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Preface

The great majority of traditional actuation technologies are based on thermochemical
(combustion) motors, electromagnetic drives and hydraulic/pneumatic machines.
However, these are inadequate to satisfy the diversity of new challenges presented in fields
such as mechatronics, robotics and biomedical engineering. The biomedical field is
particularly sensitive to the need for new types of actuators, since it includes applications
from the nanoscale through to the macroscale, with requirements that differ enormously in
terms of both structure and function. As an example, actuation devices span those designed
to interact with single cells, and potentially organelles and even molecular structures, up to
those used to replace limbs or to perform tele-operated surgery. Clearly, these different
areas of application require different forces, displacements and speeds, as well as different
durability, robustness and types of biocompatibility. Devices for cell manipulation might
be single-use and disposable, whereas artificial hearts must sustain billions of cycles.

New actuation materials and technologies should ideally have high work output, actua-
tion strain, mechanical compliance, damage tolerance and efficiency. Depending on the
application, they may also be required to be lightweight, have compact and simple
structures that can readily be fabricated, and be reasonably low cost. In most scenarios,
these new technologies will serve a complementary role working together with conven-
tional actuators.

In the last few decades this need for new actuators has drawn considerable effort
towards the development of materials that can directly transduce an input energy into
mechanical work. Much of this attention has been focused, and is increasingly being
focused today, on electroactive polymers (EAPs). This is a large family of materials
that includes many different chemical structures, actuation mechanisms and electro-
mechanical performances.

Although most EAP materials have been known for decades, before now they found
limited translation from proof of concept demonstrations in the laboratory to actual use,
despite their potential. This has changed with recent developments in materials science,
processing, configuration design and driving strategies which are permitting serious efforts
towards concrete exploitation, as this book describes. In fact, EAPs are opening the way to
numerous new applications precluded by conventional actuation technologies.

This book intends to provide a comprehensive and updated insight into both the funda-
mentals of each class of EAP, and examples of the most significant applications of EAP
actuators in the biomedical field, either already demonstrated or currently under develop-
ment. For this purpose, the book comprises five sections devoted to the most technologi-
cally mature EAPs, namely polymer gels, ionic polymer—metal composites, conjugated
polymers, piezoelectric/electrostrictive polymers and dielectric elastomers. Each section is
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introduced by a chapter that is focused on the fundamentals and which aims to provide a
description of the main features of the technology and the current state of the art. These
introductory chapters are followed by chapters describing specific applications. The con-
tributors to this book are inventors and international leaders in the field.

The broad and far-reaching range of applications covered by this book is intended not
only to make it the first text on biomedical uses of the emerging EAP based actuation
technologies, but also to serve as a source of inspiration for possible new applications
aimed at improving health and well-being.

Federico Carpi, University of Pisa
Elisabeth Smela, University of Maryland
October 2008



List of Contributors

Cameron Alexander, School of Pharmacy, University of Nottingham, UK

Gursel Alici, ARC Centre of Excellence for Electromaterials Science and Intelligent
Polymer Research Institute, University of Wollongong, Australia

Kinji Asaka, National Institute of Advanced Industrial Science and Technology (AIST),
Japan

Mark Banister, Medipacs LLC, Tucson, USA
John Bashkin, Fremont, CA, USA
Paul Calvert, University of Massachusetts, Dartmouth, USA

Federico Carpi, Interdepartmental Research Centre “E. Piaggio”, School of Engineering,
University of Pisa, Italy

Chaitanya Chandrana, Cleveland Clinic, Lerner Research Institute, Department of
Biomedical Engineering, Cleveland, USA

Zhongyang Cheng, Materials Research and Education Center, Alkermes Inc., Auburn,
Alabama, USA

Piero Chiarelli, Institute of Clinical Physiology, CNR, Italy

Hyouk Ryeol Choi, School of Mechanical Engineering, Chemical Engineering, Polymer
System Engineering, Sungkyunkwan University, Korea

Brian G. Cousins, School of Materials, Materials Science Centre and Manchester
Interdisciplinary Biocentre (MIB), University of Manchester, United Kingdom

Danilo De Rossi, Interdepartmental Research Centre “E. Piaggio”, School of
Engineering, University of Pisa, Italy

Lauren Devita, Massachusetts Institute of Technology, USA



xviii  List of Contributors
Steven Dubowsky, Massachusetts Institute of Technology, USA

Aaron Fleischman, Cleveland Clinic, Lerner Research Institute, Department of
Biomedical Engineering, Cleveland, USA

Thorsten Gottsche, Institut fiir Mikro- und Informationstechnik of the Hahn-Schickard-
Gesellschaft (HSG-IMIT), Germany

Stefan Haeberle, Institut fiir Mikro- und Informationstechnik of the Hahn-Schickard-
Gesellschaft (HSG-IMIT), Germany

Gerald R. Harris, Food and Drug Administration, Center for Devices and Radiological
Health, USA

Richard Heydt, SRI International, USA

Kwangmok Jung, Pohang Institute of Intelligent Robotics, Korea

Kwang J. Kim, University of Nevada, USA

Sang-Mun Kim, University of Nevada, USA

Masashi Konyo, Graduate School of Information Sciences, Tohoku University, Japan

Ig Mo Koo, School of Mechanical Engineering, Chemical Engineering, Polymer System
Engineering, Sungkyunkwan University, Korea

Ja Choon Koo, School of Mechanical Engineering, Chemical Engineering, Polymer
System Engineering, Sungkyunkwan University, Korea

Roy Kornbluh, SRI International, USA
Sangki Lee, University of Nevada, USA and Volvo Korea, South Korea

Young Kwan Lee, School of Mechanical Engineering, Chemical Engineering, Polymer
System Engineering, Sungkyunkwan University, Korea

Zhimin Li, Pharmaceutical Chemistry, Auburn University, Cambridge, Massachusetts, USA
John D. Madden, Advanced Materials and Process Engineering Laboratory and
Department of Electrical & Computer Engineering, University of British Columbia,
Vancouver, Canada

Johannes Pall Magniisson, School of Pharmacy, University of Nottingham, UK

Andrea Mannini, Interdepartmental Research Centre “E. Piaggio”, School of
Engineering, University of Pisa, Italy



List of Contributors — xix

David C. Martin, Biomedical Engineering, Materials Science and Engineering and
Macromolecular Science and Engineering, The University of Michigan, Ann Arbor, MI, USA

Tom McDonald, School of Materials, Materials Science Centre, University of Manchester
and Manchester Interdisciplinary Biocentre (MIB), University of Manchester, United
Kingdom

Scott McGovern, ARC Centre of Excellence for Electromaterials Science and Intelligent
Polymer Research Institute, University of Wollongong, Australia

Nigel R. Munce, Imaging Research, Sunnybrook Health Science Centre, University of
Toronto, Canada

Jae-do Nam, School of Mechanical Engineering, Chemical Engineering, Polymer System
Engineering, Sungkyunkwan University, Korea

Keisuke Oguro, National Institute of Advanced Industrial Science and Technology
(AIST), Japan

I1-Seok Park, University of Nevada, USA

Alison Patrick, School of Materials, Materials Science Centre and Manchester
Interdisciplinary Biocentre (MIB), University of Manchester, United Kingdom

Ron Pelrine, SRI International, USA

Jean-Sébastien Plante, Université de Sherbrooke, Canada
Harsha Prahlad, SRI International, USA

Pietro Ragni, Institute of Nuclear Chemistry, CNR, Italy

Mohammad Reza Abidian, Biomedical Engineering, The University of Michigan, Ann
Arbor, MI, USA

Se-gon Roh, School of Mechanical Engineering, Chemical Engineering, Polymer System
Engineering, Sungkyunkwan University, Korea

Shuvo Roy, Cleveland Clinic, Lerner Research Institute, Department of Biomedical
Engineering, Cleveland, USA

Aram Omer Saeed, School of Pharmacy, University of Nottingham, UK

Mohsen Shahinpoor, Biomedical Engineering Laboratories, Department of Mechanical
Engineering, University of Maine, Orono, USA



xx  List of Contributors

Tina Shoa, Advanced Materials and Process Engineering Laboratory and Department
of Electrical & Computer Engineering, University of British Columbia, Vancouver,
Canada

Elisabeth Smela, Department of Mechanical Engineering, University of Maryland, USA

Geoffrey M. Spinks, ARC Centre of Excellence for Electromaterials Science and
Intelligent Polymer Research Institute, University of Wollongong, Australia

Sushma Srivanas, Cleveland Clinic, Lerner Research Institute, Department of Biomedical
Engineering, Cleveland, USA

Kenjiro Tadakuma, Massachusetts Institute of Technology, USA
Satoshi Tadokoro, Graduate School of Information Sciences, Tohoku University, Japan

Yoshiro Tajitsu, Smart Structures and Materials Laboratory, Department of Electrical
Engineering, Graduate School of Engineering, Kansai University, Japan

Beverley Twaites, School of Pharmacy and Biomedical Sciences, University of
Portsmouth, UK

Rein V. Ulijn, University of Strathclyde, United Kingdom
Sonia Vohnout, Medipacs LLC, Tucson, USA

Gordon G. Wallace, ARC Centre of Excellence for Electromaterials Science and
Intelligent Polymer Research Institute, University of Wollongong, Australia

Richard Williams, School of Materials, Materials Science Centre and Manchester
Interdisciplinary Biocentre (MIB), University of Manchester, United Kingdom

Annjoe Wong-Foy, SRI International, USA

Binbin Xi, ARC Centre of Excellence for Electromaterials Science and Intelligent
Polymer Research Institute, University of Wollongong, Australia

Victor X.D. Yang, Imaging Research, Sunnybrook Health Science Centre and Department
of Electrical and Computer Engineering, Ryerson University, Toronto, Canada



Contents

Preface page Xv
List of Contributors xvii
Introduction 1

SECTIONI POLYMER GELS

1 Polymer Gel Actuators: Fundamentals 7
Paul Calvert

Introduction and Historical Overview 7

Properties of Gels 8

1.2.1 Biological Gels 8

1.2.2 Mechanical Properties of Simple, Single-Phase Gels 9

1.2.3 Elastic Moduli 10

1.2.4 Strength 10

1.2.5 Multi-Phase Gels 12

1.2.6 Double Network Gels 13

1.2.7 Transport Properties 14

1.2.8 Drying 15

1.3 Chemical and Physical Formation of Gels 16

1.4 Actuation Methods 19

1.4.1 Thermally Driven Gel Actuators 19

1.4.2 Chemically Driven Gel Actuators 20

1.43 Gels Driven by Oscillating Reactions 22

1.4.4 Light Actuated Gels 23

1.4.5 Electrically Driven Gel Actuators 23

1.4.6 Electro- and Magneto-Rheological Composites 25

1.47 LC Elastomers 26

1.5 Performance of Gels as Actuators 26

1.6  Applications of Electroactive Gels 30

1.6.1 Gel Valves and Pumps 30

1.6.2 Light Modulators 30

1.6.3 Gel Drug Delivery 31

1.6.4 Gel Sensors 32

1.7  Conclusions 32

References 33



vi  Contents

2 Bio-Responsive Hydrogels for Biomedical Applications
Tom McDonald, Alison Patrick, Richard Williams, Brian G. Cousins and

Rein V. Ulijn
2.1 Introduction
2.2 Chemical Hydrogels
2.3 Physical Hydrogels
2.4  Defining Bio-Responsive Hydrogels
2.5 Bio-Responsive Chemical Hydrogels
2.5.1 Actuation Based on Changing the Cross-Linking
Density
2.5.2  Actuation Based on Changes in Electrostatic
Interactions
2.5.3 Actuation Based on Conformational Changes
2.6  Bio-Responsive Physical Hydrogels
2.6.1 Enzyme-Responsive Physical Hydrogels
2.7  Electroactive Chemical Hydrogels
2.8  Conclusion
References

3 Stimuli-Responsive and ‘Active’ Polymers in Drug Delivery
Aram Omer Saeed, Johannes Pdll Magniisson,
Beverley Twaites and Cameron Alexander

3.1
3.2

33

34

Introduction

Drug Delivery: Examples, Challenges and Opportunities for Polymers

3.2.1 Oral Drug Delivery Systems

3.2.2 Parenteral Drug Delivery

3.2.3 Topical and Transdermal Drug Delivery

3.2.4 Delivery Challenges for Biomolecular Drugs and
Cell Therapeutics

3.2.5 Peptides and Proteins

3.2.6 Nucleic Acids

3.2.7 Cell Delivery

Emerging State-of-the-Art Mechanisms in Polymer Controlled

Release Systems

3.3.1 Technologies for Controlled Drug Release

3.3.2  Polymer-Drug Conjugates

3.3.3 Polymer—Protein Conjugates

3.34 Polymer—Nucleic Acid Conjugates

3.3.5 Polymer—Nucleic Acid Complexes

Responsive or ‘Smart’ Polymers in Drug Delivery

3.4.1 Soluble Smart Polymers

3.4.2 Responsive Polymer—-Drug Conjugates

3.4.3 Responsive Polymer—Protein Conjugates

3.4.4 Responsive Polymers for DNA Delivery

43

43
44
44
44
46

46

49
51
53
53
56
57
57

61

61
62
62
63
63

64
64
65
65

67
67
67
67
68
68
73
73
76
76
77



Contents

3.5 Recent Highlights of Actuated Polymers for Drug
Delivery Applications

3.6 Conclusions and Future Outlook
References

4 Thermally Driven Hydrogel Actuator for Controllable Flow Rate
Pump in Long-Term Drug Delivery
Piero Chiarelli and Pietro Ragni

4.1 Introduction

4.2 Materials and Methods

4.3 Hydrogel Actuator
4.3.1 Thermo-Mechanical Gel Dynamics
4.3.2 Experimental Results

4.4  Pump Functioning

4.5 Conclusion
References

SECTIONII IONIC POLYMER-METAL COMPOSITES (IPMC)

S TPMC Actuators: Fundamentals
Kinji Asaka and Keisuke Oguro

5.1 Introduction
5.2  Fabrication
5.2.1 Ionic Polymer
5.2.2 Plating Methods
5.3 Measurement
5.4  Performance of the IPMC Actuator
5.5 Model
5.6 Recent Developments
5.7 Conclusion
References

6 Active Microcatheter and Biomedical Soft Devices Based on
IPMC Actuators
Kinji Asaka and Keisuke Oguro

6.1 Introduction
6.2  Fabrication of the IPMC Device
6.3  Applications to the Microcatheter
6.4  Other Applications
6.4.1 Sheet-Type Braille Display
6.4.2 Underwater Microrobot
6.4.3 Linear Actuators for a Biped Walking Robot
6.5 Conclusions
References

vii

78
80
81

89

89
90
90
91
93
97
98
98

101
103

103
104
104
105
108
110
113
116
117
118

121

121
122
124
127
127
130
134
135
135



viii  Contents

7 Implantable Heart-Assist and Compression Devices Employing an
Active Network of Electrically-Controllable Ionic Polymer—Metal

Nanocomposites

Mohsen Shahinpoor

7.1  Introduction

7.2  Heart Failure

7.3  Background of IPMNCs

7.4  Three-Dimensional Fabrication of IPMNCs

7.5
7.6
7.7
7.8
7.9
7.10

Electrically-Induced Robotic Actuation

Distributed Nanosensing and Transduction

Modeling and Simulation

Application of IPMNCs to Heart Compression and Assist in General
Manufacturing Thick IPMNC Fingers

Conclusions

References

8 IPMC Based Tactile Displays for Pressure and Texture Presentation
on a Human Finger
Masashi Konyo and Satoshi Tadokoro

8.1
8.2
8.3
8.4
8.5
8.6

8.7

8.8
8.9

8.10

Introduction

IPMC Actuators as a Tactile Stimulator
Wearable Tactile Display

Selective Stimulation Method for Tactile Synthesis
Texture Synthesis Method

Display Method for Pressure Sensation
8.6.1 Method

8.6.2 Evaluation

Display Method for Roughness Sensation
8.7.1 Method

8.7.2 Evaluation

Display Method for Friction Sensation
Synthesis of Total Textural Feeling

8.9.1 Method

8.9.2 Experiments

Conclusions

References

9 IPMC Assisted Infusion Micropumps
Il-Seok Park, Sonia Vohnout, Mark Banister, Sangki Lee,
Sang-Mun Kim and Kwang J. Kim

9.1
9.2
9.3

Introduction

Background of IPMCs

Miniature Disposable Infusion IPMC Micropumps
9.3.1 Configuration of the IPMC Infusion Pump

137

137
139
140
141
142
144
146
149
155
157
157

161

161
162
164
165
167
168
168
168
169
169
170
171
172
172
172
173
173

175

175
176
177
178



9.4

9.5

9.3.2 The Control System
9.3.3 Performance Testing
Modelling for IPMC Micropumps

9.4.1 Equivalent Bimorph Beam Model for IPMC Actuators

9.4.2 IPMC Diaphragm
Conclusions
References

SECTIONIII CONJUGATED POLYMERS

10 Conjugated Polymer Actuators: Fundamentals
Geoffrey M. Spinks, Gursel Alici, Scott McGovern, Binbin Xi
and Gordon G. Wallace

11

10.1
10.2
10.3
10.4
10.5

10.6
10.7

10.8

Introduction

Molecular Mechanisms of Actuation in ICPs

Comparison of Actuation Performance in Various ICPs

Electrochemistry of ICPs

Effect of Composition, Geometry and Electrolyte on

Actuation of PPy

10.5.1 Effect of the Dopant Ion

10.5.2 Effect of Solvent

10.5.3 Charge Transfer Processes

10.5.4 Effect of Porosity/Morphology

Mechanical System Response

Device Design and Optimization

10.7.1 How to Tailor Actuator Performance to Meet
Design Requirements

10.7.2 Design of a Swimming Device

10.7.3 Device Testing

Future Prospects

References

Steerable Catheters

Tina Shoa, John D. Madden, Nigel R. Munce and Victor X.D. Yang

11.1
11.2
11.3

11.4

Introduction

Catheters: History and Current Applications
Catheter Design Challenges

11.3.1 Biocompatibility

11.3.2 Small Size

11.3.3 Low Cost

11.3.4 Structural Rigidity

Active Steerable Catheters

11.4.1 Non-EAP Based Steerable Catheters
11.4.2 EAP Based Steerable Catheters

Contents

ix

180
181
181
181
182
189
189

193
195

195
197
200
201

204
204
206
208
212
212
217

217
219
221
222
223

229

229
229
231
231
232
232
232
234
234
235



X

12 Microfabricated Conjugated Polymer Actuators for Microvalves,

13

14

Contents

11.5

11.4.3 Conjugated Polymer Based Steerable Catheters
Discussion and Conclusion
References

Cell Biology, and Microrobotics

Elisabe

12.1
12.2
12.3
12.4

12.5

12.6

12.7
12.8
12.9

th Smela

Introduction

Actuator Background

Microfabrication

Single Hinge Bilayer Devices: Flaps and Lids
12.4.1 Bilayer Actuators

12.4.2 Drug Delivery

12.4.3 Cell Manipulation

12.4.4 Cell-Based Sensors
Multi-Bilayer Devices: Positioning Tools
12.5.1 Microtools

12.5.2 Microrobot

Swelling Film Devices: Valves

12.6.1 Out-of-Plane Actuation Strain
12.6.2 Microvalve

Lifetime

Integrated Systems

Conclusions

References

Actuated Pins for Braille Displays
Geoffrey M. Spinks and Gordon G. Wallace

13.1
13.2
13.3
13.4
13.5
13.6

Introduction

Requirements for the Electronic Braille Screen

Mechanical Analysis of Actuators Operating Against Springs
Polypyrrole Actuators for Electronic Braille Pins

Other Polymer Actuation Systems for Electronic Braille Pins
Summary

Acknowledgements

References

Nanostructured Conducting Polymer Biomaterials and Their
Applications in Controlled Drug Delivery

Moham

14.1
14.2

mad Reza Abidian and David C. Martin

Introduction

Nanostructured Conducting Polymers
14.2.1 Fabrication

14.2.2 Biomedical Application

237
246
246

249

249
250
251
253
254
254
255
256
257
257
257
258
259
259
260
260
261
261

265

265
266
268
271
274
275
276
276

279

279
280
280
282



Contents  xi

14.3  Conducting Polymer Nanotubes for Controlled Drug

Delivery 285
14.3.1 Electrospinning 286
14.3.2  Electrospinning of Dexamethasone-Loaded Template
PLGA Nanofibers 287
14.3.3  Electrochemical Deposition of PEDOT Nanotubes 288
14.3.4 Controlled Drug Delivery from PEDOT Nanotubes 289
14.4  Conclusions 293
Acknowledgements 293
References 293

15 Integrated Oral Drug Delivery System with Valve Based on Polypyrrole 301
Thorsten Gottsche and Stefan Haeberle

15.1 Introduction 301
15.2  System Concept 303
15.3  Osmotic Pressure Pump 305
15.3.1 Valve Closed 305
15.3.2 Valve Open 306
15.4 Polypyrrole in Actuator Applications 307
15.4.1 Why PPy in the IntelliDrug System 307
15.4.2 Actuation of PPy 308
15.5 Valve Concepts Evaluated in the Course of the IntelliDrug Project 310
15.5.1 Wafer-Level Fabricated Membrane Valve 310
15.5.2 Micro-Assembled Membrane Valve 311
15.6  Total Assembly and Clinical Testing of the IntelliDrug System 314
Acknowledgement 315
References 316

SECTION 1V PIEZOELECTRIC AND ELECTROSTRICTIVE POLYMERS 317

16 Piezoelectric and Electrostrictive Polymer Actuators: Fundamentals 319
Zhimin Li and Zhongyang Cheng

16.1 Introduction 319
16.2  Fundamentals of Electromechanical Materials 320
16.2.1 Piezoelectric Effect 320
16.2.2 Electrostrictive Effect 321
16.2.3 Other Effects 323
16.3  Material Properties Related to Electromechanical Applications 324
16.3.1 Electromechanical Coupling Factor (k) 325
16.3.2 Elastic Response 326
16.3.3 Frequency and Temperature Responses 326
16.4  Typical Electromechanical Polymers and Their Properties 328
16.4.1 Piezoelectric Polymers 328

16.4.2 Electrostrictive Polymers 330



