably between different foot
orientations and different individuals/specimens. Additionally, translational motions of the joint
centres were also recorded, although it was found that these movements are typically within the
range of one to two centimetres.

Information of ankle kinematics is essential in applications such as gait analysis, diagnosis of
normal ankle-foot function and design of implants for total ankle replacement. However, the
complex motion observed at the ankle makes it difficult to describe the complete ankle kinematics
concisely with a mathematical model. Models of varying levels of complexity had been established
for different applications [37]. As discussed above, the simplest model used is that of a single hinge

joint model (Figure 2.3a). Furthermore, ankle foot motion had been described as purely rotational
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using an effective spherical joint (Figure 2.3b) [75], while the biaxial model which considers the
foot motion to be equivalent to rotations about two hinge/revolute joints in series was also widely
adopted in literature (Figure 2.3c) [43, 44, 76-80]. Additionally, recent studies had modelled the
ankle-foot kinematics using four-bar linkages and spatial parallel mechanisms [74, 81].

Dorsiflexion

. » Ankle axis
Plantarflexion -

Inversion
_~Subtalar axis
N

abduction

adduction

a) Hinge joint model b) Spherical joint model c) Biaxial ankle model

Figure 2.3: Kinematic models used to describe ankle motion. (Adapted from[76])

The problem with the single hinge joint model is that it does not consider any foot motion out of
the sagittal plane. On the other hand, the shortcoming of using a spherical joint model is that the
reaction moments at the ankle cannot be described since a spherical joint can only transmit forces
but not moments [79]. The biaxial model can be considered a better description of the ankle-foot
kinematics compared to the spherical joint model as it is based more closely on the actual ankle-foot
anatomy by using the revolute joints to approximate the motion between the shank and talus and
between the talus and calcaneus. However, as discussed previously, analyses of the ankle-foot
motion in full six degrees of freedom have revealed that the orientation and location of these
revolute joints are dependent on the foot configuration. As a result, the biaxial model is still an
incomplete description of the ankle-foot kinematics. The use of parallel kinematic structures to
describe foot motions had shown some encouraging results. However, while the four bar linkage
model fits the observed data quite well, it only does so in two degrees of freedom. By including
bone articulation into a three dimensional kinematic model, the approach involving the use of
spatial parallel mechanism has the potential to give a more anatomically accurate account of the
motion experienced by the foot bones. Nevertheless, this method can be computationally intensive
if more realistic bone surface geometries were to be used to enhance accuracy.

Since large inter-subject variability is observed in ankle kinematics, a user specific description
of ankle kinematics should be used to adapt the robot behaviour to suit the current user. Most of the
studies in literature that considers subject specific ankle kinematics in full six degrees of freedom

have utilised either motion tracking systems or medical imaging techniques [72, 73, 79, 82, 83]. As
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these methods typically require offline processing, they are not suited for use in real time systems.
A simpler kinematic model with reduced degrees of freedom which is amenable to online parameter
identification is therefore more appropriate for this research. Additionally, since this representation
of the ankle kinematics will also be incorporated in the dynamic model of the ankle foot structure,
the use of a straightforward model will reduce the computational complexity of the system, thus
making its simulation more tractable. For the above reasons, the biaxial ankle model appears to be
the more sensible model choice and its parameter estimation will be further discussed.

Parameter identification for a biaxial kinematic model was investigated by van den Bogert in an
in vivo manner using visual markers placed on the subject’s foot [79]. The biaxial model considered
has 12 parameters and these are determined through minimisation of the discrepancies between
marker positions obtained from the assumed model and from measurements using the Levenberg-
Marquardt algorithm. The resulting ankle and subtalar joint orientations using this method were
found to be similar to corresponding values obtained from in vitro anatomical studies of the ankle.
Good fit of the model in terms of the marker positions was also reported, with relatively small rigid
body errors. Lewis et al. had also investigated the parameter identification of the biaxial ankle
model on both a biaxial mechanical linkage and on cadaveric foot specimens [82]. The optimisation
algorithm used is largely similar to that described by van den Bogert except that the ankle and
subtalar joint displacements were estimated through optimisation using the Gauss-Newton
algorithm. It was reported that the parameter identification of the biaxial mechanical linkages shows
results that are largely consistent with the actual kinematic parameters of the structure. Considerable
discrepancies however were observed between the ankle and subtalar joint orientations computed
from the optimisation algorithm and the average helical axes obtained from successive
measurements of the foot bone orientations. This had therefore led them to conclude that the biaxial
ankle model with fixed revolute joints can only give a limited representation of the actual ankle-foot
kinematics, and that an alternative model, perhaps one with configuration dependent joint axes
orientations, be explored. It should be noted that both the previous works discussed above on the
identification of biaxial ankle kinematic model parameters were completed using offline

optimisation techniques.

2.2.2 Computational Ankle Models

Studies in the biomechanical characteristics of the ankle go beyond that of understanding the
kinematic behaviour of the ankle. It seeks also to identify how the human ankle will react under
certain loading conditions, as well as the loading distribution among different anatomical structures
of the ankle-foot complex such as foot bones, ligaments, tendons and other soft tissues.

The moment-displacement relationship ‘@i . the ‘ankle had been extensively investigated. While

many of the studies concentrated ioncthe: magment:displacement=relationshipr along the flexion
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direction [84-87], there are also reported works on the inversion-eversion [88] and adduction-
abduction directions [89]. Regardless of the directions being considered, such relationships were
generally found to be rather nonlinear, with low ankle stiffness near the neutral position of the foot
but much higher stiffness as the foot is moved towards its joint limits.

Due to the complex anatomy of the ankle-foot structure, the understanding of its end point
stiffness or compliance characteristics alone may not be adequate to allow true appreciation of the
loading on different anatomical elements of the ankle and foot. To overcome this problem,
computational ankle models can be used to simulate the desired loading conditions and obtain
forces or stresses being applied on anatomical elements of interest. Other advantages of such
models are that it can be used to evaluate sensitivity of the ankle-foot complex towards changes in
certain biomechanical properties, and its lower demand on physical resources compared to
cadaveric studies [90]. Due to it many advantages, researchers have utilised such computational
models, sometimes in combination with experimental studies, for diagnosis purposes, to study
injury mechanisms and to evaluate effectiveness of surgical interventions [43-45, 47, 48, 91, 92].
As with the case of ankle kinematic models, complexities of these computational ankle models vary
greatly with their application. They range from two dimensional rigid body models to detailed three
dimensional finite element models, and can be implemented on commercially available software
packages or through purpose-built programs. A discussion on the methodologies used in the
development of some of these models for the ankle-foot structure is given below.

One of the core components of a computational ankle model is a description of the ankle-foot
Kinematics as it determines how the foot bones will move relative to one another, thus ultimately
influencing the length of ligaments and muscle-tendon units, as well as deformation of other soft
tissues. While the use of a three dimensional contact constraints [45, 47, 48, 93] can lead to more
realistic results, it can be computationally intensive and therefore limit the speed of simulations. In
this aspect, the biaxial ankle kinematic model described previously appears to be able to provide a
good balance between simplicity and the ability to provide a reasonably description of the ankle-
foot motion.

Another important modelling decision is found in the treatment of bones and soft tissues. Some
models treat the bones as rigid bodies and ignore effects caused by deformation of soft tissues [43-
45, 78], while others applied finite element analysis on the bones and soft tissue in order to obtain
the stress distribution across the articulating bone surfaces [47, 48, 91]. Clearly, use of finite
element analysis will improve the accuracy of the model at the expense of increased computational
complexity.

Effects of ligaments on the ankle foot biomechanics had also been considered in some models.

Typically, they are treated as tension only elastic elements which lengths are dependent on the
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configurations of foot bones [45, 47, 48, 93]. Some models however include the influence of
ligaments on passive joint stiffness as a lumped effect, and describe it through application of
nonlinear resistive moment-displacement functions at the ankle and subtalar joints [43, 44].
Properties of muscles and tendons are also commonly included in computational models which
require consideration of active muscular contractions [43, 44, 78], and these models typically
employ a Hill based muscle model and are often used for gait analysis. Models which involve
explicit modelling of the ligaments and muscle-tendon units generally require the acquisition of
bone geometry and ligament/tendon attachment locations by means of medical imaging, and this
can add to the complexity of the model. However, as forces and strains along the ligaments/tendons
can be extracted from such models, the added complexity can be justified for applications requiring

greater insights into the loading on these anatomical elements.

2.3 Interaction Control in Rehabilitation Robots

Since rehabilitation robots operate in close contact with the user, the robot-user physical
interaction must be appropriately controlled to ensure that the user’s safety is not compromised.
Additionally, the level of forces applied and motion of the limb or joint under rehabilitation should
also be regulated in such a way so that the desired goal of rehabilitation can be achieved. For
example, rehabilitation exercises involving strength training requires that resistance be applied to
the user’s motion to stimulate strengthening of muscles around the affected joints. Clearly,
interaction control involves the simultaneous consideration of both force and position and
conventional position control or force control on their own will not be able to satisfy the
requirements of rehabilitation robots. Having said that however, it should be noted that most of the
current interaction controller still utilises a motion or force control scheme as an inner control loop,
and a corresponding force or motion outer loop is applied to complete the interaction controller. The
action of the outer loop is generally determined by a higher level controller which is used to alter
the desired robot-user interaction behaviour according to factors such as the nature of the
rehabilitation exercise and the capability of the user. This high level interaction controller is where
the more intelligent functionalities of the robot are implemented to focus on achieving better
therapeutic outcome. This section will provide a review on motion/force control strategies used in
the inner control loop. Additionally, higher level control strategies used to improve rehabilitation

functions are also discussed.

2.3.1 Motion/ Force Control Strategies
The main goal of interaction control is to establish a certain relationship between force and

motion, and this relationship is typically expressed as either a mechanical impedance or admittance.
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To realise these relationships, both force and motion of the robot have to be obtained from sensors
and acted upon accordingly through application of suitable control laws. However, the most tightly
controlled loop in a rehabilitation robot typically deals with only one of the two interaction
variables, and these control loops are considered as low level controllers in this review. These lower
level control loops of the interaction controllers are generally implemented using conventional
position (or force) control to ensure that the desired motion (or force) is applied to the robot. An
outer loop is then applied to alter this desired motion (or force) depending on the measured force (or
motion) so that the overall behaviour of the robot resembles that of a mechanical system exhibiting
the desired impedance or admittance.

Inner loop position/velocity control

In additional to the commonly used Proportional-Integral-Derivative (PID) controller, another
popular strategy used in the implementation of a position controlled inner loop is the computed
torque control [94]. This method is an established method for position tracking of robotic
manipulators and operates by linearising the robot dynamics through application of feedback terms
which aim to cancel the nonlinear terms in the robot dynamic equations. An additional proportional
derivative (PD) term acting on the position error is also applied to facilitate tracking of the reference
position. The computed torque control scheme therefore requires a good knowledge of the robot
dynamics as well as the ability to measure actuator velocities. In applications where the robot
velocity is low, the velocity dependent terms can be neglected and gravity compensation alone can
be used to reduce the computational complexity of this approach [15].

Variants of the computed torque control laws had been used in interaction control of
rehabilitation robots [10, 49, 95, 96 ]. In robots with inner position control loops, the observed
interaction forces are used to compute reference accelerations according to the desired impedance
relationship. These reference accelerations are then fed to the inner motion control loop to realise

the prescribed interaction behaviour.

Inner loop force/torque control

Inner force or torque control loops can also be used to provide the required interaction
behaviour. In this alternative approach, the motion of the robot is used to generate the force/torque
reference. Similar to the case of motion control, the simplest force controller can be obtained
through the use of PID type controllers. More advanced control strategies such as disturbance
observers [97, 98] had also been used to reject disturbances stemming from frictional forces and
unmodelled dynamics. It should be noted that computed torque control used in robot motion control
also ultimately requires some form of actuator level force/torque control. This is because it operates
on the assumption that the desired torque is accurately delivered by the actuators.
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Naturally, actuator force control can be carried out with the feedback of actuator forces. The
main challenge associated with the implementation of control laws requiring force feedback
however is system stability. Since compliant force sensors are typically required to measure the
actuator force, it contributes to additional position feedback [99]. As a result, large sensor stiffness
will lead to a large effective position feedback gain, thus creating severely underdamped systems
which could become unstable when higher order umodelled dynamics are taken into account. Force
sensors that are too soft on the other hand will result in inaccurate position measurements due to
additional unmonitored force sensor deformations.

Researchers have proposed that the passivity of the controlled system must be preserved if
stability were to be maintained during interaction with arbitrary passive environments [100, 101].
This imposes an upper limit on the force feedback gain that can be used depending on how the
actuator mass is distributed when the actuator’s first resonance is considered in the actuator model.
Since the main contribution of increasing the force feedback gain had been shown in [23] to be a
reduction in the apparent actuator inertia, the above limitation also restricts the extent to which this
inertia can be reduced. Recent work however had proposed the use of environmental information to
relax the passivity criterion to permit performance improvements of the actuator [102, 103]. The
authors of [102, 103] have imposed bounds on the expected human arm impedance and utilised it to
numerically compute force feedback gains that satisfy the robust stability criterion based on the
small gain theorem.

An alternative strategy in the regulation of actuator force involves the use of a force sensorless
control scheme. Instead of measuring the actuator force/torque through force/torque sensors, this
method uses a disturbance observer based approach [104] to estimate the reaction torque/force from
current and motion variables. This was shown in [105] to reduce the oscillations found in the
resulting force response. Such a control strategy however requires the measurement of actuator
velocity and a good knowledge of model parameters such as actuator inertia, damping and friction.
Torque control was also achieve in [106] through the use of a position disturbance observer in the
control of a rotary series elastic actuator, which consisted of a highly geared motor coupled in series
with a torsional spring. In this approach, torque control is realised by accurately controlling the
deformation within the torsional spring.

While a considerable amount of research had been made in force/torque control, manipulator
force control is still mainly achieved by independent control of individual actuators, where the
torque or force of each actuator is regulated in its own feedback loop. It is therefore worthwhile to
investigate whether force control performance can be improved when the robot actuators are treated

collectively as a multi-input multi-output system.
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2.3.2 Interaction Controllers for Rehabilitation Robots

Basic interaction controllers

One of the most basic form of interaction controllers can be found in simple impedance control
[24], which essentially applies the torque command in an open loop manner without any force
feedback. This torque command however is determined based on the desired impedance
relationship and the discrepancies between the desired and actual robot motion. Due to the lack of
force feedback, this interaction control approach has poorer disturbance rejection but does not suffer
from the stability issues discussed previously. It is therefore suitable for use with devices with low
inherent inertia and low friction. Force feedback control can also be used in impedance control
schemes to allow reduction of the apparent robot inertia and improve the force tracking ability of
the robot. However, the force feedback gain and hence the performance improvement are again
limited due to stability constraints.

Natural admittance control [107] can be used to regulate the end point admittance of a robotic
manipulator. It does so by using both force and velocity feedback in the same control loop. It was
proposed that the mechanical admittance used in this approach be selected in such a way that the
apparent end point mass of the controlled system is identical to that of the actual physical system to
maintain passivity. Stiffness and damping characteristics however can be chosen as desired.
Additionally, the velocity feedback gain is chosen to be large so that effects of disturbance forces

such as friction can be reduced.

Higher level interaction control

In addition to the basic interaction control strategies described above, higher level interaction
control schemes had also been investigated in rehabilitation robots, with many such schemes
focusing on improving the safety and incorporating adaptability in the rehabilitation robots. These
higher level controllers are also generally designed with a particular type of rehabilitation exercise
in mind.

Safety and adaptability in rehabilitation robots are somewhat related. For instance, different
patients will have different joint or limb kinematics. It is therefore unreasonable to have the robot
strictly enforce one set of rehabilitation trajectories for all patients as it may result in application of
large forces and thus lead to discomfort/injuries. In fact, impedance control in itself can be viewed
as having a built-in adaptive mechanism as it permits positional deviation from a virtual reference
when external forces are encountered. Some higher level interaction controllers extend on this and
provide greater freedom to the user to dictate the actual path taken in rehabilitation. However, the
extent of this freedom must also be bounded to ensure that the required exercises are still being

carried out.
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In order to achieve adaptability of this nature, some controllers for lower limb rehabilitation
define a particular region or tunnel around the reference trajectory within which the interaction
forces between the robot and user is minimised [11, 13]. This is typically achieved through feed
forward compensation of the robot inertial and gravitational forces. It is also possible to reduce the
time dependency nature of the reference trajectory by identifying the reference point using a nearest
neighbour approach [11]. Various strategies for the adaptation of rehabilitation trajectory had also
been considered in [21] for a position controlled gait rehabilitation robot. Some of these strategies
were aimed at reducing the active patient torques through modification of the reference gait
trajectory while another utilises impedance control to allow deviation from the reference trajectory.
The recorded deviation due to impedance control is then incorporated into the reference trajectory
of the next gait cycle.

An alternative approach taken in [49] to provide adaptability in upper limb rehabilitation is to
avoid the prescription of reference trajectories in the Cartesian space, and instead define the virtual
trajectory in terms of Euclidean distance to the desired end point. In other words assistance is given
to the user through impedance control when the distance between the current position and the end
position exceeds that desired for the particular time instant. In [2], a moving potential field is used
to define the level of forces applied to move the user’s limb to the current reference position. This
potential field however is selected in such a way that it will not impede the user’s movement should
the current arm position be closer to the target destination compared to the current reference. This
means that the controller is designed so that it would not penalise users when they are performing
better than required.

One other way to improve safety is to use a smaller manipulator impedance to allow larger
deviations from the reference trajectory. An obvious shortcoming associated with this approach is
that certain positions in the limb or joint range of motion will not be reached as insufficient forces
are available for guidance. A method to overcome this problem is to apply a reference force on top
of the force command generated from impedance control. This will provide adequate forces to
move the affected limb or joint while also allowing for greater flexibility in terms of the limb or
joint position. In [50], this reference force is generated from a series of radial basis functions which
weights are adaptively tuned to compensate the inertial and gravitational forces of the robot and
user.

Another aspect of adaptability can be described as the ability of the robot to cater for the
physical capability of the patients. Various researchers have proposed that robots used in
neuromotor training should encourage the patient to actively participate in the rehabilitation
exercises by providing assistance or intervention only when it is needed [2, 17, 20, 50]. It was also

observed that given the opportunity, the user will decrease their effort and rely on the robot’s
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assistance to complete the rehabilitation exercises [14]. Robots used in rehabilitation must therefore
also be able to adjust the task difficulty or level of assistance it provides to the user according to
some performance indicator. A common approach is to reduce the level of assistance over time.
This can be done by reducing the assistive forces by decreasing the impedance or feed forward
force parameters as in [49, 50]. Clearly, a mechanism must also be put in place to halt the decay in
assistance should the performance of the patient deteriorate, and this is typically accomplished via
the addition of a term which increases the reference force or impedance parameter based on
variables derived from motion error. A fuzzy inference system has also be used in [95] to vary the
robot behaviour between that of a minimal interaction force controlled and impedance controlled
robot depending on the position tracking errors. This means that when the user is moving as
required, the robot will merely actuate to support its own gravitational and inertial forces. However,
as the user fails to follow the required motion trajectories, the robot will provide assistance
according to the prescribed impedance relationship.

In [2], difficulty of the rehabilitation exercises is adjusted based on performance measures
which combines the active power produced by the user and the motion of the user to deduce the
user’s ability in movement generation as well as the accuracy of the produced motion. It was
proposed that the time period of each repetition of the rehabilitation exercise and the stiffness of the
robot be regulated based on these performance measures to make the exercises more challenging
when the user is performing better than expected and slightly easier when the user is not performing

as required.

2.4 Discussion

It can be seen from the above review that ankle rehabilitation robots had already been proposed
in the literature, with wearable devices mainly aimed at gait rehabilitation and platform based
devices focusing more on treatment of ankle sprains. However, it should be noted that the Stewart
platform based ankle rehabilitation robot had also been applied in the area of stroke rehabilitation
[16], thus indicating that it is worthwhile to develop an ankle rehabilitation robot which can be
potentially extended to cater for treatment of both ankle sprains and neurological disorders.

One major shortcoming in existing platform based ankle rehabilitation devices with two to three
dofs is that the rotation of the robot end effector is typically constrained about a point on the robot
rather than allowing the user’s lower limb to govern the end effector motion as in the designs
proposed in [12, 30, 56, 63]. The consequence of this is that the motion of the user’s foot will not be
limited to movements between the shank and the foot during operation of the robot. Under such
conditions, measurements of the robot end effector orientation may no longer be the true ankle joint
displacements, thus limiting the repeatability of the actual ankle foot motion while also
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compromising the ability of the robot to act as a reliable evaluation/measurement tool. This issue is
therefore addressed during the mechanical design of the ankle rehabilitation device developed in
this research.

Additionally, even though existing platform based ankle rehabilitation devices are already
capable of basic interaction control and can perform various rehabilitation exercises, not much
emphasis was placed on the adaptability of these devices. As the kinematics and impedance
characteristics of the ankle can vary considerably between individuals, the controller for
rehabilitation robots should ideally be able to detect these variations and adjust for it accordingly.
An example of this is the reduction of robot impedance in regions of large stiffness to prevent
exertion of excessive forces. It is therefore the intention of this research to incorporate adaptability
into an ankle rehabilitation robot through online parameter estimation. A suitable interaction control
scheme can then be developed to capitalise on the additional information available to improve the
safety of the device. Furthermore, the assistance adaptation schemes available in robots designed
for motor training were also considered in this research so that the developed device will not only
be able to accommodate variations in the users’ joint characteristics, but also adapt its behaviour to
ensure that the level of assistance provided is based on the user’s capability to carry out the required
exercises. While the aim of this research is to create a system which is primarily targeted at
rehabilitation of sprained ankles, development of an assistance adaptation scheme will also facilitate
future extension of the developed system to cover neuromotor rehabilitation.

It is worth noting that many of the assistance adaptation schemes varies the assistive effort either
directly or indirectly based on observation on the position tracking errors [14, 49, 50], and the
adaptation rules are typically formulated in ways which does not place much consideration on the
possibility of constrained motion in the robot’s task space. This is perhaps due to the predominant
application of these algorithms in upper limb rehabilitation where the subject’s arm can normally
move within the workspace of interest in a constraint-free manner. This is however unlikely to be
the case for ankle-foot movements due to the existence of coupled rotations which imposes
constraints in the three dimensional rotational space. Assistance adaptation rules which are more
suitable for constrained motion are therefore investigated in this work.

It can be seen from the above discussion on ankle models that numerous computational ankle
models had been developed to study foot pathology and biomechanics. However, to the best of the
author’s knowledge, none of these models were applied in the controller development of ankle
rehabilitation devices. In addition to its use in controller simulation and in providing information on
the configuration dependent ankle characteristics such as ankle stiffness which can be used for
parameter adaptation and stability analysis of the interaction controller, a suitable computational

ankle model can also be used to approximate the forces along different ligaments or muscle-tendon
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units as well as reaction forces and moments encountered at the ankle and subtalar joints. It can
therefore also serve as a tool to evaluate the performance of a controller or the effectiveness of a
particular rehabilitation program. It can be seen that a computational ankle model which provide all
the functionalities above will greatly facilitate the overall goal of this research in the development
of an adaptive ankle rehabilitation robot. Such a model is therefore developed in this research to
facilitate both the design and implementation of the adaptive control scheme.

Lastly, given the considerable variation in the ankle kinematics and the need to incorporate
adaptability into the developed system, user specific ankle kinematic parameters should ideally be
available to facilitate adjustment of the controller parameters. It can be seen that while identification
of the biaxial ankle kinematic model had been explored in the literature, such identification was
carried out in an offline manner. However, due to the real time requirements of this application, an
online parameter identification algorithm is required. Consequently, the development of such an
algorithm is also addressed in this research. Due to the importance of computational tractability, it
is proposed that a biaxial ankle model be used to describe the ankle kinematics in the identification
algorithm. However, as it is commonly found in literature that orientations of the ankle and subtalar
joint axes change with foot configuration, the conventional biaxial ankle model with constant axes
orientations is also extended in this research to allow variation of these parameters with foot

displacement so that a better fit between the model and measured foot orientations can be obtained.

2.5 Chapter Summary

This Chapter presented a review of existing works which are relevant to this research. The
different types of ankle rehabilitation devices developed in the literature were considered, with
particular focus on their mechanical design, actuation methods and control schemes. Subsequently,
studies relating to ankle kinematics and computational modelling of the ankle were also examined.
The state of the art of interaction control strategies suitable for rehabilitation robots was then
reviewed. Finally, the reviewed materials were analysed to highlight the issues to be addressed.
These issues include the development of a platform based ankle rehabilitation robot which can offer
more controlled foot-shank motion, the development of an adaptive interaction control scheme for
the resulting ankle rehabilitation robot, the construction of a computational ankle model to facilitate

controller design and investigation into the online identification of ankle kinematics.
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Chapter 3 Development of the Ankle Rehabilitation Robot

Various robotic devices had been developed for ankle rehabilitation but most of the platform
based ankle rehabilitation systems have a common problem whereby the measured end effector
orientation may not be representative of the actual foot-shank displacement due to pivoting of the
end effector about a point which does not coincide with the ankle centre of rotation. This research
therefore seeks to propose a new robot which addresses this particular issue. One of the major
design requirements for an ankle rehabilitation robot is that it must possess an adequate workspace
which is free from singularities. Additionally, it must also satisfy certain force/torque requirements
imposed by the types of rehabilitation exercises being implemented. Further to these basic
specifications, the robot must also be safe to operate and adequately instrumented to allow the
implementation of an appropriate control scheme. This chapter begins with an overview of the
design requirements of an ankle rehabilitation robot. A suitable kinematic structure of the robot is
then proposed. Workspace, singularity and force analyses of mechanisms having this structure are
then presented. Subsequently, additional design considerations of the ankle rehabilitation robots are

also discussed. This is followed by a description of the robot hardware and user interface.

3.1 Design Requirements

In order to carry out different ankle rehabilitation exercises, the robot to be developed must have
a workspace that is similar to or in excess of the typical range of motion encountered at the human
ankle. The ankle-foot motion is primarily rotational, and is often described by rotations on three
mutually perpendicular anatomical planes. These rotations are illustrated in Figure 3.1. The plane
which distinguishes the left and right sides of the body is termed the sagittal plane. The frontal
plane as its name suggests, divides the body into front and back halves. Finally, the transverse plane
divides the body into top and bottom portions. Rotational motion of the foot on the sagittal plane is
termed plantarflexion when the toes are pushed further away from the head and dorsiflexion in the
opposing direction. Inversion is used to describe the rotation of the foot on the frontal plane where
the inner or medial side of the foot is raised upwards, with eversion being its complementary
motion. Lastly, internal rotation or adduction is used to describe rotational motion on the transverse
plane which moves the toes towards the centre of the body while movement in the contrary
direction is termed external rotation or abduction. The typical motion limits along these different

directions as determined in an in vitro study by Siegler et al. [108] are shown in Table 3.1.
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3.1 - Design Requirements

For the purpose of this thesis, the quantification of different rotations of the foot is made
through the use of Euler angles. The XYZ Euler angle convention had been adopted whereby the
orientation of the foot is described by a rotation about an x-axis, followed by a rotation about the
resulting y-axis and then finally a rotation about the resulting z-axis. The angular displacements
about these axes are referred to as the X, Y and Z Euler angles respectively. The arrangement of the
axes (see Figure 3.1a) were selected in such a way that in the absence of rotations about other axes,
the plantar/dorsiflexion movement is described by the X Euler angle; the inversion/eversion
movement is described by the Y Euler angle, and the abduction/adduction movement is described
using the Z Euler angle.

Sagittal plane |
(a) _ (b) \
abduction
adduction Frontal plane

6’.

Shank

Transverse plane

dorsiflexion \"J___ -

-
~aX

plantarflexion

-
~

inversion

. !
ISy

Figure 3.1: (a) Rotational motions of the human ankle. (b) anatomical planes of the human body (adapted from [109])

Table 3.1: Typical range of motion at the human ankle

) Maximum allowable motion
Type of motion

Range Mean Standard deviation
Dorsiflexion 20.3° 10 29.8° 24.68° 3.25°
Plantarflexion 37.6° to 45.75° 40.92° 4.32°
Inversion 14.5° to 22° 16.29° 3.88°
Eversion 10°to 17° 15.87° 4.45°
Internal rotation 22° to 36° 29.83° 7.56°
External rotation 15.4° to 25.9° 22.03° 5.99°

Data reproduced from [108]

It can be seen that the extent of motion available in different directions are quite different and
that the overall ankle range of motion is rather small. It should be noted that since the robot should
be able to cater for both the left and right legs, the different motion limits in the inversion-eversion
and internal-external rotation directions will be inverted in the robot coordinate frame when a foot
from the different side of the body is placed on the robot. The limits of the required robot rotational

workspace on the frontal and transverse planes are therefore symmetric.
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3.2 - Determination of a Suitable Robot Kinematic Structure

Another quantity that has a significant influence on the design of the ankle rehabilitation robot is
the level of moment that the ankle-foot structure is expected to experience during rehabilitation. In
terms of maximum moment required at the plantar/dorsi-flexion motion, results from an in vivo
study in [84] have found that a maximum range of 71.7Nm is required to move the foot of the
subject passively from maximum plantarflexion to maximum dorsiflexion. The same study also
evaluated the torques produced by maximum voluntary contraction of the subjects and the
corresponding values for dorsiflexion and plantarflexion are 54.4Nm and 126.0Nm respectively.
Similar results in terms of passive ankle moments were also observed in an in vitro study by
Paranteau et al which gives a maximum dorsiflexion moment as -44Nm and a maximum
plantarflexion moment of about 37Nm [88]. Maximum joint torque in the inversion-eversion
directions is also available from [88], where values of 33Nm in inversion and 44Nm in eversion
were reported. Unfortunately, maximum torque for internal/external rotation is not available from
the above studies. The robot used in this research was therefore designed by assuming that the
maximum internal/external rotation moments are similar in magnitude to the inversion/eversion
moments. In summary, the moment requirements of the ankle rehabilitation robot are set at 2700Nm
for moments about the X Euler angle axis, and 40Nm for the remaining two Euler angles axes.

In terms of functionality, ankle rehabilitation robots will have to be able to accommodate
different types of rehabilitation exercises. As can be seen from the review of existing ankle
rehabilitation robots in Chapter 2, these include passive, active-assist and active range of motion
(ROM) exercises, as well as muscle strengthening routines. Passive ROM exercises will involve the
robot guiding the user’s foot through its permissible range of motion when the user’s foot remains
relaxed. Active-assist ROM exercises on the other hand require the robot to “cooperate” with the
user to perform the required foot motion, providing assistance on an as-needed basis, while active
ROM exercises hands full control of the foot motion to the user, with the robot providing minimal
interaction forces/moments. As for realisation of muscle strength training exercises, the robot
should be able provide a constant level of resistance to the foot or vary the resistance according to

the extent of displacement (i.e. act as an elastic element).

3.2 Determination of a Suitable Robot Kinematic Structure

Parallel mechanisms have a kinematic structure whereby the end effector is connected to a fixed
base through multiple actuated links. Due to this arrangement, parallel robots have several
advantages over their serial counterparts. One of these advantages is higher positioning accuracy
since errors in the actuated joints no longer accumulate as in the case of serial robots. Furthermore,
since the end effector is supported by multiple actuators, the load capacity of the mechanism can
also be increased. As actuators of a parallel robot is located at its base rather than on its moving
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3.2 - Determination of a Suitable Robot Kinematic Structure

links, the total load moved by the manipulator is also reduced. As a result, parallel mechanisms can
be used to achieve higher bandwidth in motion (e.g. Delta robot).

Due to its many advantages and the relatively large loads experienced at the ankle and foot,
parallel mechanisms are excellent candidates for ankle rehabilitation devices. In fact, the human
lower leg and foot can itself be viewed as a parallel mechanism with the foot being the end effector
and the muscles spanning across the ankle being the actuating links. From the above discussion, it
can be seen that there is sufficient motivation for the use of a parallel robot in this research. The
major shortcomings of parallel mechanisms however, come in the form of a reduced workspace and
increased kinematic singularities [110, 111]. Fortunately, as the range of motion of the human ankle
is rather limited, the smaller workspace of parallel manipulators may still be adequate provided that
suitable kinematic parameters are selected for the mechanism. Singularities on the other hand pose a
much greater concern and must be considered in the design of the manipulator. This research had
therefore placed special attention on the workspace and singularity analyses during development of
the ankle rehabilitation platform.

Existing ankle rehabilitation devices can be broadly classified as platform based or exoskeleton
based and many have a parallel kinematic structure. The platform based devices are mainly used in
the rehabilitation of sprained ankle and the typical setup requires only the foot of the user to be
secured onto the robot end effector. Exoskeleton based devices on the other hand allows the user to
don the robot and is generally used for gait rehabilitation. In this case, the base and end effector
robot are attached to different limb segments across the ankle.

In many platform based devices, the robot end effector is often constrained about a centre of
rotation which is usually not coincident with the actual ankle centre. As a result of this, the shank of
the user is unlikely to remain stationary during the operation of the device and the rotational motion
at the end effector in such platforms will not necessarily be identical to the relative rotations
between the shank and the foot. This means that the use of such devices in measurements of ankle
characteristics such as range of motion and ankle stiffness may yield erroneous or inconsistent
results. Additionally, these designs also exert poorer control over the foot configuration and ankle
moment since the ankle joint is not completely isolated from the remaining joints on the lower limb.
For more advanced control strategies which adapt the robot behaviour with respect to the foot
configuration, the above shortcoming can also lead to incorrect selection of controller gains. The
above problem is avoided in some of the exoskeleton based designs, where the human lower limb is
utilised as part of the robot kinematic constraints and the shank is secured in place during operation.
The downside to this however is that the robot kinematics is not fully known since the robot is
under-actuated prior to it being fitted onto the user. Consequently, the control of such robots can be

more challenging than the fully constrained platform based manipulators. Given its ability to
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3.3 - Workspace, Singularity and Force Analyses

provide more accurate estimates of ankle-foot configuration, this research has taken the latter
approach and incorporated it into the design of a platform based ankle rehabilitation robot.

The mobility or number of degrees of freedom available in a spatial mechanism is given by the
Grubler’s mobility formula shown in (3.1) [111], where M is the mobility of the mechanism, n is
the number of rigid links present in the mechanism (including the fixed base), g is the total number

of active and passive joints and f; is the degree of freedom for the i joint.

i=g
M=6(n—g—1)+2fi (3.1)
i=1

In the proposed setup, the foot of the user is attached to the end effector and the shank is
attached to the base of the mechanism. In the absence of any actuating links, the only kinematic
constraint between the base and the end effector will be the human ankle joint. In this scenario, ny =
2 and g, = 1. Consequently, the mobility of this mechanism, M,, is identical to that of the natural
ankle joint. Clearly, actuated links must be included in the mechanism to allow control of the
rehabilitation device, however, it should be noted that the mobility after the addition of actuated
links must be identical to M, if the natural motion of the foot is to be preserved.

Since the actuated link must be connected to both the base and end effector for the formation of
a parallel mechanism, the number of rigid body segments introduced by each actuated link must be
one less than the number of joints added to the system (i.e. An = Ag — 1). According to (3.1), it can
be seen that the mobility of the mechanism will decrease upon the addition of actuated links if the
total degrees of freedom of the joints on each actuated link is less than six. Based on this
observation, the kinematic structure of the actuated links was chosen to be UPS to maintain the
mechanism mobility at that of the human ankle. In the above notation, U is used to represent a
universal joint, P for a prismatic joint and S for a spherical joint. The line beneath P is used to
indicate that the prismatic joint is being actuated. The joints in a UPS link structure therefore has six
degrees of freedom in total, just enough to prevent any reduction in the mobility of the mechanism.
Using this link structure, the number of actuated links also dictates the number of actuated degrees
of freedom in the system.

3.3 Workspace, Singularity and Force Analyses

Due to the incorporation of the human ankle as part of the parallel mechanism, its kinematic
description must be established prior to any analyses on the workspace, singularities and moment
capabilities of the ankle rehabilitation robot. Although foot motion is often depicted through
rotations about two oblique revolute joints in series [76, 80, 112], its actual movement pattern

appears to be more complicated with coupled translations and rotations. Studies had found that the

34



3.3 - Workspace, Singularity and Force Analyses

orientations of the revolute joints in the biaxial model can vary significantly between individuals.
Furthermore, it had also been found that such axes orientations also vary with the configuration of
the foot. Based on these findings, the generality of results obtained from using a specific biaxial
ankle model in the workspace and singularity analysis would be compromised. A natural choice of a
kinematic model to replace the biaxial model is a spherical joint as it can cater for all possible
rotational motion. However, this approach still fails to address the effects of translational motion.
As the movement of the ankle can be considered primarily rotational with limited translational
movement of its instantaneous axis of rotation [73], analyses which consider the ankle as a spherical
joint can still be used to give an indication of the available workspace and singular regions.

A more conservative estimate of the workspace and singular regions can be obtained by
analysing the link lengths and manipulator Jacobians at different orientations for a variety of ankle
joint centre locations. From such analyses, the intersection of all the workspaces computed in this
manner will represent the minimum workspace while the union of all singular regions obtained will
give the singular regions in the worst case scenario. However, to reduce computational complexity,
all preliminary analyses will be done by assuming a single ankle centre of rotation and the

conservative estimates will only be computed for the mechanism used in the final design.

3.3.1 Analysis for 3 Link Parallel Mechanism

As discussed previously, the addition of one UPS link to the kinematic structure will add one
actuated degree of freedom to the system. As the ankle joint is treated as a spherical joint, there are
three rotational degrees of freedom in the overall parallel mechanism. As a result, three actuated
links are necessary to provide full motion control capability for this assumed mechanism. The
kinematic structure of the three link parallel robot considered in this design is shown in Figure 3.2,
together with an illustration of the variables used to parameterise the attachment points of the
actuated links. It should be noted that due to the axes convention used, the kinematic structure
shown in Figure 3.2 is actually vertically inverted when compared to how the mechanism would
operate in real life, where the foot of the user will be secured on the end effector while the shank is
attached to the base platform. It is also worth noting that a symmetric distribution of actuated link
attachment points about the y-z plane should be preferred due to the symmetry of the required
workspace about the Y and Z Euler angles.

In Figure 3.2, the attachment points of the actuated links on the base are denoted by B; while
their attachments on the end effector are represented by P;. Based on the UPS link structure, point
B; is coincident with the centre of the universal joint while point P; is coincident with the centre of
the spherical joint or equivalent on the i actuated link. Point O had also been defined on the base

platform where it acts as the origin of the robot global coordinate frame. The points B; and O are
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3.3 - Workspace, Singularity and Force Analyses

constrained to lie on the same plane and their relative positions are parameterised in polar
coordinates. The projections of points P; on the end effector can similarly be represented in polar
coordinates. In addition to that, the distance between P; and the end effector plane is also set to be
constant for all i, and is denoted by A. Finally, the point A is defined as the centre of the spherical

joint used to represent the human ankle.
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Figure 3.2: Kinematic structure of the three link parallel mechanism

Using the proposed kinematic structure, the end effector can be seen to pivot about the actual
ankle centre and not an external point. Consequently, when the shank is fixed on the base platform
and the foot placed on the robot end effector, the robot would have completely isolated the ankle
joint. Motion and moments of the end effector taken about the ankle centre will therefore
respectively provide accurate indications of the relative orientation and moments between the user’s

foot and shank.

Inverse kinematics

The inverse kinematics of a parallel mechanism is the mapping that relates a particular end
effector orientation to its corresponding joint displacements in terms of lengths of the actuated
links. Such a relationship can be easily established using the kinematic parameters described above.
By using the subscript 0 to represent quantities relating to the zero orientation, a pose where the end
effector orientation is identical with that of the robot global frame, the link vector (L; € R3) of the

i™ actuated link can be written as (3.2), while its length is given by (3.3).

L, = OA + R(AP,y) — OB (3.2)

li s ’LiTLi (33)
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3.3 - Workspace, Singularity and Force Analyses

Computation of reachable workspace

Results obtained from the inverse kinematics are highly relevant for the determination of the
workspace available in the parallel mechanism. Assuming that the passive joints have been selected
so that the limiting factor on the robot workspace is solely that of the length of the actuated
prismatic joint, an end effector orientation can only pass as a point in the robot workspace if all the
actuated link lengths fall within an allowable range. This range is typically controlled by the
retracted and extended lengths of the linear actuator used in the link. For the purpose of initial
analysis, it is assumed that the permissible ranges for the actuator lengths are centred about their
respective values at the zero orientation. More precisely, the inequality denoting the constraint on
actuated link lengths can be given as (3.4), where AL, is the maximum stroke length of the linear

actuator and [; o is the length of the i"™ actuated link at the zero orientation.

lio = 0.5AL gy < 1; < 1o+ 0.5A0,, (3.4)

Computation of singularity measure

The manipulator Jacobian is a matrix which describes the relationship between joint space and
task space velocities of a robot. For parallel mechanisms where a unique set of joint space
coordinates can be assigned to a given task space configuration, the manipulator Jacobian J € R™>*3
is the gradient matrix which relates the task space velocity © to the joint space velocity [ € R™ as
shown in (3.5). Note that n; is the total number of actuated links. It is also worth noting that the
transpose of the manipulator Jacobian is used to relate the joint space forces F € R™ to task space
forces T € R3, as shown in (3.6). Analysis of the manipulator Jacobian can therefore provide
information on the kinematics and kinetics of a robot at a particular configuration. The manipulator
Jacobian for the proposed parallel kinematic structure can be obtained from differentiation of the
inverse kinematics relationship shown in (3.2). Specifically, the i" row of the manipulator Jacobian

is given by (3.7).

=76 (3.5)
1=JTF (3.6)
1 ,[0R R oR

(3.7)

Ji l; Li a0, ° a6, *° a6, *°

An important role of the manipulator Jacobian is in the identification of singular configurations
of the robot. Singular configurations are poses of the robot whereby the manipulator Jacobian is
rank deficient. This means that singular configurations are generally related to an infinite condition

number or zero matrix determinant (if the manipulator Jacobian is a square matrix). Rank

37



3.3 - Workspace, Singularity and Force Analyses

deficiency in the manipulator Jacobian will lead to the loss of controllability of the robot, where the
realisation of task space forces along certain directions will not be possible regardless of the joint
space forces being applied. Alternatively, singular configurations can be viewed as poses where the
manipulator gains additional degree(s) of freedom in motion since the presence of a null space in
the manipulator Jacobian will allow certain task space velocities to exist even though all actuators
are locked (i.e. joint space velocities is uniformly zero). Clearly, singular configurations are
generally undesirable and must be eliminated from the workspace of the manipulator though
selection of appropriate robot kinematic parameter. Even though singularities may only occur at
certain points in the robot task space, it is also generally more difficult to control the robot at
configurations around these singular points. As a result, a good design should aim to improve the
manipulability of the robot by reducing the condition numbers of manipulator Jacobian across all

points in the task space.

Force Analysis

As the transpose of the manipulator Jacobian also acts as a linear mapping between joint space
and task space forces, it can be used to identify the actuator forces required to produce a particular
task space moment. This normally involves the inversion of the manipulator Jacobian (or
application of the psueudo-inverse if the manipulator is redundantly actuated). Clearly, the force
requirements would change with the task space coordinates of the manipulator. The maximum
desired moments were therefore applied at various end effector configurations and the largest of the
resultant joint space forces was treated as the actuator force specification. The configurations
considered include the neutral position, a supinated (plantarflexed, inverted and adducted) foot
configuration, a pronated (dorsiflexed, everted and abducted) foot configuration, and at
configurations where a rotation close to the joint motion limit is made about one of the coordinate
axes while the displacements along the remaining two are kept at zero (i.e. pure
dorsiflexion/plantarflexion, pure inversion/eversion and pure abduction/adduction).

In the force analysis, the vectors along which moments are applied were different for different
foot configurations considered. The main motivation for this arrangement is to reduce the number
of computations required in the analysis by only applying forces in directions where they are
expected at a particular configuration. Since the foot will have a tendency to move towards the
neutral position, passive motion of the foot will be initiated by the robot applying a force in the
direction where it is moving. The opposite however is true for active exercises where the robot is
providing a resistive force. In either case, the direction of moment application should be similar to
the direction of the position vector taken from the zero orientation to the foot configuration being
considered (e.g. force analysis for a plantarflexed foot orientation should involve application of

moments in the plantarflexion-dorsiflexion direction). The exception for this is of course the neutral
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position, where a much larger range of moments (in terms of direction) can be applied to move or
resist the motion of the foot. The above rationale had been taken into account to select the
combination of maximum moments to be applied at different foot configurations during the force

analysis (refer to Appendix A for details).

Analysis results and discussion

Apart from the workspace, singularity and force requirements, the resultant design must also
meet certain spatial constraints to ensure that it can be used in practice. Since the robot developed in
this research is used for ankle rehabilitation, the kinematic parameters of the robot must be selected
in such a way that it can accommodate the placement of the foot on the end effector. With this in
mind, several sets of kinematic parameters for the proposed three link parallel mechanism had been
selected and analysed. The details of these kinematic parameters are provided in Table 3.2. The
actuator force requirement, robot workspace and condition numbers of the manipulator Jacobians

were computed for each of these designs and the results of these are summarised in Table 3.3.

Table 3.2: Kinematic parameters of designs considered in the three link manipulator analysis.

Design 1D o a, a, as 6, 6, 0, 05 A 0A
A 02m 04 045 -90° 30°

B 0.11m 07 075 -90° 30°

c 0am o003 03 00 300 o [8 -
D 0.2m 05 055 -90° 30° 0.36
E 0.2m 04 045 -60° 30°

2 0.2m 04 045 -90° 45°

Table 3.3: Design analysis results for different three link designs.
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3.3 - Workspace, Singularity and Force Analyses

It can be seen from these results that the manipulator workspace is rather dependent on the
separation of the attachment points on the end effector, where a decrease in separation will result in
an increase in workspace volume. This is not surprising since shorter paths are traversed at points
closer to the centre of rotation and the workspace is mainly limited by the available stroke length of
the actuators. A look at the force requirements however suggests that smaller separation of
attachment points can potentially lead to greater force requirements at certain end effector
configurations. This is again expected since the moment arm of the actuator forces decreases when
the attachment points are placed closer to the centre of rotation. The above observations show that
both workspace and force requirements are conflicting design criteria and a compromise must be
met between the two. In terms of the robot manipulability, it can be seen that a greater difference
between the separation distances of attachment points on the base and end effectors can potentially
lead to reduced condition numbers in the manipulator Jacobians. Another important observation is
that a region of robot configurations with ill conditioned manipulator Jacobians, or in other words,
low manipulability, appears to persist within the workspace for all the parameter sets considered.

For illustrative purposes, the results for one of these mechanisms (which kinematic parameters
are given in Table 3.4) are shown in Figure 3.3 to Figure 3.5. Figure 3.3 shows a slice of the robot
workspace when the rotation about the Z Euler axis is zero. An inspection of this plot shows that
this robot configuration can produce about 32° and 36° of maximum plantarflexion and dorsiflexion
respectively. Additionally, the maximum inversion-eversion motion is around 36°. A three
dimensional view of workspace volume is also shown in Figure 3.4, and it can be seen that the
largest range of motion of the robot is by far in the yaw direction, with maximum rotations of over
90°. The workspace regions with low manipulability are also indicated by the red point clouds in
Figure 3.4, where they appear to form a region/surface which separates the workspace in two. A
better visualisation of the task space configurations with low manipulability is given in the
volumetric plot shown in Figure 3.5. In this plot, the condition numbers of the manipulator
Jacobians at different orientations are represented in a colour spectrum and plotted on the three
dimensional axes. In addition to the colour coding, the transparency of the points are also affected
by the condition numbers, where configurations with lower condition number is assigned a higher
transparency. Using this arrangement, regions with low manipulability becomes more easily
identifiable. It should also be noted that to allow better visualisation, the colour coding was done in

the base 10 logarithmic scale and the condition numbers were saturated at 1000.

Table 3.4: Kinematic parameters for the three link parallel mechanism

Parameter o a, a az 6, 0, 6, 6 A 04
Value 02m 0.9 04 045 -90° 45° -90° 30° 0.05m [000.36]m
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Slice of workspace at zero Z Euler angle
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Figure 3.3: A slice of the robot workspace at zero Z Euler angle for the three link parallel mechanism.

Available Workspace in The Manipulator

50t

=

0o
L

(Fap) Jaing 7

a0l

# Euler (deg)

Y Euler (deg)
Figure 3.4: Superposition of the workspace volume on regions of the task space with low manipulability

(configurations where condition number >50) for the three link parallel mechanism.

It can be confirmed from Figure 3.5 that there is indeed a surface with low manipulability in the

middle of the task space considered in this analysis. This surface effectively splits the workspace of

the robot into two segments and prevents controlled motion from one segment to the other. This is

clearly unacceptable as a full range of foot motion is desired. A remedy for this problem is the

inclusion of an additional actuated link which is suitably placed so that an additional direction for

moment application is made available. Consequently, it will be less likely for the manipulator
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3.3 - Workspace, Singularity and Force Analyses

Jacobian to become rank deficient. This can also help reduce the condition number of the
manipulator Jacobians and reduce the force required from each individual actuator. It should be
noted however that the resulting robot will then become redundantly actuated if the human ankle is

considered to be only capable of rotational motion in three degrees of freedom.

Condition numbers within the considered workspace
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Figure 3.5: Plot indicating the distribution of manipulator Jacobian condition numbers throughout the manipulator task
space for the three link parallel mechanism. The colour spectrum is assigned to the base 10 logarithms of the condition
numbers.

3.3.2 Analysis for 4 Link Parallel Mechanism
The attachment points of the four link mechanism on the end effector and the base platform
considered in this research shares the same parameterisation as the three link version. The kinematic
structure of the mechanism can therefore be represented by Figure 3.6.
Top view of end effector

y/\ Kinematic Structure of
Kinematic Structure of 4 an actuating link

link parallel mechanism

Assumed kinematic
structure of human ankle

X

Figure 3.6: Kinematic structure of the three link parallel mechanism
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Analysis results and discussion

The same workspace, singular region and actuator force analyses as above were carried out on a
four link mechanism with kinematic parameters given in Table 3.5 and the results are shown in
Figure 3.7 to Figure 3.9. It can be seen from these results that the manipulability of the task space
have significantly improved due to the presence of an extra actuated link, where both Figure 3.8 and
Figure 3.9 shows that the regions with the highest condition numbers are actually located outside
the workspace of the robot. The new kinematic parameters of this parallel mechanism also appear to
be capable of producing a larger robot workspace in the flexion directions, with maximum
plantarflexion of about 52° and maximum dorsiflexion of about 48°. The motion limits about the Y-
Euler axis however was found to decrease slightly to 34°, but still satisfies the required range of
motion. Lastly, the range of Z Euler rotations in the workspace is also more than adequate to
accommodate the natural ankle movements. An inspection of the actuator force requirements also
shows that with four actuators, the maximum actuator force exerted to achieve the prescribed task

space moment is now reduced to about 1700N from over 3000N in the three link mechanism.

Table 3.5: Kinematic parameters for the four link parallel mechanism

Parameter o a, a az 6, 0, 6, 6 A 04
Value 02m 09 04 045 -45° 45° -30° 30° 0.05m [000.36] m
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Figure 3.7: A slice of the robot workspace at zero Z Euler angle for the four link parallel mechanism.
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Awailable Warkspace in The Manipulator
(4 links)
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Figure 3.8: Superposition of the workspace volume on regions of the task space with low manipulability
(configurations where condition number >50) for the four link parallel mechanism.
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Figure 3.9: Plot indicating the distribution of manipulator Jacobian condition numbers throughout the manipulator task
space for the four link parallel mechanism. The colour spectrum is assigned to the base 10 logarithms of the condition
numbers.

3.3.3 Evaluation of 4 Link Design with Additional Constraints

Since the four link mechanism appears to outperform the three link design in almost all aspects,
it had been adopted in the final design of the ankle rehabilitation robot. However, it should be noted
that the analyses carried out above was only completed for a single ankle centre of rotation. As
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discussed previously, the complex kinematics of the ankle means that this centre is likely to vary
during operation of the robot. Furthermore, the previous analyses also assumed that there were no
violations of passive joint limits. The actual workspace of the robot may therefore be smaller than
the results shown above. Further investigation is therefore required to evaluate the true capability of
the final design.

Consideration of passive joint limits

The universal joint displacements were computed for different end effector configurations to
study the influence of passive joint limits on the robot workspace, and it was found that these
angular displacements largely remained between +32° throughout the entire robot workspace. This
is within the permissible motion range of the universal joints used in this work (+35°) and therefore
will not affect the previously determined robot workspace. The configuration of the spherical joints
were also analysed and it was found that when viewed in the local end effector coordinates, the unit
vector representing the line of action of the actuated link can deviate as much as 87° from its initial
orientation. This is beyond the range of motion of typical spherical joints and therefore poses a
challenge in the realisation of the actual mechanism. To overcome this problem, the spherical joint
in the proposed mechanism is replaced with a set of three mutually intersecting revolute joints. Such
a joint complex is shown in Figure 3.10. It can be seen that the proposed joint complex will
function as a spherical joint as long as axes a and ¢ do not become parallel. This non-parallel
condition therefore forms part of the passive joint constraint which must be considered in obtaining
the final robot workspace. Additionally, another constraint in the passive joint displacement can be
obtained by imposing a non-interference condition between block A and block C. By taking into
account both constraints and the geometry of the components, the permissible angle between axis a

and axis ¢ was estimated to be from 50° to 180°, as illustrated in Figure 3.10.

Connected
to linear
actuator

Block C

Permissible range
_ a ofrotation about
--ph axisb

b

Block A

End effector

Figure 3.10: llustration of the joint limit on the effective spherical joint.
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Variation of assumed ankle centre

In addition to the application of passive joint limits, the workspace and condition numbers for
the final design were also computed for different locations of the spherical joint (i.e. ﬁ) to

simulate the translation of the actual ankle centre of rotation. In the final design analysis, 04 was
varied within a 30mm cube centred about its nominal location. Positions of the end effector
attachment points, P; , were however, held constant with respect to the global robot frame. The
choice of the 30mm cube was based on sources in the literature which estimates the range of ankle
translation to be between 10-20mm [73]. It should be noted that the workspace produced from this
analysis will also have some safety margin against small deviations in the foot placement location
on the robot end effector. The upper and lower bounds of the actuator lengths used in this analysis
also differed slightly with those of the original analysis where actuator length limits are dependent
on the actuator lengths at the neutral foot configuration. In the final design, the construction of the
actuated links was made to be uniform across all links and they therefore share the same motion
limits. Analysis of the reachable workspace had shown that this design decision had the effect of
improving the maximum motion allowable in the plantarflexion direction at the expense of smaller
dorsiflexion movements. Since the original dorsiflexion motion limit is well in excess of the natural
dorsiflexion motion limit, this design change is not expected to significantly compromise the ability

of the proposed robot in meeting the workspace requirements.

Analysis results and discussion

The results obtained from the above analysis are shown in Figure 3.11 to Figure 3.13. It can be
seen from these plots that the robot workspace and task space manipulability have both reduced
with the introduction of passive joint limits and variations in the spherical joint centre. However,
results suggests that the estimated range of motion can still be considered adequate, with a
maximum plantarflexion of 44°, maximum dorsiflexion of 36° and maximum inversion-eversion of
26°. The available abduction and adduction motion again remains large at about 70°. It can also be
seen from Figure 3.12 and Figure 3.13 that although the regions with condition numbers over the
designated threshold had grown in size, these regions are still located outside the robot workspace.
As a result, the manipulability of the robot within its workspace is not severely deteriorated with the
variation of the spherical joint centre.
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Slice of workspace at zero Z Euler angle
(4 links with ankle centre variation)
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Figure 3.11: The common robot workspace at zero Z Euler angle. The information shown is that for the four link
parallel mechanisms obtained by varying 04 within a 30mm cube centred about its nominal value.

Awailable Workspace in The Manipulator
(4 links with ankle centre variation)
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Figure 3.12: Superposition of the common workspace volume on regions of the task space with low manipulability
(configurations where largest condition number >50). The information shown is that for four link parallel mechanisms

obtained by varying OA within a 30mm cube centred about its nominal value. Note that the common workspace shown
is the intersection of all the reachable workspaces computed by varying 04, while the low manipulability region shown
is the union of all the low manipulability regions obtained by varying 04.
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Condition numbers within the considered workspace
(4 links with ankle centre variation)
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Figure 3.13: Plot indicating the distribution of the largest manipulator Jacobian condition numbers throughout the
manipulator task space. The colour spectrum is assigned to the base 10 logarithms of the condition numbers and the

information shown is that for four link parallel mechanisms obtained by varying 04 within a 30mm cube centred about
its nominal value. Note that the condition numbers used to generate the plot are the largest among the results obtained

from varying OA.

The moment capacity of the final design can also be evaluated by considering the maximum
forces available from the actuators. This can be done by considering the maximum moments that
can be applied at all end effector orientations which belong to the common workspace and taking
the smallest of these values. Note that this moment analysis was carried out on each of the X, Y and
Z directions by using a maximum actuator force output of 2000N. The moment capacity and the
maximum achievable end effector orientations of the final design are summarised in Table 3.6. It
can be seen that the movements and moments achievable by the four linked parallel mechanism are
similar to what is required for the X and Y directions, and in excess of what is needed in the Z
direction, thus indicating the capability of the proposed structure to perform the required

rehabilitation exercises.

Table 3.6: Motion limits and moment capacity of the 4 link parallel mechanism (with consideration of ankle centre
variation)

Direction Maximum motion  Moment capacity
Plantarflexion (positive X) 44° 151Nm
Dorsiflexion (negative X) 36° 151Nm
Inversion (positive Y) 26° 38Nm
Eversion (negative Y) 26° 38Nm
External rotation/Abduction (positive Z) 72° 68Nm
Internal rotation/Adduction (negative Z) 72° 68Nm
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3.4 System Description

A prototype of the ankle rehabilitation robot had been constructed using the kinematic
parameters investigated above. Brushed DC motor driven linear actuators (Ultra Motion Bug Linear
Actuator 5-B.125-DC92_24-4-P-RC4/4) had been used as the actuated prismatic joint in the
prototype. The linear actuator was chosen based on the stroke length and force requirements of the
mechanism, with an actuator stroke length of 0.1m, force capacity of over 2000N and a top speed of
0.066m/s. In terms of sensors, linear potentiometers were built into the actuators to provide
measurement of the actuator lengths. Additionally, a two axis inclinometer (Signal Quest SQ-SI2X-
360DA) was also attached to the end effector platform to allow the measurement of its pitch and
roll angles. Lastly, four tension compression load cells (Omega Engineering LC201-300) were also
installed at the interface between the linear actuator and the effective spherical joints to monitor the
forces along the actuated links. The ankle rehabilitation robot developed in this research is shown in
Figure 3.14, both in the form of a three dimensional model and in the form of a photograph
depicting how the robot interacts with the user. In terms of controller hardware, an embedded
controller (National Instruments NI-PXI 8106) had been used together with a DAQ card (National
Instruments NI-PXI1-6229) to carry out the signal processing and execute the real time control
functions of the prototype. The embedded controller was also connected to a PC to receive user
commands and display the sensor measurements through a user interface developed using the

LabView programming environment. A block diagram of the overall system is given in Figure 3.15.

(a) (b)

Shank brace

Base plate Universal

joint

Linear
actuator

800mm
Linear

actuator

Load cell

Shank

brace
Load cell

Foot brace
Effective
spherical
joint

440mm End
effector

Figure 3.14: The 3D CAD model of the developed ankle rehabilitation robot (a) and a photograph showing the robot
with the user’s lower limb attached (b).
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Figure 3.15: A block diagram showing various hardware and software components of the ankle rehabilitation robot
developed in this research.

User

The graphical user interface (GUI) developed for the end user is also shown in Figure 3.16. This
GUI was designed to provide visual feedback regarding the foot orientation and the level of
moments applied in different directions of rotation. Orientation of the actual foot is presented as the
solid red block while the desired foot orientation is shown as the semi-transparent blue block. In
addition to the three dimensional visualisation of the instantaneous foot orientation provided in the
top left plot, a time history of the desired and measured Euler angles relating to the foot orientation
is also displayed in the top right graph of the user interface. The estimated instantaneous robot-user
interaction moments on the other hand are presented in the bottom left area of the GUI. This is also
accompanied by a time history of the interaction moments on the bottom right graph. A separate
interface is also available for the use of the therapist/technician, where it can be used to define the
rehabilitation trajectory and to modify the robot control parameters to permit different types of
rehabilitation exercises.

As discussed previously, the movement of the end effector will ultimately rely on the kinematic
constraints of the user’s ankle. As such, the effective centre of rotation of the platform is unlikely a
fixed point in space. Furthermore, it is also not known precisely. However, from the perspective of
the controller, the kinematics of the platform must be defined as a rotation about a known point. As
a result, an assumed spherical joint centre is used. This point is the point A used in the kinematic
analyses carried out in previous sections and is considered to remain constant relative to the end
effector coordinate frame. Clearly, if the actual motion of the end effector is not a perfect rotation

about this assumed spherical joint centre, this point will be seen to experience translation in the
global robot coordinate frame (i.e. 04 is not constant). The end effector orientation estimated from

kinematics based on the originally assumed OA is therefore inaccurate. In fact, the forward

kinematics may even fail to converge due to contradictions between the assumed and actual robot
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configuration. A solution to this problem proposed in this work is to incorporate sensors on the end
effector to directly measure its orientation. The two axis inclinometer used in this research was
therefore installed to serve this purpose. While it only provides information on two of the three
rotational degrees of freedom, these measurements can be used in conjunction with the four actuator
link lengths to estimate the remaining yaw angle of the end effector, as well as an the correct

location of OA.
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Figure 3.16: End user GUI for the developed ankle rehabilitation robot.

Although most of the existing platform based ankle rehabilitation devices utilise a six degree of
freedom force torque sensor to measure the interaction torque between the foot and the robot, a
different approach had been taken in this research by measuring the forces along the actuators using
load cells placed along the linear actuators. The main reason for this design decision is to reduce the
distance between the base of the platform and the effective centre of rotation of the user’s foot, thus
allowing a larger workspace for the same actuator stroke length. Additionally, it also allows
monitoring of individual actuator forces to allow actuator level force feedback control. The
shortcoming associated with this approach is that the actual robot-foot interaction wrench can only
be estimated by considering the measured actuator forces, robot kinematic parameters and the robot

inertia properties since the sensing elements are not located at the actual robot-foot interface. This is
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however considered to be acceptable as the inertial forces of the platform are expected to be

relatively small compared with the interaction forces and moments between the robot and the user.

3.5 Chapter Summary

This chapter presented the design of the ankle rehabilitation robot used in this research. This
design differs from existing platform based devices in the sense that the user’s ankle is treated as
part of the robot kinematic constraint and that the shank of the user is fixed during operation of the
robot. Since the resulting design isolates the ankle joint during its operation, it can be used to
provide more accurate indications of the displacements and moments at the ankle joint.
Consequently, it is a more suitable measurement/evaluation tool compared with some of the
existing platform based ankle rehabilitation devices.

The workspace and force requirements of the robot were established by considering the ankle
characteristics and this information had been taken into account in the design process. By
considering the human ankle as part of the robot’s kinematic constraint, an appropriate parallel
kinematic structure had been selected for this new platform based ankle rehabilitation robot to
ensure that the robot can guide the user’s foot along its natural path of motion. Workspace and
singularity analyses had also been carried out on three and four linked versions of the proposed
parallel mechanism. It was found that the solution with four actuating links can outperform the
solution with three links in terms of the elimination of singularity in the workspace of interest and a
lower actuator force requirement. Additionally workspace and singularity analyses were also
performed to validate the suitability of the final four link design by factoring in the mechanical
constraints imposed by the passive joints and the uncertainties in the ankle kinematics. Finally, a
description of the system hardware and GUI were also presented, together with a discussion on the

rationale used in sensor selection.
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Chapter 4 Online Identification of a Biaxial Ankle Model

Knowledge of ankle kinematics is a fundamental requirement when constructing a dynamic
model of the human ankle since the kinematic constraints at the ankle-foot complex can be used to
select suitable generalised coordinates to describe ankle-foot motion. Since these generalised
coordinates can be used as reference variables to estimate the configuration dependent mechanical
properties of the ankle-foot structure, they are invaluable in advanced control schemes which aim to
adapt or vary robot impedance according to the operating environment. Implementation of such a
control scheme will require a good grasp of the subject specific ankle kinematic behaviour, and this
information should ideally be obtained during operation of the robot to maximise the adaptability of
the robotic device. Identification of the kinematic parameters of the biaxial ankle model had been
discussed previously in [79, 82]. However, the identification routines presented in these papers were
carried out in an offline manner and thus not suitable for use in an adaptive control scheme. A
recursive algorithm was therefore developed in this research for the online identification of ankle
kinematic parameters. This algorithm is detailed in this chapter, starting with a general description
of ankle motion and the selection of a suitable ankle kinematic model. This is followed by the
mathematical formulation of the chosen biaxial ankle kinematic model and a discussion of the steps
taken to adapt existing recursive algorithms to this application. Subsequently, extensions to the
conventional biaxial ankle model is also proposed and preliminary test results obtained from
applying the recursive estimation algorithms on both the conventional and extended biaxial ankle
models are presented. Finally, based on observations from preliminary testing, a modified recursive

least squares algorithm was proposed and tested on experimental data.

4.1 Background

In general language, the term ankle is used to refer to the joint between the lower leg and the
foot. Literature in anatomy however uses the ankle joint to denote the articulation between the tibia,
fibula and talus. This articulation is also termed the talocrural joint. Another joint that is present at
the hind foot is the subtalar joint, which is used to represent the articulation between the talus and
calcaneus. For the purpose of this research, the human ankle is taken to be consisted of both the
ankle and subtalar joints. Figure 4.1 shows the different foot and lower leg bones discussed
previously on the right leg/foot. One of the main functions of the ankle is to transmit torques and
forces between the lower leg and the ground during ambulation. Muscles and ligaments around the
ankle joint also work to maintain the balance of an individual during stance and gait. The motion at
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the ankle is primarily rotational and the terms used to describe these motions are also shown in

Figure 4.1.

+ Plantarflexion
— Dorsiflexion

+ External rotationfabduction x

— Internal rotation/adduction + Inversion

y- Eversion

- A
Phalanges
Figure4.1: The lower leg and foot bones and the terminology used to describe various foot rotations.

Even though the general ankle motion can be treated as mainly rotational, it can be seen from
[71-74, 81] that detailed studies into the matter had revealed that movements at the ankle joint are in
fact more complex with coupled translation and rotations. Several mathematical models had also
been proposed to capture the ankle-foot kinematic behaviour, and these models vary considerably in
terms of complexities from a simple hinge joint to spatial parallel mechanisms which take into
consideration bone surface articulation and influences of ligaments [74, 76, 80, 81, 112]. This
research aims to develop an online identification algorithm to extract the kinematic parameters of
the human ankle during operation of the proposed ankle rehabilitation robot. In order to do so, the
underlying kinematic model used in the online identification algorithm must be relatively simple to
ensure that the resulting identification routine computationally tractable. At the same time, the
model should also have adequate complexity in order to provide a reasonable description of the
coupling which exists between different rotational motions that can occur at the ankle-foot complex.
Due to its relative simplicity and popular use in the literature [43, 44, 64, 79, 82], the biaxial ankle
model was identified to be the ankle kinematic model which is most suitable for this research.

To the best of the author’s knowledge, existing algorithms for the estimation of biaxial ankle
kinematic parameters had all carried out the identification process in an offline manner using batch
processing of motion capture data. The biaxial ankle model based online identification algorithm
proposed in this research is presented in this chapter. An extension of the biaxial ankle model which
varies the joint axes orientations according to foot configuration had also been considered in this

work and is also discussed in this chapter.
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4.2 Mathematical Description of the Biaxial Ankle Model

The kinematics of a biaxial ankle model with fixed relative orientations can be easily described
using homogeneous transformation matrices. The resulting representation may not be the minimal
parameterisation but it can more intuitively depict the location and orientation of different
coordinate frames used in the model. The homogeneous transformation matrix is commonly used to
describe rigid body position and orientation. It uses the orientation and translation of frame B
relative to frame A to transform a point expressed in frame B coordinates to its equivalent
representation in frame A. This operation is described in (4.1), where T,z € R*** (4.2) is the
homogeneous transformation matrix, R,z € R3*3 is the orthonormal matrix that describes the
orientation of frame B with respect to frame A and t,5 € R3 is the translation from origin of frame
A to frame B (expressed in frame A). x, € R3 is the location of the point relative to the origin of
frame A, expressed in frame A coordinates. Similarly, x; € R3 is the location of the point relative
to the origin of frame B, expressed in frame B coordinates. A diagram depicting these is shown in
Figure 4.2. It is also useful to note that the inverse of a homogeneous transformation matrix can be

represented by (4.3).
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Figure 4.2: Graphical representation of variables used in (4.1) — (4.3).

Using the homogeneous transformation matrices, the ankle, subtalar and foot coordinate frames
can be defined with respect to a fixed global frame. These frames are shown in Figure 4.3. For the
purpose of this research, all foot bones from the calcaneus to the phalanges were considered as one
single rigid body and its orientation and translation was represented by the foot coordinate frame.
The subtalar frame was taken to be located on the talus, where its position is fixed and its
orientation can change via rotation about the subtalar joint (red axis in the subtalar frame).
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4.2 - Mathematical Description of the Biaxial Ankle Model

Similarly, the ankle frame was considered to be fixed on the tibia in terms of location and free to
rotate about the ankle joint axis (red axis of the ankle frame). Since the axes of revolution are
denoted as the x-axes of the coordinate frames, the orientation of the ankle frame with respect to the
global coordinates can be represented by consecutively applying rotations about the y and z axes of
the global frame, while the subtalar frame can be obtained by applying y and z rotations about the
ankle frame. Each of these frames also uses three translations to reposition its origin at designated
points in the global frame. A total of five parameters were therefore required to define each of the
ankle and subtalar frames at the foot’s neutral position. For convenience, the orientation of the foot
coordinate frame was taken to be identical to that of the global frame and three parameters were

used to determine the origin of the foot frame.

Figure 4.3: The superposition of indicative ankle, subtalar, foot and global coordinate frames on a three dimensional
surface model of the foot-ankle structure. Red axes represent the axes about which rotations occur.

The homogeneous transformation matrices representing the ankle, subtalar and foot coordinate
frames at the neutral foot position are given by (4.4) - (4.6), where R, and R,, are respectively the
rotational transformation matrices about the z and y axes, and subscripts a, s and f are used to
represent quantities related to the ankle, subtalar and foot coordinate frames. It should also be noted

that subscript i is used to indicate a variable’s correspondence to the neutral foot position.

Rogi t R, 4R t
TOa,i — OOa,l Oa] [ ZOa y,a Oa (4.4)
1x3 1x3
R tysi R, <R t
TOSl - TOalTaSl - TOal OaSl als,L] = TOa,i gs s afl (4-5)
1x3 1x3
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4.3 - ldentification of the Reduced Biaxial Model

_ [Ror,i th] _[ I3 tori
Tori = O1x3 1 B O1x3 1 (4.6)

Since x-axis rotations are permissible at the ankle and subtalar joints, the final homogeneous
transformation matrix associated with the foot frame can be obtained by including the angular
displacements at the ankle and subtalar joints as shown in (4.7), where R, is used to represent the
transformation matrix for an x-axis rotation. It can be seen that the foot coordinate frame at the

neutral position is recovered when both the ankle and subtalar displacements are zero.

Tos = Toa,i [51’;‘; 031“] Toai  Tos, [(i - 031“] Tosi Tof 4.7)

It is worth noting that the model formulated above will generally have 16 parameters. This is
because six parameters will be required to define T, ; if the orientation of the neutral foot frame is
left arbitrary. As the models proposed by van den Bogert and Lewis [79, 82] only use 12
parameters, the model presented above is not a minimal realisation of the biaxial model. Two of the
four additional parameters can be viewed as the angular offsets needed at each revolute joint to zero
the ankle and subtalar joint displacements at the neutral foot orientation. The presence of the
remaining two parameters is related to the fact that the origins for the ankle and subtalar frame can
be placed anywhere along the corresponding revolute axis (as illustrated in Figure 4.4). This means
an additional degree of freedom is used for the location each of these origins. While the 16
parameter model allows arbitrary combinations of origins along these two axes, the location of
these origins is constrained in the 12 parameter model to lie on points where the distance between
lines representing the two axes is at its minimum. For the purpose of simulation, the added number
of parameters will not make any difference to the resulting foot motion as these models describe

identical kinematic constraints.

Joint centres of 12-parameter
model constrained at these
points

Joint centres of 16-parameter
model can lie anywhere on
these lines

Figure 4.4: Diagram showing additional degrees of freedom available in the 16-parameter kinematic model when
compared with the 12 parameter model.

4.3 ldentification of the Reduced Biaxial Model

Where parameter identification is concerned, additional parameters will introduce redundancy in
the system to be identified and this may lead to problems in estimation results. Models with no
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4.3 - ldentification of the Reduced Biaxial Model

redundancy are therefore preferred in the formulation of system identification problems. However,
while algorithms used in [79, 82] are designed to identify both orientation and location of the ankle
and subtalar revolute joints, the emphasis of the identification algorithm in this research is mainly
on the orientations of the ankle and subtalar joint axes, which are required for controller parameter
adaptation strategies, the translations of the foot rigid bodies are therefore not considered in the
proposed parameter identification scheme and the redundant parameters used to describe the joint
centres in the kinematic formulation presented above were not of any interest in this work. It is also
important in this application that the neutral foot position corresponds with zero ankle and subtalar
joint displacements, and it can be seen that this condition is inherently satisfied in the kinematic
model defined above, hence justifying the inclusion of the two additional axes orientation
parameters in the proposed estimation problem.

The foot orientation as obtained from the kinematic model, I?of is represented by the rotational
transformation matrix in (4.7) and it takes the form of (4.8) when the initial orientation of the foot is

taken to be identical to that of the global reference frame.
ﬁof = ROa,in,aRas,iRx,sRas,iTROa,iT (4.8)

As previously discussed, Ry, ; and Ry, ; can each be defined using two rotations. A biaxial
kinematic model with fixed revolute joints therefore has four parameters governing its final
orientation. Since these are the only parameters of interest for this work, the identification problem
used in this application can be made simpler than those described in [79, 82], thus making it more
feasible for online implementation.

Formally, the kinematic model considered in this study is represented by (4.9). It can be seen
that this model outputs the model foot orientations in terms of Euler angles ©, and uses the model
parameters, p and joint displacements, 6,5 as inputs. Here, p = [02,4 0y,4 025 655]7, where 6, , is
the z-rotation angle for the ankle axis, 8, , is the y-rotation angle for the ankle axis, 8, is the z-
rotation angle for the subtalar axis, and 6, ; is the y-rotation angle for the subtalar axis. These

parameters will be collectively referred to as the axis tilt angles hereafter.

0 =f(p,0a5) = g(p,0) (4.9)
Since the ankle and subtalar joint angles cannot be readily measured, they have to be estimated
from the Euler angles used to describe the observed foot orientation, ©. By keeping this in mind, it

can be seen that © is in fact a function of p and ®. The parameter identification problem in this
study is therefore one which seeks to minimise the differences between Euler angles estimated from

the kinematic model and those obtained via measurement of the foot orientation. The desired model
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4.3 - ldentification of the Reduced Biaxial Model

parameters are therefore the solution to (4.10), where k is the observation number and N the total
number of observations.

k=N
argmin > [0 ~ 9(p, 01" (04 — (0, 0,)] (4.10)
k=1

4.3.1 Solution of Ankle and Subtalar Joint Displacements

It can be seen from (4.9) that matching ankle and subtalar joint displacements must be computed
from the observed foot orientation which is typically be expressed in the form of three Euler angles.
However, it should be noted that given a set of axis tilt angles, the foot orientations realisable by the
kinematic model are constrained on a “surface” in the three dimensional space of Euler angles. This
is because the model foot orientation (4.8) is only dependent on the angular displacements of the
ankle and subtalar revolute joints through R, , and R, ;. As a result, not all measured Euler angles
will correspond exactly to a set of ankle and subtalar displacements. The ankle and subtalar joint
displacements used must therefore provide a model foot orientation with minimal deviation from
the measured orientation, and this had been treated as an optimisation problem in the literature [82].
In this work, two methods were derived to compute the ankle and subtalar joint displacements given
a particular set of axis tilt angles and foot orientation. The first of these two methods is based on
element matching of the matrices used to describe the measured and computed foot orientations.
The second approach on the other hand seeks to minimise the magnitude of rotational angle
required to transform between these two orientations according to the axis-angle convention. A

comparison of these two approaches is presented here in this sub section.

Matrix element matching

An alternative approach involving comparisons of matrix elements was also considered in this
research. This method will be referred to as the matrix element matching (MEM) approach
hereafter. By reorganising (4.8) into (4.11) and partially expanding this expression, (4.12) can be
obtained. Here, Bj; is used to refer to the element at the i" row and j™ column in the B matrix, 8,, is
the ankle displacement and 6, is the subtalar displacement. The values of 6, can therefore be
obtained by solving the simultaneous equations given by A,; and A5, (the subscripts are again used
to extract the matrix element according to its row and column). Similarly, 85 can be solved using
equations found at A, and A,5.

Roai' RosRosi = RaRoa,i’ RosiRus

(4.11)
A =Ry ,BR,
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4.3 - ldentification of the Reduced Biaxial Model

Bi1 By, cos s — By3sinf; Bq3cos 8y — By, sin b
A = |By;cos8, — B3;sinf,
B3, cos 8, + By; sin @,

A (4.12)
Axis-angle convention based optimisation

It should be noted that the actual foot orientation R is used in place of }?Of in the parameter
identification algorithm. As a result, the equality in (4.12) may no longer hold for all the elements in
the matrix. While the ankle and subtalar joints can be expressed explicitly in terms of the measured
foot orientation and model parameters, the solution obtained by the MEM approach may not be the
best solution since it only considers four of the nine elements in the orientation matrix. To verify the
applicability of the results obtained through the solution of (4.12), an optimisation approach was
also investigated. This optimisation approach uses the axis-angle convention to describe rigid body
rotations. This convention describes three dimensional rotations using an equivalent revolution
about a single axis. Using this convention, a rotational matrix can be represented as (4.13), where
v, is the unit column vector representing the axis of revolution, ¢ is the angle of revolution about
this axis while v, and v5 are unit column vectors which form an orthonormal matrix together with
v;. Expanding (4.13) will allow the orientation matrix to be simplified to (4.14), which is solely
dependent on v, and ¢. Here [v; X] is the anti-symmetric matrix that describes the cross product

operation involving v, (i.e. [v; X]b = v; X b).

1 0 0 v, "
R = [v1 V2 V3] [0 cos¢ —sin d)] v,T (4.13)
0 sing cos¢ ||p,T
R = (cos p)I3 + (1 — cos p)v,v,T + (sin ¢)[v; X] (4.14)

Using this convention, the similarity between two orientations can be judged by a single
parameter, the angular displacement ¢p. As a result, this angle can be used as the quantity to be
minimised when computing the optimal ankle and subtalar joint displacements. Conveniently, due
to the anti-symmetric property of [v; x] where [v; X] = —[v; X]7, the cosine of ¢ can be easily
computed through (4.15), and since cos¢ =1 when ¢ = 0, the objective function, C to be
minimised by varying 6, and 6, can be defined as (4.16).

1 R+RT
cos¢p = > [trace( >

) - 1] = I[trace(R) — 1] (4.15)

C=(1-cos¢p)? = %[3 — trace (ﬁofﬁofT)]z (4.16)
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4.3 - ldentification of the Reduced Biaxial Model

Comparison of MEM and optimisation based approaches

The resulting ankle and subtalar displacements obtained from both the methods discussed above
were compared by testing for orientations defined by a range of XYZ Euler angles at intervals of
five degrees. The test parameters and results are summarised in Table 4.1 below. It can be seen
from these results that joint displacements produced from both approaches are effectively identical
in the range of XYZ Euler angles and the axis tilt angles tested. The MEM approach was therefore
selected for use in this research as it is more computationally efficient and more suitable for use in
an online identification algorithm. The justification for the reduced computational complexity is the
fact that ankle and subtalar joint displacements can be computed directly in the MEM approach
without the need of an optimisation routine. Additionally, the MEM approach also makes it possible
to express the parameter gradient of the model foot orientation analytically, thus simplifying the

implementation of gradient based parameter estimation algorithms.

Table 4.1: Summary of test parameters and results for a test to compare ankle and subtalar displacements computed
using the MEM and optimisation approaches.

Description Value Unit
z-rotation of ankle axis, 6, , 0.1 radians
y-rotation of ankle axis, 8y, , 0 radians
z-rotation of subtalar axis, 0, 1.2 radians
y-rotation of subtalar axis, 9y, 0.6 radians
Range of X Euler angles tested [-30 45] degrees
Range of Y Euler angles tested [-25 25] degrees
Range of Z Euler angles tested [-30 30] degrees
Maximum absolute difference in estimated ankle joint £ 27366-16 "
displacement, |8, | £ 11908 radians
max
Maximum absolute difference in estimated subtalar joint .
3.3307e-16 radians

displacement, [8]

4.3.2 Gradient Computation of the Kinematic Model

The parameter identification of the ankle kinematic model is basically an optimisation problem,
and the ability to compute the parameter gradient of the model will facilitate this process by
permitting the use of line search optimisation routines. Despite the model being nonlinear in
parameter, knowledge of its parameter gradient will still make the system amenable to application
of online parameter identification algorithms such as the Kalman Filter, the Recursive Least
Squares and the Least Mean Squares. This section will therefore describe the procedures required to

compute this parameter gradient.
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It can be seen from (4.9) that the output of the model is given in terms of Euler angles while the
foot orientation as given by (4.8) is presented in the form of a rotational matrix. An appropriate
Euler angle convention must therefore be used to describe this orientation matrix. In this chapter,
the ZXY Euler angles are used since this is the convention in which the measured pitch(X) and
roll(Y) measurements are supplied by the inclinometer used in the prototype ankle rehabilitation
robot. As the yaw component is not readily available from the inclinometer, it is computed by
considering the forward kinematics of the robot. For completeness, the relationship between a
rotational matrix and its corresponding ZXY Euler angles is given in (4.17), where R, is the matrix
describing rotation about the x-axis by 6,., C, is short for cos 8, and S, is short for sin 6,. This
notation extends to the y and z axes, where they are respectively indicated by the y and z subscripts.
By representing the ZXY Euler angles in a column vector, it can be expressed as (4.18) when the
foot orientation is known.

C,Cyp — S,5xSy  —S,Cx  C,Sy, +5,5,C,

Rof = R,R.R, = S,Cy + C,8,S, C,Cr 5,5, —C,S,C, (4.17)
—C,S, S, CcCy
Hx R R T
_lo. | = lcin-t -1 (— 0f31) -1 (— oflz)] .
0 Hy sin™" Ror3, tan Rorss tan Roras. (4.18)
Z

It is also clear from previous discussion that ankle and subtalar joint displacements are a
function of p and © (4.19). As a result, the parameter gradient of the ZXY Euler angles in the ankle

kinematic model can be obtained by considering (4.20).
a5 = h(p, 0) (4.19)

a@ _ af(p, Has) n af(p' Has) aeas

—_— (4.20)
dp dp 00, dp

4.4 Online ldentification Algorithms

The main objective of this work on ankle kinematic parameter estimation is to extract
information of the orientations of the ankle and subtalar joint axes while the ankle rehabilitation
robot is in operation. An online parameter identification algorithm is therefore crucial for the
realisation of this goal. This section will discuss the application of different online parameter
identification algorithms to the kinematic parameter estimation problem in this research.
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4.4.1 Extended Kalman Filter/ Recursive Least Squares

The Extended Kalman Filter (EKF) is an algorithm for state estimation of nonlinear dynamic
systems. It predicts system states by considering the measured system outputs, a state space model
of the system dynamics and covariance matrices related to the uncertainties found in the
measurements and system model. Kalman filters can also be used to simultaneously estimate both
states and parameters of a system [113]. This can generally be achieved by augmentation of the
parameters of interest to the system state vector. In this particular application, the emphasis is on
obtaining an estimate of the system’s kinematic parameters. The dynamic model of the ankle and
foot motion is therefore not considered. As a result, the filter state vector consists purely of the
parameters required to define the axes orientations. The underlying model for the EKF is therefore
given by (4.21). Where subscript k denotes the iteration number, w is the process noise with

covariance matrix Q and v the measurement noise with covariance matrix R.

Pk = Pr-1 + Wy

O = f(P» eas,k) + Ui (4.21)

The algorithm involved in the EKF has the same form as that of a conventional Kalman filter
except for the use of linearised state transition and observation matrices. It should be noted however
that while the Kalman filter is an optimal state estimator, the EKF is not optimal due to the
linearisation of the output function. In this problem, the state transition matrix is simply an identity
matrix while the observation matrix is given by the gradient matrix computed from (4.20). The
process and measurement noise covariance matrices will control the extent to which the filter will
modify the model parameters to fit the measured data. The algorithm of the EKF for this application

is given in Table 4.2.
Table 4.2: The EKF algorithm

Prediction Prlk-1 = Pr-1jk-1
step:
P Pyik—1 = Pr—1jk—1 + Ok

@k =0y — 9(ﬁk|k—1» @k)

A A~ -1~
Pkik = Pkjk-1 T Pk|k—1HkT(HkPk|k—1HkT +R,) 0O

Update step: _ . r 1
Peie = |1 = Pe— " (HicPgi—1Hi™ + Ric) ™ Hic| s

Where H;, = 2—2 and I is an identity matrix.

The recursive least squares (RLS) algorithm is another common approach for online
identification of linear models and is related to the Kalman filter. The recursive least squares

adaptive filter works by “memorising” previous measurements in the form of a cross correlation
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matrix and the current estimated parameters. The correlation matrix is then used together with the
estimation error of the current iteration to further adjust the model parameters. Even though the
recursive least squares algorithm will not produce the optimal estimates for nonlinear systems, its
simplicity has warranted an investigation into its effectiveness for this application. Since the RLS
algorithm works with linear systems, the linearised ankle kinematic model as shown in (4.22) has to
be used. It can be seen that the model is linearised about the set of parameters denoted by p;;,, and
the measured ZXY Euler angles given by 0. H is the gradient of the nonlinear model about its
linearisation point and is used to relate changes in Euler angles to changes to the model parameters,

with AO = @ — @liw Aﬁ = ﬁ — Plin and @lin = Q(Plin' 8)

~ 00 .
O~ g(pun, @) + = (P — puin) = A0 = HAp (4.22)
Plin,®

Using this linear model, the RLS algorithm is given by (4.23), where Ap is the deviation in
model parameter needed to reduce estimation error, p is the estimated parameter, P is the inverse
cross-correlation matrix, A4 is a geometric forgetting factor where a value of 1 will lead to all

historical data being considered, k is the iteration number, and I is an identity matrix.

AP = A1 + Pk—1HkT(/U + HkPk—lHkT)—l(G)k - g(plin,krek) - HkAﬁk—1)
Pe = 3| Pies = PecaHi" (A + HiPooyHT) ™ HycPioy |
Pk = Piink + APk (4.23)

A comparison of the RLS and EKF algorithm reveals that they are equivalent if:

1) The process noise covariance, Q in the EKF is zero and the measurement noise covariance, R is
an identity matrix.

2) The geometric forgetting factor in the RLS algorithm is unity.

3) The parameters about which the model is linearised are the same as their estimates obtained from
the previous iteration (0 xk = Pr—1)

4) Estimate of the parameter deviation vector brought forward from the previous iteration is always
zero (Apr—1 = 0).

Condition 1 above implies that the RLS algorithm is essentially an EKF which assumes that the
model is perfect while allowing large uncertainties in the measurements. A look at conditions 3 and
4 also suggests that recurrent update of p;;,, and persistent reset of Ap will align the behaviour of the
RLS algorithm with that of the EKF. Since the estimated gradient will become less accurate as the
parameters deviate further from p;;,,, this frequent update should be able to improve on the accuracy
of the RLS algorithm. Based on the above observation, the RLS algorithm will be treated as a

special case of the EKF.
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4.4.2 Least Mean Square

In addition to the EKF, the parameters of the kinematic model can also be estimated through the
use of the least mean square algorithm. This algorithm uses the idea of steepest descent for
parameter identification and therefore also requires information on the parameter gradient of the
kinematic model. However, it does not explicitly store the previous measurements in memory as
with the case of EKF or RLS and is therefore more efficient in terms of memory usage. It is also
less complex as computation of the inverse cross correlation matrix is not required.

The overall concept of this iterative method is to modify the model parameters so that a step
would be made in the direction which will reduce the estimation error according to the information
available in the current iteration. If the parameter gradient is readily available, this can be
accomplished by changing the parameter estimates in the manner shown in (4.24), where n is a

vector that is dependent on the estimation error.
Apy = Apr—y + H "1 (4.24)

In order to obtain a suitable expression for 7, one can first consider the case where the model is
linear-in-parameter. The convergence of the above algorithm can be determined by examining the
behaviour of the function (4.25), where V;, is a positive function and p* is the true parameter vector

of the system.
Vi = (Br = p ) (P — p") (4.25)
Substitution of the linearised version (where A is removed) of (4.24) into (4.25) will then result
in (4.26). It can also be seen that the parameters will converge to the optimal parameters if (4.27)
holds. The minimisation of AV, with respect to n then produces the optimal expression for n shown
in (4.28). Since d = Hyp* holds for a linear system (with d being the noise free system output), n
can finally be represented as (4.29).
~ * T ~ *
Vi = (-1 + Hi'n = p*) (Prr + Hi'n = p")
= Vw1 + N HiHy ' + 20" Hg (D=1 — p*) (4.26)
AVk = Vk - Vk—l < O
= n"HeH ' + 20" Hi(Pr—q — p*) < 0 (4.27)

d A *
an [n"H H,"n + 2nTH, (Pr—y — p)] =0

-1 R .
=1 =~(HH") Hc(Pr-1-p") (4.28)
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n = (HH") " (d = Hiprs) (4.29)

Incorporation of n as given in (4.29) into the parameter update algorithm will then lead to
(4.30). If the nominal parameters were to be constantly updated as with the case of the RLS
algorithm described above (i.e. Ap,_, is perpetually reset to 0), the resulting parameter estimate at
iteration k is given by (4.31), which is basically the normalised least mean squares filter. A closer
look at (4.31) will suggest that this update rule is somewhat similar to the update rule used in the
Gauss-Newton method. Since the ankle kinematic model is a nonlinear in parameter system, the

optimality and convergence properties of the correction step shown in (4.31) are no longer

guaranteed and the use of the (HkaT)_lterm may lead to divergence of the estimated parameters,
particularly when the parameter gradient is badly conditioned or when it has a large maximum
singular value. The parameter update in (4.31) is therefore reformulated as (4.32) to include a term
similar to that used in the Levenberg-Marquardt algorithm [114], where the parameter & can be used
to control magnitude and direction of the step size. The use of a large € will lead to smaller
parameter updates along the direction of steepest descent for the estimation error while a small

value of & will effectively revert the algorithm back to (4.31).

Apy = APy—1 + HkT(HkaT)_l(A@ — HApy-1) (4.30)
Pk = Pr-1 + HkT(HkaT)_l[@k — 9(Pr-1,04)] (4.31)
A~ A -1 A
Pr = Pr—1 + Hi" (el + HyHy") [0 — g(Pr1, Op)] (4.32)

4.5 Kinematic Model with Configuration Dependent Axes Orientations

Lewis et al. [82] had found that the biaxial ankle model with constant revolute joint orientations
can only give a crude approximation to the actual foot motion. They have also suggested that a
more advanced kinematic model which allows variation of the revolute joint orientations according
to joint displacements can potentially be used to provide a better description of ankle-foot motion.

This section therefore explores the feasibility of such an extension to the ankle kinematic model.

4.5.1 Variation of Axis Tilt Angles with Ankle and Subtalar Joint Displacements

A simple extension of the constant axis model is to allow the axis tilt angles to vary linearly
with the ankle and subtalar joint displacements. A linear relationship had been chosen as it does not
introduce significant computational complexity. Additionally, while the actual dependency may not
be perfectly linear, the choice of a model with linear dependency is should still be applicable as a

local approximation of more complex nonlinear relationships. The new parameters involved in this
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modified kinematic model can therefore be represented as (4.33), where parameters of the original
biaxial ankle model with constant axis tilt angles can be expressed as (4.34), with ® as the operator
for the Kronecker product. It is straight forward that the original biaxial model is a subset of this
extended model where all « and B terms have the value of zero. As this configuration dependent
model utilises a different parameter vector, the gradient matrix required in the estimation algorithms
is also different from that given in (4.20). However, due to the similarity in the models, the required

gradient matrix (4.35) can be easily obtained by reusing (4.20) and considering (4.34).

p' = [az,a Bz,a yz,a ay,a .By,a )/y,a az,s .Bz,s )/z,s ay,s .By,s yy,s]T (433)
p={,®[0, 05 1]}p’ (4.34)
00 000p 00
- _""q 6, 6, 1 4.35
apl apapl ap{4®[a S ]} ( )

The major problem associated with this new parameterization is that the ankle and subtalar joint
displacements can no longer be easily expressed as an explicit function of the measured ZXY Euler
angles and the model parameters. Due to the increased complexity of the relationship between the
model parameters, joint displacements and measured Euler angles, a numerical algorithm had been
employed to resolve the joint displacements that will minimise the discrepancies between the
elements of the matrix being considered in the MEM approach. Naturally, the solution of the
parameter gradient of the ankle and subtalar displacements is also made more complicated. The
formulation of the kinematic model with (4.33) is therefore not ideal for the purpose of online

parameter identification.

4.5.2 Variation of Axis Tilt Angles with Measured Euler Angles

An alternative approach that can be used is to allow the ankle and subtalar axes orientations to
vary according to the Euler angles. Since only two degrees of freedom is available in the kinematic
model, it follows that only two of the three Euler angles are required to establish the configuration
dependency. For simplicity, a linear variation can also be used. However, it should be noted that
due to the nonlinear relationship between the joint displacements and Euler angles, the linear
dependencies of axis tilt angles on the joint displacements will not be retained if these tilt angles are
described as a linear function of the Euler angles. Since there is no conclusive evidence in the
literature which suggests a linear relationship between the axis tilt angles and the joint
displacements, variation from this original assumption should be tolerable. A matter of greater
importance however is the existence of a one to one mapping between the Euler angle pair and the
joint displacement. For this reason, different convention and combinations of the Euler angles
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should be examined to select suitable angle pairs that can be used as substitutes for the ankle and
subtalar joint displacements.

As an illustrative example, Figure 4.5 shows the relationship between the joint displacements
and the X and Y component of the XYZ Euler angles when the axis tilt angles are configuration
independent and have the same values as those given by Inman [80]. The relationships shown here
were obtained by first computing the XYZ Euler angles corresponding to the foot orientation at
various ankle and subtalar joint displacements, and then reorganising the resulting data so that the
ankle and subtalar joints are plotted against the X and Y Euler angles. A visual inspection of these
relationships suggests that linear planes may be able to provide an adequate approximation to these
surfaces. Clearly, these surfaces would vary when the model parameter changes. The selection of
the Euler angle pair must therefore be based on consideration of a larger variety of model
parameters. This had led to the computation of the relationships shown in Figure 4.5 across model
parameters which were varied randomly about those given by Inman [80]. The result of such an
analysis is presented in Figure 4.6, where 500 randomly selected sets of model parameters (all
within +0.5 rad of the nominal parameters) were used to establish the joint displacement-foot
orientation relationships. In this analysis, the mappings between different pairs of Euler angles (in
both the XYZ and ZXY conventions) to the ankle and subtalar joints were obtained and fitted with a
linear plane. The coefficients of determination (R? values) of these linear planes were then
computed and plotted in the box plots shown in Figure 4.6.

0_ (rad)

L a

6, (rad) 0, (rad) 6, (rad) - 0, (rad)

Figure 4.5: The relationships between the X and Y components of the XYZ Euler angles and the ankle and subtalar
joint displacements when the axis tilt angles of the ankle kinematic model are identical to those presented in literature.
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Figure 4.6: Box plots for R? values found by fitting a linear model through the Euler angle-joint displacement
relationships over 500 randomly generated model parameters. The top plot shows the R? values for relationships
obtained using various pair-wise combinations of the XYZ Euler angles while the bottom plot shows the same obtained
using different pair-wise combinations of the ZXY Euler angles. Note that the notation of P:Q is used to identify results
relating to the angle pairing P and displacement output Q, with A and S denoting the ankle and subtalar joint
displacements respectively.

As it is difficult to establish whether the joint displacements are proper functions of the Euler
angle pairs, the goodness of fit of the linear planes as given by the R? values were used as a measure
of suitability for the different Euler angle pairs. This is because while a large R? value does not
guarantee a one to one mapping between the Euler angles and the joint displacements, it does give
an indication that this relationship can be well approximated by a linear model. Base on these
results, the pairing of the X and Y component of the XYZ Euler angles was determined to be the
best candidate to represent the ankle joint displacement. The subtalar joint displacements on the
other hand seem to be better represented by the X and Z components of the XYZ Euler angles. To
reduce the number of parameters involved in the extended kinematic model, the X and Y
components of the XYZ Euler angles were used to represent the configuration dependency in the
model, since it provides the best R? values for the ankle displacement and a reasonable R? value for
the subtalar displacement.

Another issue is that the XYZ Euler angles used in this approach should be those computed
from the corresponding model foot orientation, which brings back the initial dilemma of a non-
explicit solution for the joint displacements. However, by accepting an approximate solution for this
parameter identification problem, the measured XYZ Euler angles which are readily available from
sensor measurements and forward kinematics of the robot can be used as an estimate instead to limit
the increase in complexity of the estimation algorithm:-The parameters.of the extended kinematic

model used in the final online estimation algorithm can thereforebesrewritten as (4.36). Where
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(4.37) is the relationship which links these parameters back to the axis tilt angles in the original
ankle kinematic model. Also, 6, xyz and 6, xy, are respectively used to represent the X and Y
components of the XYZ Euler angles relating to the measured foot orientation. The gradient matrix
for the model proposed in this section can be found in a similar manner as that used in Section
4.5.1, and is shown in (4.38).

p" =lza Bra Vza ajll,a :83,/,a lez,a azs Brs Vas ajlz,s ,83’/,5 Vglz,s]T (4.36)
p ={ly ® [Oxxvz Oyxvz 1]}p" (4.37)

00 00 9 00
6_,0' = %ap,, = %{14 ® [Oxxvz Oyxvz 1]} (4.38)

4.6 Preliminary Results

4.6.1 Simulations Involving Constant Axis Tilt Angles

This section presents several simulation results using the previously discussed online parameter
identification algorithms. System identification based on data generated from the kinematic model
with constant revolute joint orientation was first considered to investigate the effectiveness of the
algorithms in handling nonlinear systems and to identify suitable tuning parameters for the
identification algorithms. Both the EKF and LMS algorithms were tested and the algorithm
parameters as well as results are summarised in Table 4.3. The EKF algorithm was tested with three
different combinations of Q and R matrices while the LMS algorithm was tested with different
values of €. A random noise of £1° is added to the measured ZXY Euler angles computed from the
kinematic model. The ZXY Euler angles were generated periodically by computing the model foot

orientation which corresponds to the ankle and subtalar joint displacements given by:

6, = %"sin (i—gt) 0, = %sin (i—?t)

A smooth time dependent relationship was selected so that the simulation can better represent
the case where the algorithms are acting on data obtained from actual motion trajectories. The
difference in periods for the sine functions were used to allow greater coverage in the 8,-6, plane.
The evolution of model parameters for different trials of the EKF algorithm with constant tilt angles

is shown in Figure 4.7 while that for the LMS algorithm is shown in Figure 4.8.
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Figure 4.7: A time history of estimated parameters for EKF algorithms with different process and measurement noise
covariance matrices. The blue, red and black lines represent parameters obtained from trials A, B and C respectively.

‘ trial D trial E ‘
0.25 0.06
0.2 0.04
8 8
~ 0.15 ~ 0.02
(4] (4]
N ! >
D | D
0.1 ; 0
|
|
0.05 ! ! -0.02
0 50 100 150 200 0
time(s)
1.05 0.7
l -
= = 0.65
© ©
=~ 0.95 ‘ -
2l ! 2
& | < 0.6
0.9 +
|
0.85 ! ! 0.55
0 50 100 150 200
time(s) time(s)

Figure 4.8: A time history of estimated parameters for the LMS algorithm with different ¢ values. The blue and red
lines represent trials D and E respectively.
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Table 4.3: Results summary of different kinematic parameter estimation algorithms on a kinematic model with constant
axes tilt angles.

(A)EKF: (B)EKF: (C)EKF: (D)LMS:  (E)LMS:
Q=044R=I1; Q=01L,R=1 Q=01,R=01; =10  &=1000
|0 zxv] . 0.0352 0.0358 0.0493 0.0374 0.0566
10y, 2xv] . 0.0356 0.0401 0.0606 0.0488 0.0793
|0 2xv| . 0.0355 0.0411 0.1123 0.0462 0.0599
b, 0.1031 0.0991 -0.0285 0.1037 0.1384
by.a 0.0169 0.0099 -0.1681 0.0115 0.0243
0,5 1.0454 1.0657 1.3352 1.0021 0.8772
2 0.6647 0.6765 0.7249 0.6497 0.6472

V.S
Actual model parameters: 8, ,= 0.1047, 6, ,= 0.0185, 6, ;= 1.0519, 6, ; = 0.6658. All units in radians

Discussion

From these results, it can be seen that the EKF algorithm in trial A (which is equivalent to the
RLS algorithm with no forgetting factor) had provided the best performance as it gives small errors
in terms of the difference between measured and observed ZXY Euler angles, while also allowing
the estimated model parameters to converge quickly to values close to the true parameters. An
inspection of other variants of the EKF shows that the estimated parameters in trial B had drifted
around their actual values, while much larger parameter variations were observed for trial C. For the
LMS algorithm, it was observed that the trial with € =10 performed relatively well, but with some
small oscillations in the estimated parameters. On the other hand, the trial with a large ¢ was found

to cause significantly slower convergence as shown in Figure 4.8.

4.6.2 Simulations Involving Configuration Dependent Axis Tilt Angles

The underlying model used in the EKF and LMS algorithms in trials A to E shown above
assumes that the axis tilt angles are independent on the foot configuration. However, researchers
have found that this is hardly the case for real ankle-foot structures [69, 71-73, 82]. In order to
evaluate the performance of these constant tilt angle algorithms on a more realistic scenario, the
ankle kinematic model used to generate the ZXY Euler angle measurements was modified in such a
manner that the axis tilt angles are linearly dependent on the ankle and subtalar joint displacements.
With this modification, the axis tilt angles are described using (4.34), with arbitrarily chosen linear
coefficients to create dependency on ankle and subtalar displacements. The constant offsets used in
the model however are the same as the constant axis tilt angles given in Table 4.3above. More
specifically, the parameters of (4.34), used to generate the simulation data are summarised in Table
4.4,
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Table 4.4: Parameters for the ankle kinematic model with configuration dependent axis tilt angles used in simulation.

Uza ﬁz,a Yz,a Aya ﬁy,a Yy.a Az ﬂz,s Vz,s Ay s ﬂy,s Vy,s
0.3 0.1 0.1047 -0.25 0.15 0.0185 0.3 -0.15 1.0519 015 -0.25 0.6658

Table 4.5: Results summary of different kinematic parameter estimation algorithms on a kinematic model with axis tilt
angles which varies linearly with joint displacements.

(F)EKF: (G)LMS: (H)EKF: (DEKF:
Q=0 R=1] e=10 Q =012x12, R =13 Q =052x12,R =15
i 3 p={,®I[0, 6 1]}p" p=1{l, ® [Oxxvz Oyxvz 1]}p"
|Gzl 0.1051 0.1143 0.0366 0.0364
10y.2xv |, 0.1411 0.0909 0.0375 0.0368
10, 2xv| 10 0.2579 0.2009 0.0377 0.0395
5 ] ] 0.34016, +0.17360,  0.25580, yy7 + 0.16756, xy7
D0 0.0364 0.5114 008 o e
5 ) -0.20186, +0.11950,  -0.27420, yy; + 0.15250,, 4y
8,4 0.0684 0.4372 b 0735 o s
5 0.29166, - 018480,  0.01476, xy - 0.20486,, xy7
B, 2.3667 1.9592 oy Py
5 0.21236, - 0.24410,  0.25300, yy7 - 0.31820,, 4y,
B 0.5801 0.5861 o o

Actual Parameters: 6, ,= 0.36, + 0.16; + 0.1047; 6,, , = -0.256, + 0.156, + 0.0185; 6, ; = 0.36, - 0.150, + 1.1694, 6,
=0.156, - 0.250, + 0.6749. All units in radians.

trial F trial G actual ‘

ez,a (rad)

ez' S (rad)

time(s) time(s)

Figure 4.9: The time history of the axis tilt angle estimates obtained from case F (blue) and G (red) during the
identification process. The actual axes tilt angles used in data generation is given by the green line.

The results obtained from the use of the EKF and LMS algorithms described above to estimate
the parameters of this modified ankle kinematic model are shown in Table 4.5 and Figure 4.9. Two
further trials were also carried out using different extensions to the kinematic model as discussed
previously. The results of these are shown in Table 4.5 and Figure 4.10. The extended model used
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for case H has the same structure as the one used to generate the data, with the tilt angles depending
linearly on the ankle and subtalar joint displacements. On the other hand, the configuration
dependency of case | is expressed as a linear relation between the tilt angles and the X and Y
components of the XYZ Euler angles associated with the foot orientation.
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Figure 4.10: The estimated axis tilt angles using the final parameters obtain from case H (blue) and case | (red). The
actual axis tilt angles used for data generation is given by the green line.
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Figure 4.11: The errors in estimation of the ankle and subtalar joint angles using parameters obtained from the
identification trials. Data relating to cases F, H and | are respectively given by the green, blue and red lines.

Discussion

Examination of the results from cases F and G shows that while the errors in ZXY Euler angles

are not overly large, the axis tilt angles estimated from the LMS algorithm (red lines) had deviated
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rather significantly from the actual values. The performance for the EKF based algorithm (blue
lines) is better, but still resulted in an incorrect estimate for the 8, ; parameter. This indicates that
the EKF and LMS algorithms based on the assumption of constant axis tilt angles are not very
suitable for use when the axis tilt angles are in fact configuration dependent. When results from
cases H and | are considered, it can be seen that errors in ZXY Euler angles are rather similar in
both cases. However, examination of the estimated parameters had clearly shown that case H
performed much better in estimating the actual axis tilt angles. This is not surprising as the
algorithm used in case H is identical in structure to that used to generate the data.

It should be noted that one of the main use of this identification algorithm is to allow estimation
of the ankle and subtalar joint displacements, which can then be used for gain scheduling control of
the developed ankle rehabilitation robot. The ankle and subtalar joint displacements computed from
the final parameters for cases F, H and | are therefore presented in Figure 4.11 to evaluate their
suitability for the approximation of ankle and subtalar joint displacements. As expected, the
estimation error for case H is quite small. Case | on the other hand had produced larger but still
acceptable estimation errors (approximately 0.1 rad) for the ankle and subtalar displacements. The
joint displacement estimation errors for case F however were significantly higher than both cases H
and I. From these results, it can be seen that incorporation of axis tilt angle variations in the
kinematic model can help improve the accuracy of the estimation algorithm.

It is clear from the above study that the algorithm used in case H is superior to that of case | in
this scenario. Nevertheless, the algorithm used in case | is still considered to be more suitable for
real time implementation. The main reason 