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Abstract

The classical approach for dual-arm cooperative task space control was revisited and the
symmetric formulation of dual arm coordination using wvirtual sticks was implemented
using screw-based kinematics with dual quaternion representation. The proposed simul-
taneous pose control of cooperative task space, i.e. simultaneous control of both posi-
tion and orientation setpoints of relative and absolute task space was compared against
the performance of conventional proportional controller treating position and orienta-
tion error separately. The simultaneous pose controller demonstrated better tracking of
pose and orientation in terms of accuracy and stability compared to the conventional
controller for tasks requiring faster operation in the relative task space of dual-arm

manipulators.

The cooperative task space modelling and control approach using screw-based kinematics
and dual quaternions were extended for the cooperation modelling of the fingers of an
anthropomorphic robotic hand. Additionally, the coupling of joints in the underactuated
fingers of the robotic hand were represented with a coupled finger Jacobian. The coupled
Jacobian of the robotic finger was used for inverse kinematic control, while allowing easy

integration with a robotic arm.

The idea of simultaneous treatment of position and orientation variables was capitalized
further with the design of a dynamic trajectory tracker using dual quaternions. The
trajectory controller hence designed was capable of tracking pose, velocity and accel-
eration setpoints for the end-effector using inverse dynamic model of the robot. The
dynamic trajectory tracker using a simultaneous resolved rate acceleration controller
was found to be capable of tighter trajectory control, specially for error terms related to
orientation, compared to the conventional controller that treated the position and ori-
entation setpoints separately and ignored the inherent effect of rotation on translational
motion. Additionally, it also led to lower oscillations in the joint torque command when

implemented for the control of one of the arms of Baxter dual-arm robot.

Finally, a complete framework for the coordination of bi-arm robotic systems was pro-
posed with the addition of a cooperative task planner. The simplicity of screw theory
was exploited additionally for parametrized generation of generalized second order tra-
jectories for tasks requiring simplified motion, like translation, rotation and screw motion
around an arbitrary 6D screw-axis given in a known reference frame. The trajectory
generation method was extended to represent the constraints related to tasks involving

contact between objects using the concept of virtual mechanism.



Acknowledgements

I want to thank my thesis director Professor Youcef Mezouar and co-supervisor Dr.
Juan Antonio Corrales Ramoén for giving me the opportunity to conduct this doctoral
thesis under their supervision. The presented work is the product of Dr. Juan’s vision
and Prof. Youcef’s guidance. I would like to thank them for their unwavering support,

encouragement and patience throughout the duration of this thesis.

I would also like to express my gratitude to my colleague Dr. José Sanchez for all the
intellectual and philosophical discussions related to robotics, politics and life, in general.
I am also appreciative of Dr. Miguel Aranda, who was always available for academic
discussions and clearing my theoretical doubts. Additionally, I am also thankful my
other contemporary colleagues in Institut Pascal: Dr. Rawan Kalawoun, Dr. Kamal
Mohy el Dine, Laurent Lequievre, and Dr. Carlos M. Mateo, to name a few, for all
the cheerful and gratifying moments we shared during the last three and a half years

together.

Finally, T would like thank my family members: my parents, Shanti Singh and Tanik
Prasad Singh, for their unconditional love and support; my cousin Chandan Sharma,
who motivated and helped me develop as an individual; and most importantly, my

brother Rahul Chandra, who has been an absolute tower of strength throughout my life.

This work is funded by the European Union. The European Union gets involved in
Auvergne-Rhone-Alpes through the European Regional Development Fund (FEDER).
I would like to thank these institutions for the financial support that made this thesis

possible.






Contents

Declaration of Authorship

Abstract

Acknowledgements

List of Figures

List of Tables

Abbreviations

Notations

1 Introduction
1.1 Motivation . . . . . . . .

1.2
1.3

14
1.5
1.6

Scope of the thesis . . . . . . . . . .. . ... .. ... ..

Contributions . . . . . . . . . e

1.3.1

1.3.2
1.3.3

Framework for Dual-arm cooperative task execution . . ... ...
1.3.1.1 Dual-arm cooperative task-space formulation . . . . . . .
1.3.1.2 Cooperative task-planner . . . . ... ... ... .....
Anthropomorphic finger modeling and control . . . . . . . ... ..
Coupled resolved-rate acceleration controller . . . . . . .. .. ..

Funding . . . . . . . . o

Publications . . . . . . . ..
Outline of the thesis . . . . . . . . . . .

2 Dual-Arm Kinematic Coordination using Dual Quaternion

2.1 Cooperative task space . . . . . . . . .. Lo

2.2

Related work and contributions . . . . . . . . . . ... ... ...

2.21
2.2.2

Related Work . . . . . . . .. o
Motivation for unit dual quaternion and screw-theory based coop-
erative task space formulation . . . . . . . ... ... ... L.
2.2.2.1 Issues related to previous formulation of cooperative task
SPACE .+ v e e e e e e e e e

vii

iii

iv

xi

XV

xvii

xix



Contents

2.3

2.4

2.5

2.2.2.2 Comparison with Denavit-Hartenberg (DH) parameters
and unit dual quaternion based formulation of coopera-

tivetask space . . . . . . . ... 21
Cooperative task space formulation using Unit Dual Quaternion (UDQ)s 23
2.3.1 Relative Jacobian . . . . . . ... ... ... oo 24
2.3.2 Absolute Jacobian . . . . . .. ... ... oo 25
Implementation of dual-arm Cooperative task-space (CTS) pose control . . 27
2.4.1 Control Architecture . . . . . . . ... .. ... ... ... 28
2.4.2 Baxter Dual-arm platform . . . . . .. .. ... ... 30
2.4.3 Cooperative dual-arm tasks and comparative validation strategy . 31
2.4.3.1 CTS Jacobians and Control law for conventional CTS
pose controller . . . . .. ... L Lo 32
2.4.3.2 Trajectory generation for CTS kinematic control . . . . . 34
2.4.4 Experiments . . . . . ... e 34
2.4.4.1 Absolute frame translation in z-axis of absolute frame . . 35
2.4.4.2  Relative rotation around z axis of right arm’s end-effector
(EE) frame . . . . ... ... 41
Conclusion . . . . . . . . . . e 48

3 Kinematics of the fingers of an anthropomorphic robotic hand with

coupling 51
3.1 Imtroduction . . . . . . . . . . ... 51
3.2 Kinematic modelling of the fingers . . . . . ... ... ... ... ... 53
3.2.1 Formulation of index finger Jacobian . . . . . . . .. ... ... .. 53
3.2.2 Formulation of relative Jacobian . . . . . . ... ... ... .... 99
3.3 Experimental validation and results. . . . . .. . ... ... ... 56
3.4 Conclusion . . . . .. .. 60
4 Resolved Acceleration Control Using Dual Quaternion 63
4.1 Introduction . . . . . . . . . . .. 63
4.2 Related work on task space regulation for manipulators . . . .. .. ... 64
4.3 Controller design for task-space regulation . . . . . . .. ... ... .... 66
4.3.1 Resolved Acceleration Control . . . .. ... ... ... ...... 66
4.3.2 Conventional and Simultaneous Pose Task-Space Regulator Design 68
4.3.2.1 Conventional controller design . . . . ... ... ... .. 68

4.3.2.2  Unit Dual Quaternion based Simultaneous Pose Con-
troller Design . . . . . . . .. .. . o L 72
4.3.2.3 Formulation of Jacobian Derivative . . .. ... ... .. 75
4.4 Experimental Validation . . . . . . . . ... . ... ... ... ... ... 75
4.5 Conclusion and Future Works . . . . . . . . ... ... oL 84

5 CTS Planner for Shape-Servoing and Contact-based Assembly Tasks 87

5.1
5.2
5.3

5.4

Motivation . . . . ... 90
Design of Cooperative Task Planner . . . . . ... ... ... ....... 92
Experimentation Validation and Result . . . ... ... ... ... .... 96
5.3.1 Variation of Virtual sticks . . . . . .. .. ... ... L. 96
5.3.2  Relative task definition using Virtual mechanism (VM)s . . . . . . 99
Conclusion . . . . . . . e 103



Contents Contents | ix

6 Conclusion 105
6.1 Future directions . . . . . . . . . .. 107
A Dual Quaternion and Spatial Dynamics Basics 109
A1l Quaternions . . . . . . ... 109
A.1.1 Quaternion operations . . . . . . . .. ... ... ... 110
A.1.2 Rotation representation using unit quaternions . . . . . . .. . .. 111

A2 Dual Numbers . . . . . . . . . . . . . . e 111
A.2.1 Dual number operations . . . . . ... ... 112

A3 Dual Vectors . . . . . . . . e 112
A.3.1 Dual vectors operations . . . . . . .. ... ... ... ... ... 113

A4 Dual Quaternions . . . . . .. .. 114
A.4.1 Dual quaternion operations . . . . .. .. ... .. ... ... ... 114
A.4.2 Transformations using unit dual quaternions . . . .. ... .. .. 115
A.4.2.1 Rigid body motion and pose representaion . . . . . . .. 116

A.4.2.2 Point tranformation . . . . ... ... ... 119

A.4.2.3 Line tranformation. . . . . . . ... ... ... ... ... 119

A.5 Serial manipulator kinematics using unit dual quaternions . . . . . . . . . 120
A.5.1 Forward Kinematics of a serial manipulator . . . . . ... .. ... 121
A.5.2 Jacobian computation of a serial manipulator . . . . . . . ... .. 122
A.5.3 Proportional kinematic control using screw parameters . . . . . . . 125

A.6 Spatial Vectors: Velocity and Acceleration . . . . . .. ... ... ..... 125
A.6.1 Spatial Velocity . . . . . . . . ... 126
A.6.2 Spatial Acceleration . . . .. .. ... ... . 127
A.6.2.1 Spatial to classical acceleration . . . . . . ... ... ... 127

A.6.2.2 Classical to spatial acceleration . . . . . . ... ... ... 128

References 129






List of Figures

1.1

1.2

1.3

14

2.1

2.2

2.3

24

2.5

2.6

2.7

2.8

2.9

2.10

2.11

2.12

Shift of "Robot zone” towards mass customization zone where manual
assembly was prevalent [1]. . . . ... ... o Lo L
Dual-arm collaborative robots performing industrial tasks: (a) coopera-
tive lifting with human [2]; (b) dual-arm IKEA chair assembly [3]; (c)
bimanual folding assembly [4]; (d) bimanual peg-in-hole task [5]. . . . . .
Dual-arm robots performing domestic and assistance tasks: (a) folding
clothes [6]; (b) flattening clothes or wrinkle removal [7]; (c¢) bottom dress-
ing assistance [8]; and, (d) upper body clothing assistance [9]. . . . . . . .
Control architecture for CTS pose control. . . . . . . .. .. ... ... ..

Static analysis of dual-arm handling a single object. . . . . . ... .. ..
Dual-arm frames and joint axes and virtual joints. . . . . ... ... ...
Control architecture for CTS pose control. . . . . . . . . .. ... ... ..
Baxter dual-arm robot’s joints [10]. The robot has two 7-degrees of free-
dom (dof) arms. There are two shoulder joints (S), two elbow joints (E),
and three wrist joints (W). . . . . . . . .. ...
Initial and final configuration of robot performing rotation in the x-axis
of relative task frame. . . . . . . . ... oL
Absolute Translation: Pose tracking performance for absolute task
space in DQ (z1, z9, ..., xg) terms for motion duration 8 secs.. . . . . ..
Absolute Translation: Pose tracking performance for relative task
space in DQ (z1, z9, ..., xg) terms for motion duration 8 secs.. . . . . ..
Absolute Translation: Pose tracking performance for absolute task
space in DQ (z1, z9, ..., xg) terms for motion duration 1.5 secs.. . . . ..
Absolute Translation: Pose tracking performance for relative task
space in DQ (z1, z9, ..., xg) terms for motion duration 1.5 secs.. . . . ..
Absolute Translation: Evolution of error in terms of the norm of po-
sition and orientation error in absolute task space for motion duration
1.5 secs. (—) refers to simultaneous pose control approach and (—) to
conventional pose control approach. . . . . ... ... ... ........
Absolute Translation: Evolution of error in terms of the norm of po-
sition and orientation error in relative task space for motion duration
1.5 secs. (—) refers to simultaneous pose control approach and (—) to
conventional pose control approach. . . . . . ... ... ... .......
Absolute Translation: Box plot corresponding to the mean and stan-
dard deviation for position error in absolute task space for the motion
duration of 8, 4.5 and 1.5 secs. (—) simultaneous pose control approach
and (—) to conventional pose control approach. . . . . . ... ... ...

xi



List of Figures

2.13 Absolute Translation: Box plot corresponding to the mean and stan-
dard deviation for orientation error in absolute task space for the motion
duration of 8, 4.5 and 1.5 secs. (—) refers to simultaneous pose control
approach and (—) to conventional pose control approach. . . . ... ..

2.14 Absolute Translation: Box plot corresponding to the mean and stan-
dard deviation for position error in relative task space for the motion
duration of 8, 4.5 and 1.5 secs. (—) refers to simultaneous pose control
approach and (—) to conventional pose control approach. . . . .. ...

2.15 Absolute Translation: Box plot corresponding to the mean and stan-
dard deviation for orientation error in relative task space for the motion
duration of 8, 4.5 and 1.5 secs. (—) refers to simultaneous pose control
approach and (—) to conventional pose control approach. . . . ... ..

2.16 Initial and final configuration of robot performing rotation in the z-axis
of relative task frame. . . . . . . . . ... ... oo

2.17 Relative Rotation: Pose tracking performance for absolute task space
in DQ (z1,x2, ..., zs) terms for motion duration 8 secs.. . . ... ... ..

2.18 Relative Rotation: Pose tracking performance for relative task space
in DQ (z1,x2, ..., zs) terms for motion duration 8 secs.. . . .. ... ...

2.19 Relative Rotation: Pose tracking performance for absolute task space
in DQ (21,2, ...,rg) terms for motion duration 1.5 secs.. . . . ... ...

2.20 Relative Rotation: Pose tracking performance for relative task space
in DQ (1,9, ..., rg) terms for motion duration 1.5 secs.. . . .. ... ..

2.21 Relative Rotation: Evolution of error in terms of the norm of position
and orientation error in absolute task space for motion duration 1.5 secs..

. (—) refers to simultaneous pose control approach and (—) to con-
ventional pose control approach. . . . .. . ... ... ... ... .....

2.22 Relative Rotation: Evolution of error in terms of the norm of position
and orientation error in relative task space for motion duration 1.5 secs..

. (—) refers to simultaneous pose control approach and (—) to con-
ventional pose control approach. . . . .. . ... ... ... ... .....

2.23 Relative Rotation: Box plot corresponding to the mean and standard
deviation for position error in absolute task space for the motion duration
of 8, 4.5 and 1.5 secs. (—) refers to simultaneous pose control approach
and (—) to conventional pose control approach. . . . . . ... ... ...

2.24 Relative Rotation: Box plot corresponding to the mean and standard
deviation for orientation error in absolute task space for the motion du-
ration of 8, 4.5 and 1.5 secs. (——) refers to simultaneous pose control
approach and (—) to conventional pose control approach. . . . . .. ..

2.25 Relative Rotation: Box plot corresponding to the mean and standard
deviation for position error in relative task space for the motion duration
of 8, 4.5 and 1.5 secs. (—) refers to simultaneous pose control approach
and (—) to conventional pose control approach. . . . . . ... ... ...

2.26 Relative Rotation: Box plot corresponding to the mean and standard
deviation for orientation error in relative task space for the motion du-
ration of 8, 4.5 and 1.5 secs. (——) refers to simultaneous pose control
approach and (—) to conventional pose control approach. . . . ... ..

3.1 ARI10 hand, and index finger mechanism. . . . . ... ... ... ... ..
3.2 Trajectory of the fingertip of the index finger. . . . . . . .. ... ... ..



List of Figures List of Figures

xiii

3.3
3.4

3.5
3.6

3.7

4.1
4.2
4.3
4.4

4.5

4.6

4.7

4.8

4.9

5.1
5.2
5.3

5.4
5.5

5.6

5.7

5.8

Performance of the inverse kinematics controller. . . . . . .. .. .. ...
Trajectory of the relative pose between index fingertip and thumbtip in
the index fingertip frame. . . . . . . . . . . ... ... ... ... ...
Performance of the inverse kinematics controller for relative pose control.
Initial configuration, final desired configuration and state of fingers at
different stages during the inverse kinematics control of relative pose be-
tween thumb and index fingertips. . . . . . . ... ... ... .......

Coordinate frames and screw axes for robotic hand-arm system consisting
of Baxter robot and AR10 hand. . . . . . . .. ... ... .. .......

Resolved rate acceleration control strategy for single manipulator.
Visualization of position, velocity and acceleration trajectories. . . . . . .
Trajectory generation strategy and Baxter robot performing trajectory
tracking task. . . . . .. ..
Pose error (Desired — Current) plot for the two controllers. (—) refers
to the simultaneous pose controller and (—) to conventional controller. .
Velocity error (Desired — Current) plot for the two controllers. Linear
velocity components are given in m/sec., and angular velocity error in
radian/sec. (—) refers to the simultaneous pose controller and (—) to
conventional controller. . . . . .. ... oL oL
Norm of position and orientation error. (—) refers to the simultaneous
pose controller and (—) to conventional controller. . . . . .. ... ...
Desired and tracked trajectory of the end-effector position. (—) refers
to the simultaneous pose controller and (—) to conventional controller. .
Joint Effort plot for the two controllers. (—) refers to the simultaneous
pose controller and (—) to conventional controller. . . . . .. ... ...
Pose control loop for dual-arm cooperative manipulation of single object.

Proposed levels of dual-arm coordination hierarchy. . . . . . . .. ... ..
Principal contacts between two polyhedra [11]. . . . ... ... ... ...
Virtual mechanism equivalents of different assembly tasks: ¢, encapsu-
lates the joint displacement of the virtual mechanism. (a) Surface-surface
contact task can be represented with a 3-dof planar mechanism, (b) peg-
in-hole task with a one-dof prismatic joint, (¢) and bolting task with 2-dof
screw joint mechanism, where the prismatic joint displacement is equal
to the revolute joint displacement (#) multiplied by the pitch (h) of the
bolt. . . .
Cooperative task planner architecture. . . . . . . . ... .. ... .....
Bend at the centre: The absolute pose was fixed at the centre of the foam.
The initial desired state of Virtual stick (VS)s is shown in yellow, current
desired state in blue, and final desired configuration in magenta. . . . . .
Bend off centre: The absolute pose was shifted 10 ¢m to the left from the
centre of foam. . . . . ...
Pose tracking performance for absolute task space in DQ (z1, 2, ..., xg)
terms for two relative rotation tasks with variation of absolute pose, which
are BC(Bend Centre) and BOC(Bend Off Centre). . . .. ... ... ...
Pose tracking performance for relative task space in DQ (z1,z, ..., zg)

terms for two relative rotation tasks with variation of absolute pose, which
are BC(Bend Centre) and BOC(Bend Off Centre). . . .. ... ... ...

99

61

76
78

80

81

81

82

82

83
84



List of Figures

5.9 Evolution of error in terms of the norm of position and orientation error
in absolute task space. (—) refers to BC experiment and (—) to BOC
experiment. . . . . ... ...

5.10 Evolution of error in terms of the norm of position and orientation error
in relative task space. (—) refers to BC experiment and (—) to BOC
experiment. . . . . ... Lo L e e

5.11 Pose tracking performance for absolute task space in DQ (z1,z2, ..., zs)
terms for the rope deformation task to achieve U and S shape. . . . . ..

5.12 Pose tracking performance for relative task space in DQ (z1,z2, ..., 3)
terms for the rope deformation task to achieve U and S shape. . . . . ..

5.13 Evolution of error in terms of the norm of position and orientation error
in absolute task space for the rope deformation task to achieve U (—)
and S (—) shape. . . . . . ...

5.14 Evolution of error in terms of the norm of position and orientation error
in relative task space for the rope deformation task to achieve U (—)
and S (—=) shape. . . . . ... .

A.1 Frame rotation using unit quaternion. . . . . . . .. ... ... .. ..
A.2 Pliicker line in reference frame: Represented by a dual vector § with
direction unit vector I as the real part and moment of the line m computed
with respect to the origin of the reference frame X,..p. . . . . . . ... ..
A.3 Rigid body motion akin to one represented using homogeneous transfor-
mation matrix. The rigid body frame (X) is first translated by a vector
t to X, to 3y frame (shown with dotted axes) and rotated using a
unit quaternions q, to Xo frame, where all the motion and frames are
computed and represented in the reference frame. X,.p. . . . .. ... ..
A.4 Screw displacement of a rigid body: p is any point lying on the screw
axis 8, both computed and represented in reference frame X,.r. The
rigid body first undergoes a rotation by 6 along § and then a translation
by d along the same axis. . . . . .. .. ... .. Lo oL
A.5 A serial manipulator and its joint screw axes in the reference frame X,.;.
The current end-effector position computed and represented in the refer-
ence frame is given by the vector "/ p,. Fo e e



List of Tables

2.1

2.2

2.3

2.4

2.5

2.6

3.1
3.2

4.1

5.1

Computation cost comparison between HTMwDH [12], DQwDH [13] and
DQwScrew ([14], A.5) based manipulator kinematics, where n is the num-

ber of joints in the manipulator. . . . . . ... ... ... ... ...... 20
Comparison of our screw-theory and unit dual quaternion based modelling
of CTS compared to previous works. . . . . . . .. ... ... ....... 21

Baxter’s left and right arm’s joints parameters for starting configuration
of the robot when all the joints are at home or zero position. . . .. . .. 31
Baxter’s left and right arm’s EE pose in the base-frame of the robot for
zero joint displacements. . . . . . . ... L oL oL oo 32
Summary of the controllers used for comparative analysis of dual-arm
CTS control . . . . . . . . 33

Cooperative tasks used for comparative validation of CTS control strategy. 34

Final error of the index finger IK computation. . . . . .. ... ... ... 58
Final error of the relative pose IK computation. . . . . . . .. .. ... .. 58
Comparison of simultaneous pose and conventional controllers for resolved-

rate acceleration control . . . . . . . ... L 79

U and S shaped deformation trajectory details and real robot performing
the tasks. . . . . . . 100

XV






Abbreviations

CTS Cooperative task-space

HTM Homogeneous Transformation Matrix
DH Denavit-Hartenberg

UDQ Unit Dual Quaternion

DQ Dual Quaternion

PD Proportional Derivative

VM Virtual mechanism

VS Virtual stick

SME Small and medium-sized enterprise
D dimensional

dof degrees of freedom

EE end-effector

KDL Kinematics and Dynamics Library

WTM wrench transformation matriz

Xvii






Notations

e 2: Dual Quaternions, Dual Vectors, or 6D arrays
e z: Quaterions and Vectors
e Z: Dual numbers
e Z: Dual Number Array
e 2Z: Dual Quaternion or Dual Vector Array
e z: Quaternion or Vector Array
k

e "®; ;: Pose of frame j relative to frame ¢ and represented in frame k.

e ‘Z;: Pose of frame j relative to frame ¢ and represented in frame i.

xix






List of Tables 1




Chapter 1

Introduction

1.1 Motivation

In the past decades, robots have demonstrated great applicability in manufacturing
industries for manipulation of heavy parts for assembly, welding and machining opera-
tions. Since the focus of previous robotic applications was geared towards high-volume
manufacturing, a structured environment with dedicated robotic cells was the prevail-
ing norm in these manufacturing units. But as the market’s demand is shifting from
mass production towards mass customization [15], as shown in Fig. 1.1, industries are
forced to redesign the production lines more frequently. Additionally, manual labor

is often needed for intermediate tasks like fastening two parts together, inspection of

manufactured parts for defects, etc.

To stay relevant in the industries, the robots should evolve to be more skilled with higher
cognition abilities, flexible in terms of applicability for different kinds of tasks, and safe
enough to work with humans. It is expected that 30% of the robots sold in 2027 will
be collaborative robots [16], or as commonly known, cobots, which are designed for safe
interaction and collaboration with humans. The take-away message from these trends
is that the key drivers of automation in the near future will be the robotics solutions for
tasks that are traditionally done by humans, while capable of working close to humans

and collaboration with humans in an human-centric environment [17].



2 | Chapter 1: Introduction

automation

automation

No. of models and short life span
No. of models and short life span

Units per model Units per model

(a) Current Robot Zone (b) Desired Robot Zone

F1c. 1.1 Shift of ”Robot zone” towards mass customization zone where manual assem-
bly was prevalent [1].

The robotics community has started to respond to this emerging demand of high mix
and low volume production in industries with the development of highly skilled collabo-

rative robots capable of working alongside humans for traditionally manual tasks, such

(a)

(d)

F1c. 1.2 Dual-arm collaborative robots performing industrial tasks: (a) cooperative
lifting with human [2]; (b) dual-arm IKEA chair assembly [3]; (c¢) bimanual folding
assembly [4]; (d) bimanual peg-in-hole task [5].
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3

as packaging of goods, small parts assembly, etc. Dual-arm robots have been used for
cooperative tasks such as: manipulation of heavy objects [18]; bimanual assembly oper-
ations [19, 20]; laboratory automation [21, 22]; and, space exploration crew-assistance
[23], etc. Some of the recent results in the context of these application scenarios of

advanced industrial automation using robots have been depicted in Fig. 1.2.

There is also a significant potential of robotic applications for domestic tasks in a human-
centric environment such as service industries, like restaurants and hotels, in addition to
medical facilities. Dual-arm robotic platforms can be used for domestic applications like
making pancakes [24], and house-keeping tasks such as making a bed, folding laundry,
ironing clothes, etc [6, 7]. However, one of the most crucial service application of a
robot could be taking care of patients and the elderly. Robots can help patients with
immobility ease into their wheelchair or to put them to bed or help them stand by pro-
viding physical support [25]. They can also be used to dress and undress patients with
mental and physical incapabilities [8, 9]. Fig. 1.3 shows some of the robotic solutions

for common household tasks, like folding laundry and clothing assistance tasks.

The applicability of dual-arm robots in manufacturing industries, as well as in domestic

tasks is undeniable on account of following factors [26, 27]:

e Industrial Applications:

— Fizture-less assembly: Assembly operation involves controlled interaction be-
tween two assembly parts. A single manipulator needs a structured fixture to
hold one of the parts thus greatly reducing the applicability of manipulators
in industries. A dual-arm manipulator can eliminate the requirement of a
dedicated setup thus has the potential of increasing the usage of robots in

Small and medium-sized enterprise (SME)s.

— Larger workspace and higher load-bearing capacity: A dual-arm system en-
larges the workspace. Moreover, there are many tasks in industrial settings
that involve the manipulation of heavy objects and their interaction with the
external environment where dual-arm robots can be of higher utility than

single-arm robots.

— Flexibility in the operation and task-space: Sometimes even when the desired

tasks can be accomplished with just one arm, the other arm can provide
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F1a. 1.3 Dual-arm robots performing domestic and assistance tasks: (a) folding clothes
[6]; (b) flattening clothes or wrinkle removal [7]; (¢) bottom dressing assistance [8]; and,
(d) upper body clothing assistance [9].

more flexibility of repositioning of objects, or can bring a camera closer to
the task for visual feedback for robust completion of tasks. Additionally,
the performance of the task operation can be improved by regrasping and

exchanging objects between arms.
e Human-centric applications:

— Human form-factor: The human form-factor of dual-arm robots makes them
an ideal choice to employ in service industries owing to the trust factor and
thus making dual-arm robots easier to integrate with human-structured en-

vironment [28].

— Transfer of skills: Since we humans perform many tasks that involve a com-
bination of single-arm and bimanual operations, a dual-arm robot is more
desirable, as human inspired strategies can be easily imitated or transferred

29, 30).
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1.2 Scope of the thesis

While dual-arm robots offer a considerable advantage for most of the industrial and do-
mestic applications, they inherit all the single manipulator challenges related to the task
description, the abstraction of higher-level inferences from raw sensor data and sensor
inaccuracies, uncertainties related to the environment, motion planning and control of
the manipulator, and so on. On top of that, dual-arm manipulation presents some new
problems such as dual-arm coordination, dual-arm motion planning, role-assignment for

each contributing arms, etc [26].

This thesis deals with some of the issues related to dual-arm coordination for tasks
where cooperative behavior of two arms of a dual-arm robot is paramount. The goal of
this thesis has been to apply the principles of screw theory using dual quaternions for
the representation of motion variable and spatial transformations, and to improve upon
the previous works on cooperative dual-arm manipulation in terms of computational
advantage and controller performance. The improvements in computational and stor-
age efficiency can be attributed to the use of UDQ, and controller performance to the
consideration of the inherent coupling of linear and angular terms in rigid body motion.
The improvement in control performance observed for cooperative task-space control

was extended for second-order trajectory tracking for single robotic manipulator.

While this thesis does not address the issues involved in robotic grasping, the kinematic
aspects of an anthropomorphic hand that incorporates coupled motion in the last two
distal phalanxes similar to human fingers were studied. A coupled Jacobian was proposed
which represented this motion coupling and the forward and inverse kinematic model
was validated on robotic fingers. Additionally, the concept of relative task-space was
applied to control the relative task-space of a unified manipulator consisting of index

and thumb, with two end-effectors frames defined at the two fingers tips.

A framework for task definition, trajectory planning and execution for dual-arm manipu-
lation was designed. Screw theory and dual quaternions were used as the tools to define
cooperative task-space variables, which refers to the absolute and relative task space
of dual-arm robots. In addition, screw-theory were employed to obtain parametrized
cooperative task-space trajectories for common industrial and domestic tasks. The task

definition approach uses VMs to define physical constraints related to tasks. The goal of
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using VM is to parametrize the task definition with task requirements which are either

pre-specified or can be obtained from an appropriate sensing module.

1.3 Contributions

The main contribution of this thesis are presented in the following sections.

Dual-Arm Setpoint Controller

CTS Controller

[Aar]
[Aqt]
[bA curr, bg curry .
A by, bj¢
Initial Screw Axes . . .
((Pay it by Nt bg inity ) Manipulator Kinematics
y Handler (MKHmM)
Initial end-effector pose ~ for m= {r, t},
b;(minit r: reference frame,
t: tool frame,
b: base frame
[VS,, VS o
+
O
[P%absd€s, kre19es] larc™y [qremd)
(S, USt] [qteurm [qtcmd]
Virtual Mechanism Based Tk stat
asK state
Task Planner —— ROBOT HW INTERFACE
oDbot state - -
e | (Real/Simulation)
| Sensing Unit |
__________ Task Scene

F1c. 1.4 Control architecture for CTS pose control.

1.3.1 Framework for Dual-arm cooperative task execution

A framework for dual-arm cooperative task execution has been proposed that includes
a novel formulation of dual-arm coordination using unit dual quaternions, and a task
planning strategy for tasks involving the manipulation of rigid, well as articulated and
deformable object manipulation. The proposed strategy was validated on Baxter robot

for a variety of tasks such as cooperative lifting, deformation of foam for packaging and
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manipulation of isometric linear objects like rope. The framework shown in Fig. 1.4

consists of following modules:

1.3.1.1 Dual-arm cooperative task-space formulation

The modelling of dual-arm coordination tasks was remodeled by capitalizing on the
efficiency and compactness afforded by unit dual quaternions for pose representation
while avoiding representation singularities. The proposed work also takes advantage from
the simplicity of screw theory for kinematic modelling, and its capability to represent
the natural motion of rigid bodies where linear and angular movements are inherently
coupled. The proposed method was compared against the traditional control approach

where the pose variables related to linear and angular motion are separately controlled.

1.3.1.2 Cooperative task-planner

A task planner has been proposed for generating motion plans in the cooperative task
space, with the a variation of VS concept proposed in [31], that was used for static
analysis of a rigid body held by two manipulators. The VS concept was modified for the
task modeling of articulated and deformable object manipulation. The implementation
of the task planner is based on screw theory that allowed us to parametrize these tasks
with minimal parameters, while at the same time generate higher-order trajectories. A
comparative analysis of screw theory and Dual Quaternion (DQ) based pose controller
was carried out for tasks hence defined against the classical control approach involving

three-dimensional position and orientation components of motion.

1.3.2 Anthropomorphic finger modeling and control

An anthropomorphic hand was studied that consisted of fingers with human-like me-
chanical coupling in their middle and distal phalanx motion. The kinematic model was
derived analytically while taking this coupling into account, in a way so as to make it
easier to integrate with the kinematics of the finger with that of a connected robotic
arm. The kinematic model hence derived was validated on an anthropomorphic hand
for forward and inverse kinematic control of individual fingers, as well as for relative

task-space control of relative motion between thumb and index-finger fingertips.
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The inclusion of the relative task space of finger with the cooperative task-space frame-
work has also been proposed and the corresponding architecture has been outlined in

the future work section.

1.3.3 Coupled resolved-rate acceleration controller

The trajectory tracking strategy of manipulators using resolved rate acceleration control
was studied and a controller was designed which respected the inherent coupling of
angular and linear terms in rigid body motion. The proposed trajectory tracker uses a
Proportional Derivative (PD) control scheme based on spatial dynamics and unit dual
quaternion representation of motion variable viz. pose, velocity and acceleration. The
novel trajectory tracker for robotic manipulation hence designed was compared with a
state of the art decoupled controller, where the linear and angular terms of the control

law are controlled separately.

A framework for extending the coupled resolved-rate acceleration control for dual-arm

handling of a rigid object has also been proposed in the future work section.

1.4 Funding

This work is funded by the European Union. The European Union gets involved in

Auvergne-Rhone-Alpes through the European Regional Development Fund (FEDER).

1.5 Publications

The research work conducted in the scope of thesis were disseminated through following

conferences:

e Chandra, R., Corrales-Ramon, J. A., & Mezouar, Y. (2019, April). Kinematic
modeling of an anthropomorphic hand using unit dual quaternion. In 2019 IEEE/SICE
International Symposium on System Integration (SII) (pp. 433-437). IEEE.
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e Chandra, R., Mateo, C. M., Corrales-Ramon, J. A., & Mezouar, Y. (2018, Decem-
ber). Dual-Arm coordination using dual quaternions and virtual mechanisms. In
2018 IEEE International Conference on Robotics and Biomimetics (ROBIO) (pp.
759-765). IEEE.

e Chandra, R., Corrales-Ramon, J. A., & Mezouar, Y. Resolved-acceleration control
of serial robotic manipulators using unit dual quaternions. Manuscript submitted
in invited track in IFAC (International Federation of Automatic Control World
Congress), 2020, Berlin.

e Chandra, R., Corrales-Ramon, J. A., & Mezouar, Y. (2019). Dual-quaternion
based framework for dual-arm manipulation: from coordinated motion control to
task planning. Manuscript submitted in IJRR (International Journal of Robotics
Research).

1.6 Outline of the thesis

Chapter 2 presents the dual-arm coordination problem in detail and explains the ad-
vantages of the proposed dual quaternion based approach compared to state of the
art approaches. The comparative validation for different simple cooperative task-space
motion of the dual-arm manipulators is also presented in chapter 2. The kinematic
modelling and relative task-space control strategy of an anthropomorphic hand is given
in chapter 3. The task planning strategy for dual-arm robots, along with experiments

with deformable objects has been given in chapter 5.

The new strategy proposed for resolved-rate acceleration control design for trajectory
tracking of end-effector, along with the theoretical foundation, related work and com-
parative validation with state of the arm approaches is described in chapter 4. Future
work and perspective and a general conclusion for the entire thesis work is presented in

the last chapter, 7.e. chapter 6.






Chapter 2

Dual-Arm Kinematic
Coordination using Dual

Quaternion

The treatment of dual-arm coordination available in the literature can be divided into
symmetric and asymmetric schemes, where in symmetrical schemes of dual-arm manip-
ulation it is desired to have shared contribution of force and motion from both arms. In
asymmetric schemes the pose and desired interaction force setpoints for the master ma-
nipulator are used to compute the corresponding variables for the slave arm [32, 33, 34].
Some bimanual tasks demand master-slave control, for example hammering a nail where
one of the arms position the nail on the wall, while other handles the hammer. However,
for situations where asymmetry is not apparent from the task, it is desired to formulate
the cooperation problem symmetrically to have better control over the task and use
it to our advantage to modify the cooperative behavior [35, 36]. The reasons for this
choice are issues like artificially imposed asymmetry [37], information delay [38], and
proper master/slave role assignment during the execution of task [31] with asymmetric

coordination scheme.

Uchiyama [31] provided one of the earliest symmetric formulations to deal with dual-arm
coordination considering both arms collectively. Their VSs based static analysis of
bimanual manipulation of rigid objects provides a good starting point to study dual

arm coordination, since it also provides a sound basis to account for different kinematic

11
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cooperative models derived from the study of human bimanual actions [39] to impart
different level of contribution to the cooperating robotic arms [35, 40]. In this work
however, we only focus on bimanual actions where the cooperating arms are desired to

contribute equally, i.e. on parallel bimanual actions.

A screw-based approach using dual-quaternion representation has been presented in this
chapter for dual-arm kinematic modelling. One of the goal of this study is to compare
such approach with existing methods using other CTS modelling approaches such as DH
and DH with DQ representation. Another objective for this work was to analyze the
difference in the dual-arm cooperative motion control performance when the position and
orientation variables are controlled separately, against the proposed simultaneous pose
control law that use screw theory to handle both positional and orientational variables

simultaneously.

In following section (section 2.1) the cooperative task space proposed by [31] is briefly
presented, which will aid in understanding between different approaches taken in the
literature for dual-arm cooperation modelling and control. The related works in the
direction of CTS modelling and control is presented in section 2.1, and the motivation
and contributions related to this work is presented in section 2.2.2. Based on [31] static
analysis of dual arm cooperation, a new method for cooperative task-space modelling
is proposed in section 2.3 that uses DQ representation of screw variables of motion,
i.e. pose and velocity. The proposed cooperative task-space control architecture and its
comparative validation against existing models along with corresponding experiments is

given in 2.4. Finally, the conclusion of this work is presented in section 2.5.

2.1 Cooperative task space

Consider two robotic arms equipped with grippers or hands holding an object as shown
in Fig. 2.1. Robotic hand attached to arm 1 exerts force °f; and moment °ny; on the
object, measured at the origin of EE frame (or force sensor frame) °3; and given in the
base frame ¥,. Similarly, the hand attached to arm 2 exerts force °frs and moment

°nyy on the object, which are measured at the origin of its EE frame °Xs.

For the static analysis VSs can be extended from the origin of both the EEs to the

centre of mass of the object, °O,, denoted by vectors °l;; and °l;5. Now the forces and
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Fi1G. 2.1 Static analysis of dual-arm handling a single object.

moments at the points of contacts of the hands with the object can be projected to the
tips of VSs for static analysis of the system, which we will denote with °f; and °ny,,

for arm i, (i = 1, 2):

°foi = fri (2.1)

“nyi = “npi + ° fri X . (2.2)

If the object is assumed to be infinitely rigid, the resultant wrench at °O, is given as:

°fo="For +°fr2 (2.3)

°ng = °np; + " (2.4)

By employing generalized force/moment 6-dimensional (D) vector ° f. and 12-D vector

° fb, the above expression can be succinctly written as:

°fo=W °f, (2.5)
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where

°fo = [0 T On;r (2.6)
Ofb - [obe1 ny S ongz]T (2.7)
W = [16 16] : (2.8)

where, Ig, is 6 x 6 identity matrix.

The general solution for the EE forces being exerted on the end of the VSs can be

obtained by inverting 2.5, and is given as:
Oib:WT Ofa+<112_WTW)£ (2.9)

where i is an arbitrary 12-D vector and WT is the Moore-Penrose inverse of W.

Six column vectors corresponding to the orthogonally independent bases belonging to
the 6-D null space of W, i.e. N (W), can be chosen from V = [Is — I4]T, where six
orthogonally independent bases from N (W) are given by ° fr. This choice of null space
resolution implies that both the EE applies equal and opposite force and moment at
the end of their corresponding VSs, when the system of dual-arm robot and the object
attached to the EEs is at static equilibrium. Thus we get following relations for © fa and

° fr, i.e. absolute force and internal force acting on the object:

°fa="Fu1 +°fo2 (2.10)

°fr=1/2(frr = fr2) (2.11)

Another set of cooperative task space velocity 6-D vectors, containing both linear and
angular terms can be constructed, consistent with the cooperative workspace force vec-

tors using the principle of virtual work, and is given as :

‘wq = 1/2(°wp1 + “wis) (2.12)

G, = Gy — Wy (2.13)
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where °wp; and °wyy are the velocities of the frames attached to the ends of the VSs
pointing towards the object’s centre of mass and assumed to coincide at the starting of

the motion.

Cwpi = ["vy; “wp]T (2.14)

for i =1 and 2.

Similarly cooperative workspace pose variables can be derived upon integration of 2.12,
and assuming that the frames attached to the tips of the VSs (°Xy;, for ¢ = 1 and 2)

coincides at the beginning of the motion:

’Pa = 1/2(°Pr1 + “Pr2) (2.15)
°Pr = °Pv1 — “Pr2 (2.16)

where °py;, represents the position and orientation of the frames attached the tips of
corresponding VSs. °p, represents the absolute pose of the grasped object, and °p,
corresponds to relative position and orientation of the frames attached to the tips of

VSs.

These cooperative task space variables, i.e. absolute and relative poses, velocities, and
absolute and internal forces had been used in the past to control the interaction of dual-
arm manipulators with the object, as well as to keep the the internal forces within safe
limits. While some of the work focuses entirely on the kinematic aspects of coordina-
tion with the assumption of perfect position or velocity control, others have taken the
modelling and control error into account and used hybrid force/position controller to
accommodate the positioning error to keep the interaction forces between object and

manipulators within limits.

In the section below, we provide some of the representative work related to the formula-
tion of cooperative task-space, focussing mainly on the kinematic control problem when
using symmetrical formulation of dual-arm coordination. The goal is to highlight the
gap in the existing approaches that can be filled with screw-theory and dual-quaternion

based approach taken in this work and to understand the corresponding implications.
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2.2 Related work and contributions

2.2.1 Related Work

The cooperative task space variables, ¢.e., absolute and relative velocities, were directly
defined by [41] for dual arm coordination for tasks where the robot had not yet grasped
the object. The velocities of the tips of the VSs were replaced with those of the EEs
to obtain the relative and absolute motion during dual-arm manipulation. These co-
operative task space variables were used for inverse kinematics algorithm, which would

generate joint trajectories corresponding to the desired absolute and relative trajectories.

The new definition of cooperative task-space variables, proposed in [41], was applied in
[42] for internal force and position regulation during handling of an object by a dual arm
robot. The concept of VSs was replaced with the concept of grasp matriz to project
the EE forces on to the object. While, conceptual formulations for both grasp matriz
and VSs are exactly the same for dual-arm robots, grasp matriz allows generalization
of the cooperative task-space formulation for multiple manipulators (> 2) cooperation
for rigid object manipulation. Moreover, unit quaternions were used for orientation
representation in order to avoid representation singularities associated with minimal

representation methods such as Euler’s angles.

While some bimanual tasks demands coordination over both absolute and relative task
space, for example in the case of handling a heavy object the absolute position corre-
sponds to the motion of the object and relative motion to rigidly grasp the object, for
some tasks only relative motion is enough. All the assembly tasks such as peg-in-hole
and screwing tasks, where the two arms of a dual-arm robot are handling each of the
assembly parts, can be accomplished with just the relative motion. Such treatment of
bimanual coordination where only relative task space affords higher dimension of null
space in the relative task-space which can be used to perform additional tasks such as

collision avoidance, keeping the joints positions within safety limits, etc. [43].

Relative Jacobian maps the relative velocity between the two EEs of the cooperating
manipulators with their joint velocities. Relative Jacobian was formulated in [44] using
DH convention based frame definition of manipulator links and rotation matrix rep-

resentation of orientation for the trajectory generation for two robots cooperating to
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perform assembly tasks. It allowed the cooperating manipulators to be treated as a

single manipulator, while facilitating higher dimensional null space.

In [45] a weighted pseudoinverse of relative Jacobian was used to control the joint torque
contribution of each joints to keep it within safe limits, in addition to controlling the
relative motion between two manipulators in machining operations. The trajectories for
the manipulators were resolved at the acceleration level using a relative Jacobian, where
consideration of just the relative motion rather than complete cooperative task-space

afforded extra redundancy for the dual-arm system.

Guenther [46] provided a new formulation of relative Jacobian based on screw theory
that required only two frames, i.e. reference and tool frame, thus eliminating the need
of defining frames on each involved link for the corresponding DH convention based
formulation. However, they used the rotation matrices to represent the orientation of
the screw axis, which can be problematic for control due to the associated represen-
tation singularity, as well as, is more expensive in terms of computation and storage.
Screw theory and unit dual quaternion algebra were used in [47] for forward as well
inverse kinematics problem of cooperative manipulation for dual-arm robots, however,

the differential kinematics problem was not addressed.

In [43], a modular relative Jacobian was obtained by using the individual Jacobians
of the cooperating manipulators, and used it for impedance control between two arms.
A slightly different formulation of relative Jacobian was obtained in [36]. The time
derivative of the relative pose was used for the derivation of a modular relative Jacobian
which revealed a wrench transformation matric (WTM), a function of mutual position
of the cooperating arms’ EEs. The modular relative Jacobian composed of WTM hence
obtained, demonstrated better trajectory tracking accuracy for high relative angular

velocity of the EEs.

The cooperative task space representation of robotic bimanual actions was extended in
[35, 40] to account for the three kinematic cooperative models, viz. orthogonal, serial
and parallel actions, studied and categorized in [39] from the study of human bimanual
actions. The orthogonal model corresponded to the movement where two arms are mutu-
ally independent or uncoordinated, such as using a keyboard and mouse while operating
computers. When two arms share a common task with two hands, for instance, lifting

a heavy box, it is referred to as parallel mode of cooperation. Lastly, the coordination
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mode where two arms have partial dependence, for example hammering a nail on the
wall or cutting vegetables, falls under the serial mode. To address these coordination
modes in bimanual action, two new coefficients were introduced, namely, balance and
coordination coefficients to modify the balance of shared load, and to represent different

bimanual coordination models or to activate and deactivate coordination respectively.

The adjustment of balance coefficient, for a single object manipulation, was akin to
shifting the centre of mass of the object in the static analysis for dual-arm cooperation
in VSs or grasp matrixz approach. The purpose of introducing these balance and coordi-
nation coefficients was to offer more flexibility in relative tasks. While previous works on
relative motion control ([44, 36, 43, 46]) used the kinematic redundancy directly using
the null space of relative Jacobian of dual-arm robots, extended cooperative task space
representation allowed the adjustment of balance coefficient to perform additional tasks
such as increasing manipulability in dual-arm manipulation to avoid singularity, while

still controlling the absolute cooperative task space.

Adorno [13] used unit dual quaternions for the forward and inverse kinematic control
of dual-arm robots, where the quaternions allowed singularity free representation of
orientation and unit dual quaternion representation of pose allowed simultaneous control
of translation and rotation variables. The kinematic modelling of the dual-arm robot
was based on DH convention. In addition to that, many primitive task Jacobians were
proposed, such as relative distance control, absolute rotation control and so on, which
allowed to efficiently utilize the available degrees of freedom for a desired task, and to

use the redundancy for additional tasks.

While the above mentioned works provided an insight into existing work related to
dual-arm coordination at kinematic level, in following section we will highlight some of
the shortcomings of previous works related to modelling and control aspects and explain
how our approach of formulating cooperative task space using unit dual quaternion
representation and screw theory can help in addressing those issues. In addition to that,
our proposed method is also compared with another instance of cooperative task space

formulation using unit dual quaternion ([13]) existing in literature.
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2.2.2 Motivation for unit dual quaternion and screw-theory based co-

operative task space formulation

2.2.2.1 Issues related to previous formulation of cooperative task space

e Usage of DH convention for kinematic modelling: A DH convention based ma-
nipulator modelling requires definition of frames of each involved link. Whereas,
screw-based kinematics requires only two frames for the entire chain, one at the
base of the robot, while other at the tip of the EE. Although, DH parameter based
manipulator modelling is fairly established in robotics, screw-theory can greatly
simplify the modelling process for general manipulators [46]. In addition to that,
the same approach of screw-based modelling can be applied to parallel manipu-
lators, which can be relevant for tasks where a dual-arm robot can be considered
a parallel manipulator, for example, two arms rigidly grasping an object. More-
over, the joint variables can be used to represent actual displacement in contrast
to DH-based modelling where actual joints states are generally computed using

offsets over the DH parameters [48].

e Relative Jacobian Formulation: The earlier definitions of relative Jacobian used
individual Jacobians of the manipulators, without the consideration of effect of
relative angular velocity on relative linear velocity. However, it was revealed that
a WTM, function of relative position vector, exists in the formulation of relative
Jacobian. The modular Jacobian consisting of WTM was obtained by taking the
time derivative of the relative pose computed by taking one of the EEs frame as
base frame and a frame on the other EE as tool frame. The corresponding rela-
tive Jacboian demonstrated better trajectory tracking accuracy for high relative
angular velocity of the EEs [49, 46]. Screw-based formulation of relative Jacobian
naturally takes into account this wrench transformation matriz and thus can lead

to better trajectory tracking for all kinds of relative tasks.

o Representation singularity: The earlier works on cooperative task space control
of dual-arm robots used rotation matrices for the representation of orientation,
where Euler’s angles were derived for the control law formulation. While, rotation
matrices can be intuitive, it suffers from representation singularities that may lead

to instability in the controller.
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More recent works ([42, 35, 40]) employed quaternions to overcome the limitations
related to unit quaternions, where the vector part of the error quaternion was
used for the formulation of control law. While this approach is relatively simple
to use and asymptotic stability of such a control has been proved in [42], deriving
angle-axis parameters from the error unit quaternion represents more meaningful
definition of error and global exponential convergence behaviour of corresponding

control law can be proved [14].

e (Conventional Pose control: Most of previous works for cooperative task space
control controlled the position and orientational error terms separately. While
this method is easy to implement, it does not consider the natural motion of rigid
bodies where linear component is inherently coupled with the angular component
of motion. Controlling linear and angular terms separately may lead to unnatural
trajectory and is undesired for applications where both orientation and position

tracking is equally important[50].

TABLE 2.1 Computation cost comparison between HTMwDH [12], DQwDH [13] and
DQwScrew ([14], A.5) based manipulator kinematics, where n is the number of joints
in the manipulator.

Multiplications Additions Trigonometric Functions

Cost of successive transform (transform product) computation

HTMwDH 36 27 NA
DQwDH 48 40 NA
DQwScrew 48 40 NA
Cost of forward kinematics
HTMwDH 70n — 64 48n — 48 4dn
DQwDH 60n — 48 44n — 40 4dn
DQwScrew 61n — 48 43n — 40 2n
Cost of Jacobian computation
HTMwDH 155n — 64 108n — 48 8n
DQwDH 189n — 48 142n — 40 8n

DQwScrew 157n — 144 123n — 120 2n
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TABLE 2.2 Comparison of our screw-theory and unit dual quaternion based modelling
of CTS compared to previous works.

Complete CTS Consideration of Advantages of Advantages of DQ
Previous Works mo dlt)ellin 31] WTM in relative screw-based representation
&l Jacobian [36] kinematics [48] (14, 51, 52, 53]

[43, 54]

36, 55, 44]

(46, 49]

(35, 38, 31, 56, 42, 41]

[57, 58, 59]

13, 60]

NNNNX XX
NN XNNX
WX X\ X X
NN XX

Proposed method

2.2.2.2 Comparison with DH parameters and unit dual quaternion based

formulation of cooperative task space

A novel approach for forward and inverse kinematics using dual quaternion representa-
tion was proposed in [60, 13] which used DH parameter based approach for kinematic
modelling of dual-arm robots. The proposed approach was effective in addressing the
issue of orientation representation singularity and their control law accounted for both
position and orientational error simultaneously. However, use of DH based parameters
for kinematic modelling resulted in overly complicated definition of manipulator Jaco-
bian, since it used matrix form of dual-quaternion operations. While theoretical founda-
tion of the relative Jacobian formulation was given for a general manipulator, complete
formulation of relative Jacobian was limited to dual-arm robots with rotational joints.
While most of the modern manipulators have rotational joints, differential kinematics
formulation for both rotational as well as prismatic joints becomes especially relevant
when virtual mechanisms are used to represent task constraints, e.g. the translational

motion in peg-in-hole tasks.

The pose error term used in [13] for inverse kinematic control was the numerical dif-
ference between the unit dual quaternion representing desired and current frames for
relative pose control, which does not represent a meaningful displacement variable [14].
A meaningful expression of dual quaternion error using dual quaternion product was
utilized for a single manipulator control in [61]. Using the modified of error unit dual
quaternion, an optimal trajectory tracking controller was proposed in [62], albeit for a

single manipulator case. However, the screw parameters based definition of control law
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proposed in [14] is still more meaningful since screw error terms can be transformed to

different frames, and has global exponential convergence behaviour.

Moreover, the computational efficiency of dual quaternions was underutilized in [13], as
their computation of Jacobian required more mathematical operations than the homo-
geneous transformation matrix approach, attributed to the use of a large (8 x 8) dual
quaternion Hamilton matrix to compensate for the non-commutative nature of dual

quaternion multiplication.

The comparison between three methods, i.e DH and Homogeneous Transformation Ma-
triz (HTM) based, DQ and HTM based and DQ and screw-theory based method used
in this work, for pose transformation, forward kinematics and Jacobian computation of
a serial manipulator, in terms of computation cost has been given in Table 2.1 based on
the computational analysis given in A.5. HTMwDH based approach is the classical DH
based rotation matrix approach, DQwDH corresponds to the dual quaternion and DH
parameters based formulation given in [13] and the last one (DQwScrew) corresponds to
dual quaternion kinematic formulation based on screw-theory, proposed in [14]. The ex-
planation for the computation of HTM and DQ method based on DH convention based
kinematic modelling of manipulators has been given in [13]. A more detailed analytical
and empirical analysis of the computational efficiency of our dual-quaternion and screw-
theory based approach concerning forward kinematics and Jacobian computation, and

inverse kinematics and control is given in [12, 53].

The presented comparisons show that both dual quaternion based approaches requires
less arithmetic and trigonometric operations for obtaining product of transforms and for
the computation of forward kinematics compared to HIMwDH based method. While
DQwDH based method requires a little less multiplications, it require far more trigono-
metric computations compared to DQwScrew based method used in our work. In terms
of Jacobian computation, HTMwDH method requires less arithmetic (x and +) oper-
ations than both dual quaternion method based operations. However, the DQwScrew
method requires less trigonometric operations than other two methods, even though it
requires a bit more arithmetic operations than HTMwD(Q based method. Finally, the
DQ based has less memory requirement compared to HTM approach, i.e. DQ based
representation of pose needs only 8 floating units, compared to 12 floating units needed

for HTM based pose representation.
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L ome”
/¢ -

Reference
Manipulator
(Number of joints: f)

............ Tool
Manipulator
(Number of joints: g)

FiG. 2.2 Dual-arm frames and joint axes and virtual joints.

Finally a summary of all the advantage our approach has over other work in the direction

of CTS modeling and control has been in Table 2.2.

2.3 Cooperative task space formulation using UDQs

In this section we will use the kinematic formulation for a serial manipulator, developed
in [14] and presented in appendix A.5, to formulate the cooperative task space variables
related to pose and velocity for dual-arm coordination [31]. A differential kinematic
formulation, i.e. relative and absolute Jacobian was also developed to map the joint
velocities of the cooperating arms to cooperative task space velocities. The absolute
Jacobian has been formulated in the base frame, while the relative Jacobian has been
derived in a frame attached to the EE of reference manipulator, so as to define the
relative task intuitively. If the relative task is defined in the object frame, then the error

twist should be transformed from the object to the reference arm’s EE frame.

The dual arm set-up along with the different frames used in the following formulations
is given in Fig. 2.2. 3, is the reference frame, 3; is the tool frame and X is the fixed
base frame. The joint screw axes are given as °3,; for i = 1,2, ..f, and b§tj forj=1,2,..g
for the reference and tool manipulator respectively, in the base frame. The same screw
axes are given as "§; for ¢ = 1,2, ..f 4+ g for the combined manipulator consisting of the

two arms, in the reference end-effector frame.
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2.3.1 Relative Jacobian

The relative pose of the tool EE frame 3; in the reference EE frame 3, can be computed

using the EE poses of tool and reference manipulator as:
&y, (2.17)

where °2* is classic dual-quaternion conjugate of °%,..

The formulation of relative Jacobian, which maps the joint velocities of both the arms
to the relative twist of the tool EE with respect to the reference frame, described in the

reference frame will follow the same approach discussed in section A.5.1:

~ . . . . T
o= e ra - tap,| 6, d 6 4 (2.18)

where & and @ refers to the the general joints velocity array, depending on the type
joints for the reference manipulator, starting from the joint closest to the reference
end-effector. Similarly @ and @ are the joint velocity arrays for the tool manipulator,

again starting from the joint closest to the reference end-effector.

The screw axes related to the joints will have to be transformed from the base frame
to the reference EE frame, 3,., using following relation that transforms a Pliicker line,

represented as a dual vector:

rg; = (b@*) bs, (bi*r) &, b8, o, (2.19)
Additionally, either the joint displacements for reference manipulator joints, or the cor-
responding joint axes, have to be taken in negative sense, so as to respect the inverted
kinematic chain of the reference manipulator used to define a relative task manipulator,
which has joint axes "8;; for i =1,...,f + g (refer the joint screw axes indexing
depicted in red in Figure 2.2). In our formulation we have inverted the joint screw of

the tool manipulator to maintain the traditional representation of relative Jacobian.
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Hence the relative Jacobian corresponding relative twist, in the reference manipulator
frame is given in the matrix form as:
"L, 0 "Ly O
Jrer = ) (2.20)
_TM’r‘ _T’LT T'Mt ’V’Lt
where terms like L and M are arrays of direction vector and the moment vectors of the

corresponding manipulator and have meanings similar to A.61.

2.3.2 Absolute Jacobian

All the terms appearing in the following derivation of absolute Jacobian are in the
base frame, unless otherwise mentioned. Let %&, = q,p + €qrp, %t = qip + €q;p and
% abs = Qabs p + €qupsp be the unit dual quaternion corresponding to the reference, tool
and absolute task space frame, i.e. the frame where the tip of VSs connected to the
cooperating manipulators end-effector meet. Let bpb,r and bpbjt be the position vectors
of the reference and tool EEs respectively, which are represented as a pure quaternions.

They can be derived from the corresponding poses UDQs as follows:

"oy = 2q,p @ p (2.21)

"pos = 2aqip af p (2.22)

where g¢* is quaternion conjugate of q.

Absolute position and orientation is given as ([42]):

b b
Dby T+ Do,
bpabs = - 9 ! (223)
1
bqabsP =4qrp QTelP(Q)a (224)

where g p(%) refers to half of the rotation around the same rotation axis corresponding
to the relative rotation quaternion (g¢;p) computed in reference frame. The relative

rotation quaternion in reference frame is given as:

®Greip = @ p Qi p- (2.25)
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In order to use the control law using screw parameters of error dual quaternion (see
A.73), it is desired to obtain the absolute pose as UDQ. Using relation (2.21) and
(2.23), we have

"Pabs = @rp Q) p + A O p (2.26)

or, 2thLbqu;‘L‘bsP =dqrp q:P + qtp qsz

Therefore,

@G parp+4aip a4 p)dab
QabsD:(rD £ 2D Lp)dabsr (2.27)

The absolute angular velocity in the base frame in the matrix-vector form, using (A.59)

is given as:

Wy + Wt
Wabs = T
Lr ér + Lt ét
: (229)
And absolute linear velocity is given as:
Vabs = or ;_,Ut (229)

An absolute Jacobian is required to map joint velocities of the dual-arm robot to screw
twist corresponding to absolute frame motion, i.e {vgps0, Waps } pair. Here {vgpso refers to
the linear velocity of a point attached to the absolute frame, currently coinciding with
the base frame. Since the screw-based control law has attractive features like global
stability and exponential convergence [14], it is desired to obtain the absolute Jacobian

in the same form as well. Using (A.67) we have:

Vabs0 = Vabs — Wabs X Pabs- (230)
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After expanding (2.30) using (A.67), (2.23), (2.28), (2.29) we get:

_ Uy + vy Wy + Wy (pr + Pt)
Vabs0 = 9 - 2 X 9
Urg + Wr X Pr + V0 + Wi X Py
2

Wy + wy y (pr + 1)

2 2
2(vro + v10) + wr X (Pr — Pt) +wi X (Pt — Pr)

4

Using matrix-vector representation given in (A.60), we have:

M, 6, + L, d. + M; 6; + L; d;

Vabso =

2
+ LT &X (p’/‘_pt)
4
L; 6, x —
4
Writing (2.28) and (2.31) in the matrix form, we get:
Wab e
N =Jus |6, d 6, di (2.32)
Vabsg
where,
Jops = ¥ 0 ¥ 0 (2.33)
abs = 2My+Lr x(pr—pt) L, 2Mi+L: x(pt—pr) Ly '
1 2 1 2

2.4 Implementation of dual-arm CTS pose control

The CTS variables and corresponding Jacobians obtained earlier in section 2.3 were
used for the control of absolute and relative poses of the CTS of a dual-arm robot.
The simultaneous pose control approach, that uses screw parameters of the error UDQ),
was compared against the conventional approach of controlling position and orientation
separately. The proposed method was validated with different cooperative tasks, that
required both absolute and relate pose control, on Baxter dual-arm robot [63]. The
control architecture for implementation of CTS control is explained in section 2.4.1. The

robotic platform used for the validation along with its modeling parameters are given in
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section 2.4.2. The cooperative tasks, the classical CTS approach used for comparative
validation, and the trajectory generation strategy is given in section 2.4.3. The details
of the experimental validation with real robot and discussion about the results has been

detailed in section 2.4.4.

2.4.1 Control Architecture

The CTS kinematic formulations using UDQ representation was implemented for a gen-
eral dual-arm system consisting of two redundant (more than 6dofs) manipulators. The
controller architecture of the complete system capable of CTS inverse kinematics control

is shown in Fig. 2.3.

A trajectory descriptor was implemented for generating desired pose trajectory in ab-
solute and relative task-space for simple tasks like rotation and translation along a
pre-defined screw axis defined in a known reference frame. The trajectory generation

strategy has been detailed in section 2.4.3.2. The desired absolute (ba?gij) and relative

bscurr

$d°%) is used along with the current CTS poses (*&Y

curr
pose ( Lrel

“UT) to compute

and "¢
the corresponding error UDQs. The current CTS poses are computed from the cur-
rent poses of left and arms’ EEs, i.e. P& and &{“" respectively, using the current
joint positions and initial configuration of joint screw axes of the dual-arm robot in the

Dual-Arm CTS Handler block in given architecture.
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F1a. 2.4 Baxter dual-arm robot’s joints [10]. The robot has two 7-dof arms. There are
two shoulder joints (S), two elbow joints (E), and three wrist joints (W).

The two end-effectors are extended with VSs pointing to the centre of the mass of the
held object, or a desired articulation points for objects like scissors. Note that the cur-
rent and desired absolute poses are given in the static base frame of the robot, while the
desired and current relative poses are given in the reference manipulator’s EE’s pose. In
the current implementation a frame attached to the right arm’s EE was chosen as the

reference frame for relative task-space.

The CTS Jacobians, ®J s and "J,e;, were computed from the individual Jacobians (bJ r
and °J;) in the Dual-Arm CTS Handler block, and a damped pseudo-inverse was used
to compute the joint velocity command for the dual-arm robot. The screw-based con-
trol law utilizes screw parameters obtained from the error UDQ (&.) obtained from the
desired (£%°%) and current (&) poses related to the CTS as given in Screw Error
FEztractor block in the proposed architecture (see (A.5.3)). The controller was tuned to

obtain a stable response for CTS pose control with a suitable gain (A). An integrator

cmd] cmd]

approach was chosen to compute desired joint position commands, [g; and [gy

)
in the control loop using the current joint positions, [g,.“"""| and [g;*""], and computed

joint velocity, [Ag,] and [Agqy].

2.4.2 Baxter Dual-arm platform

Baxter robot is an industrial collaborative robot built by Rethink Robotics [63, 64], and
is equipped with two compliant 7 dofs robotic arms. The joints for one of the arms is

shown in Fig. 2.4. The novel actuation mechanism provides protection against shock
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TABLE 2.3 Baxter’s left and right arm’s joints parameters for starting configuration of
the robot when all the joints are at home or zero position.

Joints 3D Screw axis (1) Point on axis (p)
S0_right 0,0, 1 0.0640272, —0.259027, 0.129626
S1 right 0.707108, 0.707105, O 0.112818, —0.307818, 0.399976
EO_right | 0.707105, —0.707108, 0 | 0.184942, —0.379943, 0.399976
E1 _right 0.707105, 0.707108, 0 0.370501, —0.565502, 0.330976
WO_right | 0.707108, —0.707105, 0 | 0.44375, —0.638751, 0.330976
Wil right | 0.707105, 0.707108, 0 0.635163, —0.830166, 0.320976
W2_right | 0.707105, —0.707108, 0 | 0.71717, —0.912173, 0.320976
S0_left 0, 0,1 0.0640272, 0.259027, 0.129626
S1_left —0.707108, 0.707105, 0 0.112818, 0.307818, 0.399976
E0_left 0.707105, 0.707108, 0 0.184942, 0.379943, 0.399976
Elleft | —0.707105, 0.707108, 0 0.370501, 0.565502, 0.330976
WO_left 0.707108, 0.707105, 0 0.44375, 0.638751, 0.330976
Wlleft | —0.707105, 0.707108, 0 0.635163, 0.830166, 0.320976
W2_left 0.707105, 0.707108, 0 0.71717, 0.912173, 0.320976

loads [65] and meet the requirements of a collaborative robot that is Power and Force
Limited by Inherent Design as described in ISO 10218-1: 2011, section 5.10.5. The robot
is imprecise in terms of positioning accuracy of the EEs since the robot uses serial elastic

actuators (SEAs) for the actuation of the joints of the arms.

The robot has been used for assembly tasks like bimanual peg-in-hole tasks [66], as well
for domestic applications like collaborative human-robot manipulation of deformable
objects like bed sheet [67]. The integration of the robot control with robot operating
system (ROS) [68] through Baxter software developers kit (SDK) provides a perfect
platform to design and test new bimanual applications, and it has been utilized for the
validation of the novel methods developed during this thesis in the scope of dual-arm

cooperative manipulation.

The joint axes parameters for both the arms of Baxter is given in Table. 2.3 for the
initial configuration of the robot with zero displacement in all the joints. They are used
to construct 6-D Pliicker line as shown in Fig. A.2 for the computation of forward and

inverse kinematics, as explained in section A.5.1.

2.4.3 Cooperative dual-arm tasks and comparative validation strategy

The validation of the proposed strategy of CTS pose controller designed based on screw

theory was done with tasks that required motion in relative and absolute task space.
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TABLE 2.4 Baxter’s left and right arm’s EE pose in the base-frame of the robot for
zero joint displacements.

EE Position EE Orientation
{z,y, 2} (in m) 9 + @18 + @23 + gk
Right Arm | 0.7975, 0.9925, 0.3210 | 0.653281, 0.270599, 0.653281, —0.270599
Left Arm | 0.7975, 0.9925, 0.3210 | 0.653281, —0.270599, 0.653281, 0.270599

Arm

We generated the CTS trajectories at different speeds to compare the performance of
screw-based CTS Jacobians and screw-error based control law with the conventional
CTS Jacobians where the wrench transformation matriz is not included in the relative
Jacobian. We describe below the CTS Jacobians and control law for the conventional

control method used for comparison.

2.4.3.1 CTS Jacobians and Control law for conventional CTS pose con-

troller

The manipulator Jacobians for decoupled controller were obtained using Kinematics and

Dynamics Library (KDL) library [69, 70].

The conventional cooperative Jacobians, i.e. absolute and relative Jacobians are defined

as follows [41, 42]:

1
=g g IR 239
IEPE = [agpr _gKDE] (2.35)

where J f( DL for i € {left,right} is the conventional Jacobian relating the joint velocities
to the end-effector frame conventional velocity, rather than screw velocity (refer section
A.6.1). Note that, the relative Jacobian for conventional pose control has been given
in the base frame of the robot. Hence, the error twist between the current and desired
relative pose had to be transformed to the base frame for a relative task defined in the
right arm’s EE frame, for which relation A.50 can be used, the position and orientation
terms to be used for conventional pose controller can be derived (see A.77). The control

law for pose control used in the conventional pose controller is given as:

€xpr = A(0e le + € pe) (2.36)
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Absolute CTS Relative CTS
Proportional Gain | Proportional Gain
Controller | Jacobian Control s a3
Type Type Law AabsPy 033 Aretp)y 033
03><3 )\abngXB 03><3 Arengxg
. . 3x3 3x3
S::lllﬂ;i?: Equation Equation 250 0 250 0
Controller | 253 220 AT3 03%3 250 033 250
_ 3x3 3x3
'Conven Equation Equation 300 0 1000
tional Pose 934 935 9 36
Controller e ' 03*3 300 03*3 500

TABLE 2.5 Summary of the controllers used for comparative analysis of dual-arm CTS
control

where 6., and l. are angle-axis parameters corresponding to the error quaternion ob-
tained from the quaternions related to the desired and actual orientations, and A is the

controller gain.

de = 949 . (2.37)

Pe is the relative position error between desired and actual pose, for both relative and

absolute task space, and can be computed from the error unit dual quaternion given in

(A.72) using (A.70).

The controller gains for the control of CTS using both simultaneous pose control and
conventional pose control approach is given in Table 2.5, where Agpsp, refers to the
proportional gain corresponding to linear part of the error twist, while Agpsp, refers
to the proportional gain corresponding to angular part for absolute task-space control.
Similarly, Ayeip, and Ayeip,, refers to the linear and angular part of the error twist in the
relative task space. The gains were chosen by tuning the conventional pose controller
for a stable and bounded performance for the pose tracking tasks for Baxter-dual arm

robot, where both the controllers were operating at 100 Hz.
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TABLE 2.6 Cooperative tasks used for comparative validation of CTS control strategy.

Trajectory Displacement
Motion type | Screw axis Reference frame
task-space desired (étask )
Initial
Absolute Translation 0,0, 1 0.20 meter

Absolute frame

Initial
Relative Rotation 1, 0,0 40 degrees

right EE VS tip frame

2.4.3.2 Trajectory generation for CTS kinematic control

All the tasks start with a pre-defined position of the left and right arms’ EEs such that
the tips of respective VSs are assumed to be coinciding in the middle of the two EEs and
the respective frames are pre-oriented to have same orientation at the beginning of the
task. The screw axes for the cooperative tasks are constructed by choosing one of the
orthogonal axes in the corresponding reference frames, i.e. absolute frame for absolute
task, and a frame attached to the tip of the VS attached to the reference manipulator’s
end-effector frame. The orthogonal axis chosen for the validation of motion in relative

and absolute task-space has been provided in Table. 2.6.

A screw displacement can be parametrized with a dual number, étask’ = Oiask + edigsk-
Given total time and the current time, ¢y and ¢ respectively, a trajectory can be specified
by varying the displacement parameters represented by the dual number émsk linearly
with time:

- . t
etask(t) = etaskf <tf) (238)

The UDQ corresponding to the desired pose in the reference frame can then be computed

using the screw displacement parameters hence obtained using A.36.

2.4.4 Experiments

In the following sections we will present the plots corresponding to the performance of

the proposed screw-based CTS Jacobians and simultaneous pose control technique along
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with conventional CTS Jacobians and control law. The two experiments chosen for the
comparative validation given in Table 2.6 were carried out with different time allotted
for the entire motion, which were: 8, 4.5 and 1.5 seconds. The goal of performing the
same motion at different speed was to study the effect of wrench transformation matriz

consideration in the proposed screw-based CTS Jacobian om the controller performance.

2.4.4.1 Absolute frame translation in z-axis of absolute frame

Baxter robot performing translation of absolute pose in the positive z-axis of absolute
frame (fixed at the centre of the end-effectors) can be seen in Fig. 2.5. The yellow
lines represent the initial desired state, while magenta lines represent the final desired
state of the virtual sticks. The trajectory for the right (reference manipulator), left (tool
manipulator) and the absolute frame is represented with red dots. The relative pose of

the two cooperating robotic arms was desired to be fixed during the entire motion.

The simultaneous pose (DQ based) controller and conventional (KDL based) pose con-
trollers performance during the motion in absolute task space for a duration of 8 sec. in
terms of DQ terms for absolute and relative task space desired and achieved poses are
given in Fig. 2.6 and Fig. 2.7, respectively. Similarly the performance of the controllers
for the motion duration of 1.5 secs. is given in Fig. 2.8 and Fig. 2.9 for absolute and

relative task space, respectively.

Fic. 2.5 Initial and final configuration of robot performing rotation in the z-axis of
relative task frame.
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Fi1G. 2.10 Absolute Translation: Evolution of error in terms of the norm of position
and orientation error in absolute task space for motion duration 1.5 secs. (—) refers to
simultaneous pose control approach and (——) to conventional pose control approach.
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Fi1G. 2.11 Absolute Translation: Evolution of error in terms of the norm of position
and orientation error in relative task space for motion duration 1.5 secs. (—) refers to
simultaneous pose control approach and (——) to conventional pose control approach.
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Fi1G. 2.12 Absolute Translation: Box plot corresponding to the mean and standard

deviation for position error in absolute task space for the motion duration of 8, 4.5 and
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control approach.
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Fic. 2.13 Absolute Translation: Box plot corresponding to the mean and standard

deviation for orientation error in absolute task space for the motion duration of 8,

4.5 and 1.5 secs. (—) refers to simultaneous pose control approach and (—) to
conventional pose control approach.
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1.5 secs. (—) refers to simultaneous pose control approach and (——) to conventional
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2.4 Implementation of dual-arm CTS pose control ‘ 41

The evolution of error in terms of norm of position variables (/22 + y2 + 22) and ori-
entation variables (]|0¢||) for the motion duration 1.5 secs. is given in Fig. 2.10 and 2.11
for absolute and relative task space respectively. Finally, the mean root mean square
errors and corresponding standard deviations during CTS pose tracking control for all
three time durations are given in Fig. 2.12, 2.13, 2.14, 2.15, for the norm of position
and orientation components of pose error in absolute and relative task space. Note that
in the desired absolute pose for the simultaneous pose control approach and (—) to
conventional pose control approach and conventional pose control approach(see zg and
x7 terms in Fig. 2.6) are different because the desired trajectories for the experiments
were derived from the initial configuration of the manipulators. Since the validation
platform Baxter dual-arm robot consists of non-stiff joints, it is not possible to start the

experiments at exactly the same configuration even after setting the joint states initially.

While the performance of the two controllers were similar for both relative and absolute
task space for the motion duration 8 secs. (Fig. 2.6, 2.7), the conventional pose controller
had slightly better performance in absolute task-space, even for the shorter durations of
4.5 and 1.5 secs, as evident in Fig. 2.12, 2.13. However, the DQ based simultaneous pose
controller demonstrated consistently better performance for position as well orientation
tracking (see Fig. 2.14 and 2.15). Additionally, the oscillations observed in KDL based
conventional controller in Fig. 2.9 and 2.11 for shortest duration experiment (1.5 sec.)

was not observed DQ based simultaneous pose controller.

2.4.4.2 Relative rotation around x axis of right arm’s EE frame

Fi1G. 2.16 Initial and final configuration of robot performing rotation in the x-axis of
relative task frame.
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Fic. 2.17 Relative Rotation: Pose tracking performance for absolute task space in
DQ (z1,x2,...,x8) terms for motion duration 8 secs..
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Fia. 2.18 Relative Rotation: Pose tracking performance for relative task space in
DQ (z1,xa,...,x8) terms for motion duration 8 secs..
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Fic. 2.19 Relative Rotation: Pose tracking performance for absolute task space in
DQ (z1,x2, ..., zg) terms for motion duration 1.5 secs..
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Fia. 2.20 Relative Rotation: Pose tracking performance for relative task space in
DQ (x1,xa,...,x8) terms for motion duration 1.5 secs..
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FiGc. 2.21 Relative Rotation: Evolution of error in terms of the norm of position and
orientation error in absolute task space for motion duration 1.5 secs.. . (—) refers to
simultaneous pose control approach and (——) to conventional pose control approach.
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FiG. 2.22 Relative Rotation: Evolution of error in terms of the norm of position and
orientation error in relative task space for motion duration 1.5 secs.. . (—) refers to
simultaneous pose control approach and (——) to conventional pose control approach.
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Fig. 2.23 Relative Rotation: Box plot corresponding to the mean and standard

deviation for position error in absolute task space for the motion duration of 8, 4.5 and

1.5 secs. (—) refers to simultaneous pose control approach and (——) to conventional
pose control approach.
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Fic. 2.24 Relative Rotation: Box plot corresponding to the mean and standard

deviation for orientation error in absolute task space for the motion duration of 8,

4.5 and 1.5 secs. (—) refers to simultaneous pose control approach and (—) to
conventional pose control approach.
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Fig. 2.25 Relative Rotation: Box plot corresponding to the mean and standard

deviation for position error in relative task space for the motion duration of 8, 4.5 and

1.5 secs. (—) refers to simultaneous pose control approach and (——) to conventional
pose control approach.
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Fic. 2.26 Relative Rotation: Box plot corresponding to the mean and standard

deviation for orientation error in relative task space for the motion duration of 8,

4.5 and 1.5 secs. (—) refers to simultaneous pose control approach and (—) to
conventional pose control approach.
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Baxter robot performing relative rotation between the tips of the virtual sticks connected
to the end-effectors of two arms around x-axis of the tip of reference manipulator’s VS
frame can be seen in Fig. 2.16. The trajectory for the right and left end-effectors is
represented with red dots. The absolute pose at the centre of the two cooperating robotic

arms was desired to be fixed during the entire motion.

The simultaneous pose controller and conventional pose controllers performance in terms
of DQ terms for absolute and relative task space desired and achieved poses are given
in Fig. 2.17 and Fig. 2.18, respectively. Similarly the performance of the controllers for
the motion duration of 1.5 secs. is given in Fig. 2.19 and Fig. 2.20 for absolute and
relative task space, respectively. The two controllers performance during the motion in
relative task space for a duration of 8 sec. in terms of DQ terms related to the absolute
and relative task space desired and achieved poses are given in Fig. 2.17 and Fig. 2.18,
respectively. Similarly the performance of the controllers for the motion duration of 1.5
secs. is given in Fig. 2.20 and Fig. 2.20 for absolute and relative task space, respectively.
The evolution of error in terms of norm of position variables and orientation variables
for the motion duration 1.5 secs. is given in Fig. 2.21 and 2.22 for absolute and relative
task space respectively. Finally, the mean root mean square errors and corresponding
standard deviations during CTS pose tracking control for all three time durations are
given in Fig. 2.23, 2.24, 2.25, 2.26, for the norm of position and orientation components

of pose error in absolute and relative task space.

The conventional controller had slightly better performance in absolute task-space for
the relative rotation for a duration of 8 and 4.5 secs. (Fig. 2.17, 2.18, 2.23, 2.24).
However, the DQ based simultaneous pose controller demonstrated consistently better
performance for position as well orientation tracking in relative task-space control (see
Fig. 2.25 and 2.26). For tasks with total duration 1.5 secs. high oscillations can be
observed in relative and absolute task space, as is evident from Fig. 2.19, 2.20, 2.21 and

2.22.

The performance of conventional for position and orientation control in relative as well
as absolute task space deteriorated for faster relative task due to high oscillations, as
shown in Fig. 2.23, 2.24, 2.25, 2.26. The performance of simultaneous pose control is

also affected from high relative motion, however, the controller remains stable and error
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were significantly less for position and orientation control in absolute and relative task

space.

The above results confirms that consideration of wrench transformation matriz for rel-
ative task-space control is important for tasks requiring faster motion in relative task
space. Additionally, it demonstrates that the absolute pose tracking is reliant on the
stability and performance of relative task space, since oscillations were also observed in

absolute task space for conventional control.

2.5 Conclusion

The classical approach for dual-arm cooperative task space control was revisited and the
symmetric formulation of dual arm coordination using VSs was implemented using dual
quaternion method. The proposed proportional simultaneous pose control of cooperative
task space, i.e. simultaneous control of both position and orientation was compared
against the performance of a proportional conventional controller that used KDL library
for forward kinematics and Jacobian computation. The simultaneous pose controller
demonstrated better tracking of pose and orientation in terms of accuracy and stability

compared to KDL based controller for tasks requiring faster operation in CTS.

One of the future goal is to define various task Jacobians, for relative and absolute task-
space, like rotation or translation along a desired axis, and control only those aspects
of the motion which are absolutely necessary for the completion of the task, while using
the redundancy to perform additional task, like increasing manipulability, avoiding sin-
gularities and joint limits, etc. Although, the simultaneous pose approach for kinematic
control of CTS showed improved performance over conventional conventional approach,
still the deviation of actual CTS poses from desired set-points reveals the need to con-
sider the interaction forces for cooperative manipulation, specially in the case of rigid
objects. So, the first goal for the screw-based implementation for manipulation is to
verify its applicability for single arm case and compare the hybrid force/position control
performance with screw-based Jacobian. Afterwards, it is desired to do the same for
dual-arm robots, where the motion and forces are controlled for relative task-space. A

similar approach was taken for dual-arm impedance control in [71], where a modular
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relative Jacobian was formulated for relative task-space control. It will allow the con-
troller to control the interaction between the two arms during dual-arm manipulation,

if the grasps are assumed to be infinitely rigid.






Chapter 3

Kinematics of the fingers of an
anthropomorphic robotic hand

with coupling

3.1 Introduction

The operation of robotic hands performing grasping tasks employs requires two kinds
of operations: bringing the fingers of the hand to an appropriate grasping position,
and closing the fingers until the tactile sensors on the fingertips senses a contact. The
availability of a kinematic model allows for the control of the fingers for each of the
above operations. In this work we present the kinematic model of an anthropomorphic

hand, consisting of fingers with coupled joints similar to humans.

Underactuated hands provides a cheaper and lighter solution for grasping, in addition to
self-adapting capability for different kinds of objects [72]. A four-bar linkage comprising
middle and distal phalanx in a robotic finger can effectively imitate the coupling that
exists between the proximal and distal interphalangical joints (i.e. PIP and DIP joints)
of the human fingers. Additionally, the higher load bearing capacity of four-bar linkages

[73] makes them a natural choice for the purpose of effort transmission in fingers.

However, the mechanism employing these systems often presents additional complexity

to the kinematic formulation, owing to the non-linear relation between the actuation

51
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and the motion of the finger joints. Some existing kinematic formulations for these kind
of fingers use a simplified linear coupling model for the relation between PIP and DIP
joints at the cost of accuracy, or a complex actuation mechanism as a trade-off for the

simplicity of the design [74].

A geometrical approach was taken to obtain the relation between the finger joints actu-
ation and the motion of finger consisting of such mechanisms using a coupling Jacobian.
The goal of such formulation was the easier integration of the fingers fo the robotic hand
with the arm at the kinematic level. This will allow us in the future for a combined for-
ward and inverse-kinematics control of the robotic arm and hand, to ensure reachability
of the fingertips to the grasping point, and pre-plan the grasping tasks in terms of the

finger movement.

In addition to that, a relative Jacobian has been derived to control the relative configu-
ration of index finger and thumb fingertips (see Fig. 3.1a) using a screw-based method
described in 2, with the aim of using this model for grasping and in-hand manipulation.
In addition to the advantages of the screw-based treatment of cooperative task space
strategy using UDQ (see Table 2.1 and 2.2), the kinematic model can easily be integrated

with the kinematics of a robotic arm in order to benefit from the added redundancy.

BC =b,
CD=qc

BD = slider;
EH = b,

GH = ¢,

GE = slider,
HF =g

KH =p
JF=q
JK=h

Angle BCD= 6;,
Angle EHG= 6,

Angle LK] = 6,5
Angle FHK = ®
Angle CF] =W

(B) Index finger mechanism: Frames defined

on the base of the index finger (X¢), on each

(A) Index finger and thumb of AR10 hand, with corre- rotational joints (i.e. X1, 32 , X3), and on
sponding axes and frames. the fingertip (X4).

Fic. 3.1 AR10 hand, and index finger mechanism.
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The model hence obtained is implemented and validated on an anthropomorphic robotic
hand, AR10 from Active8 Robots[75] shown in Fig. 3.1a, installed at the end-effector of
one of the arms of Baxter robot. Though AR10 hand provides a versatile yet relatively
cost-effective solution for performing grasping and manipulation task, a kinematic model
for the underactuated finger mechanism for forward and inverse kinematics currently

does not exist, as far as the author knows.

In the following sections we describe the formulation of finger Jacobian using unit dual
quaternion formulation. The use of screw based kinematics helps in avoiding the com-
plexity of kinematic modelling associated with the traditional Denavit Hartenberg con-
vention based method. Section 3.2.1 provides the detail of the formulation of kinematics
and corresponding Jacobian for fingers with coupled joints, whereas the formulation of
relative Jacobian in section 3.2.2. The validation of the formulations obtained on AR10
hand is explained in sec. 3.3. Afterwards, a summary of insights and future goals is

presented in sec. 3.4.

3.2 Kinematic modelling of the fingers

3.2.1 Formulation of index finger Jacobian

The kinematic mechanism corresponding to the index finger of AR10 hand (Fig. 3.1a)
is given in Fig. 3.1b. The initial configuration of the joint angles, and screw axes are
computed and stored for a desired starting configuration, with respect to the base frame
of the index finger, i.e., 3. The relation between the finger configuration and the slider

positions is presented below.

The index finger consists of three joints where the last two joints are coupled. The

corresponding joints are 8,4, = [fi1 0iz 6i3)T. The proximal phalanx lead screw

mechanism (slider;) rotates ¥; around its z-axis, and thus changing 6;;. Using cosine

rule for the ABCD, 0;; is computed as:

L (b?+ cs? — slider,?
Oi1 = ! 1
1 = cos < e, (3.1)
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f;2, and consequently the rotation of s caused by sliders, is also computed using
(3.1), using the corresponding parameters, i.e., bg, cg and sliderz. The change in the
sliders caused by the middle phalanx movement leads to the change in 6,2 as well as
0;3, owing to the four-bar mechanism of the distal phalanx and middle phalanx defined
by the segments HF', JF, JK and KH. As it can be seen in Fig. (3.1b), the change
in #;2, also corresponds to change in ¢, that is the angle between the segment FH and
HK. 0;3 corresponding to a given ¢ is obtained using the constraint of fixed length of
the link JK, and the two ways to define the position of point K from point H, i.e by
using the position constraint HK = HF + FJ + JK.

qsin(y) — psin(¢)
g+ qcos(v) —p608(¢)> ¢ (3.2

91'3 = tan_l <

where, v is given as:

4+ (B _ C
o=t () = ()
A(¢) =2pqcos(¢) — 294,

B(¢) = 2pqsin(¢)

C(¢) =g*+p*+¢* —h* —2pgcos(¢).

The parameters p, q, g, h used in above equation have been shown in Fig. 3.1b. The

relation between the derivative of ¢ or 6,2, and 6,3 is given as ([76]):

gy s Ois
_ psin(y — @) — hsin(¢ + 0i3 — 1))
N hsin(¢ + 6;3 — ) '

Since change in 6;» corresponds to the change in ¢, the coupling Jacobian is given as
f(0i2,1,6;5), assuming the initial offset between 6,2 and ¢ is known. Finally, the unit

dual quaternion based Jacobian for the index finger is given as (see Fig. 3.1a):

Jinde:): = ~§index1 (§ind612 + §inde:v3 . f(91271/}7 013)) (35)

Note that the relations (3.2) to (3.5) are only valid for the crossed configuration of four-

bar mechanism given in Fig. 3.1b ([77], [76]). It has been assumed that the configuration
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will be crossed throughout the operation, which is, in fact, true for the particular hand

we have chosen for validation of the strategy.

The error unit dual quaternion é in the base frame, can be obtained as the relative
displacement between the desired and current pose of the fingertip, i.e. &4 and &,

respectively computed in the base frame.

o33
Il
I

a
(S
Q¥

(3.6)

where, £} is the classical quaternion conjugate of £4. The control law for kinematic
control for screw-based method using unit dual quaternion representation for a given

gain A, is:

£€=-)\In(é)

=-XNOcle+2 (0. me+de le)) = —(we + €Voe) (3.7)

where, {0, de, l., m.} are screw displacement parameters related to the error dual
quaternion &, and A is a positive scalar gain for the controller. The global exponential

convergence of the above mentioned control law (&) has been proved for (-7 > 6, > )

in [14].

3.2.2 Formulation of relative Jacobian

The thumb consists of two lead screw mechanisms in series, with three links for each
joints connected as a triangle to convert the translational motion of lead-screw mecha-
nism to rotational motion of the joints. The geometrical arrangement is similar to the
first two mechanisms of the index finger, i.e., ABC'D and AEHG. However, the rota-
tion axes of the thumb, i.e. Sipumpr and Sipump2, are not coplanar, as was the case with
the index finger (refer to Fig. 3.1b). The forward kinematics for the thumb is computed
using (3.1).

The relative Jacobian maps the intermediate joint displacement to the relative screw
displacements between the index fingertip and thumbtip frames. The index fingertip
is taken as the reference frame for the relative pose control (Fig. 3.1a). The relative

Jacobian defined in the index fingertip frame is given as:



56 | Chapter 3: Kinematics of the fingers of an anthropomorphic robotic hand with
coupling

Jret = |(8i2 + 8ig - f(0iz, 1, 0is)) 81 8¢y 342 (3.8)

Note that in the above equation the subscript index has been replaced with ¢ for the
joint screw axes of index finger, for the sake of compactness, whereas subscripts t1 and
t2 refers to the joint screw axes of the thumb joints. It is important to point out that all
the joint screw axes, which were computed at the base frame, 3y, have to be transformed
to the frame at the index fingertip (X;ndeqs), during the starting of the computation.

The joint displacement array corresponding to the relative Jacobian defined in (3.8) is:

. X X X T
00,ep = |—00;2  —00;; 001 b (3.9)

Again, note that the joint displacements for the index finger joints are negative, in order
to account for the reverse sense of displacement as seen from the index finger tip frame,

compared to the displacement observed from the base frame 3.

3.3 Experimental validation and results

The Jacobian formulated in (3.5) for the finger mechanism was used for the inverse
kinematic control for the index finger of AR10 hand (see (3.7)). Using the formulations
discussed in subsection 3.2.1, the initial values of #;, 62, and 65 were obtained. The
subsequent angular displacements were computed using the current slider positions for
forward kinematics. The slider commands for inverse kinematic control were computed
by using the inversion of (3.1) and (3.2), using the initial and the computed values of

91, 92, and 93

The parameters given in Fig. (3.1b) and similarly for the thumb, i.e. the dimensions of
all the involved segments, were computed using manual measurements. In the following
experiments we express the error of inverse kinematics with the assumption of perfect
knowledge of those parameters. Since the fingers have very limited workspace, a pre-
identified achievable configuration for the index fingertip was chosen as desired position
of the fingertip. As index finger is a planar mechanism, the XY plane trajectory taken

by the finger tip have been depicted in Fig. 3.2.
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The exponential convergence of the norm of the error screw parameters used in the

controller (see (3.7)) is computed as:

_ 2 2
ScrewErrorperm = \/ W2 + Voe?,

(3.10)

is shown in Fig. 3.3. Among the three controller gains tested, the best performance was
achieved for the gain A = 0.5. The convergence is the slowest for A = 0.1, while some
oscillation can be seen in the Finger tip trajectory plot in Fig. 3.3 for A = 1. The error
at the end of the inverse kinematic control, i.e. at the steady state is given in Table 3.1,

which demonstrates that for the gains of A = 0.5 and 1, the error is under one mm.

Index fingertip trajectory

‘ ‘ Desired
—e— Initial
0.20 [~ “4|—— A=0.1
—— A=0.5
= — =1
g /
£ 015} /)
>
0.10 - B
! !
4-1072 8-.1072
x(in m)

F1a. 3.2 Trajectory of the fingertip of the index finger.

ScrewErrornorm
T T T T T
—A=0.1
2.00 |~ 1] ——X=0.5
— =1
1.00 -
0.00 |~ B
\ \

\ \ \ \ \
0 10 20 30 40 50 60
time(sec.)

F1G. 3.3 Performance of the inverse kinematics controller.

The performance of the relative pose control between index and thumb tips are given in

Fig. 3.4 and Fig. 3.5. The results for only those gains that provided satisfactory result
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Relative pose trajectory
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FiGc. 3.4 Trajectory of the relative pose between index fingertip and thumbtip in the
index fingertip frame.
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Fi1G. 3.5 Performance of the inverse kinematics controller for relative pose control.

TABLE 3.1 Final error of the index finger IK computation.

Gain | X¢pror (in mm.) | Yppor (In mm.)
0.1 —1.37181 —3.89763
0.5 —0.196327 —0.373781

1 —0.598718 —0.714857

TABLE 3.2 Final error of the relative pose IK computation.

Gain | X¢ppor (in mm.) | Yo (in mm.)
0.5 -5.65922 0.44209
0.6 -5.52501 -0.206231
0.8 -5.86298 -0.206231
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(c) (d)

Fi1G. 3.6 Initial configuration, final desired configuration and state of fingers at different
stages during the inverse kinematics control of relative pose between thumb and index
fingertips.

have been provided. Similar to the index finger inverse kinematic control, the desired
pose was obtained from a known achievable pose. The initial, desired relative config-
uration and different stages of robotic fingers motions from initial to the final desired
relative configuration has been shown in Fig. 3.6. As can be seen in Fig. 3.4, the gain
of A = 0.6 was found to be most suited for relative pose control. However, an offset
can be observed in the ScrewError,q., in the Fig. 3.5, which corresponds to 5.5 mm
and 0.2 mm in x and y axis respectively, as shown in Table 3.2. This is attributed to
the fact that the relative task space consists of 6 dofs, while the combined system of
index and thumb can only afford 4 dofs. Therefore it is important to reduce the task
to lower dimension, for example by only giving position set-points instead of proving
complete position and orientation set-points. Another issue encountered during relative

pose control between index and thumb fingertips was the synchronization of the motion
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of the fingers. It can be observed in Fig. 3.5 where even after achieving a lower error at
10 sec. mark, the error (ScrewError,.mm) settles at a higher value. The synchroniza-
tion between the fingers’ motion can be achieved by setting a control frequency higher
than the response time of both the fingers. In the current implementation the relative

task-space inverse kinematics controller operates at 2 Hz.

3.4 Conclusion

The coupling in the motion of middle and distal phalanxes of a finger in an anthropomor-
phic robotic hand effected by a four-bar mechanism was modelled and inverse kinematic
controller was designed. Additionally, the cooperative task-space modelling and control
strategy based on screw-theory and UDQ developed in Chapter 2 was extended to the
anthropomorphic hand for relative task space control between the fingertips of index
and thumb for application in grasping tasks. The finger Jacobian comprising of coupled
joints used in the inverse kinematics controller demonstrated exponential error conver-
gence for the desired end-effector position. The relative pose control between index and
thumb fingertip gave promising results, however demonstrated the need for further work,
so that it can be used for real applications like in-hand manipulation. For the future

work, we have identified following areas of improvements:

e Calibration of fingers: As we noted in the experimental validation section, the
parameters used in the modeling were manually measured, since the manufacturer
have not provided an accurate model. A vision based calibration method can be

employed to estimate the joint screw axes parameters and the fingertips poses [78].

o Tusk specific Jacobian: Since the fingers have limited dofs, special care has to be
taken about the control objectives. For example, positional distance Jacobian can
be employed [13], since it is not really important to control the orientation of the

frames in the case of grasping.

o Integration with a robotic arm: The kinematic model for the fingers developed in
this work can easily be integrated with the kinematic model of a robotic arm, for

example Baxter robot [64], to increase the applicability of the hand.

A strategy for integrating the cooperative task-space control of the anthropomor-

phic hand with that of the arm it is attached to (see Fig. 3.7) can be proposed to
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Fiac. 3.7 Coordinate frames and screw axes for robotic hand-arm system consisting of
Baxter robot and AR10 hand.

deal with the low dof of actuation available in the corresponding fingers. All the
screw axes are given in the base frame of the robot, and it can be assumed that
the pose transformation between the arm’s end-effector frame X,., given as ",
is accurately known. To simplify the subsequent modeling, we assume that the

robotic arms and robotic hands consists only of rotational joints.

The strategy to obtain relative pose, absolute pose, and relative Jacobian remains
the same as given in section 2.3, while still keeping the index fingertip frame 3J;
as the reference frame. The absolute Jacobian utilizing the combined dof of hand

and arm system can be derived as follows:

Let the Jacobian of the robotic arm r in base frame X, is given as (refer A.5.2):

L 0
bJT’: T

3.11
M. L (3.11)
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Similarly the Jacobian of the index finger () and thumb () of the anthropomorphic

robotic hand in base frame X,. given in 3.2.1 can be given in simplified form as:

. L; 0
b7 = , (3.12)
M; L;
and
. L, ©
bgy =" (3.13)
M; L,

We can assume the robotic arm as two manipulators r, and r, for deriving the
absolute Jacobian between these two manipulators, while in reality they are the
same manipulators, each consisting of one of the fingers. Now the absolute velocity

for these two extended manipulators can be given similar to (2.32) as:

wabs . . . . T . T
= Jabs [era & erb & = [atotal] (314)
Vabsg -
where,
L'ra h LTb h
J _ 2 2 2 2
abs 2M, 4Ly, x(pi—pt) 2M;+L; x(pt—pi) 2Mr,+Lr, x(pi—pPt) 2Mi+Li X(pi—p:)
4 4 4 4
(3.15)

The terms p; and p; refers to the position of thumb and index fingertip frames in

the base frame.

Now, using (3.15) in (3.14) and noting that manipulators r, and 7, are indeed the

same, we can obtain the absolute Jacobian for robotic hand and arm system as:

L L; Ly
Japs = . 2 2 (3.16)
abs 2M+Ly x(pi—pt) 2M;+L; xX(pt—pi) 2Mi+Ly X(pt—pi) | ° )
2 4 4

where 0., is redefined as:

b’ = [0 6; 6 . (317



Chapter 4

Resolved Acceleration Control

Using Dual Quaternion

4.1 Introduction

Traditional control of robotic manipulators involves decoupling of position and orien-
tation trajectory set-points, i.e. linear and angular position, velocity and acceleration
terms of motion, results in an unnatural trajectory of the controlled end-effector manip-
ulating an object [79]. A tighter control of position and orientation with consideration
of the coupling effect inherent in a rigid body motion is vital for the success of certain
manipulation tasks, such as welding of a curved surface. During such tasks the tool
attached to the end-effector has to follow the surface while maintaining a specific orien-
tation throughout the operation. A simultaneous pose control design can also improve
performance in applications such as collision avoidance in a clattered environment [80],
as it can be beneficial for reducing the swept volume of the end-effector [81], i.e. the

volume generated as a result of the motion of end-effector [81].

The basis of such simultaneous pose controller defined on SE(3), the Euclidean group of
rigid motions, along with a strategy to deal with simultaneous pose trajectory tracking
problem for a rigid body using homogeneous transformation matrices and exponential
coordinates was given in [82]. The geometric properties of Lie groups (and corresponding
Lie algebras) were exploited to generalize the classical PD control in a coordinate-free

way. The difference in the convergence behaviour of simultaneous pose and conventional

63
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control of linear and angular terms was reported in [80] for the motion on SE(2) of a
ground omnidirectional robot and it was concluded that the simultaneous treatment is a
better choice when the synergy of position and orientation is important, i.e. applications

where the position and orientation set points are desired to be achieved simultaneously.

This works presents the first instance of simultaneous pose computed torque controller
design for task-space control of a manipulator which considers the inherent coupling
between the translational and rotational aspects of a rigid body motion for controller
design, rather than controlling the translational motion of a point on the rigid body
and the angular motion of the rigid body separately. Dual quaternions have proved to
be a compact and singularity-free alternative to homogeneous transformation matrices
and are equally capable for handling the natural coupling between the translation and
rotational motion of rigid bodies [83, 84, 85, 86, 50, 53, 13, 14]. The computational and
storage advantages of using unit dual quaternions for a manipulator’s kinematic mod-
elling and control have been established in Table 2.1. This work extends the UDQ and
screw-based kinematics discussed in A.5 and Chapter 2 for the tracking of acceleration,

velocity and pose set-points for end-effector of a robotic manipulator.

Previous works in the direction of task space regulation of manipulators have been
presented in section 4.2. Both simultaneous pose and conventional task space regulation
schemes have been presented in section 4.3. The validation strategy for the proposed
simultaneous pose tracking scheme for task space regulation has been presented in 4.4,

where the conclusions and future work are presented in section 4.5.

4.2 Related work on task space regulation for manipula-

tors

In this section we will revisit the previous works related to second order trajectory
trackers design in the domain of manipulators and will highlight potential improvements

simultaneous pose control might over these methods.

There are mainly two methods available in literature related to trajectory tracking of
a manipulator, which are: computed torque control with resolved-acceleration control

[87, 88, 89, 90, 91];, and operational space control [92, 93]. These approaches differ
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mainly in their method of treating singularities and redundancies. The redundancy of
manipulators is treated as a problem of resolving the end-effector desired motion into
joint motions with respect to some criteria, such as avoidance of joint limits, kinematic
singularities etc in resolved-acceleration control. Whereas in operational space frame-
work the manipulator is treated as a redundant mechanism in the neighbourhood of a
singular configuration with respect to its end-effector motion in the subspace of opera-
tional space. The subspace of the operational space is orthogonal to its singular direction
and can be obtained using the kinematic characteristic of the manipulator’s Jacobian

matrix.

One of the first implementations for task-space regulation of a serial manipulator was
given in [87], where joint torques were obtained for the tracking of a desired trajectory
by a manipulator using inverse dynamic model of the manipulator. While the dynamics
of position error was obtained in a straightforward manner, the dynamics of orientation
errors was resolved only for small orientational error with the assumption that only one

of the axis of desired coordinates is misaligned.

A new approach for resolved-rate and resolved-acceleration controllers capable of sup-
pressing high joint velocities near singularities was proposed in [88]. By the virtue of
damped pseudo-inverse of manipulator Jacobian, the proposed control scheme reduces
the joint rates while inducing minimal errors in the end-effector motion. However, this
controller scheme is incapable of dealing with singularities where the rate of convergence
in the singular directions is reduced. Potential functions composed of position and ori-
entation were constructed for stability and convergence analysis. A family of potential
functions for orientational error that would bring the manipulator from current to the
desired rotated configuration were proposed, although authors assumed the orientation

error to remain bounded during closed-loop control.

Resolved-acceleration technique for the tracking control problem of robot manipulators
in the task space was reviewed in [90], where different forms of orientation error were
compared in terms of tracking performance and representation singularity avoidance. An
alternative method of extracting Euler terms for orientation from mutual rotation matrix
was advocated over classical method of getting the difference of corresponding Euler
angles. The proposed approach only presented singularity problems for high orientation

error. The authors also proposed quaternion based orientation error dynamics along
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with angle-axis based approach. While quaternion based approach was found to be
capable of singularity avoidance, it led to non-linear closed-loop system. The angle-axis
approach suffered from singularity. The tracking performance for quaternion feedback
and the angle-axis feedback schemes was found to be similar to the proposed Euler angles

based method.

Owing to its non-singular representation of orientation, the quaternion feedback based
method has since been the preferred method for formulate orientation dynamics [91, 59,
94] for resolved-acceleration controller design, as well as for operation space formulation
of manipulator task-space regulation problem [93]. However, none of the above work
have addressed the inherent coupling of rotational and linear motion for a rigid body

for designing the control law for end-effector trajectory tracking.

In the current work we take advantage of singularity-free attribute of quaternions, com-
pactness and efficiency of screw-based based kinematics and simultaneous treatment of
angular and linear motion variables of second-order trajectory using UDQ to propose a
new resolved acceleration control and compare its trajectory tracking performance with
above mentioned conventional controllers. In the following section we will describe the

design of both control strategies in detail.

4.3 Controller design for task-space regulation

In this section controller design for conventional task space regulator has been presented,
which would later serve as a benchmark for the performance analysis of the proposed

controller.

4.3.1 Resolved Acceleration Control

The dynamic model of a serial manipulator consisting on n joints in joint space is given

as:

H(q)§ + C(q,9)q + G(q) =T, (4.1)
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where, H(q) is an (n xn) symmetric and positive definite inertial matrix and varies with
the joint positions q. C(g,q) is an (n x 1) vector of Coriolis and centrifugal torques,

whereas G(q) consists of gravity torques. I is an (n x 1) vector of joint driving torques.

~

The differential kinematics relation for a manipulator that relates the joint velocities 8

to the end-effector twist @ is given as:

|D>-

o=J (4.2)

The end-effector acceleration @ is obtained by differentiating (4.2) with respect of time:

j=}}
Il
&
Il
S
|D>:
+
<
D>
~
&

w = [wT ’UT} ! (4.4)
. T
a = Qg = [almd almd} (4.5)

Subsequently, the acceleration of the joints of the manipulator can be computed from

acceleration control command as:

~ A

0ina = Gema = J (dcmd - jé) - (4.6)

Now Gemg can be used to compute the joint torque commands for the inverse dynamic
model given in (4.1). Assuming the perfect knowledge of the involved dynamic parame-
ters and inverting (4.3) and using G.,q as the control input in (4.1), the driving torque

can be computed as:

T = H(q)J " (aoma — J 8) + C(q,4)q + G(q) (4.7)

Since Jacobian inverse is not defined for singular configurations, a damped least-squares
inverse can be adopted for robustness in the neighbourhood of kinematic singularities,

whereas a pseudo-inverse can be used in the redundant case (n > 6) in conjunction with
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a suitable term in the null space of the Jacobian describing the internal motion of the

manipulator.

Note that the dual angle 6; used in (4.3) is converted to ¢; in (4.1), depending on the
type of joint (see (A.52)).

4.3.2 Conventional and Simultaneous Pose Task-Space Regulator De-

sign

As discussed in the last section, the inverse dynamic model can be used to obtain joint
torques for the input a..,q, commonly referred to as resolved acceleration. It is desired
to construct a control dynamics for positional and orientation trajectory with a proper
input command, that will ensure a stable and reliable tracking of the desired trajectory.
In this section we present the conventional position and orientation task-space regulation
design from the existing works, and then present the strategy for simultaneous pose

task-space regulation inspired from [50].

4.3.2.1 Conventional controller design

Consider a desired trajectory for a manipulator’s end-effector motion given by &4, wy,
and a4 € R®, which are desired pose, velocity and acceleration terms containing both
positional and orientation components and given in a static base frame. Note that these
terms considered as 6D arrays in for the explanation of conventional controller design

in this section.

Zq= [OdT PdT}T (4.8)
Wq = [WdT PdT}T (4.9)
aq = [d)dT I'idT}T (4.10)

Similarly the terms for actual trajectory related to end-effector motion, i.e. &., @w. can
be defined. It is important to define rotation matrices corresponding to the orientation
terms of desired and actual trajectory, which we denote with R; and R., respectively.
The orientation components o.T and o047 can be derived from the corresponding rotation

matrices based on the representation chosen from the 12 possible definitions of the Euler



4.3 Controller design for task-space regulation

69

angles, or by using A.41 and A.46 given in the appendix A.4.2.1 if angle-axis method of

orientation representation is used.

Position tracking scheme:
Given a position trajectory, the position error is given with the difference of desired and

current position vectors as:

De = Pd — Pc (4.11)

For the following choice of resolved linear acceleration:

Qcmd = Pd + AvpPe + AppPe (4.12)

an exponentially stable closed loop dynamics is obtained, as long as the proportional
and derivative gains corresponding to closed-loop control of translational motion, i.e.

Apy, and Ay, have positive elements.

jje + AVpI.)e + >\Pp Pe = 0 (413)

Orientation tracking scheme:
While the choice of position error is straightforward to obtain an stable closed loop

dynamics, there are many different possibilities for orientation error selection.

o FEuler Angle feedback: The most common approach to represent a relative orienta-
tion is rotation matrices based on Euler angles. While this approach of representing
rotation is intuitive, it suffers from representation singularity which means that
for certain configurations the extraction of Euler angles is not possible. Ap, and
Ay, represent the proportional and derivative gains corresponding to closed-loop

control of angular motion of the end-effector in the subsequent equations.

— Classical operational space approach: A classical approach to obtain stable
closed-loop orientation error dynamics is by deriving the Euler angles from the

rotation matrices of desired and actual trajectory and getting the numerical
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difference.
0. =04 — O, (4.14)
The resolved angular acceleration is given as:
Aemd = T(0e)(64 + Av0c + Apo0c) + T'(0c, 0c)0c (4.15)

where, T'(0.) is a transformation matrix that relates the angular velocity

error to the time derivative of the error represented using Euler angles:

we = T'(0.)0, (4.16)

We = T(0¢, 60)0¢ + T(0.)6, (4.17)

The above resolved angular acceleration scheme becomes ill-conditioned when
the actual or desired end-effector orientations are near their corresponding

representation singularities.

— Alternative Euler angles feedback: An alternative feedback scheme for orien-
tation tracking was proposed in [90] to mitigate the issues with representation
singularities in classical Euler feedback scheme. An error rotation matrix in
the actual end-effector frame can be first derived from the desired and current

rotation matrices:
‘R. = R]R; (4.18)

Using this error rotation matrix and with proper choice of Euler representa-
tion the representation singularity will only come into effect when there are
large orientation error, as compared to last approach where there is chance of
running into representation singularity while deriving orientation components
from current as well as desired rotation matrices.

Now, similar to classical Euler Angle feedback, after deriving the Euler angles
(0c) from the error rotation matrix “R. and taking time derivative of 4.18

and using expression 4.16 after computing the transformation matrix T, (o)
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in the static base frame:
Te(oe) - Rc CTe(Oe)a (419)

following feedback scheme for closed-loop orientation control can be adopted:

Aemd = wd - Te(oede)de + Te(oe)(KVode + KP006)7 (420)

where T¢(0.) is defined similar to (4.16), and

o Angle-axis approach: The axis-angle representation of a rotation represents a ro-
tation in 3D Euclidean space by a unit vector r representing the axis of rotation
and an angle 6 describing the magnitude of the rotation about the axis, and can

be represented as a rotation matrix as follows:
R =T+ (sinf)[r]x + (1 — cosd)[r]> (4.21)

where [r],, is the cross-product operator matrix corresponding to the axis of rota-

X

tion r and I.

Two equivalent versions of orientation error were defined in [87]:

00 = %([nc]xnd +[s.], 84+ [ac]  aq), and (4.22)
= sin(f)r, (4.23)

where ng, s4, ag and n., s. a. are the unit vectors of the axes corresponding
to the rotation matrices (R = [n s a]) related to the desired and actual pose,
respectively. In the second expression, r. and 0. are the angle-axis parameters
related to the angle-axis representation of mutual rotation in the common reference

frame, given as:
R. = R R! (4.24)

Taking the first and second time derivative of (4.22), following resolved angular

acceleration can be chosen:

Otemg = LY LTy + LTwy — Lw, + Ky ,0. + Kp,0.) (4.25)



72 ‘ Chapter 4: Resolved Acceleration Control Using Dual Quaternion

where

L = _%([nd}x [nc]x + [Sd]x [SC]X + [ad]x[ac]x), (4-26)

The above mentioned control command o.,q is stable in the interval 0, = (—7/2, 7/2),
but is ill-defined when L is singular, which occurs at 6, = £7/2. In addition to
that, another drawback of this approach is the high computation cost of obtaining

Qemg in (4.25).

e Quaternion feedback: The representation singularity issues related to the above
mentioned approaches for the computation of resolved angular acceleration can
be mitigated by using the vector part of the quaternion related to the mutual
rotation matrix between desired and actual orientation represented in the base

frame in (4.24).

Let quaternion g, = s + v, corresponds to the rotation matrix R, in (4.24). Then

the resolved angular acceleration can be given as:
Qemd = W+ Ky jwe + Kpyve (4.27)
where w, the angular velocity error of the end-effector frame is given as:
We = Wg — We. (4.28)

Lyapunov analysis was invoked for the stability analysis of the above mentioned
control law in [90]. Although quaternion feedback approach does not present any

representation singularity issues, the proposed control law is non-linear.

4.3.2.2 Unit Dual Quaternion based Simultaneous Pose Controller Design

Given current (&.) and desired (&.) poses represented with UDQ and both expressed in

a static base frame, there are four possible permutations for error computation.

The error UDQ used in our formulation is:

=b&, 4 (4.29)
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The screw axis related this error represents a screw displacement vector, directed from
the current frame c to the desired frame d, expressed in the base frame b. Which means,
if we transform the error screw axis derived from &, using expressions given in A.4.2.1,

from the base frame to the current frame using Adz::

“8e = Adpgy"5c =" 82 °8. ", (4.30)

= Ad(cg,)"8c =° &, 5. “#;,

and then postmultiply the corresponding UDQ, obtained using (A.36), to the current

frame pose &., we will achieve the desired pose, i.e.:
- a Cée C A
Tq = Fc exp | = “Be |- (4.31)

The same interpretation can also be applied to unit quaternion errors. For example,
in [90], the vector part of the quaternion derived from the current and desired rotation
matrices was used, which is equivalent to (ge = ¢lqq = °gc—q), and thus had to be
transformed to the base frame. Instead, (°qe_q = q4q}) could have directly been used

with the same effect.

We follow the feedback linearisation approach developed in for the attitude and position
tracking problem of a rigid body. The goal is to obtain an Ggy,q for obtaining the
appropriate joint driving torques, such that the pose and spatial velocity of the end-end
effector of serial manipulator will converge to a desired pose with a desired spatial

velocity.

Taking the derivative of the error UDQ (4.29), we obtain:

B = Bg®: + By (4.32)

Now, it has been proved in [80] that:
B, (4.33)

where, @ is the screw velocity of a rigid body given in the reference frame, whose pose

of the rigid body is given with UDQ . The time derivative of its conjugate &* is given
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as:

< % 1
=S (4.34)
Similarly to [80], following can be derived:
2 1. .
Te = SBele, (4.35)
where,
We = Ad(z+)@q — @ (4.36)

The adjoint operation used in the above expression is given in 4.30.
Taking the derivative of 4.36, we obtain:
We = Ad(3r)@q + Ad(g)@Dq — Do (4.37)
After expanding the involved terms in the above expression we obtain:
We = Ad(42)@4 — O + VeCa, Ad(3:)@4 (4.38)

where, veeg, £2 operation refers to dual quaternion product &&2, but with null scalar
terms in both real and dual parts.
If following @cp,q is chosen for feedback linearisation:
Gemd =2ApInXe + Ay @, (4.39)
+ ’U/E\CQCAd(;(z)L’Dd + Ad(@:)(ﬁ)d,

and substituted in the place of &, in 4.38, we obtain the following error dynamics:

D+ Av@e +2ApInE. =0 (4.40)

The asymptotic stability of equilibrium point (In(#.),&.) = (0,0) for the above system
was established in [50] for an appropriate choice of the gains Ap and Ay. Therefore,

the end-effector motion will eventually converge to the desired trajectory for the control
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command obtained in (4.39). The two equilibria problem for dual quaternion has been
discussed in [50], where the system (4.40) has two identical equilibria at &, = (I,0) and
(—I,0), which was resolved by multiplying the error UDQ with —1 if the scalar part of

the real quaternion related to the error UDQ is negative.

The expression 2 Ap In &, is the same control law used in chapter 2 for kinematic control
of manipulators, and refers to the product of dual angle and unit dual vector pertaining
to the axis of the screw obtained by deriving the screw parameters from the error UDQ

Ze (see section A.4.2.1).

4.3.2.3 Formulation of Jacobian Derivative

In order to compute the driving torque command in 4.1 from the control law Gemng

obtained in 4.39, the computation of J is required (see 4.7).

Derivative of the Jacobian J of a serial robotic manipulator can be obtained as in [95],

assuming a joint screw axis §; represented as unit dual line, is fixed on the child link ¢:

— |G6ts, 81 TeCadr o TeCs, 8, (4.41)

where, @; represents the screw velocity of an i, link, and can be computed by summing
the twists caused by the joints between the base frame and the i;, link in a way similar

to 4.2.

4.4 Experimental Validation

The simultaneous pose resolved acceleration control obtained in section 4.3.2.2 was val-
idated on one of the redundant arms of Baxter dual arm collaborative robot [63]. Note
that the presented implementation does not address redundancy resolution for the extra
joint in the used robotic arm. Instead, the trajectory is defined such that the self-motion
of some of the joints due to redundancy does not affect the manipulator motion due to

imperfect gravity compensation.
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Resolved-Rate Acceleration Controller
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F1G. 4.1 Resolved rate acceleration control strategy for single manipulator.

The control architecture implemented for the comparative performance analysis of PD

controller described in previous section using dual quaternions has been shown in Fig.

4.1. Note that compared to the CTS architecture shown in Fig. 2.3 in chapter 2 an

Ezxtended Manipulator Kinematics Handler is used. It computes Jacobian derivative

from the initial screw axes, current joint positions and velocities using 4.41, in addition

to the manipulator Jacobian.

The Resolved-Rate Acceleration Controller module implements the control law discussed

in section 4.3.2.2 to obtain the acceleration command in 4.39. The required joint torque
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command was obtained using inverse dynamic model of the manipulator in getJoint-
Torque module using pseudo-inverse of the manipulator Jacobian and welocity-product

acceleration obtained using the Jacobian derivative and joint speeds.

While in the future it is desired to receive the set-points for the desired end-effector
trajectory from a sensing module and task-planner, in the current implementation we
have used user-defined trajectory to validate the proposed trajectory tracking strategy
for the manipulator. Concepts from screw theory were used to generate parametrised
trajectory in Screw-based Trajectory Descriptor module to generate pose, velocity and
acceleration set-points to be used in the Resolved-Rate Acceleration Controller module.
The trajectory generation module uses a third-order polynomial for interpolation of pose
and velocities and is capable of generating second order trajectories such as rotation,
translation and screw motion, i.e. desired pose, velocity and acceleration. The cubic
function parametrized by parameters of screw motion, and initial desired pose ensures
zero initial and final velocity given the total displacement and the time allotted for the

motion [96].

Third order polynomial trajectory

Since a screw displacement is defined as a rotation (6i,s;) and translation (dy,sx) along
same screw axis, it can be parametrized with a dual number, 9task = Opusk + ediask,
containing both terms. The position and velocity terms in the desired motion are the
functions of étask and, étask, as given in A.51 and A.58. Given total time and the current
time, t; and ¢ respectively, a trajectory may be specified by assigning initial and final
conditions for a dual parameter containing both translational and angular displacement
terms. The four desired boundary conditions for position and velocity require the screw

displacement parameter, étask(t), to be a cubic polynomial function of time.

Orasi(t) = G0 + art + aot® + ast’ (4.42)
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F1G. 4.2 Visualization of position, velocity and acceleration trajectories.

Solving for the boundary conditions reveals following expressions for the coefficients ay,

dla az, d3'

&0 = étaskia

CALI = étaskw

~ _3(étaski - étask ) - (2étaski + étask )tf

iz = o iy (4.43)
A 2(étask¢ - étaskf) + (étaski + étaskf>tf

az = tf3 ,

The evolution of position, velocity and acceleration of the one of the parameters be-
longing to the dual screw displacement (étask), i.e. Opqsk O digsk, generated using above
method has been plotted in Fig. 4.2 for a time period of 10 seconds, where the initial
and final velocity is zero and initial and final positions are 0 and 50 respectively. Now,
a second order trajectory can be generated, given a 6D screw axis, i.e. a Pliicker line in
an known frame, and the third order polynomial trajectory generator, as discussed in

section A.5.1 and A.5.2.

Comparative performance analysis of simultaneous pose and conventional
controllers
The controller performance was compared with the control law used in [90], where the

translational and orientational components of the trajectory were treated separately.
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Proportional Derivative
Gain Gain
Controller Jacobian Control Law 33 33 33 33
Type Type APy 0 AVp 0
03><3 )\PEXB 03><3 )\ng3
Simultane- 190 03%3 6 0%%3
Screw-based .
ous pose Jacobian Equation 4.39
Controller 033 190 033 6
cqnven— KDL . 270 033 7.5 03%3
tional Jacobian Equation 4.44
Controller 03x3 270 033 7.5

TABLE 4.1 Comparison of simultaneous pose and conventional controllers for resolved-
rate acceleration control

The Jacobian of the manipulator for the conventional controller were obtained from
the KDL library. This Jacobian maps the joint velocities of the manipulator to the
conventional end-effector velocity and not spatial velocity (see discussion in appendix

A.6). Additionally the derivative of this Jacobian was also obtained from KDL library.

The quaternion based control law used for comparison, as given in [90]:

Acemd = Pd + Avp Pe + APy Pe, (4.44)

Qemd = wq + AVo We + >‘Po Ve, (445)

where, p. refers to the position error of the end-effector frame, for a given desired position
P4 v, refers to the vector part of the error quaternion computed as g. = gqq;, from
which the orientation error in the base frame can be derived. a.,,q and a,,q are used to
obtain the combined acceleration command, similar to @..,q, to be used in an expression

similar to (4.7).

Both the controllers were tuned for a stable profile in velocity and to obtain the best
tracking performance. The controller gains for the two controllers used in the compar-
ative analysis have been given in Table. 4.1. The control loop frequency for both the

controllers was set 200 Hz.
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Rotation Axis

End-effector Initial Pose
——

Desired Initial Pose

e

Radius = 0.4 m

Circular trajectory
0 = {0 to n/2} radian

Desired Spatial Acceleration = f ( 8°)

€))

(b) (c)

F1G. 4.3 Trajectory generation strategy and Baxter robot performing trajectory track-
ing task.
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F1G. 4.4 Pose error (Desired — Current) plot for the two controllers. (—) refers to
the simultaneous pose controller and (——) to conventional controller.
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F1a. 4.5 Velocity error (Desired—Current) plot for the two controllers. Linear velocity
components are given in m/sec., and angular velocity error in radian/sec. (—) refers
to the simultaneous pose controller and (——) to conventional controller.



82 ‘ Chapter 4: Resolved Acceleration Control Using Dual Quaternion

16 «10 3 NormError Position 0.4 NormError Orientation
14 ] | 0.35
0.3
12 1
0.25
10 H 1
B c
© g 02
E o
8 N
0.15
6 1 o
‘ 0.1
ar | 1 005
2 1 1 1 O 1 1 1
0 5 10 15 0 5 10 15
time (secs.) time (secs.)

F1G. 4.6 Norm of position and orientation error. (——) refers to the simultaneous pose
controller and (——) to conventional controller.

The end-effector was desired to rotate around a pre-selected line defined in the base frame
of the robot, while keeping one of the axis attached to the end-effector frame always
pointing towards the line, thus requiring both translational and orientation control of
the end-effector. The acceleration of the screw motion thus generated was parametrized
by Otrqj = {0 to T} and dyrq; = 0, using the trajectory generation strategy discussed in
section 4.4. The goal of such trajectory was to start and end with a zero screw velocity.

The total duration of the simulation was 18 seconds.

0.15
0.148
0.146

N
0.144
0.142

0.14
-0.4

F1G. 4.7 Desired and tracked trajectory of the end-effector position. (——) refers to
the simultaneous pose controller and (——) to conventional controller.
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F1a. 4.8 Joint Effort plot for the two controllers. (——) refers to the simultaneous pose
controller and (——) to conventional controller.

The acpg obtained in 4.39 calculated using position and velocity errors was used to
compute gepmg using 4.6. The §.,q hence obtained was substituted in 4.1 to get the
joint driving torques. The joint inertia matrix, Coriolis and centrifugal torques, and the
gravity torques were obtained using KDL library [70], and ¢ was provided by the Baxter
ROS interface.

The robot performing the trajectory tracking task can be seen in Fig. (4.3), and per-
formance of both the controllers for pose and velocity tracking has been given in Fig.
(4.4) and (4.5), respectively. While the performance of both the simultaneous pose and
conventional controllers is identical for position tracking (see Fig. 4.7), the simultaneous
pose controller performed better in terms of orientation tracking, as is evident from Fig.

4.6. The performance is identical in terms of velocity error and the commanded joint
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torques for all the joints, given in Fig. 4.8, however higher oscillations can be observed

with conventional controller for commanded joint torques.

4.5 Conclusion and Future Works

A new controller for resolved acceleration control of robotic manipulators was proposed
for the trajectory tracking of serial robotic manipulator using screw theory and con-
cepts from spatial dynamics. Representation of the motion variables with dual quater-
nions allowed simultaneous treatment of translational and orientational components of
trajectory tracking error. Comparison with a conventional controller revealed better
orientation tracking and less oscillations in commanded joint torques, while achieving
identical performance for the translational components of the trajectory. However, an
appropriate redundancy resolution strategy is needed to utilize the additional degrees
of freedom for redundant manipulators, as during the current implementation special
attention was taken during the definition of trajectory. Additionally, we would like to

extend this method trajectory tracking for dual-arm manipulation.

Resolved-Rate Acceleration Controller

{b;(mdesl bmmdes’ bémdes} by _curr me dmc“rr amcmd
for m= {left, right} m ) for m= {left, right}
for m= {left, right} for m= {left, right}||for m= {left, right = » 19
Initial Screw Axes |
((bs1™, beym, ., bgym ) ——> . nverse
for m= {left, right} Extended Manipulator Dynamic
. . M I
Initial end-effector poses Klnematlcs Handler HOded ,
by minit - Tm = HmAmM%+CmQm + G

p . for m= {left, right} for m= {left, right}

I Grasp Matrix : QqmeurT

| Based ]

: Task Resolver =

1| I3 O3 I3 O3]l

} S(m) Is  S(w) I :

[quUrr’ qmcurr] Tm
[PRapsdes, Poapsdes, Pagpsdes for m= {left, right} for m= {left, right}
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Absolute Task sensing/ (Real/Simulation)
GUl-based Absolute Task state
Task Specifier Task Scene

F1G. 4.9 Pose control loop for dual-arm cooperative manipulation of single object.
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In the future, we wish to extend the simultaneous pose resolved-rate acceleration con-
troller for dual-arm manipulation similar to the approach taken in [42, 97, 59], where
the desired trajectory of individual manipulators were obtained from the CTS trajec-
tories. If the two robotic arms are manipulating a single object and the constraint of
rigid grasp is assumed, then the relative motion can be assumed to be negligible, and
the corresponding trajectories for the the cooperating manipulators can be derived from
the geometry of the grasp [59]. Since, the simultaneous pose approach of trajectory
tracking demonstrated better tracking for single arm, it will be interesting to see if this
performance carries over into dual-arm cooperative manipulation. In addition to that,
a hybrid force/position force control or impedance control strategy is needed to ensure
the interaction forces between the object and the robotic arms’ end-effectors, and in-
ternal force acting on the object under acceptable limits. The dual-arm architecture,
proposed as an extension to the architecture presented in Fig. 4.1, incorporating the

above mentioned strategy for the inner position control loop, has been given in Fig. 4.9.






Chapter 5

CTS Planner for Shape-Servoing
and Contact-based Assembly
Tasks

In the previous chapters, we established the advantages of screw theory and DQ based
kinematic modeling of CTS of dual-arm robots (chapter 2) and anthropomorphic hands
with underactuated fingers (chapter 3), in terms of computational and storage efficiency,
as well as in terms of ease of kinematic modelling. The coupled treatment of position
and orientation variables in resolved acceleration control of manipulators demonstrated
improvement in trajectory tracking performance with regards to tracking accuracy and
reduced oscillations in the joint torque commands, as shown in chapter 4. Addition-
ally, the approach to extend the resolved acceleration control for bimanual control was

proposed as future work.

In this chapter, we add another dimension to our framework for dual-arm control with
the addition of a task planner. When the two end-effectors attached to the arms of a
dual-arm of a robot are interacting through a single rigid or articulated object, or with
two objects held in each arm, there are situations which require complex interaction
between the cooperating robotic arms. These interactions are related both to the kind
the task desired, as well as to physical constraints related to the tasks. For example when
handling a rigid object, the relative pose between the arms should be kept constant so as

to not exert excessive internal force on the object, whereas the absolute force will counter

87
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gravity and perform manipulation and control interaction with the environment. In the
case of interaction of the grasped object with environment the type of contact the held
rigid object makes with the environment has to be taken into account while generating
absolute task-space motion, i.e. the motion for the object to keep the interaction forces
arising due to the contact of object with the environment within limits. Similarly, if the
dual-arm robot is performing an assembly operation with two mating parts held in each
arm, the involved contact state between the objects also limits the motion permissible

for the relative task-space.

A cooperative task-planner that is capable of representing these constraints related to
external (with the environment) and internal (between cooperating manipulators) in-
teraction can be instrumental to generate cooperative motion plans. In this chapter we
propose a task planner that is capable of representing such tasks and related constraints
with the application of virtual mechanisms. We generate virtual mechanisms in relative
and absolute task space to represent different tasks with constraints, and adjust the VSs
attached to each of the arms as the task evolves thus giving the same inputs to the con-
trol architecture presented in 2.4.1 (Fig. 2.3). The objective of readjusting the virtual
sticks is to extend the static analysis of bimanual rigid body grasping [31] explained in
chapter 2.1 for tasks requiring interaction between two objects and also for the handling
of objects with articulations, like a pair of scissors. In the current work we assume that
the object/objects are at static equilibrium throughout the task, the object model and
corresponding pose sensing, as well as manipulator pose control, is precise enough to

keep the interaction forces within limits.

The implementation of the task planner is based on screw theory, which allows us to
easily define these tasks with minimal parameters, while at the same time is also capable
of generating higher-order trajectories. A higher-order trajectory is desired to generate
smooth end-effector motion in situations when there are abrupt changes in the pose
setpoints. The task-planner will be validated with tasks requiring variation of virtual
sticks, by deforming a linear elastic body in different shapes with intuitive approach,
and with tasks requiring virtual mechanisms to represent multiple intermediate articula-
tions, like deforming a rope using hinges. Although we have limited the experiments to
deformable objects, one of the objective of the these experiments is also to demonstrate
how contact states arising in an assembly tasks can be represented with the proposed

task-planner.
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Fic. 5.1 Proposed levels of dual-arm coordination hierarchy.

In the following section (section 5.1) the global motivation for the development of coop-
erative task-space planner based on VM is presented. The framework for defining and
executing CTS based tasks is explained in section 5.2. Afterwards, the experimental
setup and corresponding results are discussed and future directions for the proposed
method are presented in section 5.3. The concluding remarks related to this work and

future work will be presented in section 5.4.
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5.1 Motivation

The applicability of VM based task planners can be demonstrated with a new catego-
rization of dual-arm tasks as shown in Fig. 5.1. There are a variety of tasks that can
be accomplished by a dual-arm robot, which can roughly be divided into coordinated
(goal-coordinated and bimanual tasks) and uncoordinated tasks [26]. Uncoordinated
tasks are relatively simpler to handle since they are an extension of single-arm tasks, in
spite of added complexity of collision awareness of the other arm’s operation. Coordi-
nated tasks, especially bimanual tasks, where coordination between the arms is inherent
requirement of the task, for example bimanual lifting or bimanual assembly tasks. Bi-
manual cooperative structures have been further classified into parallel and serial model

of cooperation [35], taking a cue from the study of human bimanual actions [39].

In the proposed new categorization we define new sub-categories of bimanual tasks,
different from [35] categorization based on the dependency between arms for bimanual
tasks. The new categorization is based on the degree of complexity in the definition
of cooperative tasks and extends the concept of CTS for performing assembly tasks,
and to control the shape of deformable objects using two arms. Although single object
manipulation presents challenges related to internal force control and interaction of
the grasped object with the environment, the rigid body constraint assumed during
cooperative manipulation design makes it comparatively easier to define the task. In
the manipulation of objects with fixed articulation, for instance, scissors, telescope,
etc., constraint related to the articulation joint should also be taken into account. On
the other hand, contact-based dual-arm assembly tasks like bimanual peg-in-hole and
fastening using screws, and shape-control of deformable objects presents additional task

modeling challenges due to the higher degree of articulation related to assembly tasks

and shape control of deformable objects.

face-face face-edge face-vertex edge-edge cross

F1G. 5.2 Principal contacts between two polyhedra [11].
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Assembly tasks deals with achieving a desired contact configuration between two as-
sembly parts, where these parts go through a controlled sequence of different contact
formations. Some these contact states for two polyhedra are given in Fig. 5.2. During
assembly sequence the mating parts are required to perform motion within these contact
states, in addition to transitioning between different contact states [11] which can also
be represented with finite articulation between assembly parts. Robotic manipulation
of these assembly parts has to respect the constraints imposed by the contact, and the
knowledge of these constraints are important to not only for maintaining the contact,

but also for keeping the interaction forces within limits [98].

The constraints related to a different state of contact during assembly tasks can be
modeled using VM, with the exclusion of the dynamic aspects such as interaction force
control. VM has been used for contact modelling in assembly tasks in [99], and for
modeling finger contact model in [100]. Additionally, the same approach can be used to
model bimanual skills for the task-frame formalism of assembly tasks [15, 101]. While
there are more complicated issues involved for reliable and safe execution of assembly
tasks, such as proper sensing of contact state, compliance control, etc. [102], in the cur-
rent work, we have limited our study to the definition of kinematic constraints involved
in dual-arm coordination for assembly tasks. The definition of VM for some common

assembly tasks has been given in Fig. 5.3.
— c@: — —=5) p— ——00 —

) 0

' — % —h o
P T d
Z % Je
(a) Surface-surface Contact (b) Peg-in-hole task (€) Bolting task
8,=[6 d; d,I" 6,=[d] 8,=[6d]"
where, d=h*0

Fi1a. 5.3 Virtual mechanism equivalents of different assembly tasks: ¢, encapsulates

the joint displacement of the virtual mechanism. (a) Surface-surface contact task can

be represented with a 3-dof planar mechanism, (b) peg-in-hole task with a one-dof pris-

matic joint, (c¢) and bolting task with 2-dof screw joint mechanism, where the prismatic

joint displacement is equal to the revolute joint displacement (6) multiplied by the pitch
(h) of the bolt.

Deformable object manipulation presents some of the most complex scenarios for defin-
ing dual-arm cooperative motion which arises due to the high degree of articulations
associated with deformable objects [103]. The degree of articulations of a deformable

linear object often outnumbers the degree of control the cooperating arms have over
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these articulations, which are only twelve dimensions of CTS, half of them for relative
and the other half for absolute task-space control. Nonetheless, the description of certain
linear deformable objects using VMs will not only allow us to obtain an approximate
model of the shape of objects but also provide a plan for the deformation. In fact, there
are some previous works related to the deformation control of isometric linear objects
have already employed similar method of modeling the shape of the rope as multi-link
system [104, 105], however, without the consideration of cooperative task-space for the

shape control of rope.

5.2 Design of Cooperative Task Planner

CTS Task Planner
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CTS Task Descriptor
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Fia. 5.4 Cooperative task planner architecture.

This section presents architecture for the implementation of an efficient and compact

way of parametrized definition of assembly and shape-servoing tasks using virtual links,
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and is given in Fig. 5.4. The cooperative task planner consists of a CT'S Task Descriptor
module that is capable of defining VMs based on the sensor input, for example, an image
of the initial state of the linear object, and with the desired resolution. The same can be
derived for a desired state of the object, and a plan for deformation can thus be obtained
by identifying the nodes/joints of deformation and moving the closest joints in the initial
VM representation to achieve an approximation of the desired state. The proposed task
planner in its current state of implementation does not close the shape control loop with
sensorial information, but we demonstrate the effectiveness of this approach by achieving
some simple shapes obtained with user-defined tasks in C'TS Task Descriptor module.
The joint screw axes of the virtual mechanism, total desired joint displacements and
total time for the operation are the outputs of CTS Task Descriptor module and given

as an input to C'TS Task Mediator module.

The task is initialized once the object is held by both hands by recording the current
relative configuration. While in the original formulation by [31] the absolute pose was
assumed to coincide with the centre of mass for a rigid body held by two manipulators.
However, for the shape control of linear elastic body like a foam we can assume negligible
mass of the object and can a variable absolute pose. The implication this assumption
is that VS sticking from the end-effectors attached to the cooperating robotic arms are
coinciding with the new absolute pose. Thus the relative motion between the tips of
the virtual sticks can be used to apply a desired internal force for shape control. In the
current implementation the new absolute pose can be defined by the user in CTS Task
Descriptor module, while the relative pose at the beginning of a task is always a unity
transformation matrix, which means absolute frame and the frames at the tips of the

virtual sticks are all coinciding at the beginning of the task.

A VM is defined in Virtual Sticks/ Mechanism Based Trajectory Generator using initial
screw axes DQ given in the reference frame and the current relative pose. In the current
implementation, the absolute pose in reference manipulator’s end-effector frame is con-
nected to the link exactly at the centre of the virtual mechanism. The Virtual Sticks/
Mechanism Based Trajectory Generator uses the computeFFKM block to compute the
evolution of the virtual mechanism in the reference manipulator’s end-effector frame.
The desired absolute pose is then computed from the current state of virtual mechanism
defining the desired relative configuration using the method described in Algorithm 2.

Finally new virtual sticks are computed from the desired relative and absolute frame
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hence computed using Algorithm 3. The complete method used in CTS Task Mediator

to generate the CTS poses and virtual sticks is given in Algorithm 1.

Algorithm 1 VM based CTS task planner

1:

11:
12:
13:

14:
15:

procedure VM BASED CTS TASK PLANNING
Initial Conditions:

bginit « right end-effector pose in base frame
bginit « left end-effector pose in base frame

Input:

'm e {l;,1,,1.}: initial VM screw axes direction in reference manipulator’s
end-effector (ref) frame

nys: number of joints desired for the VM

G, = diotar> -] € D"VM: total joint motion (dual angle consisting of transla-

tional and rotational motion) desired for VM joints

593 ¢ {3, 8y, 8, }: screw axes direction in absolute frame for desired trajectory

[plotal gtetal]. total screw displacement desired for absolute frame given in the

initial absolute frame

e totalTime: total time allotted for CTS task
Output:
° bzﬁgii : desired absolute pose in base frame
° T:ﬁf%fsz VS,¢s in reference manipulator’s end-effector (ref) frame
t sdes

T g: VSioer in tool end-effector frame

rginit — rginit o multiply DQ(get DQClassicConjugate(P&imit), bzinit)

vm

rginit « compute AbsPoseInRef Frame("2") (Algorithm 2)

abs

initialize VM

divide total length of relative position into ny s + 1 parts

gum | < initial screw axes
VM

currentTime < ()
while currentTime < totalTime do

timeFraction < currentTime/totalTime
~SUMm AUm . N
q. 4, . * tzmeFracz'fz‘otn
T HANnow AUVM T Aine
o« FKM(G," " &, nv)
T Znow Avm o sinit
H A (—FKM(gtoml, mabs,nVM/Z—l—l)

(070w Ao «— [02%2“1, dfl%';al] x timeFraction

bjdes <_Tnultlplyljcg(bjznn‘/ SCT‘C’U)TODQ([HtOtal dtotal §abs]))

abs abs ? abs %abs

[rgdes, b @des] <« computeV SFromAbsoluteRelative(*8%5," 10  (Algo-

rithm 3)
end while
end procedure
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Algorithm 2 computeAbsPoselnRefFrame

1: procedure GET ABSOLUTE POSE FROM RELATIVE POSE
Input:

e "&y: tool frame pose in ref frame
Output:

e "&,ps: absolute pose in ref frame

2: 0,d,l,m] < DQToScrew("&;)

3: p < getPositionFromDQ("&;)

4: "orientation s < angle ArisToQuaternion(0/2,1)

5: "translationg,s < getTranslationQuaternion("orientation,s, p/2)
6: "®ps Torientation, "translationg,,

7: end procedure

Algorithm 3 computeVSFromAbsoluteRelative

1: procedure GET VSS FROM ABSOLUTE AND RELATIVE POSES
Input:

o Y3 1s: absolute pose in ref frame
e "&y: tool pose in ref frame
Output:
e "Z.vs: VS,er in ref end-effector frame
o ‘&5 VSioe in tool end-effector frame

2 [P%,.0 @] < getRefTool FromAbsRelative(*@qps, ;) (Algorithm 4)
3 "&rvs < multiplyDQ(get DQClassicConjugate(®®,),’ & aps)

4: t@g — multiplyDQ(get DQClassicConjugate(*dy), & bs)

5: end procedure

Algorithm 4 getRefToolFromAbsRelative

1: procedure GET END-EFFECTORS POSES FROM ABSOLUTE AND RELATIVE POSES
Input:

e "&,ps: absolute pose in base frame
e "&;: tool end-effector pose in ref end-effector frame

Output:

e Y%,: ref pose in base frame

e %, tool pose in base frame

2 "&qps  computeAbsPoselnRef Frame("&;)

3 %, « multiplyDQ(*Z 45, get DQClassicConjugate(” Eaps))
4: &, «— multiplyDQ(*&,, &)

5: end procedure
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5.3 Experimentation Validation and Result

The proposed framework for CTS task planning and control was validated on a Baxter
dual-arm platform for the manipulation of a deformable foam and a non-elastic rope.
The variation of virtual sticks, obtained by changing the initial absolute pose in the
reference frame, was validated first with an elastic linear foam and by analysing the
deformed shape. It is hypothesized that static analysis valid for rigid body control,
where the relative pose is kept constant to avoid excessive strain on the object due to
internal force, can be used to achieve the desired deformation for quasi-static motion

between the robotic arms by providing a relative motion.

In the first set of experiments we will validate the variation of virtual sticks with defor-
mation tasks with linear deformable foam, so that the effect of changing the absolute
pose is visible. Afterwards, the VM based trajectory generation method was validated
with constraint based deformation of a rope. The controller gains for the simultaneous
pose controller used in this approach were the same chosen in chapter 2 and has been
presented in Table 2.5. The total duration of the experiment was 8 seconds and the
controller was operating at ~ 100 Hz. The following sections describe the experiments
designed for the validation of the VS (section 5.3.1) and VM based task specification

(section 5.3.2) in more detail.

5.3.1 Variation of Virtual sticks

In the first set of experiments shown in Fig. 5.5 and 5.6, the linear foam is at static
equilibrium when it is held between both the two cooperating arms. For the BC' (Bend
Centre) experiment absolute pose was fixed exactly at the centre of the foam, while for
the BOC (Bend Off Centre) experiment absolute pose was fixed exactly at the centre
of the foam. A relative rotational motion of 80 degrees was generated at the tips of the
VSs in the frame of the tip of the reference manipulator while keeping the absolute pose
constant with respect to the base frame. The screw-based rotational trajectory planning

was achieved using the approach given in section 2.4.3.2.

The performance of the controller has been shown in terms of DQ representation on the
desired and actual pose for both experiments in Fig. 5.9 and 5.10. Whereas, in Fig. 5.8

and 5.7 the controller performance has been represented in terms of norm of the position,
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i.e. the modulus of distance (y/x2 + y2 + 22) error, and in terms of orientational distance

(|6c||) error related to angle-axis approach of orientation error representation.

7

e

Fi1G. 5.5 Bend at the centre: The absolute pose was fixed at the centre of the foam.
The initial desired state of VSs is shown in yellow, current desired state in blue, and
final desired configuration in magenta.

W - ay

Fi1G. 5.6 Bend off centre: The absolute pose was shifted 10 ¢m to the left from the
centre of foam.

3 3 -3
1 15 x10 3 x10 > x10
1 2 15
0.999998
1 1
_ 0.999996 N o 9 ] L, 05
x x x x
-1 0
0.999994 2 05
0.999992 -3 -
1.5 -4 1.5
0 5 0 5 0 5 0 5
-4 -3
G 4 x10 0.354 x10
current
---BC desired -8 P
- BOC 0.094
current 0353 |
77777 BOCdesired f
o © S ® 0.0935
x x x .
0.352
4 -9 0.093
0.351
-6
0 5 0 5
time (secs.) time (secs.) time (secs.) time (secs.)

F1G. 5.7 Pose tracking performance for absolute task space in DQ (1, z2, ..., s) terms
for two relative rotation tasks with variation of absolute pose, which are BC(Bend
Centre) and BOC(Bend Off Centre).
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F1G. 5.8 Pose tracking performance for relative task space in DQ (x1,z2, ..., xg) terms
for two relative rotation tasks with variation of absolute pose, which are BC(Bend
Centre) and BOC(Bend Off Centre).
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F1c. 5.9 Evolution of error in terms of the norm of position and orientation error in
absolute task space. (—) refers to BC experiment and (——) to BOC experiment.
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%1073 NormError Position «10 NormError Orientation

radian

time (secs.) time (secs.)

F1c. 5.10 Evolution of error in terms of the norm of position and orientation error in
relative task space. (—) refers to BC experiment and (——) to BOC experiment.

For both the experiments high pose tracking accuracy was achieved both in relative and
absolute task space and the maximum pose error was around 7 mm, while a maximum
rotation error of 0.02 radian was recorded. The deformable foam was at equilibrium
throughout the experiment and the deformation was very controlled. This confirms that
our static equilibrium assumption can be beneficial for controlled deformation of such

objects.

5.3.2 Relative task definition using VMs

The VM based definition of task in relative task space explained in 1 was validated with
experiments related to constrained deformation of a rope. Two kinds of experiments were
designed to validate the VM based trajectory generation module. The experiment starts
with a rope held in the undeformed elongated state by both arms of the manipulator. In
the first experiment, the rope has to be wound around two vertical lines in the U-shape,
while keeping the absolute pose static. The distances between the hinges were a third
of the total length of the rope. The motion of the arms was generated by using two
rotational axes in the same direction. An equal rotation of 45 degrees is given to both
the joints, while the initial absolute pose was maintained. For the next experiment,
one of the joints was given an equal and opposite rotation, while maintaining the initial
absolute pose by redefining the VSs for each iteration of the control loop. The robot

performing the task, as well as the corresponding VM is given in Table 5.1.
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(a) Initial and desired state of U-shape VM. (c) Initial and desired state of S-shape VM.

(b) Robot performing U-shaped deformation. (d) Robot performing S-shaped deformation.

TABLE 5.1 U and S shaped deformation trajectory details and real robot performing
the tasks.

The performance of the controller has been shown in terms of DQ representation on the
desired and actual pose for both experiments in Fig. 5.11 and 5.12. Whereas, in Fig.
5.13 and 5.14 the controller performance has been represented in terms of the modulus of
distance error, and in terms of orientational distance error related to angle-axis approach

of orientation error representation.
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F1G. 5.12 Pose tracking performance for relative task space in DQ (z1, za, ..., zs) terms
for the rope deformation task to achieve U and S shape.
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Fi1G. 5.13 Evolution of error in terms of the norm of position and orientation error
in absolute task space for the rope deformation task to achieve U (—) and S (—)
shape.

While the trajectory profile for both the experiments is stable, significant error (= 2.5
cm) was recorded for the U-shape task in relative task space. This significant error can
be attributed to the measurement errors related to the dimension of the rope and the
distance between the hinges, and to the fact that the rope is rigidly attached to the
robot and the joints of Baxter robot are compliant. Note that the desired absolute as
well relative pose represented as DQ in Fig. 5.13 and 5.14 is constant throughout the
task. This is because instead of varying the desired relative pose, we are computing the

corresponding virtual sticks, as explained in Algorithm 1.
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Fic. 5.14 Evolution of error in terms of the norm of position and orientation error
in relative task space for the rope deformation task to achieve U (——) and S (—)
shape.
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5.4 Conclusion

This chapter presented the application screw theory based kinematics with DQ repre-
sentation for constraint modeling and trajectory generation using virtual mechanisms.
The static analysis for rigid body handling using dual-arm robots was extended for the
definition of a deformation task for linear semi-rigid objects with elastic properties. The
implementation of the task planner consisted of planning as well as visualization mod-
ules, which was found to be useful for visualizing the task before executing it with the

robot.

The task modeling approach using screw theory provided a basis for compact parametriza-
tion of a wide range of tasks. While conventional approaches require a frame for every
link of the virtual mechanism along with the axis of joint motion, the screw-based ap-
proach requires only the screw axes of the joints of the VM. Forward kinematics of
the virtual mechanism is also more efficient than HTM based method since DQ mul-
tiplication is computationally less expensive, as shown in section 2.2.2.2. Moreover,
the comparative evaluation of D(Q pose controller using screw parameters of pose er-
ror against the conventional control of position and orientation error, proved that the

simultaneous pose control was found to be better at pose tracking in relative task space.






Chapter 6

Conclusion

In this thesis we developed a complete framework for dual-arm coordination and task
definition. We used screw-based kinematics for the modelling of manipulators and their
coordination, and employed VM for task definition. A simultaneous pose control ap-
proach was taken for the CTS control of dual-arm that operated on the screw error
between the desired and current poses, and was compared with the conventional ap-
proach of minimizing position and orientation errors separately. Preliminary results
of the implementation of these two controllers, simultaneous pose controller and con-
ventional pose controller, on a dual-arm robot, demonstrated that simultaneous pose
controllers are better at tracking CTS pose set-points, with clear improvement for ori-

entation control.

To summarize the contributions of this thesis:

o CTS modelling and control: We combined screw-based kinematics with DQ rep-
resentation for the modelling and control of CTS poses for dual-arm coordination
in chapter 2. The compactness and computational efficiency of dual quaternion
representation of pose (Table 2.1), and generalized velocity were utilized for the
forward kinematics and control law design for dual-arm cooperation. Usage of
screw-based kinematics allowed natural consideration of wrench transformation
matriz and thus more stable and accurate tracking in relative task space, even for

tasks requiring fast relative motions (Table 2.2).
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e Anthropomorphic hand modelling: We extended the relative Jacobian modelling
for the cooperation modelling of the fingers of an anthropomorphic robotic hand
in chapter 3. The coupling of joints in the underactuated fingers of the robotic
hand were represented with a coupled finger Jacobian. The coupled Jacobian
of the robotic finger was used for inverse kinematic control, while allowing easy
integration with a robotic arm. Additionally, the relative task-space between the
fingertips of index finger and thumb was modelled using screw theory, similar to
dual-arm robots. The inverse kinematic control to achieve a desired relative pose
between the thumb tip and the index finger tip was validated on a robotic hand

AR10.

e Resolved-rate acceleration control: The idea of simultaneous pose treatment of
position and orientation variables was taken further in chapter 4 with the design
of a second-order trajectory tracker using DQs. The trajectory controller hence
designed was capable of tracking pose, velocity and acceleration setpoints for the
end-effector using inverse dynamic model of the robot. The simultaneous pose
resolved rate acceleration controller was implemented for the control of one of
the arms of Baxter dual-arm robot, and was found to be capable of tighter tra-
jectory control, specially for error terms related to orientation, compared to the
conventional controller ([90]) that treated the position and orientation setpoints
separately and ignored the inherent effect of rotation on translational motion. Ad-

ditionally, it also led to lower oscillations in the joint torque command.

e (CTS Task Planner: Finally, a complete framework for the coordination of bi-
arm robotic systems was proposed with the addition of a cooperative task plan-
ner in chapter 5. The simplicity of screw theory was exploited additionally for
parametrized generation of generalized second order trajectories for tasks requiring
simplified motion, like translation, rotation and screw motion around an arbitrary
6D screw-axis given in a known reference frame. The trajectory generation method
was extended to represent the constraints related to tasks involving contact be-
tween objects using the concept of VM. Again, screw theory was found to be a
suitable choice for constructing such mechanisms on the fly, and computation of
desired set points for relative and absolute task-space for dual arm coordination.

Additionally, the VMs were also used to parametrize different kinds of operations of
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semi-deformable objects with evident elastic properties like foam and with highly

articulated objects like rope where we constrain the rope to achieve desired shapes.

6.1 Future directions

The current implementation of the framework for dual-arm manipulation is capable of:

e Generating simple trajectories like rotation, translation and screw motion around a
6D screw axes. Additionally, trajectories can also be generated using VM for single
arm, as well as for relative and absolute task space. The parametrized trajectory
generator is also capable of generating second-order trajectory with null velocity
at the starting and end of the trajectory, which can easily be extended to higher

order if is desired to include the boundary conditions for acceleration.

e Tracking of pose trajectory hence generated for single arm, and for CTS control
of dual-arm robots using both UDQ based coupled controller, as well as for KDL

based decoupled controller.

e Trajectory tracking of a single manipulator, when the end-effector has to follow a

desired pose, velocity and acceleration set-points, for both position and orientation.

The significance of this framework can be further enhanced by:

o Combining hand kinematics with the robotic arm, so that the complete robotic
hand-arm system can be made to achieved an initial configuration with an object
to be grasped. Then the relative task-space modelling for fingertips can be used
to obtain task-specific Jacobian [13] for tasks like grasping and un-grasping by
increasing or decreasing the distance between finger tips. We have proposed CTS
Jacobians for cooperation control between robotic fingers of an anthropomorphic

hand attached to a robotic arm in the conclusion section (3.4) of chapter 3.

e FExtension of coupled resolve-rate acceleration control of manipulators for dual-arm
manipulation: In the future we would like to extend the coupled resolved-rate ac-
celeration controller for dual-arm manipulation similar to the approach taken in

[42, 97, 59], where the desired trajectory of individual manipulators were obtained
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from the CTS trajectories. We have proposed an architecture for this extension of
resolved-rate acceleration control for tasks where the two robotic arms are manip-
ulating a single object and the constraint of rigid grasp is assumed in Fig. 4.9 in

chapter 4.

o Identifying and formalizing dual-arm robotics skills for deformation control and
assembly tasks. Since today’s industries rely on constantly changing products to
spur the market demands, a flexible framework for robotic application in the pro-
duction line is desired. One of most common approaches to address this challenge
of easy reconfigurability of robotic applications has been to implement a skill-based
system [15]. While there are multitude of aspects involved in the design of such a
system that are outside the scope of this thesis, such as force control, uncertainty
handling, etc., other than the additional components of task state identification
and state transition, a parametrized description of motion during these tasks con-
stitute the core of such systems. As has been demonstrated in the current chapter,
screw-based definition of tasks provides a compact and general parametrization
of motion. Some common deformation and assembly tasks can be encoded as
dual-arm skill primitives using the tools such as task definition and dual-arm mo-
tion control, provided in the current framework of cooperative task modelling and

control.



Appendix A

Dual Quaternion and Spatial

Dynamics Basics

A.1 Quaternions

Quaternions can be regarded as pairs of a scalar and a vector (s,v), where s € R and

v € R3, or as a 4-tuple:

q =S¢+ Vg = Sq + g, 0+ vg,J + Vg, K (A.1)

= (8¢; Vg, Vqy> Ugs)- (A.2)

i, 7, k are the unit vectors along the x, y, z axis, respectively, for which following

relations was defined by William Rowan Hamilton in 1843 [106]:

=5 =k’ =ijk=—1 (A.3)

A pure quaternion has null scalar component, i.e. s = 0.
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A.1.1 Quaternion operations

o Addition: Addition of two quaternions p = s, + v, = s, +vp, 1 + ’upyj + vy, k and

q = Sq+ Vg = Sq + Vg, b + Vg, J + g,k is defined as:
P+q=(sp+5g) + (vp, +vg,)i+ (Upy + 'qu)j + (vp, + vy, )k (A.4)

o Multiplication: Multiplication of two quaternions p = s, + v, and q = s4 + v, is

performed as:
Pq = (8psq — Vp - Vg) + (8pVg + SqUp + Vp X V) (A.5)

The multiplication between quaternions is associative but not commutative.

e Conjugate: The conjugate of a quaternion q = s, + v, is given as:
q" = sq— vy (A.6)

The product of a quaternion and its conjugate will result in the square sum of its

elements, i.e.:
qq* — q*q = $q2 —+ 'qu -+ ’qu + qu (A?)

e Norm: The norm of a quaternion is defined as:

lal = Vaa* = Va'q (A.8)

A quaternion with unity norm, i.e ||g|| = 1 is called unit quaternion and can be

used to represent rotation operation akin to rotation matrix.

e Inverse: The inverse of a quaternion is defined as:

1 q>k
- (A9)
lqll?

The inverse of a unit quaternion is its conjugate as can be verified from above

relation.
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A.1.2 Rotation representation using unit quaternions

A rotation of angle # € [0.7] around a unit vector w can be represented using a unit

quaternion as (see Fig. A.1):

o 0 0
q= e (urituydtusk) — oo 3 + (ug? + uyj + u k) sin 3 (A.10)

A rotation represented by g can be applied to a vector v = v,% + vyJ + v.k, and the

vector thus obtained is given as:

v’ = quq* (A.11)

A.2 Dwual Numbers

Dual numbers, proposed by Clifford [107], is defined with a real and dual part, a and b

respectively, as:

A~

d = a+ b, (A.12)

where a,b € R and ¢ is a dual unit, such that €2 = 0.

Yo

Y, Z

Fic. A.1 Frame rotation using unit quaternion.
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A.2.1 Dual number operations

e Addition: Addition of two dual numbers d} = a1 + &by and CZQ = ag + €by is given

as:

dAl—l-dAz = (a1 + a2) + (b1 + ba). (A.13)

e Multiplication: The multiplication of two dual number is given as:

d}d} = ai1a2 + 6(@152 + ale). (A.14)

e Inverse: Inverse of a dual number d = a +¢b is defined for the condition a # 0, as:

A~

d'=a" (1 —cba™). (A.15)

o Function of dual number: A function of a dual number d = a + ¢b is defined using

Taylor expansion yields:
fla+eb) = f(a) +ebf'(a), (A.16)

since all terms with two or higher power of £ vanish.

A.3 Dual Vectors

Dual vectors have 3D vectors as both real and dual parts, or can also be defined as
vectors where each entry of the vector is a dual number. Dual vectors with a unit vector
as real part and orthogonal real and dual parts are the representation of spatial lines in

R3, also known as Pliicker lines, as shown in Fig. A.2:

s§=l+em (A.17)
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A.3.1 Dual vectors operations

e The product of a dual number d and a dual vector d = (dAl, d}, cfg) is given as:

A A

dd = (ddy, ddy, dds) (A.18)

e The inner product of two dual vectors d = (d}, do, dA3) and é = (é1, éa, €3) is defined

as:
Ci e = Cilél + dAgéQ + Cigég (A.lg)

e The cross product of two dual vectors d and é is given as :

doéz — dzéa

U,
o>
Il

dséy — dyés (A.20)

d1é2 — daéy

If I is a unit vectors then, it can regarded as the direction vector of the line and the
dual part m is the moment of the line about the origin of the reference frame, given as
m = p x [, where p can be any point on the line. The inner product of two Pliicker lines
yields the cosine of a dual angle 6=0+ ed, where d is the relative distance between the

lines and @ is the angle between the two Pliicker lines.

A
refs = refl + Erefm
refm = refp X refl

Fia. A.2 Pliicker line in reference frame: Represented by a dual vector § with direction
unit vector I as the real part and moment of the line m computed with respect to the
origin of the reference frame X,.;.
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A.4 Dual Quaternions

Dual quaternions are extension of dual numbers with real and dual quaternion compo-
nents which combines Hamilton quaternion algebra with the dual number theory [107].

A dual quaternion can be written in following forms:

T =q,+eqq (A.21)
=5+ 0= (sp+esq) + (vp +evy) (A.22)
= (51“, Urgzy Ury, Urz, Sdy Udgs Vdy, Udz) (A23)

The first dual quaternion representation has quaternions where g, and g4 are real and
dual components of dual quaternion &, respectively. The second representation has §
and ¥ as the dual number and dual vector components of the given dual quaternion.

The last representation considers a dual quaternion as an 8-tuple.

A.4.1 Dual quaternion operations

o Addition: Given two dual quaternions &; = q,, +£qq, and 2 = q,,+£qq,, addition

operation of dual quaternions is defined as:

1+ 22 = (g, +qr,) + (@4, +qa,)- (A.24)

e Multiplication: The product of two dual quaternions &1 and @5 is defined as:

122 = ¢, qQr, +€(9r,9d, + qd, Gry) (A.25)

e Conjugate: There are three conjugates that can be defined for a dual quaternion,
which are used for different operations like Pliicker line transformation, or point

transformation.

— Classical quaternion conjugate: This conjugates refers to the representation
of dual quaternion as a variation of dual numbers with quaternions as real

and dual components and is used for line transformation.

T =gq; +eq). (A.26)
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— Dual conjugate: Dual conjugate is similar to the conjugate of a dual number

and is given as:
T =q, —cqq. (A.27)
— Combined conjugate: is used for point transformation and is defined as:
z =q —eq (A.28)

The conjugate of the conjugate of &, for all the conjugates introduced above, is
itself. The conjugate of the product of dual quaternions equals the product of the

individual conjugates of these dual quaternions in the reverse order.

e Norm: The norm of a dual quaternion is obtained using classical quaternion con-

jugate and is given as:

& = Vezr = v (A.29)

\/ 2+ v, vp) +€2(8p84 + VrUg) (A.30)

A unit dual quaternion has unity norm, i.e.:
lz|| = Vaz*r = Vare =1, (A.31)

which implies that real part quaternion g, should be a unit quaternion and it

should be orthogonal to the dual part g4 as 4-tuples:

$p2 + vyt + vry2 +v.,2 =1, (A.32)

584 + UrgUdg + VryVdy + Vr;04, = 0. (A.33)

The above equations shows that unit dual quaternions belongs to a six-dimensional

manifold and can be used to represent rigid body displacement.

A.4.2 Transformations using unit dual quaternions

A unit dual quaternion can be used to represent rigid body motion or a directed line.

They are also useful for transforming geometrical entities like lines, points, etc.
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A.4.2.1 Rigid body motion and pose representaion

A rigid body motion can be represented using unit dual quaternions a single screw motion
as well as with a series of transformation similar to an order sequence of translation and
rotational motion. Both forms of the representation of rigid body motion is equally
useful and has been explained below, along with the methods to obtain the motion

parameters when the corresponding UDQ is given.

o HTM equivalent rigid body motion using UDQ: A rigid body displacement equiv-

alent of homogeneous transformation matrix is given as:

1
=qr+ 5§tqr (A.34)

[R5

The above unit dual quaternion represents a sequence of rigid body motion, where
a frame attached to the rigid body is first translated by ¢ and then rotated using

the unit quaternion g,, as demonstrated in Fig. A.3.

z0 zref

Fic. A.3 Rigid body motion akin to one represented using homogeneous transformation
matrix. The rigid body frame (3) is first translated by a vector t to X,.¢ to 3 frame
(shown with dotted axes) and rotated using a unit quaternions g, to 3o frame, where
all the motion and frames are computed and represented in the reference frame. 3, ¢.

The rotation parameter corresponding to a unit dual quaternion (& = g, +¢eqy) in
this representation or rigid body motion is derived in the same way as the screw

based representation. The translation component as a pure quaternion is given as:

t = 2qqq; (A.35)
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F1G. A.4 Screw displacement of a rigid body: p is any point lying on the screw axis §,
both computed and represented in reference frame X,..r. The rigid body first undergoes
a rotation by 6 along § and then a translation by d along the same axis.

The method for deriving the angle-axis parameters can be derived from the rotation
quaternion, i.e. the primary part of the given dual-quaternion, will be the same
for both HTM equivalent representation and screw-displacement representation,

which is given below.

o Screw displacement: Chasles’s theorem states that the general spatial displace-
ment of a rigid body is screw displacement, i.e. a rotation about an axis and a
translation along the same axis, as depicted in Fig. A.4. The corresponding unit

dual quaternion, with real component as rotation unit quaternion, is given as:

& = exp <9 . §> (A.36)

e (2) s () s
) (i (2) s (2) i ()
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where, 0 is a dual angle containing the screw rotation and translation parameters,

and § is a Pliicker line given as a dual vector (see Fig. A.2).

0

0+ ed (A.39)

§=l+em (A.40)
l is the unit vector along the axis related to the screw displacement and m = p x 1
corresponds to the moment of the directed line (Pliicker line) in the reference frame
at which the screw displacement is computed. p is a vector from the origin of the

reference frame to any point lying on the directed line.

Computational cost of representation of screw-based displacement using UDQ: The
computation of UDQ from given screw parameters, I, m, d, and 6 using expression

A.38 will require:

— Two trigonometric operations for the computation of sin (g) and cos (g)

— 13 multiplication (x) operation for the computation of d/2(1 x), 8/2(1 x),
Usin (£)(3 x), $sin (£)(1 x), 4 cos (§)(1 x), 1% cos (£)(3 x), and msin (£)(3
x).

— Three addition (+) operations for the computation of (lg cos (g) + msin (g))

UDQ to screw parameters : Given a unit dual quaternion (£ = 5§+ 9 = (sp +
£sq) + (vp +€v,)) corresponding to a rigid body motion, the computation of screw
parameters (6, d, I and m) requires different approaches depending if there is

rotation involved during the motion.

First, the rotation angle is derived from the scalar part of the real quaternion

component of the unit dual quaternion (comparing A.22 and A.37):

6 = 2arccos(sp). (A.41)
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If there is no rotation involved, i.e. s, = 1 or = 0, the dual quaternion corre-

sponds to pure translation and the screw components are given as:

d = 2|9 (A.42)
—9Y%

=2 (A.43)

m =10, 0, 0]". (A.44)

If0#0and 0 < 0 < 27, screw parameters are given as:

d=- sin(0/2) (4.45)

= 5@ (A.46)
d 1

m = <vq — sp2l> Sn(6/2)° (A.47)

A.4.2.2 Point tranformation

A 3D point in cartesian coordinates p, given as pure quaternion, can be represented as

a unit dual quaternion:

p=1+ep (A.48)

A~

A point p, represented in unit dual quaternion form (p), as shown above undergoing a

transformation represented using unit dual quaternion & can be given as:

A~ A A K

Db = Pa (A49)
where & is the combined conjugate of the transformation unit dual quaternion .

A.4.2.3 Line tranformation

A directed line or Pliicker line represented using dual vector (see sec. A.3) is a unit
dual quaternion, since it satisfies both conditions of unit quaternion as real part and

orthogonal relation between real and dual part of the dual quaternion given in A.32.
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F1G. A.5 A serial manipulator and its joint screw axes in the reference frame X,.;.
The current end-effector position computed and represented in the reference frame is
given by the vector "/ p,. -

A directed line represented by a dual vector §, undergoing a transformation represented

by unit dual quaternion & can be given as:
Sp = &S, &" (A.50)

where &* is the classical quaternion conjugate of unit dual quaternon .

A.5 Serial manipulator kinematics using unit dual quater-

nions

A forward kinematic model of a manipulator is used to obtain the position of its con-
stituent links and end-effector for a given joint configuration. Inverse kinematics deals
with the computation of the joint positions for a desired end-effector pose and the most
common method is through the use of inverse Jacobian of the manipulator. This section
presents a dual quaternion based forward and inverse kinematics of serial manipula-
tor, where the theory developed in [14] is revisited. All the variables related to pose
and directed lines such as joint screw axes are computed and represented in a common

reference frame X,.;.
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A.5.1 Forward Kinematics of a serial manipulator

Let §; be the directed line corresponding to the current joint screw axes of a se-
rial manipulator with n joints (shown in Fig. A.5), represented as a dual vector for
1 =1,...,n. Let &, be the initial pose of the end-effector with respect to the base

frame, for the initial configuration of the joints given as an array of dual numbers

0, = |, A A € D"*1. The end-effector pose .. relative to the
01, 05, e Org
T
base frame, X,.¢, for a joint configuration 0 = 0, 6 6| € D™ s
given as:
:i:ee - 5T Leeg,
op =61 8y -+ by, (A.51)
« 0; .
d; = exp (5 si0> .
where,

e §;, is the initial joint screw axis described using unit vector along the axis (i.e.
li,), and moment of the joint screw axis about the base frame of the manipulator

(i.e. myy),

e dual vector §; is the displacement effected on the end-effector by the ith joint of

the manipulator due to joint displacement éi, and

° éz is a joint displacement from the home position éio

0; = Ab;, for revolute joints,

b; = ¢ Ad;, for prismatic joints. (A.52)

Computational cost for the forward kinematics computation using screw-based method
using dual-quaternion representation: The product of DQ consists of 3 quaternion mul-
tiplications and a sum of two quaternions. Multiplication of two quaternions involves
one dot product (3 x operations and 2 + operations), one cross product (6 X operations,

and 3 + operations), and two vector scaling operations (6x operations) and one scalar
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multiplication (1 x operation) and 7 additions (7 + operations). Thus total computation
requirements for pose transformation using UDQ is 3(3 + 6 + 6 4+ 1) = 48 multiplication
operations, and 3(2 + 3+ 7) 4+ 4 = 40 addition operations.

Now, the computation of forward kinematics for a serial manipulator with n joints involve
n times computation of UDQ representation of screw-based displacement using A.38.
It also involves (n — 1) UDQ multiplications. Thus the total computation of forward
kinematics requires 48(n — 1) 4+ 13n = (61n — 48) multiplication (x) operations, and
3n +40(n — 1) = 43n — 40 addition/substraction (4) operations and 2n trigonometric

operations.

A.5.2 Jacobian computation of a serial manipulator

The screw twist of the end-effector frame in a reference frame is given as:
reféeeo = Wee + € Vee,, - (A53)

where, we, is the rotational velocity of the end-effector frame, and vee, is the translational
velocity of a point which is attached to the end-effector frame and is instantaneously
coincident with the origin of reference frame X,.s (see Fig. A.5). we is defined as a
pure quaternion non-dual part, and ve., is defined as a pure quaternion dual part of the

dual quaternion "¢/ éeeo.

The twist of the end-effector in the base frame is given as:

ref ~ . X 3 X
b= |5 & .. 5| 0=T0 (A.50
Therefore, the corresponding Jacobian is given as:
J=1. . .. (A.55)

The current configuration of an intermediate joint screw of the manipulator represented
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as dual vector §; for the 7, joint, can be obtained from its initial value §;,, by trans-

forming it using the total displacement caused by the previous (i — 1) joints.
8i =01, 8i, O*1,_, (A.56)

07,y =01 82 -+ & 1. (A.57)

Note that in the case of first joint, i.e. §1, the dual vector of joint screw is constant with

respect to the reference frame.

A matrix-vector representation of (A.55) was given in [14] as:

Wee L of |6
Tefseeo = = (A.58)
Vee, M L d
wee = L 6, (A.59)
Vee, = M Q"’ L d
—P®LO+Ld (A.60)
where,
- T
0=\p 4, ... 4| RN (A.61)
_ T
d= i, dy - d| € R (A.62)
L=|, 4, ... 1|¢€ R3] (A.63)
P=| o . € R™X3, (A.64)
M = mi  ms - m,| € R™ 3 and (A.65)

® is element-wise cross-product operator. (A.66)
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Let "/ p,. f.ee = Pee be the position of end-effector frame origin computed and given with
respect to reference frame, X,.r. The relation between the linear velocity of a point on
the end-effector frame (ve.), and the velocity of a point attached to the end-effector but

instantaneously coincident with the reference frame, i.e. Ve, is:

Vee = Vee, + Wee X Pee- (A.67)

(A.67) can be written in a matrix form using (A.58) as:
UEEZ(P_Pee)@)LQ‘FLd, (A68)

where,

P.. = R™)>3, A.69
ee Dee Dee T DPee < ( )
Pee can be derived as a vector from the current pose of the end-effector frame (&)

computed in (A.51), as:

Pee = Qth;k7 (A?O)

where &.. = q, + €q:, and gq; is the quaternion conjugate of g;.

Computational cost for the screw-based Jacobian computation for a serial manipulation
using dual-quaternion representation: In order to compute the Jacobian as given in (eq.
(A.55), (A.56) and (A.57)), we need to first compute the forward kinematics and we need
two additional dual quaternion multiplication for each joints to transform the screw axes
(A.56) except the first joint screw axis, to obtain the DQs corresponding the joint screw
axes for the current joint configurations. So we need totally (2% (n—1)*48461n —48 =
157n — 144) multiplication operations, and 2 % (n — 1) x 40 4+ 43n — 40 = 123n — 120
addition operations, in addition to 2 trigonometric operations for the computation of

forward kinematics.
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A.5.3 Proportional kinematic control using screw parameters

Given two poses, i.e. current (&.) and desired (€4), both expressed in the same reference

frame, there are following two choices for error unit dual quaternion computation.

Boy =27 By = “Besq (A.71)

Bog =g 2 =" T g (A.72)

Since joint screw axes, and hence the Jacobian has been computed in the reference
frame in A.55, the definition of error given in A.72 is the appropriate choice for the
computing joint velocity as control input to track a desired pose. ref &4 refers to a
screw displacement vector directed from the current frame ¢ to the desired frame d,

expressed in the reference frame X,.;.

The control law for kinematic control was given in [14] in terms of the logarithm of the

error unit dual quaternion:

€ =\ In(deo)

=0 le+¢e (0. me+d. 1)) (A.73)

where, {0, de, le, me} are screw displacement parameter related to the error unit dual
quaternion @.o (see A.4.2.1), and \ is a positive scalar gain for the controller. The global

exponential stability of the above mentioned control law (§) was proved for —7 > 6, > 7

in [14] using Lyapunov analysis.

The norm of the screw error, which has been used throughout the work for the validation
of screw theory and dual quaternion based manipulation based controllers is computed

as:

screwNormerror = ||lebe|| + ||lede + Mrebe|] (A.74)

A.6 Spatial Vectors: Velocity and Acceleration

A screwing motion along a directed line is the most general motion of a rigid body,

which is referred to as spatial motion by Featherstone in [108, 95]. A screw motion is
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characterised with an angular magnitude, linear magnitude and a directed line. Spatial
motion vectors include spatial velocity, or twist velocity, and spatial acceleration, which
is the derivative of spatial velocity. Spatial motion vectors along with force vectors form
two dual 6D vector spaces called M® and F®, which are defined in the same way as a

screw twist. Spatial forces, or wrench and spatial momentum are the members of FS.

In this section the relation of spatial variables, like spatial velocity and spatial acceler-

ation with conventional twist and conventional acceleration is discussed.

A.6.1 Spatial Velocity

Consider a point P on a rigid body, moving with an angular velocity w and linear
velocity vp given in a reference frame X,.; with origin O. The spatial acceleration in

6D vector form is given as:

w w
= (A.75)
Vo vp + O—P> X w
The same can be represented as a dual vector as:
w=w+ v, (A.76)

Thus spatial velocity of a point attached to the rigid body but instantaneously passing
through the origin of the reference frame. Velocity motor and twist velocity are other

common names for spatial velocity.

Conversely, the dual vector of the velocity of a point P on a rigid body in 6D form
can be obtained from the spatial velocity and the position vector from the origin of the

reference frame to the point P on the rigid body:

= (A.77)

vp vO—O—})’xw
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A.6.2 Spatial Acceleration

Spatial acceleration is the derivative of screw velocity and defines a helicoidal vector

field [109].

(A.78)

=}
Il
&-
Il

The angular acceleration & of a body in classical sense and spatial dynamics is the same.
However, the linear acceleration of a point attached to the body is quite different in both
paradigm. Below, we provide the steps to obtain classical acceleration of a general point

attached to a rigid body from its spatial acceleration and vice-versa.

A.6.2.1 Spatial to classical acceleration

Let a.,, = w + € a., represents the conventional acceleration of a frame ¢, rigidly
attached to the end-effector and instantaneously coincident with the origin of the base
frame. Given spatial acceleration a = w + €v,, and spatial velocity @ = w + cv,, @, is

computed as:

ao, = = (A.79)

a Vo + W X v,

0

Note that the dual part of a.,, i.e. a., is not the derivative of v., (or v,). In fact,
a., “refers to the acceleration of an individual body-fixed point at the moment when it

o

happens to be passing through the origin” [109].
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The dual classical acceleration comprising the linear acceleration of a general point, say

P, i.e. origin of a frame on the end-effector, can be obtained as:

a’CP = =

Qcp aco—i—wx()?—kwx(wx()?)

(A.80)

Thus (A.79, A.80) can be used to convert spatial acceleration of a rigid body to the

classical acceleration of a know point on the rigid body, if the twist related to its motion

is known.

A.6.2.2 Classical to spatial acceleration

The classical acceleration of a point attached to the rigid body and instantaneously coin-

cident with the origin of the reference frame is derived first from the classical acceleration

of a point P attached to the rigid body.

Q.

o

Then inverting (A.79), the spatial acceleration can be obtained as:

[=}
I
Il

U, Vo + W X v,

acp—wx()?—wx(wa?)

Ac, —w X U,

(A.81)

(A.82)
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