
Chapter 1

Progress and Current Status of Materials
and Properties of Soft Actuators

Hidenori Okuzaki

Abstract In this chapter, brief history and current status of soft actuators made of

various materials driven by different stimuli are described with typical references as

milestones of the progress. The soft actuators originated from unique characteristics

of cross-linked polymer gels for understanding their physical and chemical prop-

erties of dimensional changes and phase transitions induced by various environ-

mental stimuli such as pH, salt, solvent, heat, light, and electric field. The

‘explosion’ of research and development of soft actuators in the 1990s extended

over a variety of materials such as conductive polymers, elastomers, carbon

nanotubes, and biomaterials, which had driven further progress in soft actuators

not only from the fundamental viewpoint of basic science and materials chemistry

and physics but also from the engineering viewpoint for the practical applications to

light-weight, low-cost, no-noise, less-pollution, and high-efficiency micro- and

macro-artificial muscles and soft robotic systems.

Keywords Bio-actuator • Carbon nanotube • Conductive polymer • Elastomer

• Gel • Soft actuator

1.1 Introduction

Soft actuators made of synthetic or natural materials, capable of converting

chemical or physical energy into mechanical work in response to various environ-

mental stimuli such as pH, salt, solvent, heat, humidity, electric or magnetic field,

and light, have attracted considerable attention for biomimetic or bioinspired

systems which underlie the motility of all living organisms. Differing from con-

ventional mechanical transducers such as electric motors, combustion engines,

and hydraulic pumps in which the motion is generated via changes of relative

positions between their components, the soft actuators exhibit flexible motion

through shape or volume changes due to accumulation and integration of
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microscopic conformational changes at the molecular level into a macroscopic

large deformation of the actuator materials.

A variety of soft actuators has so far been developed not only from the funda-

mental viewpoint of basic science and materials chemistry and physics, but also

from the engineering viewpoint for the practical applications to light-weight,

low-cost, no-noise, less-pollution, and high-efficiency micro- and macro-artificial

muscles and soft robotic systems [1–12]. The soft actuators may be classified

according to the material and stimuli as listed in Fig. 1.1, in which typical refer-

ences are cited chronologically as milestones of the progress in research and

development of soft actuators:

(a) gel (pH, salt, solvent, heat, light, electric and magnetic fields)

(b) conductive polymer (CP) (electric field and humidity)

(c) elastomer (electric field and light)

(d) carbon nanotube (CNT) (electric field etc.)

(e) biomaterial (ATP etc.)
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Fig. 1.1 List of typical soft actuators using various materials driven by different stimuli
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1.2 Gel Actuators

1.2.1 pH-Responsive Gels

In 1949 Katchalsky and Kuhn [86–88] reported that water-swollen gels such as poly

(acrylic acid) (PAA) crosslinked with glycerin or poly(vinyl alcohol) (PVA) via

esterification can convert chemical energy directly into mechanical work under

isometric conditions. The PAA gel exhibited reversible contraction and expansion

in length by ca. 20 % repeatedly in response to alternate addition of acid and base.

The principle was based on the reversible ionization of polyelectrolyte bearing

carboxylic acid groups caused by pH changes, in which the dimensional changes of

the gel was dependent on the degree of crosslinking.

1.2.2 Salt-Responsive Gels

Katchalsky et al. developed chemomechanical engines working on chemical melt-

ing and crystallization of crosslinked collagen fibers by treating with solutions of

salts such as LiBr, KSCN, or Urea [83]. The mechanochemical engine generated

high power-to-weight ratio of 30 mW/g (collagen) which was close to that of

skeletal muscles (50 mW/g). Furthermore, Sussman and Katchalsky built

chemomechanical turbines [84] and thermodynamic study of mechanochemical

availability was theoretically investigated [85]. The power density and efficiency

of energy conversion of the mechanochemical turbine attained as high as 0.79 J/g

and 40 %, respectively.

1.2.3 Solvent-Responsive Gels

Tanaka discovered that hydrolyzed poly(acrylamide) (PAAm) gels immersed in

acetone-water mixtures underwent a discontinuous volume collapse as large as

350-fold when the acetone concentration increased and reached a critical value

[74]. According to the Flory–Huggins theory, the drastic volume change is

accounted for by the osmotic pressure of protons dissociated from the carboxylic

acid groups formed by hydrolysis of the PAAm network. Suzuki devised a solvent-

responsive ‘gel-arm’ made of poly(vinylalcohol)-poly(acrylic acid)-poly

(allylamine) (PVA-PAA-PAlAm) rubberlike elastic gel films by means of a

repeated freezing (at �50 �C) and thawing (at room temperature) processes

[76]. The cryoSEM image clearly shows that the resulting gel has a porous

structure, which favors fast diffusion of solvent between inside and outside the

gel. The PVA-PAA-PAlAm gel film showed rapid contraction and expansion (30 %

under free loading and 10 % under 0.2 MPa) by altering the solvent between

acetone and water, where the power density attained as high as 0.1 W/g that was

close to the value of skeletal muscles.
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1.2.4 Thermo-Responsive Gels

Osada developed chemomechanical systems based on a polymer association

between poly(methacrylic acid) (PMMA) and poly(ethylene glycol) (PEG) through

hydrogen bonding [77]. The PMMA membrane in the PEG solution contracted by

more than 40 % under isotonic conditions with increasing the temperature from

20 to 30 �C, where contractile stress generated in the membrane was 4–6 kg/cm2

under isometric conditions.

Poly(N-isopropylacrylamide) (PNIPAM), a typical thermo-responsive polymer

with a lower critical solution temperature (LCST) in water at 32 �C, has been paid

considerable attention not only from thermodynamic and kinetic of phase transition

[75] but also for the promising applications in actuators, sensors, drug delivery

systems, and cell cultures. Okano et al. found that a crosslinked PNIPAM gel

bearing comb-like grafted side chains made of the PNIPAM exhibited fast

deswelling compared to the conventional PNIPAM homopolymer gel [79], mech-

anism of which was based on a much greater aggregation force operating within the

grafted side chains where the trapped water was rapidly squeezed out from the gel.

Hirasa synthesized thermo-responsive poly(vinyl methyl ether) (PVME) gel

crosslinked by γ-ray irradiation, which also showed a LCST in water at 37 �C
[76]. The PVME gel fibers with a spongy-like porous structure prepared above the

LCST exhibited quick and reversible swelling and shrinking where the fiber

diameter changed from 400 nm at 20 �C to 200 nm at 40 �C.
Yoshida introduced the Belousov-Zhabotinsky (BZ) reactions in a thermo-

responsive PNIPAM copolymer gel [81]. The ‘BZ gel’ shows mechanical oscilla-

tion induced by the chemical oscillation due to the periodic redox changes of Ru

complex in the BZ reaction, where the phase transition temperature of the gel shifts

from 33 �C at Ru2+ in the reduced stare (orange) to 36 �C at Ru3+ in the oxidized

state (green) owing to the change in the hydrophilic/hydrophobic nature of polymer

chains.

1.2.5 Electro-Responsive Gels

Electrically induced dimensional changes of gels was observed by Hamlen et al. in

1965 using a PVA-PAA fiber containing finely dispersed platinum powders [54].

When a negative voltage is applied, the fiber expands since the solution becomes

alkaline due to evolution of hydrogen, while the fiber shrinks under positive

voltages because the solution becomes acidic. Later, Grodzinski showed that

collagen membrane immersed in an electrolyte solution deformed in the presence

of an external electric field [55, 56]. The mechanism resulted from field-induced

changes in inter-membrane salt concentration which in turn modify the internal

double layer repulsive forces between the charged fibrils. DeRossi reported that a

PVA-PAA membrane underwent shape changes by applying DC voltage, which
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was attributed to the change in ionization state of the membrane induced by

electrochemical reactions near the electrodes [58, 69].

Since the first discovery of phase transitions in polymer gels by Tanaka in 1977

[73, 74, 78, 82], a variety of stimuli-responsive gels was widely and deeply studied

from both fundamental and practical aspects (Fig. 1.1). He also demonstrated that

the phase transition was also induced by the application of an electric field across

the gel [68]. The electric forces on the charged sites of the network produce a stress

gradient along the electric field lines in the gel, where there exists a critical stress

below which the gel is swollen and above which the gel collapses. On the other

hand, Osada and Hasebe found a crosslinked hydrogel inserted between a pair of

electrodes underwent contraction by releasing water droplets in air [57]. When an

external electric field is applied across the gel, the macro- and micro-ions receive

electrical forces in the opposite direction. However, the macro-ions are stationary

since they are chemically fixed to the polymer network, while the counter ions are

mobile, capable of migrating along the electric field to the electrode.

From 1986 to 1991 the project “Development of Biomimetic Energy-

Transducing Devices” was performed through Special Coordination Funds of

Science and Technology Agency of the Japanese Government (Fig. 1.2) aimed at

clarifying the mechanism of biomolecular machinery systems and designing the

biomimetic energy-transducing devices. The project yielded many advanced gel

actuators such as electro-responsive ‘gel-fish’ and ‘robot-hand’ made of PVA-PAA

gels [61, 70, 71] (Toyota Central R&D Labs., Inc.). Okuzaki and Osada succeeded

in fabricating a novel polymer gel actuator, namely ‘gel-looper’, with electrically

driven worm-like motility [59]. The mechanism is based on an electrokinetic

molecular assembly reaction of cationic surfactant molecules on the negatively

charged hydrogel, which brings about a contraction of the gel surface due to

hydrophobic aggregation of alkyl chains of the surfactant molecules. It was found

that the gel-looper walked at a constant velocity of 25 cm/min in water by repeating

bending and stretching under an alternating voltage.

Oguro and Asaka independently developed ionic polymer-metal composite

(IPMC) actuators utilizing a nafion membrane whose surfaces were chemically

plated with gold or platinum [60, 64] (Fig. 1.3). The IPMC bent toward the anode by

applying an electric field, the mechanism of which was associated with the differ-

ence of swelling degree at both sides caused by an electrophoretic transport of

protons carrying with water molecules. The IPMC actuators are flexible and

suitable for downsizing capable of driving at low voltages (0.5–3 V), which pro-

vides medical applications such as micro-active catheters and guide wires. How-

ever, most of them operate in an electrolyte solution or in a swollen state. Recently,

Asaka et al. developed tri-layer actuators utilizing a fluorinated polymer membrane

containing ionic liquid as an active layer sandwiched between two bucky-gel layers

consisting of single-walled carbon nanotubes dispersed in the ionic liquid as

electrodes [65, 67]. The bucky-gel actuator shows reversible bending more than

8,000 cycles at 30 Hz in air, which is associated with the electrophoretic polariza-

tion of ionic liquid in the active layer.
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Fig. 1.2 Brochure of research project “Development of Biomimetic Energy-Transducing

Devices” by Science and Technology Agency of the Japanese Government
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Hirai first reported that dielectric gels made of PVA swollen in dimethyl sulfoxide

exhibited rapid contraction of 8 % within 0.1 s under an electric field of 250 V/mm

[62, 72]. Furthermore, plasticized poly(vinyl chloride) (PVC) gels showed amoeba-

like pseudopodial deformations and applied to an electro-active artificial pupil. It was

found that a displacement of 470 μm in the radial direction, corresponding to 100% of

the thickness of the pupil, was achieved within 6 s under 400 V [66].

1.2.6 Photo-Responsive Gels

Photo-responsive gels were investigated by designing polymers tethering photo-

sensitive chromophores, such as azobenzene (cis–trans isomerization) [48],

spirobenzopyrane (ring opening and closing) [49], N,N-dimethylamino groups

(photo-ionization) [50], triphenylmethane leucocyanide groups (photo-ionization)

[51] in the side or main chains. The mechanism of photo-responsive soft actuators

was based on changes in polarity, free volume, phydrophilicity/hydrophobicity,

having advantages such as fast response, remote operation, easy to downsize, and

high efficiency. Suzuki and Tanaka reported the phase transition of gels induced by

visible light, where the transition mechanism was due to the direct heating of

the network polymers by light [52]. On the other hand, Misawa et al. showed a

laser-induced volume phase transition of gels, in which the radiation force gener-

ated by a focused laser beam induced reversible shrinkage in polymer gels [53].

This can be explained in terms of the direct influence on the balance between

repulsive intermolecular forces to expand the polymer network (electrostatic or

hydrophobic repulsion) and attractive forces to shrink it (hydrogen bonding or van

der Waals interactions).
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Fig. 1.3 Electro-responsive bending of ionic polymer-metal composite (IPMC)
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1.2.7 Magneto-Responsive Gels

The magnetic field is also available for remote operation of soft actuators. Hirai

fabricated PVA gels incorporating with magnetic fluids where strain of the mag-

netic gel was proportional to the square of the magnetic field [45]. On the other

hand, Zrinyi developed ‘ferrogels’ made of crosslinked PVA hydrogels filled with

magnetic particles (Fe3O4) with an average size of 10–12 μm and unidirectional

magnetoelastic behavior was studied [47]. The elongation of ferrogel can be

described by the Hook law where the modulus of the gel is not influenced by the

presence of inhomogeneous external magnetic field. Recently, Mitsumata and

coworkers demonstrated that the magnetic gels made of κ-carrageenan containing

barium ferrite as ferromagnetic particles showed giant storage modulus reduction

(~107 Pa) before and after magnetization [46], which might be associated with that

the magnetic particles wound rotate or move under the magnetic fields due to the

demagnetizing effect.

1.3 Conductive Polymer Actuators

1.3.1 Electro-Responsive Conductive Polymers

Conductive polymers (CP), such as polypyrrole, polythiophene, polyaniline, and

their derivatives, show dimensional changes resulting from electrochemical doping,

characterized by transportation of solvated ions between the interior of the polymer

matrix and the surrounding electrolyte solution, electrostatic repulsion, and/or

structural distortion through oxidation of π-conjugated polymers (Fig. 1.4) [3, 4,

6, 9, 10]. When the dopant ions are too large to dedope from the polymer matrix, the

reduction of conductive polymers results in an expansion due to the intercalation of

small cations from the electrolyte solution into the polymer matrix to compensate

their charges.

In 1990 Baughman first evaluated CPs as electromechanical actuators for the

direct conversion of electrical energy to mechanical energy, in which large dimen-

sional changes upon electrochemical doping and dedoping provided the mechanical

response for proposed extensional and fibrous actuators, fluid flow controlling

devices using unimorph or bimorph actuators, micromechanical tweezers with

paired bimorph actuators, and Bourdon tube actuators [3]. Otero [41], Pei, and

Inganäs [39, 40] demonstrated that bilayers consisting of an electro-active conju-

gated polymer such as polypyrrole and non-conductive flexible film exhibited

bending in an electrolyte solution due to the reversible volume changes caused by

doping and dedoping of the polypyrrole layer. Kaneto and MacDiarmid fabricated

polyaniline actuators driven by proton-mediated redox reaction between two states

of leuco-emeraldine salt and emeraldine salt. They demonstrated that ‘backbone-
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type’ actuator responded to the frequency of higher than 44 Hz, while ‘shell-type’

actuator operated in air [35, 36].

Smela and coworkers fabricated polypyrrole micro-actuators utilizing a micro-

electro-mechanical system (MEMS) technique. The micro-cubes 300 μm on a side

with hinges made of micro-actuators based on polypyrrole-gold bilayers showed

rapid opening-closing within 1 s [34]. Furthermore, micro-robotic arms with the

polypyrrole-gold bilayers succeeded in manipulating a glass bead with 100 μm in

diameter.

Kaneto et al. reported that electrochemically synthesized polypyrrole films

showed high strain and stress of 12.4 % and 22 MPa, respectively, which was

applied to diaphragm pumps and tactile displays [38, 42]. The speed of contraction

(13.8 %/s) [44] is slower compared to a real muscle (300 %/s) because diffusion of

dopant ions in the conductive polymer matrix is the rate-determining step. Most of

the CPs exhibit dimensional changes in an electrolyte solution or in a swollen state,

while a few reports have been investigated on solid-state polymers in a redox gas

atmosphere or that employ polyelectrolyte gel and ionic liquid [37].

1.3.2 Humidity-Responsive Conductive Polymers

In 1996 Okuzaki first observed that electrochemically synthesized polypyrrole films

underwent rapid bending due to water vapor sorption [32], and developed polymer

motors, capable of transducing chemical free energy change of sorption directly

into continuous rotation [12]. Furthermore, films made of polypyrrole [29, 33] and

poly(3,4-ethylenedioxythiophene)/poly(4-styrenesulfonate) (PEDOT/PSS) [30]
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underwent contraction in air under application of an electric field, which was

explained by desorption of water vapor caused by Joule heating. The contractile

strain and stress generated in the PEDOT/PSS films attained 2.5 % and 17 MPa at

50 %RH, respectively, where work capacity was 174 kJ/m3. Recently, Ma and

Langer (MIT) developed humidity-responsive polymer films made of polypyrrole

as a rigid matrix and polyol-borate as a dynamic network, which exhibited rapid and

continuous locomotion due to the sorption of water vapor [31]. A film generator

assembled with a piezoelectric element outputs alternating electricity at ~0.3 Hz,

with a peak voltage of ~1.0 V.

1.4 Elastomer Actuators

1.4.1 Electro-Responsive Elastomers

Dielectric elastomers (DEs) are voltage-responsive polymers, in which high effi-

ciency and durability are expected because of a low electric current suppressing

from electrochemical degradation and thermal decomposition. Hirai

et al. investigated electrostrictive properties of polyurethane elastomers with var-

ious components in hard and soft segments [25]. When an electric field was applied

through both electrodes, the polyurethane elastomer contracted, where the strain

was proportional to the square of the electric field in a range of �200 V/m. The DE

actuators utilizing silicone or acrylic rubbers with carbon or silver grease as

compliant electrodes were reported by Pelrine et al. (SRI International) [22–24],

where a large deformation of the DE (>100 %) under an electric field could be

explained by the Maxwell stress (Fig. 1.5). Although the DE actuators have

advantages such as simple structure and a variety of elastomeric materials, they

have drawbacks such as high driving voltages (>1,000 V), few flexible and

stretchable electrodes compliant to the large deformation of the DE actuators, and

prestrains applied prior to operate the DE actuators. Aimed at decreasing the

driving voltage and/or increase the electrostriction of the DE actuators, composites

with inorganic fillers having higher dielectric constants and blends with plasticizers

to lower Young’s modulus are commonly investigated [11].

Zhang et al. reported high and fast strains of up to 4 % within an electric field of

150 MV/m achieved by electrostriction in an electron-irradiated poly(vinylidene

fluoride-trifluoroethylene) copolymer exhibiting typical relaxor ferroelectric

behavior [26]. The expanding and contracting of polar regions under an electric

fields, coupled with a large difference in the lattice strain between the polar and

nonpolar phases, generate an ultra high strain response. On the other hand, Leh-

mann and coworkers developed ferroelectric liquid crystalline elastomers (FLCEs)

[27, 28]. Ultrathin (<100 nm) FLCE films exhibit 4 % strain at only 1.5 MV/m,

which is obtained by combing the properties of ferroelectric liquid crystals with

those of a polymer network.
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1.4.2 Photo-Responsive Elastomers

Ikeda et al. demonstrated that liquid crystalline films, prepared by thermal poly-

merization of liquid crystal monomer and diacrylate crosslinker both of which had

azobenzene moieties, were precisely bent along the any chosen direction by using

linearly polarized light [20]. The mechanism is based on the microscopic changes in

size and ordering in the liquid crystalline domains caused by trans–cis isomeriza-

tion of the azobenzene moieties aligned along the direction of light polarization.

Furthermore, Yamada and Mamiya et al. fabricated a light-driven plastic motor

using liquid crystalline elastomers where the light energy is converted directly into

mechanical rotation [21].

1.5 Carbon Nanotube Actuators

In 1999 Baughman and coworkers reported novel electeromechanical actuators

based on sheets of single-walled carbon nanotubes (CNTs), the mechanism of

which was based on the quantum chemical-based expansion due to electrochemical

double-layer charging [17]. The CNT actuator shows the strain and stress of>0.2 %

and 0.75 MPa, respectively, for more than 140,000 cycles between �0.5 V at 1 Hz

and still works at >1 kHz. Aimed at improving electrically powered artificial

muscles, CNT aerogel actuators, having giant elongations (220 %) and elongation

rate (3.7� 104 % s�1) at 5 kV, are developed operating at temperatures from 80 to

1,900 K [18]. The mechanism of the CNT aerogel actuator is associated with the

giant Poisson’s ratios (~15), where ballooning in the width direction is due to

periodic corrugation in the same direction during nanotube sheet cycling. Recently,

guest-filled, twist-spun CNT yarns are developed as electrolyte-free muscles that

provide fast, high-force, large-stroke torsional and tensile actuation [19]. More than

ON

OFF

elastomer

compliant electrode

Fig. 1.5 Electro-responsive dimensional changes of dielectric elastomer caused by Maxwell

stress
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106 torsional and tensile actuation cycles are demonstrated, wherein a muscle spins

a rotator at an average speed of 11,500 rpm or delivers 3 % tensile contraction at

1,200 cycles/min that can be powered by not only heat, electric field, and light but

also absorption of hydrogen.

1.6 Bio-Actuators

One of the promising candidates of future materials for soft actuator is

bio-actuators. Montemagno et al. fabricated bio-actuators consisting of an

engineered substrate, an F1-adenosine triphosphate synthase (F1-ATPase) biomo-

lecular motor, and fabricated nanopropellers [15]. It was found that rotation of the

nanopropellers was initiated with 2 mM adenosine triphosphate (ATP). Kakugo

et al. developed an ATP fueled bio-actuator, namely ‘gel machines’, constructed

from chemically crosslinked actins and myosins [13]. The chemically crosslinked

actin filaments (F-actin) move along a chemically crosslinked myosin fibrous gel

with a velocity as high as that of native F-actin, by coupling to ATP hydrolysis.

Morishima and Kitamori et al. proposed a concept to use intrinsic cellular

mechanical functions where cultured cardiomyocytes can be used in microchip

prototype devices as intrinsically pulsatile microactuators converting biochemical

energy into mechanical energy to drive both solid microstructures and fluid in a

microchip [16]. Xi and Montemagno fabricated novel bio-actuators through self-

assembly of muscle cells into bundles on MEMS devices [14]. A microdevice had

two ‘legs’ extending from the body and walked at the maximum speed of 38 μm/s

by repeated bending and stretching synchronized with pulsating motion of the

bundles of muscle cells self-assembled on the beam of the microdevice.
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