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Polymer-based flexible actuators have recently attracted significant atten-
tion owing to their great potentials in soft robotics, wearables, haptics, and
medical devices. In particular, electrically driven polymer-based flexible
actuators are considered as some of the most practical actuators because
they can be driven by a simple electrical power source. Over the past decade,
research on electrically driven soft actuators has greatly progressed, leading
to the development of various functional materials and bioinspired struc-
tures. This article comprehensively reviews recent advances in electrically
driven soft actuators and compares their actuation performance based on
working principles, materials, and structures. Several strategies, including
combining smart materials and composite structures, which are proposed to
overcome some of the drawbacks of electrically driven soft actuators, are also
discussed. Finally, potential applications of electrically driven soft actuators in

soft robotics are summarized and an outlook is presented.

1. Introduction

Polymer-based flexible actuators have recently received
increasing interest because of their use in robotic manipu-
lation, artificial muscles, haptics, healthcare, and military
applications.3l Compared to conventional rigid actuators,
polymer-based flexible actuators can safely interact with soft,
curved, and even brittle objects as they are typically made
of flexible and deformable materials.! As a result, many
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researchers have been developing various
types of soft actuators, including mechani-
cally,b7! optically®? chemically,'” mag-
netically,'"12l and electrically®-2! driven
actuators. Among them, electrically driven
actuators have attracted much attention
despite their disadvantage of low blocking
force, because they have merits of high
design diversity, lightweight, and small
size and also electric source is considered
as one of the most easily accessible power
sources, making them suitable for many
practical applications.[!31422-24]

Electrically driven polymer-based flex-
ible actuators are broadly classified as
electroactive polymer (EAP) actuators and
electrothermal actuators (ETAs), as shown
in Figure 1 and Table 1. EAP actuators uti-
lize the direct response of active polymers
under the input electric stimuli. They can be categorized as die-
lectric elastomer actuators (DEAs),2>?/] electroactive hydrogel
(EAH) actuators,/'628-301 and ionic polymer—metal composite
(IPMC)B32] actuators based on the driving principle and type
of the base structure. DEAs are often made of a dielectric elas-
tomer sandwiched with two stretchable electrodes, where the
actuation is controlled by an external electric field applied to
the electrodes. In the cases of the EAH and IPMC actuators,
ion cluster flux and electroosmotic flow of water between two
electrodes (i.e., from anode to cathode) under an electric field
govern the deformation of actuators, while the method of
applying an electric field is slightly different for these actuators.
On the other hand, the operation of ETAs is based on the Joule
heating effect, resulting from the passage of an electric current
through a conductor. The generated heat directly bends bilayer
ETAs by the mismatch between the coefficients of thermal
expansion (CTE) of two different polymers.[22:2433-38] Another
type of ETAs, known as thermally triggered shape memory
polymer (SMP) actuators,3**I change their phase from a tem-
porary shape to their original shape upon changes in their
temperature.

This Review article summarizes the recent research trends
in the design and development of electrically activated flexible
actuators, with focus on their basic driving principles, actuating
materials, and potential applications. We initially concentrate
on the materials and structures employed for the development
of high-performance flexible actuators. We show that several
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Figure 1. Schematic illustration of different types of electrically driven polymer-based flexible actuators. These actuators are classified into two groups
depending on their working principles; electroactive polymer (EAP) actuator and electrothermal actuator (ETA). These actuators can then be categorized
into five representative types depending on their working mechanisms, namely, dielectric elastomer actuators (DEAs), electroactive hydrogel (EAH)

actuators, ionic polymer—metal composite (IPMC) actuators, bilayer ETA, and shape memory polymer (SMP) actuators.

strategies have recently been reported to enhance the perfor-
mance of actuators by combining smart materials and com-
posite structures. Then, the use of electrically driven soft actua-
tors as manipulators, biomimetic robots, microfluidic valves,
rehabilitation devices, and haptic devices is discussed. Finally,
we discuss existing challenges and present an outlook for elec-
trically driven soft actuators.

2. Electrically Driven Soft Actuators
2.1. EAP Actuators

EAPs are promising materials of the flexible actuators because
they are lightweight and inexpensive; they change their shape
and size as a function of the external electric field.*!l There are
three types of EAP actuators, namely, DEAs, EAH, and IPMC.
The DEAs operate based on the field-activated actuation, and
typically require a high driving voltage ranging from 0.5 to
100 kV.[#] They show rapid response to the electrical stimu-
lation and hold the accommodated strain under direct current
(DC) conditions. In addition, they can withstand large strains
over 100% and generate large blocking forces. On the other
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hand, the actuation of EAH and IPMC relies on the electrore-
sponsive charged ion migration through polymers, which leads
to swelling or shrinking, and consequent changes in geomet-
rical shape and size. The EAH and IPMC often assure long-
range stroke under the applied electrical potential. However,
they suffer from slow actuation and low blocking force.[*43]
Although their actuation trigger is the same, the structure and
operating environment of actuators are characterized differ-
ently, and thus, the advantages and disadvantages also differ.
For example, EAH inevitably requires water-containing envi-
ronments, while IPMC can be used in dry conditions for a few
hours or days because it is composed of ionic polymer (i.e.,
IPMC contains ions itself) and its lifespan can be increased fur-
ther by encapsulation that can prevent solvent evaporation. In
this part, we review materials and structures of DEA, EAH, and
IPMC actuators, and highlight different strategies to improve
their actuation performance.

2.1.1. DEAs

The working mechanism and structure of a DEAs are presented
in Figure 2a, and photographs of a DEA before and after actuation
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Table 1. Summary table for electrically driven soft actuators in the view of types, advantages, limitations/challenges, and applications.

Types of actuators Advantages

Limitations/challenges Applications Ref.

Dielectric elastomer
actuator (DEA)

Electroactive Fast response

polymer (EAP) actuator

Ease of fabrication

Electroactive hydrogel
(EAH) actuator

Low driving voltage

Can be used in
water-containing environment

Lightweight

lonic polymer—metal Can be used without

composite (IPMC) actuator  electrolyte environment

Can be used in

water-containing environment
Low driving voltage
Fast response
Long-range stroke

Electrothermal
actuator (ETA)

Bilayer ETA Long-range stroke

Lightweight
Can be designed in thin film

form

Thermally-triggered shape High-design diversity

memory polymer (SMP) (programability)

actuator

Ease of fabrication

Short device lifetime due to

Irreversible dielectric breakdown

High driving voltage Micromanipulator [15,57,59,64-73,75-77)

Underwater soft robots
dielectric breakdown

Biomimetic actuator

due to high driving voltage (lenses)

Haptics

Limited operation voltage Underwater soft robots [83,88-91,93]

(water electrolysis disruption and
perturbation occur over 1.23 V)

Low blocking force Microfluidic valve

Limited operating environment

(electrolyte environment)

High material cost Underwater soft robots [31,32,94,106,107,157,158,174]

Poor environmental safety

Low blocking force Micromanipulator

Short lifetime

Low design diversity Biomimetic actuator  [14,24,33,35,36,111,113,114,13

(insects and plants) 0,133,136]

High driving voltage Micromanipulator

Irreversible actuation Microfluidic valve [4,39,42,125-129,133-135]

(require external mechanical force
to make reversible actuation)

Micromanipulator

are shown in Figure 2b.® The thickness of the dielectric elas-
tomer sandwiched with two compliant electrodes is reduced by
electrostatic Maxwell stress when a voltage is applied. Therefore,
the working principle of DEAs is based on the planar expansion
and axial contraction when the electric field distribution of the
dielectric material is changed by the external electric sources,
making response of DEAs fast up to a bandwidth of 500 Hz.®l The
generated Maxwell pressure of a dielectric elastomer upon appli-
cation of the electric field can be calculated from Equation (1)14

P = EoE; (%)2 1)

where p refers to the Maxwell pressure, &, is the vacuum per-
mittivity, & is the permittivity (dielectric constant) of the dielec-
tric material, V is the applied voltage, and z is the thickness
of the dielectric elastomer. The dielectric material for DEA
should satisfy high dielectric constant and high breakdown
stress but they are on the trade-off relationship. Many studies
have been conducted to analyze these characteristics of diverse
materials, and this is well demonstrated in a review paper with
chemistry perspectives.l* Various materials are being used as
dielectric materials, representatively, such as acrylic elastomers

Adv. Mater. Technol. 2022, 7, 2200041

2200041 (3 of 21)

(e.g., VHBs from 3M), natural rubber, polyurethane (PU) elas-
tomers, polar elastomers, and silicone elastomers.*! For com-
pliant electrodes, they should not interfere with the natural
contraction and actuation of the dielectric material and should
be robust enough to maintain high electrical conductance for
rapid electric charging under high strains. As materials satis-
fying these conditions, carbon-based materials (carbon powder,
grease, and conductive carbon black particles),’%>! and metallic
nanowiresl? have been frequently used for the fabrication of
stretchable electrodes, and some literature comprehensively
analyzed the flexible electrode.*’!

DEAs have been extensively studied because of their rapid
response, large actuation strain, low cost, ease of fabrication.
Furthermore, soft dielectric materials possess human-tissue
like mechanical properties (e.g., stress—strain relation similar to
that of the human muscle) that make them ideal for the applica-
tions as artificial muscles, and soft robots.” A typical DEA has
energy efficiency of 26%, similar to that of human muscle (i.e.,
20%)1>4 and their blocking force varies from a few mN to 1000 N,
depending on the materials and structures.l>* The energy den-
sity of DEAs is also scale-invariant, below 0.02 k] kg™, thus
they can be used for microrobots and microfluidics in scales
ranging from millimeter to micrometer.>®!
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Figure 2. a) Schematic illustration of the working principle of DEAs. b) Photographs of a DEA actuator under on/off electrical input voltage. Reproduced
under the terms of the CC-BY-4.0 license.*”) Copyright 2019, The Authors. Published by Frontiers Media. c) Prestretch of elastomer film by rigid frame
for implementation of large strain actuation in a planar direction. Reproduced with permission.[] Copyright 2000, The American Association for the
Advancement of Science. d) Fabrication process of 33 um thick dielectric elastomer layer by pad-printing method for low driving voltage. Reproduced
with permission.’® Copyright 2015, AIP Publishing. e) Photographs of a self-healable DEA actuator and its self-healing capability after electrical break-

down and mechanical damage. Reproduced with permission.’8 Copyright 2019, Wiley-VCH.

As shown in Figure 2c, Pelrine et al.’”! developed DEA
structures with prestretching to enhance the actuation strain
range in a planar direction. When the DEA elastomer becomes
thinner, the electric field increases resulting in the larger actua-
tion. The prestretching of elastomer improves the property of
DEA by a few mechanisms.®%% First, prestretch suppresses
the electromechanical instability during actuation. Second, the
prestretch makes the DEA thinner, which decreases the oper-
ating voltage. Third, prestretch can improve the stiffness of
the elastomer itself. The elastomer behaves like polymer melt
before the prestretch while the polymer backbone is aligned in
the prestretched elastomer, which results in stiffness improve-
ment of the elastomer.®) Consequently, prestretching of a die-
lectric material can improve the breakdown strengthl® as well
as actuation strain.[%3 Further explanation is well described in
these papers. An elastomer film with a thickness of 10-200 pm
was prestretched and fixed by a rigid frame, and as compliant
electrodes, conductive carbon greases on both parts of the elas-
tomer planar were stencil-printed to a smaller size than the rigid
frame. The planar expansion actuation strain reported to be
greater than 117% for silicone elastomer and greater than 215%
for the acrylic elastomer. A large actuation strain means that
the actuator can have a high energy density of elastic deforma-
tion, which is an important factor in the robotics application of
DEAs. Since then, it has been widely known that prestretching
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dielectric material increases the stability of mechanical actua-
tion. Therefore, this method has been generally used in various
DEAs, and it has been demonstrated that controlling the degree
of prestretch has a great effect on the performance such as
range of actuation strain, response time, etc.’>4%1 However,
the prestretching limits the design flexibility and stretchability
due to the rigid frame. In addition, while DEAs show large
strain actuation in the planar direction, their strain range in the
axial direction is limited. These challenges hinder the design
diversity of actuators and restrict their applicability to flexible
artificial muscles. In various studies, these issues have been
resolved using structural designing such as multistackingl6-6°]
or designing DEAs with a rolling structure,! eliminating the
need of a rigid frame for prestretching.

The biggest remaining challenges in the design of high-
performance DEAs are their high driving voltage (e.g., a few
tens of kilovolts), irreversible dielectric breakdown, and device
lifetime. There are efforts to decrease the driving voltage by
reducing the thickness of the elastomer.’73 For instance,
Poulin et al. developed a DEA with 3 um thick dielectric elas-
tomer layer and compliant electrodes through pad-printing
method. The actuator produced a lateral actuation strain of
7.5% under 245 V (Figure 2d).”% While fabrication of the DEAs
with thicknesses less than 20 um was a grand challenge in this
area, the pad-printing method in this study offered a robust
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manufacturing strategy to produce DEAs with a thin, stable,
and uniform elastomer membrane as well as compliant elec-
trodes. Later, Ji et al.”?l developed a process for transferring
carbon nanotubes (CNTs) and poly(alkylthiophene) compliant
electrodes onto a prestretched PDMS membrane with the
thickness of 1.4 um using Langmuir—Schaefer technique and
achieved 4% strain with an operating voltage of 100 V. As the
thickness decreases, the mechanical property of the electrode
cannot be ignored during the operation the DEA, while a
thick dielectric elastomer is used, mechanical properties (i.e.,
mechanical constraints) of electrodes can be neglected because
the electrode thickness is relatively thin. Therefore, research is
being focused on developing ultrathin dielectric elastomers and
highly stable and stretchable electrodes.”?!

There have been attempts to prevent device failure that
causes breakdown in dielectric elastomer using high per-
mittivity materials.*67471 The widely used methods include
a) blending or mixing the high permittivity nanomaterial with
elastomer in the form of nanocomposites; b) chemical modifi-
cation of elastomer with high dipole moment group. For details
of novel materials and compositions for increasing the dielec-
tric material permittivity, we recommend the reader to read a
comprehensive review reported by Opris.l

For reliability and lifetime improvement of DEAs, studies
have been conducted to enable self-healing of dielectric mate-
rials with dielectric breakdown by designing self-healing mate-
rials,"*#% which refer to substances that repair damages by
themselves through recombination of functional groups by exter-
nally applied stimuli. Zhang et al. reported a room-temperature
self-healing mechanism using metal-ligand interaction.”®! It has
been shown that the interaction between the styrene-butadiene—
styrene block and the methyl-thioglycolate-modified butadiene
block (material called thermoplastic methyl thioglycolate-mod-
ified styrene-butadiene—styrene elastomer) can re-establish the
bond of the damaged site. As depicted in Figure 2e, the mate-
rial self-heals well even after there is an electrical breakdown in
the form of a pinhole or a mechanical breakdown in the form
of a line. Before any damage, the relationship between driving
voltage and strain of pristine DEA is around 30 kV mm™™. The
damaged and self-healed DEA shows no significant difference in
this relationship for either electrical breakdown or mechanical
damage. In addition, the dielectric strength after dielectric break-
down and mechanical damage were restored to 67% and 29% of
their original stages, respectively.

Through these various researches, state-of-the-art DEA can
have a high actuation strain range, high energy density, and
lightweight so that it has the potential to be used in various
robotic muscles due to its lightweight. Many studies have been
conducted to overcome the dielectric breakdown phenom-
enon caused by the high driving voltage and the limited device
lifetime, however a solution that can solve all the problems
simultaneously has not yet been developed. Therefore, further
research is necessary to solve both problems simultaneously.

2.1.2. EAH Actuators

The driving principle of EAH actuators and their configura-
tion are presented in Figure 3a. They are composed of a soft
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responsive polyelectrolyte with swelling/shrinking and/or
bending/unbending features. Upon application of the external
electric field through two electrodes in the electrolyte medium,
redistribution of the ion charge in the internal polymer struc-
ture leads to the osmotic pressure gradient in the polyelectro-
lyte, causing mechanical shape changes due to asymmetric
solvent absorption. The response of EAH is relatively slow
(response time of 60 s and bandwidth of 0.05-0.625 Hz) because
of the slow movement of ions and the solvent absorption pro-
cess.B83] Various hydrogels are being developed for EAH soft
actuators, including agarose,®¥ chitosan,®#! poly(acrylic acid)
(PAAC),B1  and  poly(2-acrylamido-2-methylpropane-sulfonic
acid) (PAMPS),8 and more recently self-healing polymers.©!
Compared to other types of responsive hydrogels actuated by
various stimuli (heat, light, pH, etc.), EAH soft actuators offer
advantages of underwater applicability and remote controlla-
bility by an electric field, making them appealing in drug and
tissue engineering, underwater soft robotics, cell-based devices,
and biomimetic engineering.®>%) Especially, in the field of bio-
mimetic EAH, there is a comprehensive review paper.® In
addition, the actuation direction of EAH actuators can be con-
trolled by the type of cations and anions. In a recent paper,*!
three anionic hydrogel acrylamide (AAm)/sodium acrylate
(NaCa) copolymers and cationic hydrogel and acrylamide/
quaternized dimethylaminoethyl methacrylate (DMAEMA-Q)
copolymers have been used to construct walking robots. The
bidirectional leg movement of the robot was controlled by
designing two different anionic/cationic gels attached to each
other, making the robot to move through tuning the direction
and frequency of the electric field. However, EAH soft actuators
have relatively poor mechanical properties (Young's modulus
below 100 kPa),? and thus the blocking force is low. Moreover,
the electrolyte medium shortens the lifetime of actuators due
to disruption and perturbation caused by the water electrolysis,
specially under voltages over 1.23 V.

To overcome these drawbacks of EAH soft actuators, various
composite materials and structures have been proposed. For
example, multifunctional micelles were in situ copolymerized
in neutral and cationic monomers to improve the mechanical
properties of the hydrogel such as fatigue resistance, strength,
and responsiveness to environmental stimuli, as shown
in Figure 3b.°”) By the in situ polymerization synthesis of
micelles, an actuator with prominent strength, toughness, and
Young’s modulus of a few hundred kPa was developed. When
a voltage was applied to the polyanion gel, the movement of
the counterion toward the cathode changed the osmotic pres-
sure gradient, generating a bending deformation for the actu-
ator. Bending angles of about —80° and +60° were achieved
when —20 to 20 V were applied to the actuator. In another
study, Santaniello et al.®? prepared hydrogel/cellulose rod-like
nanocrystals (CNCs)-based nanocomposites by incorporating
CNCs into hydrogels (Figure 3c). Given unique characteristics
of CNCs, including piezoelectricity, low density, and mechan-
ical strength, their contribution to the physical cross-linking
of the proposed polymeric matrix improved the mechanical
characteristics of the hydrogels and led to a subvolt electrore-
sponsive system. (=5 mV cm™). Yang et al.®® reported a nano-
composite electroactive actuator made of poly(2-acrylamido-
2-methylpropanesulfonic acid-co-acrylamide) (PAMPS-co-AAm)
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Figure 3. a) Schematic illustration of the working principle of EAH actuators. b) Multifunctional micelles for improving the fatigue resistance, strength,
and responsiveness to environmental stimulus. i) Schematic of in situ polymerization using multifunctional micelles and ii) bending behavior of the
polyanion and polycation hydrogel under input voltage in the Na,SO, solution. Reproduced with permission.[l Copyright 2016, American Chemical
Society. ¢) Combination of CNC and polymeric matrix of NA-4-VBS, HEMA, and AN for achieving subvolt electroresponsive system. Reproduced with
permission.l®@ Copyright 2017, IOP Publishing Ltd. d) Nanocomposite using rGO and PAMPS-co-AAm for improving mechanical properties of the
material and actuation performance. Reproduced with permission.l®8 Copyright 2017, American Chemical Society. ) Nanocomposite hydrogel (Al-NC
gel) for enhancing mechanical properties of hydrogel and enabling bidirectional actuation. Reproduced with permission.83 Copyright 2019, RSC Pub.

and reduced graphene oxide (rGO) that has a bending response
to electrical stimulation (Figure 3d). The combination of the
polymer matrix and rGO nanosheets improved the energy dis-
sipation while forming prominent electrical conductivity. This
high-performance actuator was used to lift objects in under-
water environments.

In another study, Jiang et al.®3 proposed an Al(OH); nan-
oparticles-based nanocomposite hydrogel (AI-NC gel) with
enhanced mechanical properties of the hydrogel for EAH
actuation. The Al(OH); nanoparticles were used as multifunc-
tional crosslinkers to provide good mechanical characteristics
with high tensile and compressive strengths of 2 and 35 MPa,
respectively. The authors have shown that the bending direc-
tion and magnitude of the actuator could be designed by
changing the composition of the nanocomposite, as depicted
in Figure 3e. Although recent research on EAH actuators has
improved their mechanical properties, it is still challenging to
enhance the lifetime of materials due to their requirement of
the high electrical driving voltage.

Despite these recent efforts to solve the poor mechanical
properties and low blocking force of EAH actuators, there is
still an unavoidable limitation that an electrolyte environment
is required for the operation of EAH. There are three main
reasons for the need of an electrolyte environment. First, it is
essential to generate an osmatic pressure, which is the main
driving force of EAH actuators. Second, electrolyte maintains
the gel state for the reliability of hydrogel under repeated
mechanical deformations. Third, in order for the ions to move
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when the electrical field is generated to EAH actuators, the gel
network must be functionalized under a specific electrolyte.’!l
Therefore, by the needs for such electrolytes, the lifespan of
actuators is limited due to the electrolysis of water occurring
above 1.23 V, and it is still challenging to the increase the life-
time of EAH.

2.1.3. IPMC Actuators

To compensate for the limitations of hydrogel actuators (i.e.,
electrolyte environment and operating voltage), researchers
have developed IPMC actuators. In case of IPMC actuators,
water-containing ionic polymers are used as a functional layer,
and metal composite electrodes are directly attached to both
sides of the ionic polymer to provide the electric field and to pre-
vent water drying." The working principle of IPMC actuators
is similar to that of hydrogel actuators based on the ion cluster
flux and electroosmotic flow of water between two electrodes
(i.e., from anode to cathode) under an electric field, as shown
in Figure 4a,b.”® Under an electric field, mobile ions (e.g.,
metal cations) are diffused to the negative electrode, resulting
in the asymmetric volume change of IPMC actuators due to
the changes of the electrostatic, elastic, and osmotic interac-
tion forces of the ion clusters.l®! Therefore, their response is
slow for similar reasons of the EAH actuators but generally a
bit faster, because IPMC actuators do not require the solvent
absorption process. The response time can be further improved
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Figure 4. a) Schematic illustration of the working principle of IPMC actuators. b) Photographs of the actuation of an IPMC actuator under various
input voltages and actuation performance. Reproduced with permission.>! Copyright 2018, Elsevier Ltd. ¢) SEM image of the representative structure
of IPMC actuators. Reproduced with permission.[’} Copyright 2012, Elsevier Ltd. The bright edges are the Pt electrodes, and the middle dark zone is
the ionic polymer. There are diverse strategies to improve the actuation force and speed, such as d) adding various supporting materials including alu-
minium oxide and graphene to ionic polymers. Reproduced with permission.’>l Copyright 2018, Elsevier Ltd. e) Applying nanothorn-shaped electrodes.
Reproduced under the terms of the CC-BY-4.0 license.%®l Copyright 2014, The Authors. Published by Springer Nature. f) Using a crenellated structure
to optimize the structure of the IPMC actuator. Reproduced with permission.?l Copyright 2019, IOP Publishing Ltd.

up to =0.38 s by optimized structures and materials.?}l How-

ever, unlike hydrogel actuators, the composite structure of ionic
polymer and conductive electrode allow the operation of IPMC
actuators regardless of the presence of surrounding water
and electrolyte. Furthermore, actuators can be used at voltage
above 1.23 V, meaning that they have wider working stroke
than the hydrogel actuators. To efficiently implement these
working mechanism and advantages, typical IPMC actuators
are designed with the structure of an ionic polymer layer sand-
wiched between two conductive electrodes (see Figure 4c).””) As
conductive materials for the electrodes, platinum (Pt) and gold
(Au) are widely used because of their electrochemical stability
and highly conductive properties. Meanwhile, perfluorinated
polymers, such as sulfonated (Nafion), perfluorosulfonic acid
(Aciplex), or carboxylated (Felmion) polymer membranes, are
generally employed for ionic polymer electrolyte membranes
owing to their high proton conductivity and thermochemical
stability, and these materials are well reviewed in the litera-
ture.’® Their typical power density is around 2.44 k] kg 1% and
the range of blocking force is a few mN[?*%! and the energy
efficiency is 2-3%.%) However, these conventional perfluori-
nated-based IPMC actuators have some drawbacks, including
high material cost, poor environmental safety, low blocking
force, and drying during the actuation.

Recently, researches have focused on the development of
novel materials to tackle some of these problems. To overcome
limitations of perfluorinated ionic polymers in terms of poor
environmental safety, various non-perfluorinated materials have
been developed. Generally, block copolymer-based actuators,!!
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including sulfonated styrene/methylbutylene diblock copol-
ymer, 1% sulfonated styrene/ethylene/butylene-based triblock
copolymer,1%2l and Kraton pentablock copolymer,[1931%4 are con-
sidered as substitutes of perfluorinated actuators due to their
low cost, high ionic conductivity, and high mechanical stability.
More recently, composite materials have been also developed
for IPMC actuators with improved actuation performance.
Figure 4d shows a recently reported non-perfluorinated IPMC
actuator composed of sulfonated poly(vinyl alcohol), aluminum
oxide (Al,O;), graphene, and platinum (SPVA-Al-GR-Pt). In this
study, sulfonated poly(vinyl alcohol) was applied as the iono-
meric material because of its excellent film forming capacity,
designable chemical properties, as well as ion exchange capacity
and water retention capacity.”” In addition, graphene was
added to enhance the performance through its superior elec-
trical conductivity, and excellent thermal stability and mechan-
ical properties. Al,0; was also used to improve the dielectric
properties, thermal conductivity, and stability. The resulting
SPVA-Al-GR actuator showed superior ion-exchange capacity
and water uptake property.

To solve the issues of the low blocking force and actuation
range, a number of studies have explored the effects of electric
resistance and surface structure of electrodes. The high electric
conductivity and large surface area of electrodes can improve
the actuation performance by increasing the total transported
charges and the accommodation of charges at the interface.
For example, platinum nanothorn electrodes exhibited highly
improved electromechanical performance compared with the
planar Pt electrodes (three- to fivefold increase in actuation
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stroke and blocking force), as shown in Figure 4e.'] The
authors explained that these characteristics are related to higher
charge transport during actuation. This nanothorn-based IPMC
actuator showed improved blocking force (=20 mN) and actua-
tion range (5 V mm™) at a low driving voltage (1-3 V).

An alternative way to enhance the blocking force is to
improve the stiffness of the ionic polymer. The most widely
used approach is to incorporate nanomaterials (i.e., CNTs,
graphene, and metallic nanoparticles) into ionic polymers,
improving the backbone strength of ionic polymers as well as
their electrical conductivity. However, addition of nanomaterials
reduces the actuation stroke because a trade-off relationship
between stroke and flexibility of actuators. Structural modifica-
tion and optimization have also been proposed for the perfor-
mance improvement of IPMC actuators. Figure 4f, for example,
shows the application of a crenellated structure of an IPMC
actuator which greatly increased the flexibility of the actuator
while maintained its mechanical strength.[2]

Overall, research is still being actively conducted to overcome
the abovementioned problems and to optimize IPMC actuators
through design of materials and structure.1%17 In addition, the
state-of-the-art studies have made great progress toward under-
standing and improving the IPMCs actuators. Therefore, it is
clear that IPMC actuators will be effectively used in various appli-
cations, especially for the actuators in a water-containing environ-
ment due to their superior actuation performance even in water.

2.2. ETAs

Unlike EAP actuators, ETAs, including bilayer ETAs and
SMP actuators, are actuated by the generated heat during
Joule heating. They have a disadvantage that actuators inevi-
tably require a conductive layer as heating element. However,
ETAs have attracted much attention recently because they
are considered as an outstanding alternative to solve the bot-
tleneck problems of electroactive polymer actuators, such as a
short-range working stroke and limited working environment
(e.g., electrolyte-containing environment for hydrogel actua-
tors), which led to the publication of review papers that are
focused on only ETA recently.[10810%

2.2.1. Bilayer ETAs

The driving mechanism of bilayer ETAs is based on a strain
mismatch of two layers at elevated temperatures due to the
difference between their CTE values. As shown in Figure 5a,
bilayer actuators are generally composed of a high CTE layer,
a low CTE layer, and a thin conductive film for Joule heating
in between them."12] When an electrical current is applied
to the heating layer, the high CTE layer and low CTE layer
expand due to the generated heat. As the thermal expansion of
the low CTE layer is relatively small, actuators bend toward the
low CTE layer (Figure 5b)."® Thus, their response time highly
depends on the thickness and specific heat capacity of the high
CTE layer (from 42 to 5 s), because the thickness and specific
heat capacity are directly related with the time to absorb the
thermal energy from the heater. Because of the working
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mechanism and structures, bilayer ETAs have the advantages
of no limitations in the working environment, long working
stroke, lightweight, and thin film form. However, to ensure
better performance, various design parameters for each layer
should be considered. a) High CTE layer: the material used as
a high CTE layer should have adequate flexibility to maintain
its overall shape even in a suspended state, but it must be able
to bend easily under applied heat, as well as have a high CTE.
b) Heating layer: the heating materials should have a high elec-
trical conductivity for a low driving voltage and a high thermal
conductivity for rapid heat diffusion. In addition, it is necessary
to have strong adhesion with both high CTE and low CTE layers
to avoid delamination during repeated actuation. c) Low CTE
layer: this layer should be made of thin film-type material with
low CTE to reduce the bending constraints. d) The entire struc-
ture should have strong adhesion between layers for mechan-
ical stability under repeated mechanical deformation. It also
should be fabricated as a thin film from lightweight materials
for practicality. To develop bilayer ETAs that satisfy these condi-
tions, researchers have utilized polymer nanocomposites('>-11]
or a combination of polymer and metal thin film" that have
already been developed in the field of soft devices!'2*12¢ and
high performance electronics.'#712] Figure 5c shows one of
the most representative structures and materials of bilayer
ETAs that meets the abovementioned conditions.?Y In this
paper, polydimethylsiloxane (PDMS) is used as a high CTE
layer, PDMS/SWCNT composite is used as a heating layer, and
SWCNT fiber film is used as a low CTE layer. However, despite
many studies including structural optimization so far, there are
still challenges for achieving programmable shape outputs and
low driving voltage.

Design diversity of bilayer ETAs should be developed fur-
ther. For an actuator to be used in practical application, broad
diversity of actuation shapes is required. However, the con-
ventional bilayer ETAs exhibited only a simple motion change
caused by one-directional bending. To solve this problem, the
direction of thermal expansion was controlled using the aniso-
tropic properties of aligned materials in early research, but this
limits the material selectivity and requires high driving voltage.
Alternatively, Ahn et al. recently controlled the heat distribution
using a heating layer with heterogeneous conductance, thereby
improving the design diversity (Figure 5d)."4 Alternatively,
Yao et al. reported a programmable actuator by attaching stiff’
materials to the high CTE layer, as shown in Figure 5e. In
addition, there are many novel methods, such as the use of the
anisotropic expansion of actuating materials (Figure 5f)3% or
multiresponse materials!'3*"13%] to control the shape output.

The driving voltage of bilayer ETAs should be lowered for
applications to portable devices. Generally, CNTs, which can
be easily aligned, are selected as a heating material, but this
approach has a fundamental limitation that actuators often
require a high driving voltage (=40 V) because of the relatively
high electrical resistivity of CNT films.[!3% As a result, various
composite materials, such as CNT/Ag nanowire composites!¥
and graphene oxide/Ag nanoparticle composites’*”l as well as
highly conductive metal nanowires have recently been used to
lower the driving voltage.

It can be seen that many studies have been conducted to
address the problems of high driving voltage and the low
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Figure 5. a) Schematic illustration of the working principle of bilayer ETAs. b) Photographs of the actuation of a soft actuator under various input
voltages. Reproduced with permission.["3l Copyright 2017, RSC Publishing. c) SEM image of the representative structure of bilayer ETAs. Reproduced
under the terms of the CC-BY-4.0 license.l?l Copyright 2018, The Authors. Published by Springer Nature. The PDMS layer on the left region has a high
CTE, the PDMS/CNT composites on the middle region is the conductive layer, and the CNT fiber on the right region has a low CTE. d) Shape designing

by varying the heat distribution of the heterogeneous conductance-based bilayer ETAs. Reproduced with permission.™ Copyright 2019, Wiley-VCH.
e) Combining stiff materials with active layers to achieve programmable actuation. Reproduced with permission.["3l Copyright 2017, RSC Publishing.

f) Changing the alignment of an anisotropic material for controlled actuation. Reproduced with permission.[% Copyright 2018, Wiley-VCH.

diversity of actuation shapes, but a solution that can solve both
problems simultaneously has not yet been developed. There-
fore, we can conclude that, although bilayer ETAs have a great
potential for use in practical applications, follow-up research
needs to be conducted to improve the driving voltage and
design diversity simultaneously.

2.2.2. Thermally Triggered SMP Actuators

SMPs are functional materials with unique properties that
undergo mechanical shape change under chemical, 38l elec-
trical, light™ microwave heating,* magnetic,! and
thermal™?] triggers. As shown in Figure 6a, when an external
force is applied to a thermally triggered SMP at temperatures
above its glass transition temperature, the original or perma-
nent shape of the SMP changes to a temporary shape.* After
that, even if heat and external force are removed, the deformed
shape (called as a “programmed shape”) of the SMP is main-
tained. Upon reheating, the stored energy is released, and the
SMP automatically recovers its original shape. Their typical
power density is around 2.8 kJ kg™, and the blocking
force ranges from few mN to few hundereds mN,?*%! and
the energy efficiency is around 1-2%.* SMPs are widely
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used as soft actuators because they can be fabricated in arbi-
trary shapes, have flexible and deformable characteristics with a
short response time (0.11-5 s),3%%! and their deformed shapes
can be programmed. For example, an actuator with a vertical
motion can be simply implemented by designing a spring-
shaped actuator (Figure 6b).)) Among SMP actuators, an elec-
trically driven SMP actuator utilizes heat generated by Joule
heating for its phase transition, and it is generally composed
of thermally triggered SMP (e.g., poly(e-caprolactone),i010]
polylactide,! and poly(ethylene-co-vinyl acetate),®) and com-
posites of conductive nanomaterials (e.g., Ag NPs and graphite
sheet)P%14] that are well reviewed in the literature focusing on
SMP composites.*] For low driving voltage and stable actua-
tion, high electrical conductivity and strong adhesion of elec-
trodes are required. Figure 6¢ shows an SMP actuator made
of carbon fiber felts (CFFs) and epoxy-based SMP composites
where conductive networks of the CFFs are established within
CFF/SMP composites for Joule heating.[*!

Although SMP actuators exhibit a superior shape changing
capacity, low energy consumption, and excellent manufactur-
ability, they suffer from poor actuation reversibility. A conven-
tional one-way SMP actuator can deform from a temporary
shape to its original shape only by heating, and an external
strain is required to transform it into a temporary shape again.
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Figure 6. a) Schematic illustration of the working principle of SMP actuators. Reproduced with permission.i%l Copyright 2018, Elsevier Ltd. b) Photo-
graphs of actuation and deactuation shapes of an SMP actuator. Actuation/deactuation shapes can be controlled by external heat and force. Repro-
duced with permission.*l Copyright 2018, Elsevier Ltd. c) Optical microscope image of the representative structure of SMP actuators. Reproduced with
permission.ll Copyright 2016, IOP Publishing Ltd. Conductive carbon fibers were mixed with the SMP resin for Joule heating. d) Modification of the
chemical structure for a two-way SMP actuator. Reproduced with permission.B¥l Copyright 2016, American Chemical Society. e) Using two different SMP
actuators simultaneously to enhance the reversibility. Reproduced with permission.>® Copyright 2016, RSC Publishing. f) Combining SMP actuators
with pneumatic actuators. Reproduced with permission.['>!l Copyright 2019, RSC Publishing.

This actuation reversibility problem limits SMP actuators from
being used in practical applications. Therefore, various studies
on chemically engineered SMP materials, bipolymer struc-
tures by attaching two SMPs, and multiresponsive materials
have been conducted to tackle this problem. The chemically
engineered reversible SMPs, which are also called two-way
SMPs, are semicrystalline polymers which has a broad range of
melting temperatures, as shown in Figure 6d.3°! In addition to
the phase transition of one-way SMP actuators, cooling-induced
elongation by crystallization and heating-induced contrac-
tion by the entropy-driven recoiling of oriented chains enable
the reversible actuation of semicrystalline SMP. However, this
reversible motion comes from simple thermal elongation and
contraction; thus, it causes the problem of short-range working
stroke. Alternatively, actuators with an SMP bipolymer struc-
ture have been developed to promote the reversible motion
(Figure 6e). Here, two actuators are physically bonded, and then
different electric inputs are applied to each actuator.’®% The
temporary shape of one actuator is formed by the force gener-
ated when the other actuator is deformed from the temporary
shape to the permanent shape. Figure 6f shows another way to
implement reversible actuation by combining pneumatic actua-
tors and SMP actuators.®! The actuation system was developed
that can easily control the shapes of SMP actuators through the
application of proper force to create a temporary shape using
the pneumatic actuator and applying heat using Joule heating.
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However, because the aforementioned solutions limit the
general advantages of SMP actuators that can be manufac-
tured in arbitrary shapes, there are still many challenges to be
solved for completely reversible actuation. Further development
of completely reversible SMP actuators will have a significant
impact on the field of soft actuators because of the high
demand for SMP actuators.

3. Applications

Electrically driven actuators can be used in diverse applications
ranging from soft gripper to biomimetic device, microfluidic
valve, rehabilitation device, and haptic device. In the following
sections, we discuss some of the key applications of electrically
activated soft actuators.

3.1. Soft Gripper and Manipulator

This section briefly summarizes the use of EAP actuators and
ETAs as a micromanipulator. Compared to conventional manip-
ulators made of rigid components, soft actuators offer high flex-
ibility and softness, making them appealing for various tasks
in diverse applications such as gripper for the soft objects and
haptic devices. In particular, many applications require soft
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Figure 7. Manipulator application of electrically driven soft actuators. a) Electrically active DEA application on gripper in combination with
electroadhesive phenomenon at the gripper tip. Reproduced with permission.['32l Copyright 2015, Wiley-VCH. b) HASEL DEA application on soft
robotic gripper for moving raspberry. Reproduced with permission.’8l Copyright 2018, The American Association for the Advancement of Sci-
ence. c) Bilayer ETA-based gripper with diverse design shapes, like T-shape in the figure. Reproduced with permission.[3®l Copyright 2018, IOP

Publishing Ltd.

grippers for handling fragile objects, such as eggs and toma-
toes. These applications can be classified into two groups based
on the purpose of actuators. 1) When strong gripping force and
fast response are required with the target shapes fixed, DEA is
appropriate because of its merits as discussed in Table S1 of the
Supporting Information.>?l 2) When the shapes are random or
frequently changed but strong gripping force is not required
and they have high thermal stability, bilayer ETA is appropriate
because of their high design diversity and compatibility with
complex shapes.[13¢]

Shintake et al.>? designed a soft gripper robot using DEAs.
The gripper was controlled by a circuit that can generate elec-
troadhesive force due to the voltage applied to the electrodes at
both ends of the gripper, tuning the gripping force (Figure 7a).
It was demonstrated that the gripper robot could pick up fragile
eggs, balloons, and even flat paper that was difficult to grip with
conventional grippers. Among DEAs, hydraulically amplified
self-healing electrostatic (HASEL) DEA has the advantage of
making a large strain change owing to the motion of liquid sur-
rounded by the dielectric shell, and therefore it can be used as
a gripper.”®1>3 Stacking of this donut-shaped structure makes
much larger deformation by electric actuation. It has been
shown that fragile objects, such as raspberries and raw eggs
can be transported due to the high softness and controllability
of the actuator (Figure 7b).’% In recent days, EAHs were also
utilized as a millirobot gripper whose movement was controlled
by both electric and magnetic fields.!'>4

As discussed earlier, although bilayer ETA-based manipula-
tors have the disadvantage of low gripping force owing to their
driving principle, they can be designed with diverse shapes
such as hand-shape, T-shape, and X-shape.'3%l For example,
Li et al. prepared an highly oriented CNT paper, so they could
fabricate multiform actuations with diverse electrode designs.
Using this design diversity, they fabricated a distinct stack-T-
shaped manipulator that could work like the legs of an insect or
as robot manipulators. This manipulator could lift up a polysty-
rene foam pillar (1.2 g) and move it to another place (Figure 7c).
Like this application, the bilayer ETAs show much more
design diversity than EAP actuators. Therefore, it is expected
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that bilayer ETA-based manipulators can be effectively used in
vacuum or space environments because they require design
diversity, not a strong actuation force.

3.2. Biomimetic Actuator

Nature always exhibits unique properties, which often give rise
to discoveries beyond current human knowledge. In particular,
it is important to be interested in living creatures’ behaviors, as
their movements provide endless inspiration for the design of
soft actuators. The development of these biomimetic actuators
is not only an academically interesting topic but is also closely
related to the commercialization of soft actuators. Therefore,
the representative types of electrically driven biomimetic actua-
tors, inspired by insects, marine animals, birds, plants, and
human eyes, is discussed below.

Figure 8a shows one of the most representative insect-
mimicking actuators.3%1351 Some butterflies have unique
color changing characteristics during fluttering motion. In this
paper, the authors successfully imitated the motion and color
change of butterflies using bilayer ETAs with thermoresponsive
color changing materials. When an electric input was applied
to the actuator, the wings were fluttered by thermal expansion
mismatch, followed by a color change at the edge of the wings.
Another example is a worm-like actuator that imitates crawling
motions. These crawling actuators, also called as self-walkers,
have been actively developed because they are well suited for
cargo transfer robots and autonomous robots.*%l

The motions of marine animals with excellent swimming
capabilities are valuable design sources for autonomous under-
water vehicles (AUVs). Since AUVs have attracted much atten-
tion because of the increasing demand for military and com-
mercial applications, imitation of marine animals, including
jellyfish,™ manta ray,*® fish,®% starfish,*”! and alligator!™”!
have been studied. For imitation of these marine animals,
hydrogel-based actuators and IPMC actuators are well suited
because they can be driven in water-containing environments
without performance degradation. Figure 8b shows manta
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Figure 8. Biomimetic applications of the electrically driven soft actuators. Electrically driven soft actuators can be applied to the biomimetic imitation
of a) the color changing characteristic of butterflies. Reproduced with permission.[3% Copyright 2018, Wiley-VCH. b) the flapping motion of manta ray
and jellyfish. Reproduced with permission.["7:158 Copyright 2012, Taylor and Francis Group, LLC and Copyright 2012, IOP Publishing Ltd. c) Wing’s
flapping motion of birds. Reproduced with permission.l"! Copyright 2020, Wiley-VCH. d) The color changing and inhomogeneous swelling/shrinking
characteristics of plants. Reproduced with permission.[*% Copyright 2018, Wiley-VCH. ) The motion of human eyes for controlling the focal length.
Reproduced with permission.['®! Copyright 2019, Wiley-VCH.

ray- and jellyfish-inspired IPMC actuators. These actuators animals. A manta ray-inspired robot was fabricated to dem-
exhibited excellent swimming capability with highly efficient  onstrate excellent swimming capabilities of manta ray, which
thrust by mimicking the actuation mechanism of the marine  comes from a large-amplitude flapping motion of its pectoral

Adv. Mater. Technol. 2022, 7, 2200041 2200041 (12 of 21) © 2022 Wiley-VCH GmbH

85U8017 SUOWILWIOD BA11e81D) 3|l dde ay Aq peusenof a1e sejoliie YO ‘9SN JO Sa|nJ o) Aeiq1T8UUO /8|1 UO (SUORIPUOD-PUE-SWLBIAL0D A3 |IM A eI 1[Bul [UO//SdNL) SUORIPUOD pUe SWie 1 8y} 88S *[£202/20/7T] Uo AkeiqiTauliuo AB]IA ‘JO @Imisu| peoueApy ei0 Aq T#000220Z IWPe/Z00T 0T/I0p/W0d A8 | Akeiq | puljuo//:sdny wouy papeojumod ‘TT ‘2202 ‘X60LS9EC



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
TECHNOLOGIES

www.advancedsciencenews.com

fins using an IPMC muscle and a PDMS membrane.[8] A
jelly-fish-inspired robot mimicked the propulsion mechanism
of the real-jellyfish, which is the contraction and relaxation of
the bell profile. In this bell shape robot, IPMC was attached on
the position of the bell margin and used to actuate periodically
for propulsion movement.

The bird wing’s flapping motion can also be imitated using
ETA. Although the response of the bilayer ETA itself is relatively
slow, a structural design allows bilayer ETA to move fast. The
fabrication of bilayer ETA through this structural design over-
comes the intrinsic limitations of bilayer ETA and enables it to
be applied to more diverse applications. For example, Figure 8c
shows the crane-inspired bilayer ETA and its flapping motion
of wings. By applying the bilayer ETA only on the joint part,
fast angle change (up to 10000° s™) of the wings was imple-
mented."! The actuators that mimic the wings can be effec-
tively used for small soft flying robots, etc.

The motions of plants are also endless sources of inspiration
because they have unique color changing and inhomogeneous
swelling/shrinking characteristics. In the case of water absorp-
tion/desorption motions, hydrogel and IPMC actuators have
been widely applied to imitate these properties due to their
superior water absorption abilities. On the other hand, for color
changing, bilayer ETAs and SMP actuators have been effec-
tively used. Their temperature change caused by Joule heating
facilitates the applications of thermochromic inks, as shown in
Figure 8d.1130)

Biomimetic soft lenses are additional applications of the soft
actuator.l?®1%% They can change their motions and focal lengths
like human eyes actuated by dielectric elastomer (DE) film. An
annular shape DEA could contract with the voltage, leading to
a decrease in curvature; thus, the focal of length could be con-
trolled in a manner similar to the real human eye (Figure 8e).
Using the biomimetic soft lens, a human-machine interface
could be achieved by controlling the lens using electrooculo-
graphic signal.l'®l There have been some studies on making
soft lens using DEAs. A research group!!®” shows the ultrafast
tunable silicone lenses which shows 175 s settling time for
20% focal length change. A tunable Fresnel lens are also devel-
oped by using DEA, which change the focal length according
to the DEA contraction which result in radius change of
Fresnel zone.[1%]

In summary, the appropriate types of electrically driven
actuators were selected depending on the target motion and
usage environments to effectively imitate nature’s move-
ments. In the case of imitation of insects, flowers, and wings,
bilayer ETAs were used, because the authors tried to imitate
the complex motions and color-changing properties, not the
strong lift. EAH actuators were used for imitating the flapping
motion of marine animals, because they can be actuated in
water-containing environments. DEAs were selected to imi-
tate the motion of controlling the focal length of human eyes,
because controlling focal length requires precise motion con-
trol with fast response. The essence of the biomimetic actua-
tors is not simply to exert a strong force or fast motion, but
to accurately take advantage of nature’s movements. There-
fore, most of the electrically-driven soft actuators with precise
movement controllability and design diversity can be effec-
tively applied to biomimetic actuators.
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3.3. Microfluidic Valve

Another application of electrically driven actuators is the valves
and multiplexing in microfluidic chips. Conventional micro-
fluidic devices have been produced through photolithography
in the form of integrated components. However, most valve
components based on the MEMS process work by the pneu-
matic mechanism, which involves the continuous operation of
a pump and compressor system. Additionally, the rigid valve
system has a potential to damage the elastomer-based micro-
fluidic system as well as a restriction of integration within the
microfluidic systems. Accordingly, there have been studies to
compensate for the disadvantage of the pneumatic method by
reproducing the valve components using an electrically driven
actuator, such as SMP and EAH. Figure 9a shows an individu-
ally addressable, latchable, and reversible microfluidic valve
array based on SMP actuators.l>!l When only a pneumatic actu-
ator is used as a microfluidic valve, a complex and continuous
air pressure system is required for the latchable and individu-
ally addressable motions. However, in this study, the unique
latchable motion of each valve was realized by combining a
Joule heating-based SMP actuator and a pneumatic actuator. As
discussed above, the SMP material exhibits a 100-fold change of
Young’'s modulus between a glassy (“hard”) state (<40 °C) and
a rubbery (“soft”) state (>70 °C). Accordingly, the valve could
be controlled only under the “soft” condition, but negligible
motion was obtained for the valves in the “hard” condition.
Therefore, by integrating one heater per valve, it was possible
to achieve selective valve control with the application of external
pneumatic pressure, which means the only electrical power is
needed to change the valve states, while individual air pressure
control is not required.

As shown in Figure 9b, a millimeter-size underwater valve
was fabricated using a CNC-based hydrogel.”?! The valve was
immersed in NaCl solution and fixed to an acrylonitrile buta-
diene styrene (ABS) frame, and when an electrical stimulus
was applied to the electrode, the cantilever constituting the
valve was bent to control the opening and closing. Thus, it was
shown that this actuator can be used for bioinspired underwater
soft robots, and cell-based devices without complex air pressure
systems inevitably required in the pneumatic actuators.

In a paper by Kwon et al.®! the hydrogel actuator was inte-
grated into a microfluidic chip and used in the size sorting
system of embryoid bodies (figure 9¢). Size sorting can be used
to analyze the reproducibility of ES cells. In this work, when a
stimulus was applied to the silver electrodes on both sides of the
microfluidic channel, the hydrogel valve was bent accordingly to
successfully implement a non-bubble made actuation valve.

3.4. Rehabilitation Device

Conventional rehabilitation devices have been developed using
rigid components which made the devices hard to be worn by
patients. Recently, soft actuator-based rehabilitation devices
have been spotlighted due to their compliance for high degrees
of freedom movements. Most of soft actuator based rehabilita-
tion devices are fabricated as pneumatic type due to its safety
features and compliance.'* However, the controllers for the
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Figure 9. Microfluidic valve application of the electrically driven soft actuator. a) SMP-based latching and multiplexer. Reproduced with permission.l'®
Copyright 2019, RSC Publishing. b) CNC/hydrogel actuator-based millimeter-size underwater valve. Reproduced with permission.l®?l Copyright 2017,
IOP Publishing Ltd. c) Hydrogel actuator integrated microfluidic device for sorting embryo bodies. Reproduced with permission.®% Copyright 2010,

RSC Pub.

pneumatic soft actuators are relatively bulky compared to those
for other types. Therefore, other rehabilitation device types have
been developed.'® Among them, electrically driven actuator
is suitable for rehabilitation devices due to lightweight, high
stretchability, and high compliance.'*®! As shown Figure 10a, a
rehabilitation device for hip joint was fabricated using a plasti-
cized polyvinyl chloride gel and meshed electrode-based DEA.[17]
This device could support the hip joint to move the thigh forward
and backward. A multilayer structure was applied to achieve the
maximum output force of 94 N with a driving voltage of 400 V.
Furthermore, the fabricated device could withstand high defor-
mation (>10%) and high stress (>90 kPa), and have variable
stiffness. As shown in Figure 10b, a rehabilitation device for a
human arm was also developed.l'®! Strain-stiffening elastomers
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and carbon nanotube electrodes based muscles were utilized
to obtain high forces and displacements. The fabricated device
showed a peak energy density of 19.8 ] kg! while the displace-
ment corresponded to 24% strain that is similar to the natural
muscle. The device could expand linearly at a frequency range
between 0.1 and 200 Hz. Regarding the stability of the device,
the device could endure over 100000 cycles of continuous testing
without measurable degradation. Figure 10c shows the reha-
bilitation device for an elbow joint.'%! A 3 x 5 array of stacked
DEAs was fabricated to actuate the elbow joint. By stacking and
arraying the DEAs, maximum isometric force was measured as
30.47 N. Regarding the range of motion and angular velocity,
the rehabilitation device could bend up to an angle of 19.5° and
angular velocity of 16.2° s™! under a tensile load of 1 N.
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Figure 10. Rehabilitation devices using electrically driven soft actuators. a) Rehabilitation device for hip joint using plasticized polyvinyl chloride (PVC)
gel and meshed electrode-based DEA. Reproduced with permission.®] Copyright 2017, IOP Publishing Ltd. b) Rehabilitation device for a human arm
using strain-stiffening elastomers and carbon nanotube electrodes based muscles. Reproduced under the terms of the CC-BY license.®®l Copyright 2019,
The Authors. Published by National Academy of Sciences c) Rehabilitation device for elbow joints using staking and arraying the DEAs. Reproduced

under the terms of the CC-BY-4.0 license.[®%l Copyright 2020, The Authors. Published by IEEE.

3.5. Haptic Device

Soft actuator based haptic devices have been developed for
robotic surgery, virtual reality, and augmented reality systems.
Haptic devices can deliver human actions to the virtual space
and reconstruct haptic feedback sensations from the virtual
space. Recently, electrically driven soft actuator based haptic
feedback devices have been developed. Amongst electrically
driven soft actuators, EAP are suitable to apply for haptic feed-
back devices compared to ETA owing to their facile fabrication,
fast response, high output force, and simplistic design."?! As
shown in Figure 11a, a haptic device was fabricated using con-
ductive hydrogel, silver nanowires, and conductive polymers
with acrylic elastomer as the dielectric layer.'”!l This haptic
device showed a maximum force of 43 mN while frequency of

(a) (b)

10 mm

Flexible

Flexible e
s Stretchable Out-of-plane §-
membrane displacement
P v=0
Actuation

Liquid
dielectric (oil)

20 Hz was applied and the maximum height of 155 um with a
transformation time of less than a second while electric field of
21.4 V um™ was applied. Figure 11b shows a multimode haptic
device using fluid-filled cavity.”l When a voltage is applied,
the bump is raised because the fluid inside the bump is rap-
idly forced into the stretchable part. The device has a small size
(6 mm x 6 mm X 0.8 mm) and small mass (90 mg). Regarding
the performance, the device could generate forces up to 300 mN
and deform up to out-of-plane displacements of 500 pm, lat-
eral motion of 760 um, and response time of 5 ms. Further-
more, human subjects could distinguish normal and tangential
movement with up to 80% accuracy. Figure 11c shows digitally
controllable tactile bump array driven by IPMC actuators for
a refreshable braille display application.l”?] The array of soft
bump elements was used as the contact interface between the

ip was driven

Drive IPMC
actuator upward
(feeling normal
contact force)

Figure T1. Haptic device using electrically driven soft actuator. a) Haptic device composed of conductive hydrogel, silver nanowires, and conductive
polymers with acrylic elastomer as the dielectric layer. Reproduced with permission.[”l Copyright 2017, Wiley-VCH. b) Multimode haptic device using
the bump with fluid-filled cavity. Reproduced with permission.[?2l Copyright 2020, Wiley-VCH. c) Haptic device using tactile bump array driven by IPMC
actuators. Reproduced with permission.”3l Copyright 2018, Elsevier Ltd.
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fingertips and IPMC actuators, in front of the IPMC-based can-
tilever beams. The haptic device showed a maximum moment
of 1.6 uN m while 8 V square wave of voltage was applied and
the maximum forces of 0.68 and 0.55 mN at the bump surfaces
for the bump masses of 4.1 and 15.5 mg, respectively.

4. Existing Challenges and Perspectives

Overall, many researches are being actively conducted to
develop various electrically driven soft actuators and to utilize
them in interesting applications such as soft robotics, biomi-
metic actuator, microfluidic valves, rehabilitation devices, and
haptic devices. However, as mentioned above, there are still
many challenges to be solved for the practical use of EAP actua-
tors and ETAs, and many researchers are struggling to solve
them. Even though a lot of research solved some parts of the
limitations or demonstrated superior performance at a specific
point such as driving voltage or blocking force, they could not
achieve all the goals simultaneously, as shown in Tables 1 and 2.
a) DEA actuators: the problems of high driving voltage, irrevers-
ible dielectric breakdown phenomenon, and short lifetime need
to be solved. Because the latter two problems are mainly caused
by the high driving voltage, either developing a novel dielectric
elastomer that can be driven at a low driving voltage (<100 V) or
fabricating a very thin DEA with a nanoscale thickness can be a

www.advmattechnol.de

promising solution. b) EAH actuators: they have disadvantages
of the limited operation voltage, low blocking force, and limited
operating environment. These are inevitable limitations caused
by their working principle and following operating environment
(i-e., water electrolysis disruption and perturbation occur at the
input voltage over 1.23 V). Therefore, instead of solving these
problems technically, suggesting an optimal application that
does not need to consider these problems (e.g., low blocking
force and limited operating environment) such as mimicking
the marine animals for the AUVs can be a way to develop the
field of EAH actuator. ¢) IPMC actuators: they have limita-
tions of high materials cost, poor environmental safety, short
lifetime, and low blocking force. The problems of IPMC actua-
tors are mainly related to material properties except blocking
force. Therefore, further research needs to be focused on the
development of a novel ionic polymer with low cost, excellent
environmental safety, long lifetime, and high blocking force.[74
d) Bilayer ETAs: the limitations of bilayer ETAs are high driving
voltage, low blocking force, and low design diversity. Among
them, the current works are more focusing on the increment
of the design diversity because a shape-morphing property is
becoming key performance index in terms of their applications.
To increase the design diversity of bilayer ETAs, it is necessary
to develop a more systematic design process and corresponding
fabrication method, whereas most of previous studies were
conducted with the uncontrollable fabrication process such as

Table 2. Detailed specification for the recently published or the representative electrically driven soft actuators (“Estimated from graph; *“Estimated

from picture).

Types of actuators Bandwidth Driving Blocking Maximum  Displacement Size scale Ref. Power Energy
[Hz]/response voltage [V]  force [mN] strain [%] scale [mm] [mm] density efficiency
time [s]
Electroactive Dielectric elastomer 500 Hz 450 9 25 =3* 10 3] 0.02 k) kg3 =26%!%4
polymer (EAP) actuator (DEA)
actuator
N/A 3800 N.A. 150 67.5 30" [175]
200 Hz 1000 =1000 N 10 1 10 [57]
Electroactive hydrogel 60s <10 N.A. Bending-driven =44 15 [82] - -
(EAH) actuator flexible actuator
0.625 Hz" 6-15 NA. ~36™ 30 83]
0.018-0.05Hz 100 N.A. ~80° 60 81]
lonic polymer-metal N.A. =3.5 0.86 =19 =25 [95]  2.44 k) m~381 2.5-3%
composite (IPMC) actuator
N.A. =2.5 N.A. =14* =40 [106]
~0.38s" =2 25" ~23° 20 [23]
Electrothermal Bilayer ETA 42s =25 300 =100 =100"* 4] - -
actuator (ETA)
5s* =30 110 times of =50"" =50 [14]
weights
1-200 Hz =3 N.A. =2 ~10** Ly
Thermally triggered 5s* =36 677" =5 =~30** [39] 2.8 k) kg M4 12960144
shape memory polymer
(SMP) actuator
~1s* =19.5 N.A. =0.2 =3 [151]
~0.11s =2 0.118" ~30* ~50° [145]
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spray coating™ and inkjet printing.’3¥ e) SMP actuators: the
SMP actuators have limitation of irreversible actuation which
means they require external mechanical force to make revers-
ible actuation. Many solutions to solve this problem have been
reported but they limit the general advantages of SMP actua-
tors such as the manufactural design diversity because of the
limited materials and structures. Therefore, further develop-
ment of completely reversible SMP actuators without limiting
other advantages will have a significant impact. In conclusion,
research in these areas is still being actively conducted to over-
come the abovementioned limitations of electrically driven
actuators.”®! Therefore, further study based on the under-
standing of actuator characteristics will play a vital role in the
development of high-demand soft actuators.

5. Conclusion

We reviewed the latest research on electrically driven soft actua-
tors based on their working principles. These electrically driven
soft actuators can be driven by an electricity, which is considered
one of the most easily accessible types of power sources. More-
over, they can be fabricated in a thin film form with lightweight,
which is suitable for practical soft robotics applications, rehabili-
tation devices, and haptic devices. More specifically, these actua-
tors are classified as EAP-based actuators utilizing the direct
response of EAPs under electric input stimuli and ETAs actuators
using Joule heating. EAP-based actuators, including DEAs, EAH
actuators, and IPMC actuators, are easy to fabricate, and can
be used in water-containing environments. Therefore, they are
suitable for applications such as marine animal-mimicking soft
robots, microfluidic valves, and manipulators. ETAs, including
bilayer ETAs and SMP actuators, are suitable for robotic manipu-
lators and biomimetic actuators because of their relatively high
design diversity and excellent stability.

Consequently, many previous studies that have been con-
ducted to solve the technical issues of electrically driven soft
actuators were reviewed in this article. For example, various
nanomaterials (e.g., RGO and CNCs) were added to hydrogels
to enhance the actuation force of EAH actuators, and electrode
and structure optimizations were performed to improve the
actuation performance of IPMC actuators. Also, further studies
that combined pneumatic actuators and SMPs or used multire-
sponsive materials to improve actuators, have been introduced.
In conclusion, it can be seen that the research on electrically
driven actuators has made great progress, and promising mate-
rials and structures to improve the properties of actuators are
much better understood. Therefore, we expect that the present
study will provide overall research directions in the field of the
electrically driven soft actuators and can be viewed as a guide-
line for the follow-up research.
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