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Foreword

At the dawn of the century’s third decade, robotics is reaching an elevated level of
maturity and continues to benefit from the advances and innovations in its enabling
technologies. These all are contributing to an unprecedented effort to bringing
robots to human environment in hospitals and homes, factories and schools; in the
field for robots fighting fires, making goods and products, picking fruits and
watering the farmland, saving time and lives. Robots today hold the promise for
making a considerable impact in a wide range of real-world applications from
industrial manufacturing to healthcare, transportation, and exploration of the deep
space and sea. Tomorrow, robots will become pervasive and touch upon many
aspects of modern life.

The Springer Tracts in Advanced Robotics (STAR) is devoted to bringing to the
research community the latest advances in the robotics field on the basis of their
significance and quality. Through a wide and timely dissemination of critical
research developments in robotics, our objective with this series is to promote more
exchanges and collaborations among the researchers in the community and con-
tribute to further advancements in this rapidly growing field.

The monograph by Chen Qiu and Jian S. Dai is the outcome of the work
accomplished by both authors on screw theory for compliant mechanisms and
compliant parallel robots with their presentation, design, stiffness construction,
parametrisation and optimisation. Several aspects of mechanics and robotics are
mastered, ranging from screw theory and flexible systems to design and optimi-
sation of compliant mechanisms. While conjugating theoretical methods with
practical implementation, an excellent way of solving the numerous problems is
presented throughout the chapters.

The volume will last long in the field, and future research on the topic will
benefit from the impact of the results available with this work. A fine addition to the
STAR series!

Naples, Italy Bruno Siciliano
March 2020 STAR Editor
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Preface

As an emerging technology, compliant mechanisms have been used in research and
many engineering applications, such as remote centre devices, micro and nano
manipulators, continuum manipulators, etc. A compliant mechanism generates a
motion based on deformation of flexible elements. As such, to successfully design a
compliant mechanism requires a good understanding of both deformation of flexible
elements and the combination pattern of them. Deformation evaluation of flexible
elements is in the field of solid mechanics, while assembly of flexible elements is
more related to a traditional mechanism design. In particular, the latter provides a
potential of using the mechanism-equivalence principle for a design of compliant
mechanisms.

As a well-established algebra approach in the study of kinematics and dynamics
of traditional mechanisms, screw theory has become an increasingly popular tool in
design of compliant mechanisms following the fundamental mechanism-
equivalence principle. This monograph is the outcome of the work accomplished
by both authors on screw theory for compliant mechanisms and compliant parallel
robots with their presentation, design, stiffness construction and parametrization
and optimization.

The book covers several aspects of mechanics and robotics, ranging from screw
theory and flexible systems to design and optimisation of compliant mechanisms
and compliant parallel mechanisms. In this book, a unified screw-theory based
framework for design of both traditional and compliant mechanisms is proposed,
including the description of flexible elements and the stiffness/compliance con-
struction of the whole mechanisms and whole parallel mechanisms. A novel
compliant parallel mechanism employing shape-memory-alloy spring based actu-
ators is introduced using a constraint-based approach, and both stiffness analysis
and synthesis design problems are tackled. This naturally goes to parameterisation
and optimisation with respect to design parameters of ortho-planar springs and
leads to development of a novel continuum manipulator with large bending capa-
bilities, and to an original origami-inspired compliant mechanism with good flex-
ibility and controllable motion in a large workspace.

ix



X Preface

The book presents a comprehensive study on screw theory and its application in
the design of compliant mechanisms, with particular focuses on compliant parallel
mechanisms. Chapter 2 introduces the theoretical background of screw theory,
based on which both compliance characteristics of flexible elements and their
integration designs are addressed in Chaps. 3 and 4. This paves a way of analysis
and synthesis, where a number of common design topics are covered in Chaps. 5-8.

Chapter 5 looks into synthesis problems of compliant parallel mechanisms at the
conceptual-design level, where screw theory is implemented in generating an
arrangement of constraint flexible elements according to degrees of freedom of a
compliant parallel mechanism. Chapter 6 extends Chap. 5 and addresses the stiff-
ness synthesis problem, where algorithms are developed that are able to synthesize
a compliant parallel mechanism not only according to the motion requirement but
also according to a stiffness requirement. Chapter 7 looks into the dimensional
design issue, where parameterization and optimization analysis of compliant par-
allel mechanisms are investigated using ortho-planar springs as examples. Finally,
Chap. 8 addresses the large deformation of compliant parallel mechanisms using a
repelling-screw based approach, where the force equilibrium is established when a
compliant parallel mechanism is deformed. In this chapter, Origami-inspired
compliant mechanisms are selected to demonstrate the proposed approach.

To help readers better understand each design topic, both simulations and
physical experiments are provided in accordance with the mathematical models.
The prerequisite for this book is a basic knowledge in linear algebra, kinematics and
statics, and solid mechanics. The book is appropriate for researchers, developers,
engineers and graduate students with interests in compliant mechanisms and
robotics and screw theory.

The book would not have been possible without the help of many people. We
would like to thank colleagues in the Group of Advanced Kinematics and
Reconfigurable Robotics of King’s College London, who offered generous supports
in a number of research projects that resulted in the main contents of this book. We
acknowledge the support of National Natural Science Foundation of China (NSFC)
in the number of 51535008 and the support of Engineering and Physical Science
Research Council (EPSRC) in the UK under the grant of EP/E012574/1 and
EP/S019790/1. Special thanks to the STAR book series editors Prof. Bruno
Siciliano and Prof. Oussama Khatib for valuable suggestions and comments, and
Dr. Thomas Ditzinger for the kind help in the publication of this book.

London, UK Chen Qiu
March 2020 Jian S. Dai



Contents

2

1 Imtroduction ......... ... . .. . .. .. . .. ... 1

1.1 Modeling of Flexible Elements . ......................... 1

1.1.1 Degree-of-Freedom of Flexible Elements ............. 2

1.1.2  Large Deflection of Flexible Elements ............... 3

1.2 Integration of Flexible Elements . ........................ 5

1.2.1 Constraint-Based Design Approach. ................. 6

1.2.2  Mechanism-Equivalent Approach ... ................ 6

1.3 Screw-Theory Based Approach . . ........................ 8

1.3.1 A Brief History of Screw Theory . .................. 8

1.3.2  Compliant-Mechanism Design Using Screw Theory. . . ... 9

1.4 Book OVEIVIEW . ... ..t 10

141 Motivation . . ....... .t 10

1.4.2  Organization of Remaining Chapters. . ............... 11

References . . . ... ... . ... 12

An Introduction to Screw Theory . ... ..... ... ... ... ... ... .. 17

2.1 Introduction . .......... ... ... 17

2.2 Definition of a Screw and the Screw Operations. . .. .......... 18

2.2.1 Screw Interchange Operation . ..................... 19

2.2.2  Screw Coordinate Transformation. . ................. 19

2.2.3 Reciprocal Product of Two Screws . . .......... ... .. 22

2.3 Definition of the Screw System . .. ....................... 23

2.3.1 Reciprocal Screw System . ... ..................... 23

2.3.2 Repelling Screw System. . ........................ 24

2.4 Definition of the Twist and Wrench. . .. ................... 24

2.4.1 Definition of a Twist and the Twist Space. ... ... .. .. .. 25

2.4.2 Definition of a Wrench and the Wrench Space ......... 27
2.4.3 Example: The Twist and Wrench Space

of a Compliant Parallel Mechanism ................. 29

xi



Xii

3

Contents

2.5 Conclusions . . ... ... 31
References . . ... ... . 31
Screw Representation of Flexible Elements. . . ... .............. 33
3.1 Introduction . .......... ... 33
3.2 Single DOF Flexible Elements . ......................... 34
3.2.1 Compliance Matrices of Single DOF Flexible
Elements . ................. ... ... ... ... ... ... 35
3.2.2 Stiffness Matrices of Single DOF Flexible Elements . . . . . 36
3.3 Multiple DOF Flexible Elements . . .. ..................... 38
3.3.1 Compliance/Stiffness Matrices of Slender Beams . . . . . ... 39
3.3.2 Compliance/Stiffness Matrices of Blades . . . .. ......... 43
3.4 Coordinate Transformation of Flexible Elements ............. 44
3.4.1 Example: Compliance Matrix of a Slender Beam
in the Tip-End Coordinate Frame . . ................. 46
3.5 ConcClusions . .. ... 47
References . . ... ... . . 48
Construction of Compliant Mechanisms . . . ................... 49
4.1 Introduction . ............. ... 49
4.2 Serial Configuration of Compliant Mechanisms . ............. 49
4.2.1 Compliant Serial Mechanisms with Single-DOF
Flexible Elements ... ......... ... . ............. 51
4.2.2  Compliant Serial Mechanisms with Multi-DOF
Flexible Elements .. ........... ... .. ............ 52
4.3 Parallel Configuration of Compliant Mechanisms . . ........... 54
4.3.1 Compliant Parallel Mechanisms with Single-DOF
Flexible Elements ... ............. . ... ... ...... 56
4.3.2 Compliant Parallel Mechanisms with Multi-DOF
Flexible Elements . ............................. 57
4.4 Problem Formulation of Compliant Mechanism Design .. ... ... 59
4.4.1 Conceptual Design of Compliant Mechanisms. ... ... ... 60
4.4.2 Compliance/Stiffness Decomposition of Compliant
Mechanisms . .......... .. ... 61
4.4.3 Compliance/Stiffness Parameterization and Optimization
of Compliant Mechanisms . ....................... 61
4.4.4 Large-Deformation Analysis of Compliant Mechanisms . .. 62
4.5 ConcluSiONS . . .. vt 63
References . . ... ... .. . 64
Conceptual Design of Compliant Parallel Mechanisms . . .. ... .... 65
5.1 Introduction . ........... .. 65
5.2 Conceptual Design of a Compliant Parallel Mechanism . ....... 66
5.2.1 Synthesis of the Constraint Space . . .. ............... 67

5.2.2  Synthesis of the Actuation Space ................... 68



Contents

5.3 Design of SMA-Spring Based Linear Actuator. . .............
5.3.1 Selection of Bias Springs . . . ....... ... ... ... ... ...
5.3.2 Selection of SMA Springs . .......................

5.4 FEA Simulation and Experiment Validation . . ... ............
54.1 FEA Simulation. .............. ... ... ... ......
5.4.2 Physical Prototype Demonstration. . . . ......... ... ..

5.5 Conclusions . . ...

References . .. ... ..

6 Stiffness Construction and Decomposition of Compliant
Parallel Mechanisms . . .. ... ... ... ... ... .. ... ... .. ...
6.1 Introduction . ............ . . ... ..
6.2 Constraint Stiffness Construction of the Compliant Parallel

6.2.1 Construct the Constraint Stiffness Matrix .............
6.2.2 An Example of Constraint Stiffness Construction. . ... ...
6.3 Constraint Stiffness Decomposition Using the Matrix-Partition

Approach . . ... .
6.3.1 Line-Vector Decomposition of the Constraint Stiffness
MatrixX. . ..o

6.3.2 Decomposition of K4. .. .........................

6.3.3 Decomposition of Kg. .. .........................
6.4 Implementation of Constraint-Stiffness Decomposition

Algorithms . . . ...

6.4.1 Rank-Six Constraint Stiffness Matrix Decomposition . . . . .

6.4.2 Rank-Five Constraint Stiffness Matrix Decomposition . . . .
6.5 ConcClusions . .. ...
References . . ... ... .. .

7 Compliance Parameterization and Optimization of Compliant
Parallel Mechanisms . . . . ............... ... ... ... ... ... ..
7.1 Introduction . ... ... ...
7.2 Compliance Matrix of an Ortho-Planar Spring Based

on the Equivalent Parallel Mechanism . . ...................
7.2.1 The Compliance Matrix of a Limb . . . .. ....... ... ..
7.2.2 Diagonal Compliance Matrix of an Ortho-Planar

Spring. . ...

7.3 Compliance Variations of Ortho-Planar Springs

with Nondimensional Parameters. . ... ....................
7.3.1 Linear Compliance Variations with Variables £ and . . . ..
7.3.2 Rotational Compliance Variations with

Variables % and % ...............................
7.3.3 Rotational Compliance Variations with

Variables Zand 2. ... ... ... .. ... o

104



Xiv

8

Contents

7.3.4 Rotational Compliance Variations with
Variables Zand % . ... ... .. L
7.4 Compliance Validation of Ortho-Planar Springs Using
a Multi-body Based FEA Simultion Approach .. .............
7.5 Experiment Evaluation of Linear Compliance Cj;
of Ortho-Planar Springs . ..............................
7.6 Experiment Evaluation of Coupling Compliance Cj,
and Cp3 of Ortho-Planar Springs . ... .....................
7.6.1 Mathematical Modeling of Coupling Compliance Cp,
and Cb3 .....................................
7.6.2 Experiment Validation of Coupling Compliance Cp,
and C},3 ......................................
7.7 A Continuum Manipulator Based on the Serial Integration
of Ortho-Planar-Spring Modules .. .......................
7.8 Conclusions . . ............ ...
References . . ... ... .. .

Large Deformation Analysis of Compliant Parallel Mechanisms . . .
8.1 Introduction ........... ... ... ... . ...
8.2 Stiffness Characteristics of Single Creases . .................
8.2.1 Virgin and Repeated Folding-Stiffness Characteristics . . . .
8.2.2 Crease Stiffness with Various Crease Lengths . ... ... ...
8.2.3 Crease Stiffness with Various Folding Velocities . . . . . . ..
8.3 A Framework for Reaction-Force Modeling of an Origami
MechaniSm. . .. ... ...
8.4 Reaction Force of an Origami Linkage Based on Its Repelling
SCIEWS . o o
8.4.1 Repelling Screws of the Origami-Waterbomb Linkage . . . .
8.4.2 Reaction Force of the Waterbomb-Origami Linkage . . . ..
8.4.3 Geometric Relations. . .. .......... ... ... .. ... ...
8.5 Reaction-Force Modeling of a Waterbomb Parallel

Mechanism. . ... ...
8.5.1 Kinematic Description of the Waterbomb Parallel
Mechanism .. ................ ...
8.5.2 Repelling Screws of the Waterbomb Parallel
Mechanism .. ........ ... . ...

8.5.3 Reaction Force of the Waterbomb Parallel Mechanism. . . .

8.6 Reaction-Force Evaluation Using Finite Element Simulations . . . .

8.6.1 Reaction-Force Evaluation of the Linear-Motion Mode . . .
8.6.2 Reaction-Force Evaluation of the Rotational-Motion

Mode . ... ... ..

8.6.3 Applications of the Reaction-Force Evaluation .........

119

121
121
122
124



Contents XV

8.7 ConClusions . . . . ..... ... 143
References . . .. ... ... . . .. 144

9 Conclusions and Future Work . ... ... ... ... ... ... ... ... 147
9.1 Main Achievements and Novelty . ........................ 147
9.2 Future Work. . ... .. ... . .. 149
9.2.1 Theoretical Developments . ....................... 149

9.2.2 Practical Applications . ................. ... ...... 150
References . . .. ... ... . ... 151

Appendix A: Constraint and Actuation Space of the Compliant
Parallel Mechanism . ............. .. ... ... ........ 153

Appendix B: Selected Constraint Spaces of the Compliant
Parallel Mechanism and Corresponding Decomposition
Results. . ... ... .. . . . 155

Appendix C: A Complete List of Ortho-Planar-Spring Configurations
Used in FEA Simulations . . . ........................ 157

Appendix D: Formulation of the Virtual Symmetric Plane
of Waterbomb Parallel Mechanism. .................. 159

Appendix E: Motion Description of the Waterbomb Parallel
Mechanism . ........... ... ... ... .. ... . ... ... 161



Acronyms

IS N o

O s

Screw

The primary part of a screw

The second part of a screw

Screw in Pliicker axis coordinate frame

Screw elliptical polar operator

Adjoint transformation matrix

Screw system

Reciprocal screw

Reciprocal screw system

Repelling screw system

Dimension of a screw system

Twist representing an instantaneous velocity or an infinitesimal
displacement

The primary part of a twist representing the angular velocity when the twist
represents an instantaneous velocity

The second part of a twist representing the linear velocity when the twist
represents an instantaneous velocity

The primary part of a twist representing the rotational displacement when
the twist represents an infinitesimal displacement

The second part of a twist representing the translational displacement when
the twist represents an infinitesimal displacement

Twist in Pliicker axis coordinate frame

Wrench representing a spatial force

The primary part of a wrench representing the linear component (pure force)
The second part of a wrench representing the angular component (pure
moment)

Wrench in Pliicker axis coordinate frame

Compliance matrix

Stiffness matrix

Stiffness coefficient of a linear spring

Xvii



Xviii Acronyms

Cs Compliance coefficient of a linear spring
ko Stiffness coefficient of a torsional spring
co Compliance coefficient of a torsional spring

Cy Compliance matrix of a revolute joint in the serial configuration

Cs Compliance matrix of a translational joint in the serial configuration
Ky Stiffness matrix of a revolute joint in the parallel configuration

Ks Stiffness matrix of a translational joint in the parallel configuration
Js Jacobian matrix

E Young’s modulus

G Shear modulus

v Poisson’s ratio



List of Figures

Fig. 1.1 The beam-type flexure and its extensions to notch hinges

and crease-type flexures, a the small-length beam flexure,

b the notch hinge [6], ¢ composite-material type [8],

d multi-layer type [9] . .. ... ...
Fig. 1.2 Deflection types of a typical beam flexure .. ............... 2
Fig. 1.3 A list of the main degree-of-freedoms of the widely used

flexible elements, including a beam-type flexure,

[\S]

b blade-type flexure, ¢ notch-hinge flexure. ... ............. 3
Fig. 1.4  Large deformation models of beam-type flexures............ 4
Fig. 1.5  Large deformation of single-DOF flexible elements,

including: a notch-hinge flexure, b crease-type flexure. .. ... .. 5

Fig. 1.6 Compliant mechanisms built using the constriant-based design
approach, including a a planar 2DOF parallel platform [4],
b a spatial shape-memory-alloy actuated platform [41]........ 7
Fig. 1.7  Typical flexure parallel platforms using mechanism-equivalent
approach, including a a planar 2DOF platform [18],

b a spatial 3DOF platform [47] .. ....... ... ... ... ... ... 7
Fig. 1.8  Origami-inspired compliant structures, a a deformable

wheel [50], b a 3DOF compliant structure [66] ............. 8
Fig. 2.1  The direction and position vector of a screw . .............. 18
Fig. 2.2 Coordinate transformation of a screw..................... 20
Fig. 2.3 One example of the freedom space and wrench space

of a compliant parallel mechanism....................... 29
Fig. 2.4  Finite element simulation of the deformation

of the compliant parallel mechanism. . .................... 30
Fig. 3.1  Torsional spring in a serial configuration . .. ............... 35
Fig. 3.2 Linear spring in a serial configuration .................... 36
Fig. 3.3 Linear spring in parallel configuration . ................... 37
Fig. 3.4 A blade-type compliance element. ....................... 39

Fig. 3.5 A beam-type flexible element. ... ....................... 40

XiX



XX

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.
Fig.

Fig.
Fig.
Fig.

Fig.

Fig.
Fig.

Fig.
Fig.
Fig.
Fig.
Fig.

3.6
3.7
3.8
4.1
4.2
4.3
4.4
45
4.6
5.1
5.2
5.3

54

5.5

5.6

5.7

5.8
59
5.10

6.1

6.2
6.3

6.4
6.5
6.6
6.7
7.1

List of Figures

The degrees of freedom of a slender-beam flexible element
with external loads applying at the tip and the other

end fixedatthe base. . ......... ... ... ... ... L. 42
The degrees of freedom of a blade compliance element . . . . . .. 44
Coordinate transformation of the compliance matrix

of a compliance element. ... ........................... 44
A serial-configuration mechanism with single DOF

flexible elements. . ......... ... . ... . 50
A serial-type compliant mechanism with multi-DOF

compliance elements. . .. .......... ... .. ... .. . ... ... 52
A compliant parallel mechanism with single-DOF flexible

elements . ...... ... .. 55
A compliant parallel mechanism with multi DOF flexible

elements . . ... .. 57
Multiple types of flexible elements and their integrated

compliant mechanisms .. ........... ... ... ... .. ... ... 60
Problem formulation of compliant mechanism design

in the framework of screw theory. ... ... ... ... ... ... .... 63
Kinematic model of the compliant parallel mechanism. . .. .. .. 67
Fully constraint configuration . ... ....................... 68
Configuration with 3DOF R.RyR.. . ...................... 70
Flowchart of actuation space synthesis process based

on the Matlab program............ .. ... .. ... .. ... . ... 70

Linear actuator, components include joints 1 and 8,
intermediate shaft 2, slider block 3 and 7, SMA springs 4,

prismatic joint 5, bias springs 6 .. .......... .. L. 71
Experiment setup and resulted force-deflection characteristics

of bias springs .. ......... ... 73
Force-Deflection and Stress-Strain characteristics of tested

SMA SPIINGS. . . o oottt 74
Preselection of SMA spring with bias spring . .............. 75
Initial and ending positions of SMA-spring linear actuator. . . . . 75
FEA simulation and experiment observation of selected

Prototype MOLIONS . . . . o vttt e e 77
The SPS-orthogonal parallel mechanism with one SMA-linear
actuator and five line constraints. . .. ..................... 83
Physical prototype of one constraint limb. . ................ 84
Freedom and constraint space of the configuration that

corresponds to Eq. (6.8) .. ... ... 86
Original layout of rank-6 constraints. . .. .................. 91
Comparisons of synthesized results when rank(K) =6 ... .. .. 93
Original layout of rank-5 constraints. . .................... 94
Comparisons of synthesized results when rank(K) =5 ... .. .. 95
A limb of the ortho-planar spring. . ...................... 101



List of Figures

Fig.
Fig.
Fig.
Fig.
Fig.

Fig.
Fig.

Fig.

Fig.

Fig.
Fig.

Fig.
Fig.

Fig.

Fig.

Fig.
Fig.
Fig.

7.2

7.3

7.4

7.5

7.6

1.7
7.8

7.9

7.10

7.11
7.12

7.13

7.14

7.15

7.16

8.1
8.2
8.3

Isometric view of the ortho-planar spring model with three

o= g”z with variables ¢ and 2, 2 = —0.5, 2 = 0.5. FEM

simulation is given in Sect. 7. 4 ..........................
p= g’” with varlables ¢and 3 Ly 7=-0.5,1=0.5. FEM
simulation is given in Sect 7 4 ..........................
Y= ”3 Wlth variable 4 and h ”l =0.2,1=0.5. FEM
Slmulatlon is given in Sect 7 4 ..........................

o= g’” with variable # and %, 4 = 0.2, 2 = 0.4. FEM

simulation is given in Sect 7 4 ..........................
Variations of % with variables and 7 . ........ ... ... ...

Finite element simulations using a multi-body based

modeling approach . .. ... ... ...
Discrepancies between FEA simulations and analytical models
in accordance with their comparison results shown

Fig. 7.3, 7.4, 7.5 and 7.6. Test points correspond to
planar-spring configurations listed in Fig. C.1 ..............
Experiment samples of both side-type and radial-type

planar springs. .. ... ...
Experiment setup to evaluate the linear compliance Cp;. . . . . . .
Displacement-force comparison results of compliance

(C;,)z, black solid-circle line represents analytical model, red
solid line represents FEA simulation results, and blue dash
lines represent experiment results . .. .....................
Mathematical model used to evaluate the coupling compliance
performance of Cpp and Cp3z . . ... ..o
Deformation of a planar-spring sample during the
displacement-force experiment test. .. ....................
Displacement-force Comparison results of coupling

compliance (Cy), and (Cp),, black solid lines represent
analytical models, red solid lines represents FEA simulation
curves, and blue dash lines represent experiment results. Error
bars represent standard deviations at corresponding tested
POINES . o
Prototype of a continuum manipulator based on the serial
integration of ortho-planar springs . ......................
A multi-layer crease-type flexible element ... ..............
Experiment setup . ... ....... ...
Folding moment comparison between virgin and repeated
folding, solid and dashed lines represent experiment results,
and dash-dot lines represent -+ one standard deviation . ... ....

XXi

106

107

108

109



xxii

Fig.

Fig.

Fig.

Fig.
Fig.
Fig.

Fig
Fig
Fig
Fig
Fig
Fig
Fig
Fig
Fig

Fig

8.4

8.5

8.6

8.7
8.8
8.9

. 8.10
. 8.11
. 8.12
. 8.13
. 8.14
. 8.15
. 8.16
.01
.C1

.E.1

List of Figures

Folding stiffness comparison, solid and dashed lines represent
experiment results, error bars represent standard deviations

within +5° range of eight folding positions every 10° from

10° 10 800, o 125
Folding stiffness comparison, seven folding positions

ranging from 20° to 80° are selected to represent

motion-stiffness curves . ... .. .. L L oL i 125
Folding stiffness comparison, dashed line, dash-dot line

and solid line corresponds to experiment results, seven folding
positions every 10° from 20° to 80° are selected to represent

motion-stiffness curves . ... ... L L L Lo 126
The equivalent mechanism of an origami waterbomb base. . . .. 130
Geometrical relationships of the equivalent spherical joint A ... 134
Schematic diagram of the waterbomb-base integrated

parallel mechanism......... ... .. ... ... ... .. ... ... .. .. 135
Geometrical relationships of the Limb BjA{Py . ............. 137
Linear motion of the origami mechanism.................. 139
Crease rotation angles 0, with respect to 0y ... ............. 140
Reaction force with respectto 0y . ....................... 141
Rotational motion of the origami mechanism............... 141
Crease rotation angles 0, with respectto 6y .. .............. 142
Reaction force with respectto 6y .. ...................... 142
A series of compliant-module based continuum manipulator . .. 148
A complete list of planar-spring models used in FEM

simulations in Sect. 7.4. .. ... ... ... 158

A general configuration of the origami-enabled parallel
mechanism . . ... L L L L 162



List of Tables

Table 3.1
Table 4.1

Table 5.1
Table 5.2
Table 6.1
Table 6.2
Table 7.1

Table 7.2
Table 7.3
Table 8.1

Table 8.2
Table 8.3

Comparisons of compliance/stiffness of simple springs . ... ...
Stiffness and compliance matrix comparisons of compliant
mechanisms . . ........ ...
Properties of SMA coil springs .. ........... ... ... ......
Geometric parameters of the designed SMA coil springs. . .. ..
Comparisons of synthesized springs when rank(K) =6 ... ...
Comparisons of synthesized springs when rank(K) =5 ... ...
A list of compliance elements and nondimensional parameters
used in the compliance variation analysis. .. ...............
Simulated planar-spring configurations with variable

Material properties and geometrical dimensions

of ortho-planar spring samples. ... ......................
Folding stiffness of single creases with different lengths . . .. ..
Folding stiffness of creases with different folding velocities. . . .
Design parameters of the origami mechanism ..............

XXiii



	Foreword
	Preface
	Contents
	Acronyms
	List of Figures
	List of Tables



