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Preface

The scope of this book is to explain the physics and materials sci-
ence underlying multifunctional materials and composites made 

thereof. The text identifies and elaborates the fundamental principles of 
ferroelectricity, elastic phase transformation, and energy transfer mech-
anisms that form the common basis for understanding the functionality, 
application potential, and limitations of a smart materials system. While 
these principles are independent of specific kinds of materials or par-
ticular applications, they are explained in the context of a representative 
material and application. That is, the principles apply to whole groups 
of materials and can be used to differentiate between them. The present 
book endeavors to cover the basic physics pertaining to multifunction-
al materials: from mechanics, electrodynamics, thermodynamics, and 
condensed matter physics, either as a short summary or as applied to 
selected examples from the large group of multifunctional materials. 
Familiar physics principles are thus used as a guide to the nature and 
design of these materials.

The book is not meant to be a comprehensive collection of technical 
data. Due to the vast progress in research and development, it could 
never be complete and up to date as a compilation of information. It 
is intended as a starting point for further reading and as an aid to help 
readers understand multifunctional materials based on their underlying 
mechanisms. The book concentrates on three different types of multi-
functional materials: piezoceramics, shape-memory alloys, and switch-
able fluids (electrorheological and magnetorheological fluids). These 
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materials are the best-known commercially available multifunctional 
materials with the most applications. More interesting in the context of 
this book is the fact that although the aforementioned examples are all 
made from very different materials, namely, ceramics, metals, and flu-
ids, respectively, their multifunctionality is based on the same underly-
ing principle—a structural phase transition induced by an external field, 
either an electrical, magnetic, or thermal field. This is one reason why 
multifunctional polymeric materials are not discussed. In most cases, 
polymer multifunctionality relies on mechanisms besides phase transi-
tion. Polymer multifunctionality can be related to the different proper-
ties of specific components of a compound (e.g., electrically conductive 
fillers in a thermoplastic matrix) or to the structure of the assembly of 
a specific device (e.g., the Maxwell stress induced by attracting elec-
trodes leading to the actuation of an electroactive polymer device). 

The book follows a straightforward path from the definition and clas-
sification of multifunctional materials and their differences from classic 
materials in chapter two, through a more quantitative approach in chap-
ter four. In chapters five to seven, the principles behind the functional-
ity of piezoceramics, shape memory alloys, and switchable fluids are 
covered. Chapter three summarizes key points of the physics referred 
to in this text. 

MARTIN GURKA
Kaiserslautern, Germany
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Introduction

MeChaTronICs, smart structures, and structronics or adaptronics 
are all different names for a rapidly advancing field of research 

and development encompassing the development of highly integrated 
products with adaptive behavior, i.e., the ability to react autonomously 
to different operating conditions. This includes all functions of a tradi-
tional control loop: a structure with sensors, controller, actuators and an 
energy supply. To reduce the complexity of the final product, as many 
functions as possible (e.g., sensing and actuation) are integrated into a 
single element or, even better, are integrated into the material itself. The 
goal is to develop structures with optimized light weight, reduced space 
requirements, and a minimum use of energy or materials resources dur-
ing  their whole  lifecycle.  Industrial  applications  are multiplying  and 
will continue to do so.
Smart  or multifunctional materials  form  a  central  element  of  this 

new  technology,  playing  the  role  of  a  “system enabler”  for  this  new 
technology  and  are  having  an  ever  larger  economic  impact. Master-
ing  the  engineering  and  processing  of multifunctional materials  into 
smart products are critical challenges for tomorrow’s industry. Standard 
development scenarios of  today will need to change, so  that separate 
disciplines like materials sciences, mechanical design, electronics, and 
system integration can merge and work as a unit, Still, one point will 
remain true: the functionality of new products will be achieved by the 
material they rely on. This means more complex materials’ properties 
have to be understood by design engineers and be analyzed right from 
the beginning of the development of a new product. Materials proper-
ties  in  the  final  product  are  strongly  dependent  on  processing.  Even 
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with well-established processes  it must be considered that multifunc-
tional materials have much more complex properties in regards to their 
design and fabrication, as well as eventual application. Therefore, the 
product development process can no longer be split into discrete tasks 
executed sequentially by mechanical engineers, process engineers, and 
systems specialists. For example, the standard approach of adding sen-
sors or actuators to a mechanical system, will be replaced by design-
ing from scratch a smart materials system with integrated functionality. 
The whole development process will  come  to  reflect a connection  to 
the diverse, yet related, properties required to create a multifunctional 
material.
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Multifunctional Materials or smart  
Materials versus normal Materials

LookIng through the literature, one will find lots of different names 
used synonymously for the topic of this book. Functional materi-

als, multifunctional materials, smart materials and adaptive materials 
are the most common. Considering the peculiarities of these materials 
and their difference from normal structural materials, like steel or ce-
ramics, we will see that  the term multifunctional material best repre-
sents what is meant by all the other names. It will be used throughout 
this book, with the understanding that it covers what is meant by all its 
synonyms mentioned above. 
Trying to use  traditional categories  like metals versus polymers or 

solids versus fluids does not lead to a useful differentiation from normal 
materials because one finds multifunctional variants in all of these cat-
egories. In this chapter we will look into the general definition of this 
new class of multifunctional materials and find out if there are similari-
ties between different multifunctional materials  like metals, ceramics 
polymers or fluids, which can both lead to a general definition and prop-
erly differentiate between them.
If  traditional  categories  from materials  sciences  like metals,  poly-

mers, solids or fluids, which were derived from basic physical or chemi-
cal properties of these materials, are not useful in arriving at a definition 
of multifunctional materials, what categories should be used? From the 
title of this book one can infer that these might be borrowed from phys-
ics. 
But before going into more detail and looking for a physically de-

rived definition of multifunctional or smart materials, it is worth having 
a look into the history of this field of research. It was Robert Newnham 
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who, in a series of lectures and articles, gave useful descriptions of what 
smart materials are and how their smartness connects to multifunction-
ality [1–3]. In his definitions, he distinguishes between “smart” materi-
als and “very smart” materials. The difference between smart materials 
and very smart materials derives from the mechanism of how a smart 
material in general connects an input signal (e.g., an electric field or a 
temperature) to an output reaction (e.g., a change in length or an electric 
current). For normal smart materials, there is a fixed coupling mecha-
nism that is defined by the structure of the material. For very smart ma-
terials, this coupling mechanism can be tuned during the application by 
an additional stimulus (an applied electric field or a mechanical stress, 
for example).
So, it is not only the title of the present book that suggests physics 

may be suitable to give a definition of multifunctional materials or to 
help one understand what makes them different from “regular” materi-
als. The various coupling mechanisms mentioned above are also a good 
starting point  to give a definition and to differentiate among types of 
multifunctional materials themselves. 
In  addition,  we  will  examine  multifunctional  materials  from  two 

other general points of view: the special role of multifunctional materi-
als in more complex systems or applications, e.g., how they are the en-
abling element of an active suspension or a vibration-absorbing system 
in vehicles and how the multifunctionality of the materials affects their 
economic impact in commercial applications. 

2.1. generaL DeFInITIon oF MULTIFUnCTIonaL  
MaTerIaLs FroM a PhYsICaL asPeCT

Multifunctional materials are most often used as sensors or actuators. 
This stems from their ability to change measurably at least one physical 
property or to transmute one form of energy into another when exposed 
to  an  external  stimulus. These  behaviors  form  the  basis  for  defining 
multifunctional materials  and  for  furnishing  a  rough  classification of 
them.
The cause of the behavior in almost all multifunctional materials is 

the occurrence of at least two structural phase transitions. Below a cer-
tain  temperature,  the microstructure  of  the material  undergoes  a  dis-
placing and ordering phase transition, where atoms in the crystal struc-
ture of the material change places. In the case of piezoelectric materials, 
this phase  transition  from a cubic  structure with  a high  symmetry  to 
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either a  tetragonal or a  rhombohedral structure with a  lower symme-
try  happens  at  the  so-called Curie  temperature  (see  Figure  2.1).  For 
shape-memory alloys, the phase transition is called the austenitic phase 
transition, where the material increases its ordering from an unordered 
high-temperature phase to the more-ordered austenite phase exhibiting 
a cubic symmetry. The commonality of these multifunctional materials 
is a microstructure that after this first phase transition exhibits a strong 
coupling to an external driving force, an electric or magnetic field or an 
elastic stress, which  triggers a second phase  transition  that gives  rise 
to the actual multifunctionality of the material. In the case of a shape-
memory  alloy,  for  example,  the  temperature-induced  martensite-to-
austenite or the stress-induced austenite-to-martensite phase transition 
are responsible for the shape-memory effect or the superelasticity of the 
material.
The  ferroelastic  phase  transition of  piezoelectrics  and  the  thermo-

elastic  phase  transition  of  shape-memory  alloys will  be  discussed  in 
more detail in Chapter 5. 

General Definition of Multifunctional Materials from a Physical Aspect

Figure 2.1. Part of the phase diagram of PbZrO3 – PbTiO3, the ferroelectric ceramic 
PZT. Depicted are the structural changes at the Curie temperature (Tc  ) and the morpho-
tropic phase boundary. PZT ceramics with a composition near the morphotropic phase 
boundary exhibit a strong piezoelectric effect because they have 14 possible poling direc-
tions (after [1]).
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decay-time, 163, 165
deformation

bending, 141, 144–145
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independent, 109
linear, 94
macroscopic, 17, 47, 85
pseudoplastic, 85–86, 140–141
remnant, 20
super-elastic, 97
transverse, 54, 146

deformation behavior, 85–87, 107–108, 
110

typical, 18

density, 36, 41, 43, 64, 73, 101–102,  
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magnetic flux, 7, 131
dependency, 69, 79, 94, 102, 106, 119, 

121, 161, 163–164
angular, 116
linear, 67
pronounced, 110
quadratic, 58, 119

depolarization, 52
detectors, 66
de-twinning, 80–81, 85–86

complete, 85
dielectric, 

ceramic, 59
constant, 72
dipoles, induced, 121
displacement, 51, 55–56
amount of, 55–56
loss model, 119
permittivity, 54–55
polarization, 105, 119, 129

model, 119
differential equation, second-order, 21
diffusionless phase changes, 168
dipole-dipole interaction, 105, 118
dipoles, 54, 66, 71, 116–19, 121

in ER and MR fluids, 116-117
macroscopic, 120

directional characteristics, 165
dispersion, 105, 111, 113, 115, 118–119
displacement, 14, 20–21, 23, 27–28, 40, 

47, 49, 57, 93–94, 97
amplitude, 26
electric, 7, 9
enhancement, 63
electric, 7, 9
polarization, 120
static, 26, 151

doping, 69

efficiency, 36, 42, 44, 63, 65, 131, 138
E-Field, 9

and B-Field, 134
Ehrenfest, P., 32–33
elastic behavior, 55, 79
elastic constants, 9, 16, 54
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elastic deformation, 17, 19, 24, 47, 52, 
108–9

hysteresis, 19
linear, 21
modulus, 55, 73, 161
polymer, 72
spring, 16, 91, 109, 154–156
stiffness, 59, 89, 140–141, 152
soft, 154–155
strain, normal, 88
stress, 5

elastomers, 18
electrical
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energy, 7–9, 63, 65, 131, 138

total, 152, 154
electrical signal, 150, 156
electric field, 4, 7, 47–49, 50–56, 58, 
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electric field strength, 47, 51, 53, 56, 58, 
67, 131

electrodes, 56, 116, 122, 133, 154, 158
electrorheological fluid (see also ERFs 

and switchable fluid), 105, 117
electrostriction, 56–58
elongation, 6, 8–9, 19–20, 47, 66, 82, 88, 

98, 147, 155–156
mechanical, 8
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EMC, 134, 138
EMI, 138

total, 16, 21–22, 25, 64
energy 

consumption, 44, 138
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density, 130–131, 134, 138

entropy, 7, 9, 31, 33, 84, 97–98
equilibrium position, 20, 49, 57, 93–94, 

120
ERFs (see also switchable fluid), 

105–106, 113–120, 122–123, 
127–134

dispersion-based, 120
modern, 115

ER-valve, 127, 132
Euler-Bernoulli Beam theory, 144

FE-model, 146–147, 149
ferroelectric 

hysteresis, 51, 52
materials, 50, 67, 69, 82

ferroelectrics
perovskite, 68
polycrystalline, 51

ferromagnetic 
materials, 50
polarization, 118

fiber-reinforced polymers, 139
field strength, 51–52, 56, 125

coercive, 51, 67
dielectric breakdown, 72
external, 114
generated respective applied electric, 
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fluids, 3, 22, 105–107, 109, 111–113, 

116–117, 119, 122, 124–125, 
127–132, 134

carrier, 105, 112
ideal, 106–108
magnetorheological, 105,  

117–118
shear thinning, 111, 114

free actuation
strains, 91, 127
actuation stroke, 152, 154–155

frequency (see also resonance 
frequency), 39–41, 44, 59–61, 63, 
65, 67, 72, 151, 163, 165

coefficient, 65–66, 158
dependency, 27
maximum actuation, 43–44
piezoelectric transducer, 163

friction, internal, 107–108
FRP-composites, 146
FRP-layer, 144–146

geometries, 35, 69–70, 73, 152
Gibbs energy, 31, 33
glass fiber reinforced plastics (GFRP), 

139
GPa, 41–42, 102, 139, 146, 160
gradient, 14, 29, 31
gravity, 108, 112, 134
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hard PZT, 70
heat 

capacity, 32–33
conductivity, 29, 101
flux, 29–31
transfer, 28–30, 101

coefficients, 39, 101
Herschel/Bulkley index, 114
high-bandwidth applications, 44
high-force applications, 40
high-frequency applications, 44
high-strain applications, 43
high-temperature phase, 77–78, 81, 83

unordered, 5
Hooke’s law, 16-18, 20, 55, 108
human muscle, 36, 41–44
hybrid composite actuator, active, 146

FRP and SMA, 147
hydraulic, 41–44, 127, 140

actuators, 141
brake, 122
system and ERF, 43, 122, 131–132

hysteresis, 82, 88–90, 101
and transition temperature, 101
curve, 51–52, 68
loop, 58

characteristic, 19
rate and temperature dependency, 89, 

90 (fig.)

impedance, 59–61, 162–163
electrical, 138, 163
matching, 162, 163
mechanical, 26, 28, 158

induced dipoles, 117–118, 121
inductance, additional, 163–164
inductivity, 65
infiltration, 74–75
in-plane coupling factor kp, 65
integration of equation, 124–125
ions, 47–49, 57, 120
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kinematic characterization, 88, 92

Klingenberg model, 117
Kurdjumov, G. V., 77

Laplace operator, 30
lattice, 

constant, 48–49, 92
microscopic metal, 108
structure, 50

lead-lanthanum-zirconium-titanate, 58
lead magnesium niobate (PMN), 8, 58
lead-meta-niobate PbNb2O6, 71
lead-zirconate-titanate, 49, 69
lithium niobate, 68
lithium sulfate, 68
lithium tantalate, 68
load transfer, 142
loading, mechanical, 82, 85, 102, 163

stiff, 154–155
low-temperature phase, 6, 77–78, 81, 83

new, 83

macrofiber composites MFCs, 76
magnesium niobate, 58
magnetic circuit, 122, 130, 132–133

field strength, 118–119, 131
interaction, 119, 129

magnetocaloric effect, 9
magnetoelectric effect, 9
magnetorheological fluids (see MRFs)
magnetostatics, 116, 118
magnetostriction, 9

materials, 45
martensite, 6, 81–84, 87–89, 92–98, 100, 

102, 141
configuration, 93
rhombic, 80–81
stress-induced, 88
twinned, 81, 92, 94
start temperature, 89
variants, 87, 93, 95

Maxwell, 109, 120, 169
Maxwell-Wagner-Sillars polarization, 

120
mechanical

actuator performance, 102
deformation, 47, 53–54, 65–67
energy, 9, 63, 88, 107, 152, 154
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mechanical (continued)
loading, 82, 85
oscillations, 24
stress, 4, 7, 49, 55–56, 64
work, 128

microstructure, 4–6, 18, 47, 75, 79, 
82–83, 98, 115

models, 47, 77, 98, 109, 114, 117, 119, 
146

for SMAs, 98
MR- effect, 117, 119, 121
MR fluid, 122, 129, 134
MRFs (see also switchable fluid), 

105–106, 113–115, 117, 119, 
122–123, 127–132, 134

MR-valve, 127
multifunctional materials, 1–13, 32–33, 

35–36, 38, 40, 41–44, 47, 105–106, 
130, 137

as actuators (see also actuators), 
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passive, 6

Nabla-vector, 15
NASA, 76, 140
NDT applications, 163
Newnham, R.E., 73, 167–168
Newtonian 

base viscosity, 127
behavior, 113
flow, 125
fluid, 106–107, 110–113, 125

ideal, 107
NiTi (see also shape-memory alloys) 77, 

79, 81, 83–85, 87–88, 92, 98–99, 
101–103

alloys, 77–78, 81–82, 84
crystal, 94, 97

lattice, 94-96 (fig.), 97
model for, 92
shape-memory behavior, 92

nonlinear behavior, 58, 67–68

Ohm’s law, 7
operation 

modes of SMA actuator, 88
speed, 39

oscillation, 20, 22, 24, 165
damped, 22–23
modes, 66, 165

oscillator, 26
linear harmonic, 27
motions, 28

output, single-stroke work, 44

parallel 
plates, 122–23
resonance frequency, 59–61, 63

particle-based variants of ERF and MRF, 
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passive layer, 158–161
passive multifunctional materials, 6
performance, 37, 39, 75–76

chart, 152, 154–155
data of MF materials, 40ff.
index, 35, 159–60
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permeability, relative, 118
permittivity, 51, 55, 64, 120

relative, 55, 119, 121
perovskite structure and spontaneous 

polarization, 49, 50 (fig.)
phase change, structural, 6, 8
phase diagram,

PZT, 70
phases, 27, 31, 59, 73, 120, 150

austenitic, 98–99
phase transformation

martensite-austenite, 81, 90
structural, 50

phase transition, x, 4–5, 31–33,  
69, 81–84, 86, 89, 92, 98,  
100

and temperature, 32
ferroelastic, 5–6
ferroelectric, 8, 52
first-order, 32–33
martensitic, 33, 81, 83–84
stress-induced austenite-to-

martensite, 5
structural, x, 4, 6, 82–83
thermoelastic, 6, 82

piezoceramics, 11, 43, 106, 160
piezocomposite, 76
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piezoelectric
actuator, 148, 150

types of, 153 (fig.)
actuator-equation, 56
anti-resonance frequency, 60
behavior, 8, 49, 58
capacitance, 65
ceramics, 69, 168
charge, 73, 158
coefficients, 65, 69–70
composites, 72–73
constants, 55
crystals, 68

device, 63–65
effect, 8, 47–48, 58, 68
polymers, 71
resonance frequency, 59
sensor, 148, 150, 157 (fig.)
sensor equation, 56
strain constants, 55
tensor, 53, 64, 73
transducers, 73, 150ff, 165
voltage coefficients, 56, 71

plastic deformation, 18, 77–78, 106, 109
Poisson’s ratio, 17, 161
polarization, 8, 51, 53–54, 56, 71, 76, 

119–120, 158
Debye, 120
of PZT ceramic, 51 (fig.)
magnetic in MRFs, 129
mechanisms in ERF, 117, 120, 121 

(fig.)
model for ERF, 120
spontaneous, 49–50
surface, 120
remnant, 51

polycarbonate, 12
polycrystalline, 6, 51, 69
polymer matrix, 75–76
polyvinylidene fluoride (PVDF), 71
power, 16, 38–39, 41, 119, 138

density, 43
of piezoelectric, 44
supplies, 138–39, 151
versus frequency, 39 (fig.)

processability, 69
PVDF, 71–72

pyroelectric behavior, 66
devices, 71
Effect Curie-Weiss Effect, 9

PZT, 49–50, 52, 58, 65, 67, 69–70, 72, 
75–76

ceramic, 5, 68

Q-factor, 61, 163
qualitative model (see also models) 

simplified, 61
quantitative models, 98, 117 (see also  

models)
for shape-memory alloys, 99

quasistatic 
actuation, 152
operation of PXE, 150

resistance
apparent, 60–61
outstanding high temperature, 68

resistivity, 6, 9, 63, 98–100, 151
electric, 6, 32, 82, 98

resistors (PTC), 6
resonance, 26, 59–60, 62 (fig.), 63

frequency, 39, 59, 63, 65–66, 150, 
152,  155–158, 160–161, 164 
(fig.) 163–165

parallel, 61
series, 61

mechanical, 39, 59, 61, 63
mode, 61, 150, 163

resonant operation, 148
response time, 132–34, 138, 141
rheological, 

behavior, 105, 107
models, 105, 112–113
macroscopic, 114
pronounced, 112–113

rheopectic fluids, 110–111
rigid-ion-spring model, 47

simplified, 56–57, 98
robustness, 73, 166
Rochelle salt, 49, 68

sedimentation in switchable fluids, 133ff.
self-sensing

in SMA, 98
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semiconducting material, 6
sensors

axial, 156, 158
piezoelectric, 49, 150, 157 (fig.),  

168
series resonance frequency, 60–61
shape-memory alloys (see also SMA), 

5, 8, 33, 39–40, 42–45, 77, 79, 85, 
98–99, 102 (fig.), 106, 140–141

shape-memory effect, 5, 77, 84–85, 87, 
89, 91, 93, 95, 97

one-way, 84–86
two-way, 86–87

shear 
deformation, 33, 53, 92, 96, 144

macroscopic, 95–96
forces, 75, 106–107, 124, 128, 

142–43
mode

and clutch operation, 130
movement, 111
rate, 107–108, 110–111, 125, 131
stress, 107, 123–124, 128
thickening, 111, 114
thinning, 111

short circuit, 67
simulation (see also model), 146, 

149
single stroke performance, 36
SMA (see also NiTi and shape-memory 

alloys)
actuators, 84, 88, 92, 99, 101, 142
and composite materials, 142
crystal, 94
devices, 77, 88

complex-shaped, 77
models, 98
phase transition, 89
wire, 98–99, 101, 143–44, 147

thin, 98, 100
wire-actuators, 139, 141, 143, 145, 

147
smart materials, 3–4, 6, 8, 10, 12, 167
soft PZT, 69
state variables, 7

independent, 7, 9
steady state heat, 28, 29

stiffness
dynamic, 154–155, 160
external, 91

stiffness-to-weight ratios, outstanding, 
139

Stokes equation, 133
strain

curves, 36–38
high, 41
increasing, 78
low, 41
vector, 55

strength, mechanical, 77
stress

dependency, 94
tensile, 80–81, 158
vector, 55

stress-strain, 18, 78, 85, 87, 142–143
stroke, 138, 154–155
structural instability, 83
structural materials

normal, 3
traditional, 11

structural properties, 10
structural thermo-elastic phase transition, 

78
structures

hosting, 71, 74, 140–141
perovskite, 49–50, 69

super-elasticity, 87
super-elastic materials, 79
switchable fluids (see also ERFs),

105–106, 113–115, 117, 122–124, 
127, 129–132, 135

operation as valve, 124

temperature
activation, 91–92
and conductivity, 30
austenite start, 86
coefficient, 67
distributions, 29
drift, 67
elevated, 19, 84, 108
gradient, 30
high, 6, 31
higher, 97, 102
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temperature  (continued)
hysteresis, 102
increasing, 72, 82, 87, 94, 97, 107
melting, 19, 102, 108
range, 6, 67, 71, 82–83
sensors, 66
stress-strain, 86–87
transition temperature, 30, 81–82, 85, 

87–88, 99, 101–103
and hysteresis, 101
glass, 72

tetrafluoroethylene, 49
tetragonal lattice structure, 69
thermal 

expansion, 8–9, 41
relaxation time, 30

thermoplastic polymer, 22, 71
thermosetting resin, 75
thixotropic, 111

and rheopectic fluids, 110
titanium, 77
transducer, 59, 66, 74, 163, 165–166

axial, 156
bending, 161
electroacoustic, 69
piezoelectric, 165
transversal, 158
ultrasonic, 71, 73, 165

transversal 
piezoactuators, 152
transducers, 156, 158

trifluoroethylene, 49
trimorph, 152, 158–161
trivial and multifunctional materials, 7–9

unit cell, 32, 50, 84, 92

valve,
switchable fluids as, 125ff.

VCG, 140
VDF, 49, 72
velocity

complex, 26
profile, 125–127
shear, 106
sound, 73, 164–166

very smart materials, 4, 8
vinylidene fluoride, 49
viscoelastic behavior, 105–110, 122

pronounced, 72
viscosity,

apparent, 111
viscous behavior, 113–114, 122

non-Newtonian, 111
pure, 109

voltage coefficients, 67
large piezoelectric, 68

volumetric flow rate, 126 
vortex generators, 146, 148–149

adaptive, 149 (fig.)

wire, 17, 99, 101, 140, 142–143,  
146

actuators, 139
anchor, 143
SMA, 143

Young’s modulus, 32, 72, 102, 106, 
159–160

smaller, 71

zirconium atom, 49
Zukoski model, 117


