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Abstract
Soft actuator materials change their shape or size in response to stimuli like electricity, heat, light, chemical or pH. These 
actuator materials are compliant and well suited for soft mechatronics and robots. This paper introduces the definition of 
soft materials and the position of soft actuator materials in comparison with conventional actuators and other solid state 
actuator materials. A thorough review of selected soft actuator materials is carried out, including responsive gels/hydrogels, 
ionic polymer metal composites, conducting polymers, carbon nanotubues/graphenes, dielectric elastomers, shape memory 
polymers and biopolymers. This review will give insights for applications of soft actuator materials via better understanding 
of the materials in terms of their preparation, performance and limitation.
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1  Introduction

Actuator is one of fundamental and important technologies 
that produce motion for many industrial applications includ-
ing robotics, automobiles, military facilities and consumer 
products. Traditionally, pneumatic, hydraulic and electromag-
netic technologies have been used for actuators. These tradi-
tional actuator technologies exhibit good energy efficiency but 
low work and power densities since they are made with hard 
and heavy materials. Modern technologies are evolved by the 
motto of ‘smaller, lighter, faster and softer.’ The smaller and 

lighter robots consume less energy so as to reduce the weight 
and can move faster. Softer robots, composed of compliant 
materials similar to those found in living organisms, can allow 
for increased flexibility and adaptability for accomplishing 
tasks, as well as improved safety.

The next generation of actuators for soft robots that will 
surpass the state-of-the-art challenges requires a bold depar-
ture from the traditional actuator technologies while clearly 
counting on the valuable research accomplishments to date. 
In late 1990s, the concept of smart materials has been intro-
duced [1]. Smart material system is a non-biological physical 
material system having the following attributes: a definite 
purpose, means and imperative to achieve that purpose and 
a biological pattern of functioning. In smart material sys-
tem, actuator materials have the ability to change the shape, 
stiffness, position, natural frequency, damping and/or other 
mechanical characteristics of the smart material systems in 
response to changes in temperature, electric field and/or mag-
netic field. These actuator materials belong to a solid state 
actuator technology that has high energy density and power 
density. Table 1 shows solid state actuator technologies in 
comparison with traditional ones and muscles. There are sev-
eral solid state actuator materials including shape memory 
alloy (SMA), piezoelectric, magnetostrictive, electrostrictive 
and electroactive polymer (EAP). Mostly, traditional actuator 
technologies possess high efficiency meanwhile solid state 
actuator technologies exhibit high work or power density. 
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In last three decades, the field of EAP has received much 
attention as a result of the development of new EAP materi-
als that exhibit a large deformation. This characteristic is 
a valuable attribute that has enabled a myriad of potential 
applications, and it has evolved to offer operational similar-
ity to biological muscles. EAPs, in other words soft actua-
tors, are able to offer a range of performance and soft char-
acteristics that may not be reproduced by other technologies. 
Owing to light-weight, flexible and high energy efficiency, 
soft actuators allow the researchers the opportunity to design 
compact, light-weight and compliant actuators to be used in 
autonomous soft robots. Soft robots consisting of soft and 
flexible materials without rigid components have attracted 
tremendous interest because of their potential to improve 
the capabilities of traditional hard robotic systems [8]. The 
compliant property of the soft materials allows the structure 
to deform according to its surroundings. As a result, it is 
capable of absorbing energy during impact, interacting with 
humans, manipulating fragile items, and traversing through 
rough and unpredictable terrains [9–11]. Soft nature of the 
materials also provides higher degrees-of-freedom motions 
without needing any joints or hinges.

Reviews of current developments in soft actuators have 
been recently reported including the performance com-
parison and application-specific selection criteria [12–15]. 
A special importance is given to seven selection criteria, 
including the aspect of compliance, topology-geometry, 
scalability, energy efficiency, operation range, modal-
ity, controllability and technological readiness level. Bio-
mimetic robots have been demonstrated by utilizing soft 
actuator materials for underwater robots, insect-inspired 

robots, flapping robots and wheel robot [16–20]. Additive 
manufacturing, for example, 3D printing, has been popu-
lar for various products fabrication because of its free-form 
manufacturing ability. Advances in soft materials and addi-
tive manufacturing technologies have enabled the design of 
soft robots with sophisticated capabilities, such as jumping, 
complex 3D movements, gripping and releasing [21–27]. 
Advantages and limitations of different additive manufac-
turing processes, including 3D printing, fused deposition 
modelling, direct ink writing, selective laser sintering, inkjet 
printing and stereolithography, were discussed, and the dif-
ferent techniques were investigated for their application in 
soft robotic fabrication [28, 29].

This paper reviews all about soft actuator materials. Soft 
actuators belong to EAPs made with soft materials. Soft 
materials are easily deformable materials that include liq-
uids, polymers, foams, gels, colloids, granular materials and 
etc. Over recent years, intensive efforts have been devoted to 
the development of soft materials that possess extraordinary 
mechanical properties, especially by seeking inspiration 
from nature and biology. A question is that how we can dis-
tinguish soft from hard in EAP or solid state actuator materi-
als. In other word, where is boarder line that distinguishes 
hard and soft actuator materials. To understand this issue, 
elastic moduli of solid state actuator materials are drawn 
in Fig. 1 in comparison with human organs. It is obvious 
that most human organs are soft except bones and enamels. 
In solid state actuator materials, hydrogels, gels, dielectric 
elastomers (DEs), ionic polymer metal composites (IPMCs), 
PVDF (a piezoelectric polymer) and up to polypyrrole (PPy) 
can be categorized into soft materials. On the other hand, 

Table 1   Comparison of solid state and traditional actuator technologies

Actuator technology Material Max. 
stress 
(MPa)

Max. strain (%) Efficiency (%) Bandwidth (Hz) Work 
density (J/
cm3)

Power 
density (W/
cm3)

Traditional [2] Electromagnetic 0.02 50 90 20 0.005 0.1
Hydraulic 20 50 80 4 5 20
Pneumatic 0.7 50 90 20 0.175 3.5

Muscle [3] Fruit fly 0.04 1 10 200
Cockroach 0.174 12
Biological 0.35 20 30 10 0.035 0.35

Solid state SMA [2] 200 10 3 6 10 30
Piezoelectric [2] 35 0.2 50 5000 0.035 175
Electrostrictive [2] 50 0.2 50 5000 0.050 250
Magnetostrictive [2] 35 0.2 80 2000 0.035 70
EAP
Dielectric elast [4] 0.6 215 60–80 ~ kHz
IPMC [5] 2 0.3
Twisted CNT yarn [6] 200 1
Conducting polymer [7] 34 6 2 2
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PZT (a piezoelectric ceramic), Ni–Ti SMA and TERFENOL 
(a magnetostrictive) are known to be hard materials due to 
their solid state. However, elastic modulus of the yarned 
carbon nanotube (CNT), known as EAP, is higher than that 
of TERFENOL. This means that high elastic modulus of the 
yarned CNT along with its flexible behavior is beneficial for 
producing high mechanical work. Nevertheless, the rule of 
thumb that distinguishes soft actuator materials can be made 
with elastic modulus in the range of GPa.

Note that soft actuators can be made not only by soft 
actuator materials but also with novel mechanisms incorpo-
rating air pressure, origami structure, biomimetic structures 
and hybrid composites. For example, SMA wires reinforced 
polymer composites can be controlled their shapes by heat-
ing and cooling the wires with electric current. In fact, one 
of the most widely used mechanisms for controlling these 
soft materials is by using pneumatic actuation, where air is 
pumped into individual cells to locally inflate the structure 
and induce motion. However, techniques that involve fluid 
pressure require tethered tubes and external compressors, 
which can cause the system to become bulky and heavy. 
Thus, this paper only covers soft actuator materials includ-
ing gels/hydrogels, IPMCs, conducting polymers (CPs), 
CNTs and graphene, DEs, shape memory polymers (SMPs) 
and biopolymers. Recent advances of soft actuator materi-
als are reviewed. This review will give insights for applica-
tions of soft actuator materials via better understanding of 
the materials in terms of their preparation, performance and 
limitation.

2 � Gels and Hydrogels

Gel is a solution or colloidal suspension that undergoes a 
physical or chemical change to a solid while retaining much 
of solvent within the structure. According to recent defini-
tion, a gel is an elastic solid material composed of at least 
two components, one of which polymer forms a physically 
or chemically bonded three-dimensional network that occurs 

in a medium of another component, a liquid, wherein the 
amount of the liquid is sufficient for ensuring the elastic 
properties of the gel [29]. It consists of an elastic cross-
linked network and a fluid filling the interstitial spaces of 
the network [30]. The network of long polymer molecules 
holds the liquid in place to give the gel solidity. Gels take 
many forms, including copolymers, blends, or interpen-
etrating networks. Figure 2 shows schematics of gels and 
hydrogels. Gels are wet and soft and look like solid material 
but are capable of undergoing large deformation in response 
to environmental change. It shows a yield strength and a 
measurable elastic modulus, at which the yield strength 
is sufficiently low so that the gel may be considered as a 
structural liquid. Gels can be categorized into physical and 
chemical gels depending on their crosslink network. Fig-
ure 3 shows the family of gels. Physical gels are formed by 
physical crosslinks which are reversible from liquid-like to 
solid-like behavior. They are characterized by the presence 
of one or two yield points at stresses above which network 
degradation and gel transition from the solid to the fluid state 
take place. Examples of physical gels are gelatin, agarose 
and clays. Chemical gels are formed by chemical crosslinks 
like covalent bonds, which care irreversible. Almost any 
water-soluble polymer can be prepared as gel by carry-
ing out the polymerization in the presence of cross linking 
agent or by carrying out a cross-linking reaction on a solu-
tion of the polymer [3]. Polyacrylamide, polyacrylic acid, 

Fig. 1   Elastic modulus comparison of soft materials in comparison 
with human organs

Fig. 2   Schematics of gels and hydrogels consist of immobile network 
and mobile solvent

Fig. 3   The classification of gels/hydrogels
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hydroxy-ethylmethacrylate, silicon and vinylpyrrolidone are 
known to be chemical gels.

Hydrogels are three dimensional network structures con-
sisting of polymeric chains joined by tie points or joints and 
swollen in water up to thermodynamic equilibrium [31]. 
They are hydrophilic polymers crosslinked into an insolu-
ble, but highly hydrophilic structure, at which networks are 
formed by covalent bonds, ionic bonds, hydrogen bonds, 
physical entanglements or dipolar interactions. Hydrogels 
possess numerous properties that make them ideal candi-
dates for use as biomaterials, finding significant use in the 
fields of drug delivery, tissue engineering, implants, and 
more. Their hydrophilic and crosslinked nature also imparts 
excellent biocompatibility, and many common hydrogels 
have found wide use both in laboratory studies and clinical 
uses. Some of the most commonly used hydrogels include 
synthetics like poly(ethylene glycol) (PEG), poly(vinyl alco-
hol) (PVA), or poly(2-hydroxyethyl methacrylate), as well 
as naturally occurring hydrogels like agarose, alginate, cel-
lulose, chitosan, collagen, fibrin, and hyaluronan [32–34]. 
Hydrogels become especially useful when they are used 
as actuator materials that can respond to changes in their 
environment. In this review, we discuss multiple responsive 
modalities—including responses to pH, temperature, chemi-
cals, light and electric fields.

Organogels are gels composed of an organic liquid phase 
which is immobilized by a crosslinked three-dimensional 
network [35]. Despite their majority is liquid composition, 
these systems demonstrate the appearance and rheological 
behavior of solids. They are attractive for drug delivery plat-
forms for active agent administration via diverse routes such 
as transdermal, oral, and parenteral. Polyelectrolyte gels are 
made with ionizable polymers including anionic polymers 
such as the salts of polyacrylic acid, polymethacrylic acid 
and polystyrenesulfonic acid [30]. There is a family of cati-
onic polymers, which share the acid–base characteristics of 
the equivalent salts. Depending upon the ionization levels, 
they are activated in the presence of pH change and tem-
perature change. A special class of polyelectrolyte gels is 
ionic gel or ionogel. Ionogel is a gel where an ionic liquid 
(IL) is immobilized within a crosslinked network. Ionogels 
combine the physical properties of both the polymer and 
the physically entrapped IL keeping the main properties 
of IL, for example, ionic conductivity, non-volatility, non-
flammability, except outflow and the mechanical stability 
of the host network [36]. IL is an organic salt with melting 
temperature below 100 °C. When the melting temperature 
is lower than 20 °C, they are called room temperature ionic 
liquids. ILs have interesting properties such as nonvolatil-
ity, high stability, suitable polarity, high ionic conductiv-
ity, and easy recyclability. Owing their ideal properties, ILs 
are receiving much attention as environmentally benign 
solvents for organic chemical reactions, separations, and 

for electrochemical applications. Recent developments 
involve their use for biopolymers, molecular self-assembly, 
electrochemical machining, smart materials and actuators 
[25, 37–40]. Ionogels are considered as hybrid materials, 
in which the properties of IL are hybridized with those of 
another component [41]. These novel hybrid materials are 
indicated for possible applications as catalytic, separation, or 
ion conducting membranes. There are two main approaches 
to the immobilization of IL. ILs are immobilized by chemi-
cal attachment of ionic species to a solid support, or by the 
physical fixation of IL without covalent linkage within a host 
network. Comparing with hydrogels or organogels, ionogels 
show high mechanical strength, tunable elastic response and 
rapid recovery ability after the deformation [36].

Stimuli-responsive gels represent a broad class of gels 
undergoing switchable gel-to-solution or gel-to-solid tran-
sitions upon application of external stimuli [42]. Differ-
ent physical or chemical external stimuli can be applied to 
induce reversible or single-cycle phase transitions of the 
hydrogels. These include thermal, magnetic, ultrasonic, 
electrochemical, or light stimuli as physical triggers, and 
pH, redox reactions, supra-molecular complexes, and bio-
catalytically driven reactions as chemical triggers. Numer-
ous applications of stimuli-responsive hydrogels include 
their use as functional matrices for sensing, actuators, and 
biomedical applications, such as controlled drug release, tis-
sue engineering, and imaging [31, 43]. Some of important 
stimuli responsive gels are briefly explained.

2.1 � pH Responsive

pH-responsive hydrogels are a subset of stimuli-responsive 
hydrogels that have pH-induced deswelling/swelling behav-
ior [31]. These pH-responsive hydrogels are of particular 
interest for biomedical applications as several locations in 
the body exhibit substantial pH changes associated with nor-
mal function or as part of a disease state. The pH responsive 
behavior of the hydrogel network is imparted by the presence 
of ionizable pendant groups in the polymer backbone. Two 
different families of pH-responsive hydrogels exist that differ 
in their pendant group ionization and subsequent swelling 
behavior. The generation of electrostatic repulsive forces 
results in the pH dependent swelling and deswelling pro-
cesses as the water is either absorbed or expelled from the 
hydrogel network. Anionic hydrogel networks contain pen-
dant groups that are ionized in solutions at a pH greater than 
their acid dissociation constant, pKa, which swells because 
of the large osmotic pressure generated by the presence of 
the ions. Conversely, cationic pendant groups are ionized 
at a pH less than their pKa and the corresponding hydrogel 
network is, therefore, swollen. Figure 4 shows these swelling 
behaviors [31]. Anionic hydrogel networks remain collapsed 
at low pH due to the presence of physical interactions (i.e. 
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hydrogen bonding) that keep the network tightly complexed. 
Once the pH increases above the pKa of the polymer, the 
complexes dissociate due to changes in the ionic character 
and the polymer swells due to a combination of electrostatic 
repulsion and water imbibition. The most common anionic 
monomers used to introduce pH-responsive behavior include 
acrylic acid, methacrylic acid. Cationic hydrogel networks 
exhibit opposite swelling behavior to anionic hydrogels. The 
swelling behavior is triggered by a decrease in the pH of 
the surrounding area. Dimethylaminoethyl methacrylate, 
diethyl-aminoethyl methacrylate and acrylamide (AAm) are 
known to be common cationic monomers for pH-responsive 
hydrogels.

In order to control flow and permeability of membranes 
ultrathin hydrogel membranes, Poly(2-vinylpyridine) 
(P2VP) was chemically crosslinked by 1,4-diodobutane, 
which exhibited that the pore size and therefore permeabil-
ity can be controlled by the expansion or shrinkage of the 

network upon pH changes, which regulate the pore “open” 
or “close” operations [43]. Such reversible pore size changes 
provide good controllability in fabricating flow gate mem-
branes. Figure 5 shows the surface images of the crosslinked 
P2VP hydrogels with different pH levels [44].

Natural polymers such as albumin, gelatin, alginate and 
chitosan can also exhibit pH-responsive behavior [31]. Poly-
saccharides such as chitosan, cellulose and alginate undergo 
physical crosslinking due to hydrophobic or charge interac-
tions. Swelling occurs as a result of the ionization of groups 
along the polysaccharide chain resulting in the buildup of 
charge and subsequent electrostatic repulsion and swelling. 
Water-soluble cellulose derivatives can be used to form 
hydrogel networks possessing specific properties in terms 
of swelling capability and sensitivity to external stimuli 
[45]. The smart behavior of some cellulose derivatives for 
example, hydroxypropyl methylcellulose, sodium carboxym-
ethylcellulose, in response to pH and temperature variations, 
makes the resulting hydrogels particularly appealing for soft 
actuator applications. Natural pH-responsive polymers are 
biocompatible and biodegradable materials which are prom-
ising especially for in cases where environmental issues are 
concerned, as well as biomedical applications [46]. A pH-
responsive hydrogel with improved mechanical and dielec-
tric properties from cellulose nanocrystals (CNCs) exhibited 
a pronounced change in their swelling index in response 
to variation in pH [47, 48]. At low pH, the CNC–NH2 gel 
formed aqueous dispersions in water on account of elec-
trostatic repulsions of the ammonium moieties inhibiting 
aggregation. However, a transition to hydrogel was observed 
at higher pH where the CNC–NH2 gel was neutral and the 
attractive forces based on hydrogen bonding dominated. 

Fig. 4   Equilibrium swelling behaviors of anionic and cationic hydro-
gels [31]

Fig. 5   SPM topography images 
of crosslinked P2VP hydrogels 
at a pH 2 and b pH 3. c Sche-
matic representation of cross-
section profiles of the pore in 
the shrinkage and expansion 
states [44]
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The opposite behavior was observed for the CNC–CO2H 
gel, which was dispersible at high pH.

2.2 � Temperature Responsive

Temperature responsive hydrogels fall into two primary cat-
egories, positively and negatively responsive systems. Nor-
mally, these systems are identified by having an upper criti-
cal solution temperature (UCST) or a lower critical solution 
temperature (LCST), respectively. The expansion or collapse 
that correlates with the critical shift in aqueous solubility has 
been utilized as a mechanism for actuation and in situ gelling 
scaffolds for tissue regeneration [31]. The swelling response 
of reverse thermo responsive gels, the LCST response has 
been studied for poly(N-isopropylacrylamide) (PNIPAAm) 
and other alkyl-substituted acrylamides. The primary limita-
tions, however, are the slow responsive rates and relatively 
weak mechanical integrity of the networks. To improve these 
properties PNIPAAm was copolymerized with acrylic acid, 
interpenetrated with poly(methacrylic acid), or grafted with 
hydrophilic/hydrophobic pendant chains to form comb-like 
systems [43]. Rapid-responsive kinetics and enhanced gel 
stabilities can be achieved in these systems by utilizing 
capillary froths, interchain hydrogen bonding interactions 
and formation of water release channels. Although UCST 
systems are less common than LCST, the common UCST 
hydrogel is an inter-penetrating network composed of inter-
locking networks of acrylic amide and acrylic acid. Cellu-
lose microfibrils physically bound together by soft hemicel-
lulose chains form the scaffolding that makes plant cell walls 
strong. Inspired by this architecture, biomimetic temperature 
responsive hydrogel networks have been reported by rein-
forcing CNC and methylcellulose (MC) [49]. Figure 6 shows 
the schematic of cellulose nanocomposite hydrogel and its 
thermo-responsive behavior under cooling and heating. At 
20 °C, the storage modulus was tunable from 1.0 to 75 Pa. 
By contrast, at 60 °C a distinct gel state was obtained with an 
order of magnitude larger storage modulus values from 110 
to 900 Pa upon increasing the CNC concentration from 0 to 

3.5 wt%, which is associated with the physical cross-links 
between MC and CNCs. This is an all-cellulose temperature 
responsive and tunable nanocellulose-based hydrogel.

Temperature responsive gels are greatly interest for vari-
ous applications in terms of drug deliveries, tissue culture, 
membranes, microfluidics and sensors. By patterning and 
grafting PNIPAAm hydrogel films on plane substrates, 
arrayed valve devices have been demonstrated with up to 
7800 actuated micro-cages that sequester and release solutes, 
along with valves actuated individually [50]. This technol-
ogy is applicable for single cell handling and the nuclear 
acid amplification test for the Human Synaptojanin 1 gene, 
which is involved in several neurodegenerative diseases.

Specialized plant tissues, such as the epidermis of a leaf 
covered with stomata, consist of soft materials with deform-
ability and electrochemical properties to achieve specific 
functions in response to various environmental stimuli. 
Inspired by the stimulus-responsive functionalities of plants, 
a new thermo-responsive multifunctional hybrid membrane 
was synthesized through the in situ hybridization of con-
ductive PPy on a photopolymerized PNIPAAm matrix [51]. 
The hybrid membrane can be easily fabricated into various 
structures by smartly utilizing photopolymerization pattern-
ing and it exhibits a thermo-responsive material, which is 
promising platform for fabricating a variety of functional 
devices.

2.3 � Photo Responsive

Photo responsive polymers commonly respond to light 
energy by way of a variety of degradation and bonding 
reactions. However, they are unanimously governed by the 
Planck–Einstein relation. Photo-dependent reaction rates 
have shown strong correlations to the energy and irradiance 
of light, with little variation [52]. This makes photo-cata-
lyzed reactions an attractive mechanism for hydrogel manip-
ulation. The major downfall with photo-induced changes 
comes in vivo models. Due to the inability of ultraviolet 
and visual electromagnetic wavelengths to penetrate tissue, 
these mechanisms are only really viable for ex vivo sys-
tems and skin level treatments. Recent advances with near 
infrared wavelength sensitive reactions have opened up some 
possibilities [31]. A photo responsive supramolecular actua-
tor was designed by integrating host–guest interactions and 
photo switching ability in a hydrogel [53]. A photo respon-
sive supramolecular hydrogel with a-cyclodextrin as a host 
molecule and an azobenzene derivative as a photo respon-
sive guest molecule exhibits reversible macroscopic defor-
mations in both size and shape when irradiated by ultraviolet 
light at 365 nm or visible light at 430 nm. Irradiating with 
visible light immediately restores the deformed hydrogel. 
A light-responsive PNIPAAm incorporating reduced gra-
phene oxide (PNIPAAm/rGO) was achieved by the chemical 

Fig. 6   Schematic of cellulose nanocomposite hydrogel and cyclic 
heating of the samples with 0, 1.5, and 3.5 wt% CNC loading while 
keeping a fixed amount 1 wt% of methyl cellulose [50]
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reduction of GO dispersed in the hydrogel matrix so as to 
avoid the problem of rGO restacking in aqueous solution 
[54]. Due to the enhanced photothermal efficiency of the 
rGO, the prepared PNIPAAm/rGO underwent large vol-
ume reductions in response to irradiation by visible light 
of modest intensity. With respect to potential applications, 
bilayer-type photo-actuators comprising a PNIPAAm/rGO 
active layer and PAAm passive layer were fabricated; these 
achieved a full bending motion upon visible-light, for exam-
ple sunlight, exposure. Figure 7 shows the sunlight-driven 
actuator [54].

In nature, plant tendrils can produce two fundamental 
motion modes, bending and chiral twisting distortions, under 
the stimuli of sunlight, humidity, wetting or other atmos-
pheric conditions. A dual-layer, dual composition polysilox-
ane-based liquid crystal soft actuator strategy was demon-
strated to synthesize a plant tendril mimic material capable 
of performing two different three-dimensional reversible 
bending versus chiral twisting through modulation of the 
wavelength band of light stimuli (ultraviolet vs near-infra-
red) [55]. This material has broad application prospects in 
biomimetic control devices. To overcome the slow kinetics 
of the volume phase transition of stimuli-responsive hydro-
gels as platforms for soft actuators, thermally responsive 

comb-type hydrogels were prepared using synthesized PNI-
PAAm macromonomers bearing graft chains [56].

Hygro induced motion is a fundamental process of energy 
conversion essential for applications that require contact-
less actuation in response to the day–night rhythm of atmos-
pheric humidity. Mechanical bi-stability caused by rapid 
and anisotropic adsorption and desorption of water vapor 
by a flexible dynamic element that harnesses the chemical 
potential across very small humidity gradients for perpetual 
motion, was effectively modulated with light [57]. The ele-
ment can lift objects ~ 85 times heavier and can transport 
cargos ~ 20 times heavier than itself. Having an azobenzene-
containing conjugate as a photoactive dopant, this entirely 
humidity driven self-actuation can be controlled remotely 
with ultraviolet light.

2.4 � Electrical Responsive

The pioneering work on electrical responsive gels was per-
formed by Osada et al. [58] Using a PAMPS hydrogel with 
low crosslinking density of N,N0-methylene bisacrylamide 
immersed in a surfactant solution (n-dodecyl pyridinium 
chloride), the gel was able to walk through a solution by 
alternately applying and reversing a 20 V potential at 2 s 
intervals. The mechanism by which this occurred was 
explained as ‘‘a reversible and cooperative complexing of 
surfactant molecules on the polymer gel in an electric field, 
causing the gel to shrink’’ and bend. Electrical responsive 
gels were also developed by utilizing nonionic polymer gels 
and dielectric liquid patterns, such as poly(vinyl alcohol)/
dimethylsulfoxide) (PVA/DMSO) [59, 60] and poly(vinyl 
chloride)/di-n butylphthalate (PVC/DBP) [61]. Hydrogels 
based on PVA/DMSO or PVC/DBP have shown the ability 
to exhibit electrically-induced responses of up to 8% strain, 
as well as bending of up to 180° within a time frame of 
only 90 ms. A PVA/DMSO gel achieved motility of up to 
14.4 mm/s in a path-controlled manner in air by application 
of a 400 V/mm electric field [59]. The linear or complex 
responsive motion of these gels can be controlled when 
alternating the DC electric field, which is facilitated by the 
spatially varying shear forth between the dielectric liquid 
and gels. Angular movements of gelatin/alginate interpen-
etration gel membrane were achieved under non-contact DC 
electric field, in which the bending speed and strain can be 
controlled by the gel chemical composition and applied volt-
age [62]. These gel systems are capable of converting elec-
tromagnetic energy into mechanical energy, thus mimick-
ing locomotion of organisms under external electromagnetic 
stimulus. However, limitations of the liquid electrolyte envi-
ronment and low-responsive efficiency are drawbacks [43].

Soft hydrogel walkers with electrical driven motility 
for cargo transport have been developed via a facile mold-
assisted strategy [63]. The hydrogel walkers consisting of 

Fig. 7   The sunlight-driven actuator: a schematic diagram for the sun-
light-driven actuation test, b photographs of sunlight-driven actuation 
and curvature, κ, changes depending on the intensity [54]
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polyanionic poly(2-acrylamido-2-methylpropanesulfonic 
acid-co-acrylamide) exhibit an arc looper-like shape with 
two “legs” for walking. Such hydrogel systems create new 
opportunities for developing electro-controlled soft systems 
with simple design/fabrication strategies in the soft robotic 
field for remote manipulation and transportation.

Ionogel electrolytes can be fabricated for electrochemi-
cal actuators with many desirable advantages, including 
direct low-voltage control in air, high electrochemical and 
thermal stability, and complete silence during actuation. A 
cross-linked supramolecular approach was adopted to pre-
pare tough nanocomposite gel electrolytes from HEMA, 
BMIMBF4, and TiO2 via self-initiated UV polymerization 
[64]. The tough and stable ionogels are emerging to fabricate 
electric double-layer capacitor-like soft actuators, which can 
be driven by electrically induced ion migration. The ionogel-
based actuator shows a displacement response of 5.6 mm to 
the driving voltage of 3.5 V. The actuator can not only work 
in harsh temperature environments (100 °C and 210 °C) but 
also realize the goal of grabbing an object by adjusting the 
applied voltage. Figure 8 shows the schematic of the tough 
nanocomposite ionogels and ion transfer mechanism. [64]

Reconfigurable lens provides variable-focus in optics 
without any moving part. The material for a reconfigur-
able lens should be deformable in the presence of electri-
cal stimuli meanwhile maintaining its optical transpar-
ency for the lens function. Poly(acrylic acid)-Poly(vinyl 
alcohol) (PAP) hydrogels were synthesized and char-
acterized for reconfigurable active lens [65]. The PAP 
hydrogels were prepared by free radical and freeze–thaw 

technique using N,N1-methylenebisacrylamaide and potas-
sium persulfate/N,N,N1,N1-tetramethylethylenediamene 
as crosslinker-initiator pair system. Displacement output 
increased with increasing the voltage and the maximum dis-
placement output of 15.5 μm was achieved in the presence of 
electrical field, which corresponds to 4% strain. PAAm was 
used for matrix material to fabricate composite hydrogels 
reinforced with natural CNC [66]. The CNC played a role 
as a reinforcing filler and a multifunctional cross-linker in 
the hydrogel. Reconfigurable lens is a niche application of 
electrical responsive gels.

2.5 � Chemical Responsive

Another broad class of hydrogels is designed to exhibit 
swelling or degradation in response to individual target mol-
ecules [31]. Because of the wide array of chemicals which 
could act as practical stimuli for achieving useful functions, 
a few examples of chemically-responsive hydrogels are 
shown. The mechanisms either make use of the activity of 
the target molecule itself, as with using peptide-based hydro-
gels that degrade in response to the target enzyme or use a 
transduction pathway to convert recognition of the target 
molecule into a pH, temperature, or electrical charge change 
that drives swelling, collapse or degradation. Glucose-
responsive hydrogels respond to the presence of elevated 
levels of glucose and have obvious uses in the treatment of 
diabetes. Hydrogels that are capable of acting as long-term 
insulin depots that respond to increased blood glucose lev-
els and automatically release doses of insulin at appropriate 
times are a promising development, and could obviate the 
need for frequent injection and therefore provide a more con-
venient treatment option that would improve treatment effi-
cacy and quality of life for hundreds of millions of people. 
Glucose-responsive hydrogels have typically relied on one 
of three mechanisms for detecting glucose and responding 
appropriately [67]. The first of these is to use glucose oxi-
dase (GOx) as a detecting enzyme and its reaction with glu-
cose as a transduction pathway for stimulating response. The 
second mechanism for glucose-responsiveness relies on the 
use of lectins, primarily concanavalin A (Con A). As glucose 
diffuses into the polymer matrix, the glucose competitively 
binds with Con A because Con A has greater affinity for glu-
cose than for the glycosylated moieties. The last mechanism 
for glucose-responsive hydrogels is based on use of phenylb-
oronic acid (PBA) functionalized hydrogels. PBA has ability 
to bind by forming reversible, covalently linked complexes 
with diols. When glucose, with its diol functionality, enters 
the hydrogel, the PBA moieties reversibly complex with glu-
cose, shifting equilibrium toward cationically charged boron 
residues. The reaction shifts the overall gel charge density 
toward cationically charged residues. This increased charge 
endows the hydrogel with greater hydrophilicity, which 

Fig. 8   Schematic diagram of BMIMBF4 gel-electrolyte-based actua-
tor or based on an ion transfer mechanism: a the electric-double-layer 
formed inside the porous media of activated carbon, b strain of the 
actuator under an applied voltage, c the model of the robot manipula-
tor, d under an applied voltage, e Under an inversely applied voltage, 
f photograph of the robot manipulator grabbing an object (180 mg) 
[64]
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leads to a distinct swelling response. PBA-based hydrogels 
have become the most promising candidates for clinical use 
because they can offer sensitive glucose responsiveness.

In addition to glucose-responsive hydrogels, hydrogels 
can also be made to respond by being directly acted upon by 
the target molecule. This is most notable in the design and 
use of enzyme responsive hydrogels. Among the possible 
methods for making enzyme-responsive hydrogels, one of 
the well-studied methods has been to use peptide chains as 
linkers, either as crosslinks within the hydrogel or as links 
between the polymer backbone and drug molecules. These 
peptides are typically made of short sequences chosen to be 
specifically digestible to certain enzymes, causing degrada-
tion of the hydrogel in the presence of the targeted enzyme 
[68]. Molecularly imprinted polymers (MIPs) make use of 
hydrogels formed in the presence of a template molecule in 
order to produce binding sites that will later recognize the 
target molecule. MIPs are a promising method for yielding 
similar results as antibodies or aptamers in multiple applica-
tions [69]. MIPs therefore bear mention as an important and 
expanding class of chemically responsive hydrogels. The 
possible applications of MIPs are for use as inexpensive 
diagnostics or sensors, drug delivery and sorbents.

Electrochemical actuators directly converting electri-
cal energy to mechanical energy are critically important 
for artificial intelligence. However, their energy transduc-
tion efficiency is always lower than 1.0% because electrode 
materials lack active units in microstructure, and their 
assembly systems can hardly express the intrinsic proper-
ties. A molecular-scale active graphdiyne-based electro-
chemical actuator was reported with a high electromechani-
cal transduction efficiency of up to 6.03%, exceeding that 
of the best-known piezoelectric ceramic, SMA and elec-
troactive polymer reported before, and its energy density 
(11.5 kJ m−3) is comparable to that of mammalian skeletal 
muscle (~ 8 kJ m−3) [70]. The actuator remains responsive at 
frequencies from 0.1 to 30 Hz with excellent cycling stabil-
ity over 100 k cycles. The alkene–alkyne complex transition 
effect is responsible for the high performance through in situ 
sum frequency generation spectroscopy. Figure 9 shows the 
actuation of the graphdiyne-based electrochemical actuator.

3 � IPMCs

Generally, EAPs are divided into two major categories based 
on their activation mechanism: electronic (driven by electric 
field or Coulomb forces) and ionic (involving mobility or 
diffusion of ions). The electronic polymers, such as elec-
trostrictive, electrostatic including dielectric, piezoelectric, 
and ferroelectric require high activation field close to the 
breakdown level [3]. In contrast, ionic EAP materials, such 
as gels, polymer-metal composites, conductive polymers, 

and carbon nanotubes require low actuation voltage. How-
ever, there is a need to maintain their wetness, and except 
for conductive polymers it is difficult to sustain dc-induced 
displacements. Ionic polymer metal composites (IPMCs) are 
an important type of ionic EAPs [71]. IPMC is composed of 
a core ion-conductive polymer membrane including mobile 
molten ionic salts and noble metallic electrodes. The bend-
ing motion of IPMC occurs via the redistribution of mobile 
ions toward the oppositely charged electrode surface under 
electric field. Since Oguro et al. [72] firstly have found the 
bending phenomenon for the Nafion® plated with platinum 
activated by a small voltage in 199 l, many attempts were 
made on depositing metal electrodes and choosing ionic 
polymers including counter cation species, which resulted in 
performance improvement. The alkyl ammonium ion incor-
porated ionic polymers have larger deformation and a lower 
rate than the alkali metal ion incorporated polymers [73–75]. 
As for the corresponding actuation mechanism of IPMC, the 
ion transport properties and electro-mechanical properties 
of ionic polymers play key roles in defining actuator perfor-
mance [76]. Therefore, high-performance IPMC actuators 
should be functionally designed and fabricated to have a 
micro-/nano-morphology network in a polymer matrix with 
hydrophilic nano-channels, microphase-separated morphol-
ogy, and/or well-dispersed pore structure, highly conductive 
molten ionic salts, and flexible electrode materials. Typical 
ionic polymer actuators suffer from significant drawbacks 
such as stress relaxation under a step input, low blocking 
force and durability, environmental unfriendliness and high 
cost of fabrication due to the usage of fluorinated polymers 
and noble metallic electrodes through a very complex and 
time-consuming electro-less plating process. To overcome 
these problems, many ionic polymers have been proposed 
including sulfonated hydrocarbon polymers, self-assembled 
sulfonated polyimide block copolymers, functionalized 
cellulose-based biopolymers and smart carbon-based nano-
composite membranes [77–82]. Many actuators and robots 
have been developed with IPMCs as actuators and sensors 
including flexible brail display, soft bio-inspired fin, biomi-
metic Venus flytrap and flow measurement sensor [83–89]. 
Recently an ionic polymer-metal composite actuator having 
multiple-shape memory effect was reported, which is able to 
perform complex motion by two external inputs, electrical 
and thermal [5]. Figure 10 shows the multiple-SMP metal 
composite (MSMPMC) actuator that shows bending and 
twisting at the same time by electric field and temperature.

4 � Conducting Polymers

CPs typically function via the reversible counter-ion 
insertion and expulsion that occurs during redox cycling. 
CPs are semiconductor or insulator as the conductivity 
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Fig. 9   Actuation performance of the graphdiyne actuator: a sche-
matic for actuation mechanism of the actuator. Optical images show 
the bent actuator under 2.5  V at 0.1  Hz. b Actuation strain of the 
actuator with increasing frequency. c Peak-to-peak displacement as 

a function of frequency. Inset is the comparison of their power den-
sities. d Comparison of transduction efficiency of different types of 
actuation materials. e Cyclic stability of the actuator. Inset shows the 
actuation cycles [70]

Fig. 10   A MSMPMC actuator with multiple dof deformation. The 
sample was under a sinusoid AC voltage of 3.7 V and 1 Hz [5]

increases markedly upon oxidation [90]. The oxidation 
is carried out by exposure of CPs to oxidizing agents or 
by electrochemical oxidation. During oxidation CPs are 

swollen by insertion of bulky ion. CPs are soft and flex-
ible, mechanically tough and high conductivity, which 
are suitable to electrically controllable soft actuator. CP 
actuators are available as films, filaments/yarns and tex-
tiles, operating in liquids as well as in air. Most studies on 
CPs have been done on PPy, polyaniline, polythiophene 
and poly(3,4-ethylenedioxythiophene). Since they are aro-
matic structure in the unit molecule, hence, generally they 
are stable polymers compared with linear polymer. The 
PPy is the most studied CP for actuators because it is eas-
ily electrodeposited on appropriate metal electrode and is 
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obtained as high conductive and tough films. PPy can be 
prepare compact film or porous gel like film. Furthermore, 
the PPy film exhibits large electrochemical strain of 39% 
[91] and force of 49 MPa [92] at the optimized condition 
in actuation, and long cycle life [93].

Great progress has been made in understanding these 
materials and the actuation mechanisms [90, 94]. CPs 
are obtained by either chemical or electrochemical oxi-
dative polymerization of monomers. The oxidized state 
is swollen by the total volume of inserted anions A- and 
stiffened due to the ionic crosslink. The ionic crosslink is 
formed by the ionic bonding between polarons and anions, 
resulting in fastening inter-polymer chain bonding. When 
small anion is employed, the anion can be ejected during 
reduction and the CP shrunk [95]. Upon oxidation, the 
CP expand. In this case, move-in ions are anion. On the 
other hand, if large anion is employed in the synthesis, the 
large anion is immobilized inside of polymer, and the CP 
is reduced by inserting cation to neutralize anions. The 
reversible expansion of PPy films that occurs on redox 
switching is primarily the result of ion movements [96] 
and that different ion transport modes can operate depend-
ing on the size of dopant ion [97]. Note that the oxidized 
state is mechanically stiffer than that of reduced state by 
about 2–3 times [98].

The reversible volume change of CP can be used as the 
active part in a soft actuator with various configurations 
that lead to different motions such as bulk, linear, bending 
bilayer, buckling and bending trilayer as shown in Fig. 11. 
The volume change is typically isotropic and can be used as 
a bulk actuator. Linear deformation can be easily achieved 
by designing CPs as free-standing films, strips, or fibres. 
Intrinsically linear actuators working in air have been made. 
Actuators based on a CP fibre or film, embedded in a SPE 
and using a metallic electrode as counter electrode were 
proposed by several groups [41, 42]. With this idea, a linear 
actuator can be fabricated by laminating with CP layers on 
an inert stretchable film. The volume change of CPs can 
also be used to achieve out-of-plane movement by design-
ing the actuator in a bilayer configuration to produce bend-
ing actuators. Bilayer actuators are made by laminating CP 
layer and passive thin film, in which the relative expansion 
or contraction of the CPs with respect to the other passive 

layer leads to a bending of the structure. Trilayer actuators 
are comprised of a passive layer sandwiched by two CP lay-
ers and are relatively easy to fabricate [52].

The inherent volume change properties of CPs result in 
interesting opportunities for applications. They can not only 
be actuated in biological electrolytes, but actively use the 
surrounding media as the ion source resulting in a simpler 
device geometry. This allows their use in medical devices 
and in applications in cell biology, organic bioelectronics, 
active catheters for the vascular system and cochlear elec-
trode array [99–102]. A microrobotic arm and manipulator, 
microfluidics, smart pill, microvalve [31], tactile transducer 
[103] were demonstrated with CPs [104–107]. Bending 
trilayer microactuators can also be used to drive flapping 
wings for artificial insects, or micro-unmanned aerial vehi-
cles [108].

CPs are known to be attractive for their low operating 
voltage, large strain, large contraction force, possibility 
of microfabrication and easy preparation in the optimized 
circumstance, in comparison with other EAPs. However, 
there are still limitations prior to commercialize CP actua-
tors, such as slow response, need for an electrolyte source, 
encapsulation and low electromechanical coupling effi-
ciency. Creeping is a phenomenon that is observed as the 
irreversible and uncontrollable elongation, when the tensile 
load stress goes over the elastic region. In soft actuators the 
creeping is a serious problem for the precise positioning 
[93]. The creeping in CPs is caused by uniaxial alignment 
of polymer chains, slipping of polymer chains and partial 
breaking of polymer chains before the breakdown of CP 
actuators. Evaporation of the aqueous or organic electro-
lyte solutions degrades the performance of CP actuators. 
Thus, encapsulation for the actuators is necessary. However, 
encapsulation by using polymers has not been fully success-
ful. Surprisingly, IL provide a much better solution as the 
electrolyte in CP actuators, which enhance the lifetime and 
stability of CPs without encapsulation [109]. Another issue 
restricting the lifetime of CP actuators is the delamination 
between the active CP layer and passive layer due to the 
relatively poor adhesion between them.

5 � CNTs and Graphene

Materials based on carbon are various: graphite, diamond, 
carbon fibers, fullerene, carbon nanotubes and graphene. 
All this is possible because carbon forms various types of 
bond. It has been also known that charging/discharging 
of single-wall carbon nanotubes (SWNT) results in sub-
stantial changes in the lengths of the individual nanotubes 
[110]. These dimensional changes are useful for converting 
electrical energy to mechanical energy in soft actuators. 
The SWNT soft actuators show very promising actuation 

Fig. 11   Various configurations of CP soft actuators: bulk, linear, 
bending bilayer, buckling and bending trilayer in electrolyte
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properties in relation to their high surface area, excellent 
mechanical properties and the non-faradic nature of the 
electrochemical response leading to long life. They are able 
to produce high strain and stress in the presence of low 
actuation electric field. Their actuation mechanism is based 
on quantum-chemical effects induced by the double layer 
charge which is produced at the interface between nanotube 
and solution [110]. Changing the applied potential, an elec-
tronic charge is stored in the SWNT, and it is compensated 
by the ions at the interface carbon nanotube/solution, creat-
ing the double layer. This charge accumulation causes the 
quantum chemical and electrostatic effects, which in turn 
determine the dimensional and stress changes. Changing 
the applied voltage results in double-layer charge injection 
for very high surface-area electrodes. Quantum chemical 
effects cause the carbon–carbon bond lengths to change as 
the amount of injected change is varied, which provides 
the changes in nanotube dimensions. Large actuator effects 
arise because large amounts of charge can be stored in the 
electrochemical double layer that results when the nano-
tubes are immersed in an electrolyte and an electrochemi-
cal potential applied. Aligned Multiwall-carbon nanotube 
(MWNT) arrays exhibited an electromechanical actuator 
response [111]. The actuator mechanism is quite different 
from the quantum chemical mechanism of bond elongation 
occurring for SWNT mats in which the tube axis is prefer-
entially in the sheet plane. The new mechanism appears to 
be expansion on charging due to the repulsion of electrical 
double layers associated with individual multi-wall carbon 
nanotubes.

A potential advantage of CNT actuators, in comparison to 
other solid state actuators, is the extremely high stress gen-
eration that should eventually be achievable with nanotubes. 
For the achievable actuator strain of 1%, the individual nano-
tubes should generate a stress of 6 GPa, which is several 
orders of magnitude higher than for other actuators [112]. 
Giant work capacities and high strain rates are also predicted 
for actuators that can utilize the mechanical properties of the 
individual nanotubes. However, realization of these perfor-
mance advantages requires the major improvements in the 
utilization of nanotube mechanical properties in nanotube 
assemblies. Furthermore, their response is slow and there is 
a need to maintain their wetness, and except for conductive 
polymers it is difficult to sustain dc-induced displacements.

Spinning of MWNTs has been investigated [113] and 
recently it has been shown that highly twisted MWNT yarns 
produce a unique mechanical actuation involving coupled 
rotation and axial contraction [114, 115]. The torsional 
and tensile actuation is achieved by reversible yarn volume 
changes driven by electrolyte ion influx/release during elec-
trochemical charge/discharge, or thermal expansion/con-
traction of a guest material, like paraffin wax. These soft 
actuators can generate rotation per length over 1000 times 

higher than previously reported torsional actuators made 
from shape-memory alloy, piezoelectric ceramics and CPs. 
However, there are important challenges in electrochemi-
cally driving MWNT yarns actuators. If liquid electrolyte is 
used, the weight and volume of electrolyte and liquid con-
tainment system can be much higher than for the actuating 
yarn, leading to low volumetric and gravimetric performance 
for the actuating system. All-solid-state MWNT yarns were 
developed, which are electrochemically driven so as to avoid 
the above problems [116].

Electrolyte-infiltrated and twisted, coiled MWNT anode 
and cathode yarn muscles yarns were plied together to 
jointly provide torsional and tensile actuation when operated 
in ambient air. The maximum realized tensile stroke (1.3%) 
is a little higher than previously reported for an electrochem-
ically powered, twisted carbon nanotube yarn muscle that 
actuates in a liquid electrolyte bath [115]. Figure 12 shows 
the yarned MWNT for torsion and tensile actuation [116].

6 � Dielectric Elastomers

As soft and flexible electrical insulators, DEs can express 
mechanical motions in response to electrical stimulation: 
when a dielectric membrane is subjected to a voltage across 
its thickness, the membrane suffers an electrostatic force, 
the so-called Maxwell stress, and thus squeezes in the thick-
ness direction and expands in the area direction [117]. DE 
based EAPs have been developed during last three dec-
ades. DEs are rubbery polymer materials with compliant 

Fig. 12   Illustration of yarn fabrication for torsion and tensile actua-
tion [116]
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electrodes that have a large electromechanical response to 
an applied electric field. The induced strain is proportional 
to the square of electric field, multiplied by the dielectric 
constant and inversely proportional to the elastic modulus. 
Use of polymers with high dielectric constants and applica-
tion of high electric fields lead to large forces and strains. 
The deformation of the polymer film can be used in many 
ways to produce actuation. A linear artificial muscle was 
made based on an acrylic-film double bow-tie actuator. An 
acrylic film rolled actuator was developed and applied to an 
insect-inspired legged robot. An insect-inspired flapping-
wing robot was demonstrated by using four silicon bow-tie 
actuators. DEs can also be used for sensors and energy har-
vesters [118, 119]. A new type of contractile polymer-based 
electromechanical linear actuator was developed by utilizing 
DEs [120]. It is based on a novel helical configuration, suit-
able for the generation of electrically driven axial contrac-
tions and radial expansions. An axial strain of − 5% at about 
14 V/μm was obtained from first prototypes.

The critical problem of DEs is that they need high voltage 
for activation, which results in high electrical strain related 
difficulties, such as voltage breakdown shielding, packaging, 
miniaturization, and driver configuration in device imple-
mentations. Improving the dielectric constant and lowering 
the elastic modulus of the polymer dielectrics are possible 
ways of lowering the actuation voltage. All-polymer perco-
lative composite was developed which exhibits a very high 
dielectric constant [121]. Since the actuation force output is 
increased with the stiffness of DEs, the stiffness should be 
optimized. An important factor governing the performance 
of DE actuators is the nature of the electrodes [122]. The 
electrodes need to exhibit sufficient electrical conductivity 
and low elastic modulus that does not block the actuation. 
Compliant electrodes made of carbon grease or graphite 
powder have been commonly used because they combine 
electrical conductivity with negligible elastic modulus. 
Despite enabling high actuation amplitudes, these electrodes 
exhibit poor structural stability. All-polymeric actuators with 
“solid” composite elastomer electrodes have been studied 
to overcome such limitations without sacrificing actuation 
performance [122].

DEs with optical transmittance are emerging materials 
with practical significance in next-generation flexible dis-
plays, flexible touchscreen panels and smart optics. Flex-
ible and transparent DE with high dielectric constant and 
transmittance over 90% have been reported [74, 123–125]. 
Figure 13 shows dielectric constant plotted against elastic 
modulus and transmittance with respect to dielectric con-
stant of DEs (replotted and revised from Reference 73). 
CPPU is cellulose nanocrystal based transparent and elec-
troactive polyurethane [125].

Soft actuators can be made by applying electric field 
on the dielectrics. Dielectric gels are attractive because 

of their softness. The force output directly proportional to 
dielectric constant of the gels. Thus, high dielectric con-
stant is essential for high performance dielectric gels. A new 
type of polymer-based dielectric gel was reported, which 
has ultra-high dielectric constant (ε = 30–50), low elastic 
modulus (20 ~ 60 kPa) and excellent transparency (~ 99%) 
[126]. The dielectric gel was designed by using solvents 
with ultra-high ε and a polymer network that matched well 
with the solvents, which exhibited high stretchability (~ 10 
times) and low mechanical hysteresis. By using the dielectric 
gels, a bioinspired tunable lens was demonstrated of which 
the focal length of which can be adjusted by varying the 
applied voltage. The dielectric gels offer new opportunities 
for soft robotics, sensors, electronics, optics, and biomimet-
ics. However, dielectric constant measurement for dielec-
tric gels is controversial. A broadband dielectric/impedance 
spectrometer (Novocontrol GmbH) the testing copper elec-
trodes was used to measure the dielectric constant of gels. 

Fig. 13   a Elastic modulus of DEs with respect to dielectric constant 
and b transmittance versus dielectric constant of DEs (replotted and 
revised from Reference [73])
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The gel samples were treated without metal sputtering on 
their surfaces. In this measurement configuration, the meas-
ured dielectric constant may exhibit a variation depending 
on the solvent or water content of the gels and the interface 
impedance between the electrodes and gels. Thus, instead of 
directly measuring dielectric constant of gels, an electrome-
chanical performance of gels was measured and dielectric 
constant can be conversely calculated [127–129]. The strain 
induced by the Maxwell stress along the applied-field direc-
tion is given by [121]

where �
0
 is free space permittivity (8.85 × 10−12 F/m), �

r
 

is the relative dielectric constant of gel and E is electric 
field strength, � is Poisson’s ratio and Y is Young’s modu-
lus. By using Eq. 1, the relative dielectric constant of gels 
can be estimated as shown in Table 2. As one can see, the 
estimated dielectric constants from the electromechanical 
strains for PAAm-PVC, PAAm/CNC, PVA/Cell and PVA/
PAAm hydrogels are larger than the reported ACMO-MBA 
gel. This might be attributed to a motion of free charge carri-
ers due to charges present on the CNC surface and interfacial 
polarization effects. However, their actuation principle might 
not be solely associated with electrostatic effect. Further dis-
cussion on the actuation principle of soft actuators will be 
made in later section.

7 � Shape Memory Polymers

SMPs are a kind of smart materials, which can be deformed 
into temporary shapes and restore their permanent shapes 
by external stimuli on demand such as heat, light, electric 
field, magnetic field or moisture [130, 131]. SMPs typically 
consist of two elements: switching units and netpoints [132]. 
The switching units are responsible for controlling shape 
fixity and recovery, and the netpoints determine the perma-
nent shape of SMPs. Netpoints can be chemical in nature, as 
in covalently connected polymer segments in cross-linked 
networks. They can also exist as physical cross-links, as has 
been realized in block-copolymer-based SMPs.
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Two-way SMP (2W-SMP) represents a special class 
of SMPs [130]. Features make 2W-SMP so unique and 
attractive include: (1) 2W-SMP behaves thermally oppo-
site to common physics, i.e. expands upon cooling (EUC) 
and contracts upon heating (CUH); (2) the expansion and 
contraction in response to temperature change can undergo 
reversible cycles in a continuous mode once triggered. Since 
two-way shape memory effect (2 W-SME) was initially 
reported in 2001 for liquid crystalline elastomers, this effect 
has been reported for a semicrystalline polymer network-
crosslinked poly(cyclooctene), poly(Ɛ-caprolactone)6–13, 
oligo(pentadecalac-tone), ionomer Nafion, poly(octylene 
adipate), poly(ethylene-co-vinyl acetate), polyurethane, and 
more. Owing to the intriguing properties of 2W-SMPs, soft 
actuators, morphing structures, fastening devices, optical 
gratings, grippers, fixators, swimmers, and artificial mus-
cles can be designed. However, the previously developed 
2W-SMPs have limitations in terms of working tempera-
ture and low tensile strength and stiffness. One of the ways 
to overcome this drawback is to prepare composites by 
introducing inorganic nanofillers into polymers. A thermo-
responsive and water-responsive SMP nanocomposite net-
work was made by chemically cross-linking CNCs with 
polycaprolactone and PEG [133]. The PEG–PCL–CNC 
nanocomposite exhibited excellent thermo-induced and 
water-induced SME in water at 37 °C, and the introduc-
tion of CNC clearly improved the mechanical properties of 
the composites, which is potentially useful for smart bio-
materials. A new 2W-SMP was made with crosslinked cis 
poly(1,4-butadiene) that can be actuated below 0 °C with 
giant actuation strain [134]. A novel biodegradable polymer-
based 2W-SMP was made by using poly(propylene carbon-
ate) and microfibrillated cellulose [132].

Recent discovery of triple-shape, multiple-shape, and 
reversible shape memory beyond the classical dual-shape 
behavior has reshaped the landscape in SMP field, yet all 
shape memory behaviors share a common root in poly-
mer elasticity. An opposite behavior—polymer plasticity, 
has recently gained attention [135]. This is achieved by 
covalent bond exchange in a polymer network, allowing 
its topography to be rearranged in response to an external 
force, which gives a permanent and nonrecoverable shape 

Table 2   Hydrogels and their 
Young’s modulus, strain and 
dielectric constant

Gel composition Young’s modu-
lus (kPa)

Electric field 
(kV/mm)

Strain (%) Estimated dielectric 
constant (εr)

Ref.

ACMO-MBA 20 8 1.72 67.5 (30–50) [71]
PAAm-PVC 67 0.4 0.0039 205.0 [63]
PAAm/CNC 56 0.2 0.0018 307.6 [64]
PVA/Cell 170 0.25 0.0015 512.0 [72]
PVA/PAAm 83 0.4 0.004 260.5 [73]
PVA/CNC 7 0.4 0.0036 19.8 [74]
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change. Permanently reshaping polymers via plasticity can 
be repeatedly done without losing the previous strain his-
tory, opposite to the elasticity-based SME. Among various 
shape-changing materials, the elastic nature of SMPs allows 
fixation of temporary shapes that can recover on demand, 
whereas polymers with exchangeable bonds can undergo 
permanent shape change via plasticity. The elasticity and 
plasticity were integrated into a single polymer network 
[136]. By exploring the cumulative nature of the plasticity, 
easy manipulation of highly complex shapes were demon-
strated that is extremely challenging. Figure 14a shows that 
a square film can be folded plastically into a permanent bird, 
which can be deformed into various temporary shapes that 
can recover by virtue of its elasticity. Figure 14b shows that 
with cutting, folding, and plastic deformation, a rectangu-
lar flat film can be used to create a kirigami structure that 
can also be deformed into recoverable temporary shapes. 
The dynamic shape-changing behavior paves a new way for 
fabricating geometrically complex multifunctional devices.

Shape memory gels can be deformed and further altered 
to the original shape when exposed to external stimuli. 
Temperature-driven memory shape gels are typically pre-
pared by copolymerization of acrylic acid with n-stearyl 
acrylate [137], which are able to render the original shape 
below 50 °C. This is facilitated by long alkyl chains of 
stearyl acrylate that adopt crystalline aggregates to main-
tain mechanical properties. Above 50 °C, the gel becomes 
soft and flexible as the side chain conformations are disor-
dered. The order–disorder transitions which are associated 
with the formation of crystalline aggregates along the side 
chains are responsible for deforming and recovering of the 
original shape. Another class of shape memory gels is based 
on the partially interpenetrating PNIPAAm gels with PAAm 

[138]. The resultant gels possess internally heterogeneous 
and modulated structures, which are responsible for spa-
tial shape modulation. The controlling mechanism is the 
temperature sensitivity of PNIPAAm and solvent (acetone) 
concentration sensitivity of PAAm. At elevated temperatures 
or higher acetone concentrations, the bigel strip bends to a 
circle. This concept can be further applied to PAAm bigels 
modulated by pH changes [43].

8 � Biopolymers

The use of renewable materials is essential in future technol-
ogies to harmonize with our living environment. Renewable 
materials can maintain our resources from the environment 
so as to overcome degradation of natural environmental ser-
vices and diminished productivity [139, 140]. Biopolymers, 
obtained from nature, belongs to renewable materials. The 
use of biopolymers is essential for achieving sustainabil-
ity in future technology. There are many biopolymers, for 
example, cellulose, chitin, bamboo, cork, hemp, coconut 
palm, algae, and so on [141]. Their recent advancement for 
smart material applications has been reviewed [139, 142]. 
The excellent and smart characteristics of cellulose materi-
als, such as lightweight, biocompatibility, biodegradability, 
high mechanical strength/stiffness and low thermal expan-
sibility, have made cellulose a high potential material for 
various industry applications. Cellulose has recently been 
discovered as a smart material in the electroactive polymers 
family which carries the name of cellulose-based electro-
active paper (EAPap) [143]. The actuation phenomenon is 
known to be the combination of piezoelectricity and ionic 
transport in the cellulose. Two distinctive natures of EAPap 
can be made: piezoelectric and ionic EAPap. The piezoelec-
tric EAPap, termed as Piezopaper, can produce deformation 
at high frequency up to audible ranges but its deformation is 
small since it is caused by the ordered domain of cellulose 
including crystalline of cellulose. On the other hand, ionic 
EAPap can produce a large deformation at relatively low 
frequency ranges since it is produced by an ion migration 
associated with mobile and fixed ions in cellulose materials. 
Intentionally ions can be added the cellulose material, for 
example by absorbing ionic liquid in it, so as to extensively 
enhance its ion migration effect without encapsulation in 
room humidity and temperature [144]. This kind of ionic 
EAPap can be used for remotely driven biomimetic actua-
tors [145]. Cellulose possesses very systematic structure. 
Cellulose chains are systematically packed in such a way that 
they form crystal parts, so called CNC, meanwhile amor-
phous and crystal parts of cellulose are sequentially located 
along the fiber direction in a row, which is so called cellu-
lose nanofiber (CNF) [40]. It is almost impossible to break 
the crystal parts of cellulose because of strong hydrogen 

Fig. 14   Shape manipulation via thermally distinct elasticity and plas-
ticity: a smart origami structures. b Smart kirigami structure. Scale 
bars 10 mm [136]
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bonding between hydroxyl groups in CNC. CNC and CNF 
are called nanocellulose (NC). As well as being completely 
renewable, safer to handle, and cheaper to produce, NC 
also possesses exceptional physical and chemical proper-
ties including high elastic modulus, dimensional stability, 
low thermal expansion coefficient, outstanding reinforcing 
potential and transparency. Applications of NC are get-
ting broad [146]: conventional ones include composites for 
automotive components, food packaging, barrier materials, 
transparent films, coatings, filtration membranes, pigment, 
additives, tissue engineering, wound dressing, drug deliver, 
cosmetics, and so on. High end ones are flexible electronics, 
electronics packaging, conductive films for sensors, actua-
tors, translucent diffusers for optoelectronic devices, flex-
ible solar cells, OLEDs, piezoelectric sensor, biosensors, 
electrolyte membranes for Li-ion batteries, paper batteries 
and supercapacitors [147–149]. NC is so versatile that it is 
considered as a ‘post-carbon’ material.

9 � Summary

This paper reviewed all about soft actuator materials includ-
ing gels/hydrogels, IPMCs, conducting polymers, carbon 
nanotubes/graphene, dielectric elastomers, shape memory 
polymers and biopolymers. Preparation, synthesis, perfor-
mance and limitations of these materials are illustrated. The 
border line of softness for these materials was distinguished 
with elastic modulus in the range of GPa by the comparison 
with conventional actuators and other solid state actuator 
materials. Stimuli response gels/hydrogels can produce large 
deformation with various external stimuli- pH, temperature, 
light, chemical, electric and magnetic fields. Softness is an 
advantage of these materials. However, keeping wetness, 
low speed and hysteresis are challenges that should be over-
come. Dielectric gels are shown to be promising since it has 
high dielectric constant, a large electrostatic force can be 
produced in the presence of electric field. IPMCs and con-
ducting polymers, which are ionic actuator materials, have 
been successfully improved their performance by incorpo-
rating ionic liquids. Yarned CNTs can produce large strain 
by electrochemically, which is promising for contractile 
actuators. Dielectric elastomers are robust to produced large 
strain under high electric field. The challenges in dielectric 
elastomers are to develop high dielectric constant materials 
to reduce the actuation voltage and stretchable and flexible 
electrodes. Multiple-shape and reversible shape memory 
polymers were developed, which are attractive for tunable 
kirigami structures. Biopolymers are attractive for soft actu-
ator materials since they are environment-friendly, renew-
able and biocompatible. Nanocellulose, a new building block 
of future materials, is so versatile that it can bring a new era 
of ‘post-carbon’.

This paper does not deal with actuation mechanisms and 
design ideas that utilize soft actuator materials. By better 
understanding advantages and limitations of these materials 
in conjunction with noble design ideas, soft actuator materi-
als can be broadly applied for various applications includ-
ing soft mechatronics, soft robots, medical devices, haptic 
devices, flexible devices and smart optics.
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