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Multifunctional soft actuator hybrids: a review
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Stimuli material-based soft actuators is an ever-growing field, offering innovative solutions to the

complex challenges of the modern world. Evolving from traditional single stimuli-responsive materials,

multifunctional soft actuator hybrids have overcome previous limitations, exhibiting new potential in

numerous applications and fields. This review provides initial insights into the recent developments and

system integrations of stimuli-responsive polymeric soft actuators from the aspects of material develop-

ment, mechanism design, and specific applications. It is elucidated that multifunctional soft actuators

have versatile activation and can successfully demonstrate unrestricted movements, self-sensing, self-

healing, electrochromism, and enhanced mechanical properties. Notably, from rehabilitation and surgical

tools in the medical field to improvements in disaster rescue efforts, soft actuators are universally utilized

and will be continuously expanding their applicability as research develops.

1. Introduction

The field of soft actuators is growing rapidly as it poses a
unique solution to bulky mechanical actuators, and it has
immense possibilities in mitigating limited design space

obstacles and in biomimicry and medical devices.1–4 The key
advantages of compliancy, flexibility, and conformability of
soft actuators stem from their innate “soft” aspect, often
arising from their polymeric matrix.5 The complex and con-
tinuous movements achieved by soft actuators further comp-
lement their utilization in irregular manipulation, delicate
touches, and unrestricted maneuvers. This combination of
advantages enables the design and development of new
systems and inspires the re-thinking and re-evaluating of exist-
ing (mechanical actuators) and new operations.6–8 The
ongoing research on soft actuators is focused on many
aspects, including the development and formulation of novel
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soft materials, computational modelling for environment
interaction, and physical intelligence and logic system
integration.9–15 While all facets of research promote soft actua-
tors for real-world applications, material development and

quality performance are the focuses of this review, laying down
a stable basis for further innovations.16–20

The functionality of traditional soft actuators is attained by
utilizing stimuli-responsive materials (also known as active or
smart materials).21–26 Stimuli-responsive material-based soft
actuators have the ability to react to external stimuli (electrical,
thermal, and pneumatic) and exhibit a physical change as a
response (geometrical and chromatic).27,28 The field of soft
actuators slowly emerged with the development of the
McKibben artificial muscle in 1961, a pneumatic stimulus-acti-
vated actuator to assist polio patients.29 In the next 50 years,
the concept of soft and flexible actuators was occasionally
explored, from piezoelectric polymer bimorph actuators30 in
1983 to the electrical stimuli-driven locomotion of hydrogels31

in 1992 and even the onset of bio-inspired soft fingers32 in
1993. Each research highlighted the flexibility and diverse
movement of the devices but no official designation was estab-
lished for this field. Then, in 2008, the term “soft robotics”
appeared,5 and this trend picked up significantly in 2012, as
can be seen from the number of publications (Fig. 1).

The most common soft actuator uses the input of com-
pressed air to a tethered soft pneumatic actuator for the
manipulation of delicate and small objects.33 To enable the
operation of devices without using a tethered power source,
untethered soft actuators have been widely explored.34 Popular
untethered soft actuators include the use of thermal stimuli
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Fig. 1 Trends in articles and review papers on traditional soft actuators and multifunctional soft actuators. A few key devices during this timeline
are highlighted, from left to right: graphic of McKibben artificial muscle first published in 1961.59 Reproduced from ref. 59 with permission from
Elsevier, Copyright 2025. Initial use of a carbon nanotube for bi-directional bending, published in 1999.60 Reproduced from ref. 60 with permission
from The American Association for the Advancement of Science, Copyright 2025. Electrically activated soft artificial muscle, published in 2017.7 Soft
crawling robot, which is bio-inspired from a worm locomotion and powered by electrothermal stimuli, published in 2019.61 Grippers for raspberry
harvesters, with 80% success rate and aiding the agriculture sector.62 The data were obtained from the Web of Science using the keywords “soft”,
“robot”, “actuator” for traditional soft actuators and additional keywords of “multi” and “function” for multifunctional soft actuators. The data projec-
tion matches the trend found in Google Trends.
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for two-way deformation of shape-memory polymers,35 employ-
ing humidity changes for the shape morphing of
hydrogels,36–38 and the application of uniform magnetic fields,
resulting in multiple forms of deformation such as bending,
gripping, and rolling.39–41 With tremendous interest, a simple
flexible actuation device evolved into rehabilitation exosuits,42

fully soft biomimicking “octobot”,43 and even integration into
the agriculture sector44 and artificial intelligence.45 However,
the challenges with soft actuators prevent their evolution into
application-ready prototypes. These include their lack of
mechanical properties, inability to survive in certain environ-
ments, high hysteresis, and limited generation of motion and
force.46 Some of these disadvantages are strongly related to
their stimuli system, such as predetermined actuation motion
and high-power consumption.47–49

Moreover, to truly utilize soft actuators in real-world oper-
ations, we must recognize the use of actuators not on their
own, but as part of a vast system consisting of numerous inte-
grated components to achieve a final functionality. Therefore,
another challenge arises, where the post integration of mul-
tiple components into a single system results in design com-
plexity, an increase in size and shape, and several exposed
failure locations.50 Currently, many traditional soft actuators
in the literature target a single functionality/application
through a single activation stimulus, limiting their
practicality.46,49,51–56 Driven by the complexity of current
systems, aspiration to enhance their present performances and
future application potential,49 research into multifunctional
soft actuators has steadily been growing since 2018,54–57 such
as a self-powered bio-inspired soft robot to freely swim in the
sea.58 However, despite the recent growth in multifunctional

soft actuators, adequate review papers are lacking due to their
novelty.

Multifunctionality is often defined as a material/composite
that can perform more than one structural (mechanical prop-
erty, such as stiffness and fatigue) and/or non-structural func-
tions (actuation, sensing, and energy harvesting).50,63

Multifunctional materials possess low weight, small size, and
simplicity in design, resulting in enhanced durability, system-
level efficiency, and decreased failure probability. In many
studies, multifunctionality can also be achieved by combining
different stimuli-responsive materials into a single system for
the creation of soft actuator hybrids, as shown in Fig. 2.

In this context, we define the term “hybrid” as applicable at
multiple levels. At the material level, hybrids refer to the inte-
gration of two or more stimuli-responsive materials, such as
combining electroactive and magneto-responsive components,
within a single composite or matrix to enable multi-modal
responsiveness or enhanced functionality. At the system level,
they encompass the incorporation of different functional com-
ponents, such as sensing and self-healing ability, into a
unified actuator architecture, where these elements are compo-
sitionally or structurally unified rather than simply attached
externally. This distinction emphasizes that soft actuator
hybrids are applicable through both material integration to
engineer intrinsic multifunctionality and system-level design
to achieve synergistic performances.

In these cases, the hybrid design responds to more than
one external stimulus, possessing the robustness lacking by
traditional single-stimuli-responsive materials.50 Additionally,
hybrid designs can perform more than an actuation function,
such as additional non-structural sensing, energy storage, and/

Fig. 2 Relationship between stimuli (blue), functions (orange), and their integration in multifunctional soft actuator hybrids (green), with their
respective applications.
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or healing abilities. These multifunctional soft actuators can
be better tailored to specific applications because of their
optimization through various material combinations to
achieve the desired abilities.50,64–69 Soft pneumatic actuators
(SPA), for example, are prone to leaks due to the immense
pneumatic pressure input required for actuation. Pena-
Francesch et al. overcame this major problem by fabricating
an SPA with self-healing properties. The rupture from excessive
pneumatic pressure activates the self-healing properties in the
composite, closing the ruptured area for continued actuation
use and promoting a longer operational SPA.65 By pushing this
concept of multifunctionality, soft actuators are becoming self-
sustainable, not requiring a constant input of control or main-
tenance but able to perform tasks autonomously due to their
integrated additional functionalities such as sensing feedback
loop, healing, and/or energy storage.70

This review focuses on polymeric soft actuators and their
multifunctional hybrids, where each concept will be intro-
duced and later reinforced in real-life application demon-
strations. To achieve multifunctional soft actuators, various
stimuli soft actuators are presented for in-depth understand-
ing of their capability mechanisms. This review highlights the
use of common stimuli-materials owing to the research into
their operational mechanism, leading to less complicated mul-
tiple system integration. Firstly, the popular traditional stimuli
soft actuators (piezoelectric, dielectric, magnetic, electrother-
mal, pneumatic, hydrogel, and photothermal) will be explored,
and then prominent multifunctional soft actuator hybrids
with additional functionalities (multiple external stimuli
response, sensing, healing, structural, energy, and more). It is
important to note that the addition of a separate device attach-
ment to a material will not be considered in this review. For
example, attaching a separate commercial sensor to a soft
pneumatic actuator will not be discussed given that this review
focuses on the modification and integration of materials.

2. Traditional stimuli-responsive soft
actuators

Traditional stimuli-responsive polymeric soft actuators are
defined by their ability to actuate to a stimulus.21,71,72 The
common stimuli-responsive systems for soft actuation are dis-
cussed in this section, including piezoelectric, dielectric, elec-
trothermal, magnetic, pneumatic, photothermal, and hydro-
gel-based soft actuators (Fig. 3). Table 1 compares the qualitat-
ive characteristics of the traditional stimuli-responsive soft
actuators discussed in Section 2 of this review.

2.1. Piezoelectric soft actuator

Piezoelectric polymer soft actuators are lightweight, conform-
able, and have fast response from their electrical stimuli.79

Actuation through electrical activation is advantageous due to
the ease of input power control and its universally accessible
power source and fast response. Piezoelectric soft actuators
exhibit spontaneous electric polarization and can undergo a

converse piezoelectric effect, where an applied voltage results
in expansion or contraction of the material depending on its
polarity direction. Owing to this effect, piezoelectric polymers
show great potential for many practical applications ranging
from the automotive to medical to military fields.80

Polyvinylidene fluoride (PVDF) is one of the most well-known
piezoelectric polymers, which is inexpensive, environmentally
friendly, and conformable. As a semi-crystalline polymer,
PVDF has five distinct polymorphs (α, β, γ, δ, and ε). Among
them, the stable non-polar α phase and electroactive β and γ
crystal phases are the most researched. The β phase has the
highest dipole moment (8 × 10−30 cm) per unit cell, and
thereby the best piezoelectric property.81,82 Therefore, the pro-
motion of the piezoelectric property of PVDF through an
increase in both its degree of crystallinity and electroactive
phases, especially β crystal phases, is desirable to enhance its
use as an actuator.83

PVDF actuators are ideal for micro actuation with accurate
control, such as optical microscopes, cameras, and other
instruments requiring high resolution.84,85 To enhance its
piezoelectric property by increasing its dipole moment, the
addition of nanofillers such as carbon nanotubes (CNT),86

magnetic cobalt ferrite (CoFe2O4) and nickel(II) hydroxide (Ni
(OH)2) nanofillers,81,87,88 and various processing methods
such as electrospinning89,90 have been implemented. The elec-
trostrictive strain of a PVDF composite was observed to double
to 2.1% at 54 MV m−1 when 0.35 vol% of multi-walled CNTs
(MWCNTs) was added.91 Lee et al. embedded boron nitride
nanotubes (BNNT), structural analogues of CNTs, in PVDF
with post-processing and achieved 2.9 µm (V mm−1)−1 deflec-
tion per electric field.92 Ahn et al.93 stretched already electro-
spun 1 wt% MWCNT/PVDF by 200% and achieved 1 µm of
actuation with an electric field of 2 kV mm−1. Electrospinning
method produced a coaxially aligned MWCNT in a PVDF
matrix. Even at a low nanofiller loading of 0.06 wt%, this nano-
composite actuator exhibited a high β phase crystal content of
94% and actuation under an electric field of 4 V µm−1.94

Additive manufacturing of PVDF has been proved to be a
reliable processing method, where inkjet-printed P(VDF-TrFE)
actuators could operate at a low voltage of 50 V.95

Piezoelectric actuators for biomimicking have been demon-
strated by alternating the positive/negative voltage, which
resulted in 0.4 mm extension/contraction in PVDF, allowing
the robot to “crawl” forwards from this continuous motion.73

Demonstrating biomimicry, a fast, flappable soft piezoelectric
robot (BFFSPR) was fabricated with a 12 μm PVDF film as the
active layer and copper film as the passive layer. This combi-
nation was assembled into a double spiral shape to mimic the
“front and back legs” of animals. The double layer and the
structure design of the BFFSPR allowed fast speeds of 42.8
body lengths per second and demonstrated a turning angle of
180°.96

2.2. Dielectric soft actuators

Dielectric elastomer actuators (DEAs) have a fast response time
(<1 ms) and generate large forces (MPa) and large strain
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(>100%) but require large electric fields (scale of kV mm−1) for
actuation.97 Upon the application of an electric field, electro-
static pressure is created due to the Coulomb forces between
the electrodes, denoted as Maxwell stress, causing DEAs to
deform. As highly flexible elastomers, DEAs have a finite
volume, and therefore are innately incompressible. To com-
pensate for a deformation in one axis, such as a decrease in
thickness, the other dimensions increase, keeping the volume
constant, which results in an actuating motion.98,99 Due to
their high force output and fast reaction time, DEAs have been
extensively researched for use as artificial muscles.100 Thus,
owing to the popularity of DEAs, many insightful review
articles on DEAs and electrically driven soft actuators have
been published, delving thoroughly into the materials, electro-
des, and 2D/3D deformation of various DEAs for a wide range
of applications.101,102 However, DEAs have certain drawbacks,

including the need for a high applied voltage (scale of kV),
high energy consumption for operation, and the low electric
breakdown of materials, which still need to be resolved.103

Kim et al.104 used a DEA with localized graphene electrodes
to obtain actuation at the center of a film. This DEA (100 µm
thickness) performed the large displacement of 1050 µm at an
applied voltage of 3 kV and 0.5 Hz. To achieve greater actuation
in the center, Hajiesmaili et al.105 used carbon nanotube-
based electrodes with a meso-architecture. The circular DEA
with dimensions of 80 µm by 11 mm produced 3.5 mm of
deflection under 3.5 kV. Direction-dependent properties were
exhibited by fiber-reinforced DEAs, where the fibers induced
out-of-plane displacement in the pre-stretched DEA surround-
ing it. It was observed through simulation and experiments
that with 4 fibers, the maximum out-of-plane displacement of
0.5 mm was achieved under 8 kV and a blocking force of 0.18

Fig. 3 (A) Curved piezoelectric soft actuator moving with fast locomotion owing to its curved unimorph structure with high amplitude vibration. Its
fast movements are in the millisecond scale, moving at a speed of 20 body lengths per second.73 Reproduced from ref. 73 with permission from The
American Association for the Advancement of Science, Copyright 2025. (B) Dielectric soft actuator demonstrating a high voltage-triggered area
expansion of 1692%. This is achieved by applying pressure to a critical point of instability, then applying voltage, which “snaps” expansion in the
device.74 Reproduced from ref. 74 with permission from the Royal Society of Chemistry, Copyright 2025. (C) Pneumatic soft actuator with shape
engineering of interior air channel causing asymmetry at different locations (schematic on the left). This results in localized bending and achieve-
ment of an “S”-shaped deformation.75 Reproduced from ref. 75 with permission from Elsevier, Copyright 2025. (D) Illustration of hydrogel/silica mag-
netic soft actuator with unidirectional polarized magnetic domain formed during fabrication. This leads to superior magnetic actuation when acti-
vated.76 Reproduced from ref. 76 with permission from The American Association for the Advancement of Science, Copyright 2025. (E) Carbon
nanotube in silicone elastomer polydimethylsiloxane (CNT/PDMS) electrothermal biomorph soft actuator with a thickness of 400 µm. The large
difference in the coefficient of thermal expansion in the two materials leads to sizeable bending (220°) under an applied current.77 Reproduced and
adapted from ref. 77 with permission from IOP Publishing, Copyright 2025. (F) Hydrogel swelling mechanism, with the material soaked in seawater.
With time, the water will penetrate through the pores of the hydrogel, and the material will swell, increasing in volume, until it reaches swelling
equilibrium.78
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N.106 A DEA with bi-stability could switch from one equili-
brium state to another, allowing much faster DEA actuation
with the low energy consumption of 0.14 J per grip due to no
requirement of a continuous voltage to hold onto an object.107

To enhance the energy density of DEAs, optimal electrodes to
sufficiently charge them were explored. It was found that low-
density, ultrathin CNT electrodes could apply electric fields as
high as 100 V µm−1 without dielectric breakdown, with the
DEA achieving an energy density of 19.8 J kg−1.108 A fully
inkjet-printed dielectric elastomer was fabricated with a
polydimethylsiloxane (PDMS) active layer between electrodes,
demonstrating a 36 µm tip displacement under 1 kV.109 A DEA
was also used as a tunable optical device. The voltage-induced
strain of the dielectric elastomer of up to 12 kV changed the
focal length by 50% within 3.6 ms, focusing blurry images to
clear objects.110

2.3. Electrothermal soft actuators

Although powered by an electric source, electrothermal actua-
tors (ETAs) utilize the heat produced from voltage to obtain
actuation. Joule heating drives the thermal expansion of ETAs
as the kinetic energy of individual molecules increases and
vibrates more at higher temperatures, leading to large separ-
ations between molecules, and subsequently an observable
volumetric expansion.111 Polymeric ETA materials require a
low voltage, perform without electrolyte, and can produce
large displacement and forces. One disadvantage is the event-
ual thermal stimuli, where the deformation back to its original
state is governed by the slow rate of cooling, reducing the
actuation time and low frequency.18,112 ETAs are commonly
fabricated as a bilayer system, with a conductive layer to

initiate Joule heating and a flexible layer with a high coefficient
of thermal expansion (CTE). With the mismatch of CTE
between the layers allowing one layer to expand more than the
other, bending will occur.113 Compared to other thermal-
stimuli responsive soft actuators, ETAs are not limited by a
transition temperature, have reversible deformation, and more
diverse material selection.114

Chen et al.115 demonstrated that ultra-aligned CNT sheets
significantly reduced the voltage required for ETA actuation.
The actuation behavior to fiber orientation was also observed,
where upon the application of electrical current in the direc-
tion of the fiber, less heat and actuation motion is generated
because of the lower resistance.116 Utilizing silver nanowires, a
large bending of 720° at 4.5 V at a heating rate of 18 °C s−1 was
achieved.117 This bimorph ETA was demonstrated as a crawling
robot and successfully manipulated delicate objects.
Alternatively, a graphene oxide/silver nanowire conductive
layer allowed a low power density input of 0.8 W cm−2 and was
demonstrated with a bionic hand.118 PDMS coated with a
novel carbon nanotube (CNT) sponge, which was a CNT film
layer with micro air voids created by the immersion of a CNT
film into hydrogen peroxide. The use of the CNT sponge
exhibited a high temperature and electrothermal conversion
efficiency at a low voltage input, expanding up to 1.14 cm or
an increase in volume of 70% at an applied voltage of 6 V in 24
s.119 Zeng et al.120 created a double layer PDMS/(PDMS/
MWCNT) film, where the differing coefficient of thermal
expansion (CTE) of the material layers resulted in buckling of
the film and enhanced actuation. This ETA (0.37 × 10 ×
48 mm3) achieved a bending displacement of 28 mm under 7
V, and could lift 1538 mg, which correlated to 4.2 times its

Table 1 Qualitative comparison of traditional stimuli-responsive soft actuators

Actuation
mechanism

Actuation
scale

Response
time

Blocking
force Advantages Challenges Applications

Piezoelectric soft
actuator

Voltage-induced
inverse piezoelectric
effect

µm Fast Low Fast response time,
high accuracy

Small actuation
strain, low
blocking force

Micro positioning
system, active
vibration dampers

Dielectric soft
actuator

Electric field-
induced Maxwell
stress

mm Fast Medium High strain, fast
response time

High voltage,
prone to dielectric
breakdown

Artificial muscle,
tunable lenses

Electrothermal
soft actuator

Temperature-
induced thermal
expansion

µm to
mm

Slow Medium Ease of fabrication Slow recovery, low
power efficiency

Reconfigurable
surfaces, shape-
programmed robots

Magnetic soft
actuator

Magnetic field-
induced magnetic
force/torque

mm Fast Medium Untethered system,
high accuracy, large
deformation

High magnetic
field at close range

Surgical tools, micro-
robots

Pneumatic soft
actuator

Compressed air-
induced pressurized
mechanical motion

mm Fast High Large deformation,
high force

Prone to ruptures,
tethered and bulky

Prosthetics,
rehabilitation tools
such as exosuits

Photothermal
soft actuator

Light conversion to
heat causing motion

µm Medium Low Untethered system Specific light
wavelength and
intensity, low
strain

Smart textiles,
targeted drug
delivery

Hydrogel-based
soft actuator

Movement of ions
causing swelling

mm Slow Medium Large deformation,
use in wet
environment

Slow response
time, complicated
fabrication

Drug delivery system,
tissue-engineering
scaffolds
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weight. Ye et al. fabricated an all polymer-based ETA using a
combination of conductive and dielectric polymers. The CTE
mismatch of the layers and the high conductivity of the con-
ductive polymers polyaniline (PANI) and poly(3,4-ethylenediox-
ythiophene):polystyrene sulfonate (PEDOT:PSS) allowed the all-
polymer ETA to undergo deformation under electrically acti-
vated thermal stimuli. The ETA could reach 70 °C and curva-
ture of 1 cm−1.121

Nam et al. utilized filtration methods to fabricate uniform
CNT buckypaper in a tri-layer with silicone elastomer, result-
ing in a 22% increase in displacement compared to the
bilayer.114 Sun et al. programmed an ETA into the desired con-
figuration by applying the stress relaxation mechanism, result-
ing in active bending over 540° and demonstrated with a crawl-
ing inchworm-motion robot.122 Also inspired by the caterpillar,
Wu et al. fabricated a bidirectional crawling robot utilizing
programmable silver nanowires distributed in a liquid crystal
elastomer biomorph actuator device. Using heating patterns,
controlled curvature was achieved for forward and reverse loco-
motion.123 Additive manufacturing methods, such as screen
printing and fused deposition modelling, can be used to fabri-
cate ETAs and other thermally responsive soft actuators, which
can heighten this field to industry level mass-production.124

2.4. Magnetic soft actuator

Soft actuators triggered by magnetic field stimulus are a non-
contact and non-invasive approach. Under a magnetic field,
magnetic soft actuators exhibit large and continued actuation
with a fast response, precise control, and great flexibility.76

These actuators are often constructed by embedding magnetic
particles in low impedance materials.49 It is common to utilize
a uniform magnetic field to employ directional magnetization
during the fabrication process to increase actuation in a par-
ticular direction. Alternatively, a non-uniform magnetization
profile can be used to vary the orientation of the embedded
magnetic particles and create localized actuation points. This
increases the complexity of the resulting actuation shapes and
motions.125 Magnetic particles can be either micro/nano sized
and are classified as hard/soft magnets. Hard magnetic fillers,
such as neodymium (NdFeB), maintain their magnetization
without an applied magnetic field, and therefore have higher
saturation magnetization.126,127 Soft magnetic fillers, such as
iron oxide, lose their magnetization once the magnetic field is
removed but can be easily re-magnetized.126 Although many
studies utilize NdFeB, it has a low operating temperature of
80 °C, where above this temperature, NdFeB loses all its mag-
netic properties and is disadvantageous in applications invol-
ving harsh conditions.127 Soft magnetic filler iron oxide nano-
particles are extensively utilized in magnetic soft actuators due
to their high magnetic saturation (84–92 emu g−1), low toxicity,
high magnetic stability, large surface area, and magneto-
thermal effect upon the application of an alternating magnetic
field.128,129 Furthermore, their low coercivity allows a magnetic
device to truly be at rest by exhibiting low magnetic property in
the absence of an applied magnetic field, which is beneficial

for application where a constant magnetic field can be a dis-
turbance to other nearby devices.

Paknahad et al. fabricated 116 µm-thick 5 wt% iron(II,III)
oxide (Fe3O4)/PDMS and observed 33 µm actuation under
6.8 mT.130 Wang et al.131 observed the reprogram ability of
magnetic soft actuators by applying a high magnetic field on
multiphase polymer networks. Upon applying 11.2 kA m−1,
50% programmed strain was achieved, which was sustained
for 100 cycles. Reprogrammable magnetic soft actuators can
overcome the limited predefined motion of a magnetic actua-
tor into tunable locomotion.132 Magnetic materials can
demonstrate movements beyond simple actuation such as
bending or expansion/contraction and closer to complex bio-
mimicry movements. With multiple tapered feet, a soft mag-
netic millirobot could perform in dry and wet environments at
high speeds, strength over 100 times its own weight, and man-
euver 90° bending.133 Inspired by the quick and powerful
motions of the biological system for storing elastic energy, a
flexible elastomer was connected to a pre-stressed elastomer
layer with magnetic NdFeB particles. As the pre-stretch levels
increased from 1.2 to 2.9, the blocking force increased from
1.3 N to 4.3 N, together with the strain energy with material.
The proposed soft actuator required 5–20 mT to actuate with a
response time of 35–40 ms due to the increase in the strain
energy by the pre-stretched elastomer layer and allowed quick
recovery to its original shape.134 A liquid–metal-based mag-
netic soft actuator was fabricated, where magnetic iron par-
ticles were embedded inside a Galinstan alloy droplet. The soft
actuator existed as a liquid at room temperature, allowing
active adaptation to confined spaces and ability to split into
multiple portions to reduce its size, whilst undergoing trans-
lation motion under magnetic stimuli.135

Magnetization patterns can be encoded into magnetic
materials, resulting in combined metachronal waves propagat-
ing in desired motions.136 Further variations in magnetization
encoding can lead to complex movements such as micro-grip-
pers, jellyfish swimming biomimicry, wire steering, and
inchworm movement.137–142 Altering the domains of nano-
magnets resulted in the flapping of a bird and display of
various letters from the alphabet.143

3D printing technology has also been utilized to program
ferromagnetic domains during the printing process of mag-
netic soft actuators.144 This minimizes the fabrication time,
allows constant output of soft actuators with reliable perform-
ances, and applies novel patterning and programming capa-
bilities. Kim et al. 3D printed NdFeB/Ecoflex under the magne-
tization of 2.7 T and achieved a soft actuator that can jump,
crawl, roll, transform from a 2D to 3D configuration, and be
utilized for drug delivery.145 A laser heat source coupled with a
magnetic field was used for the localized reprogramming of
ferromagnetic domains of a soft magnetic actuator. This
allowed complex 3D shape morphing of a six-armed and
mesh-shaped film under a magnetic field of 150 mT, which
could bend different parts of the film in various directions.
The individual actuation of distinct magnetic soft actuator
arms was showcased to be an electrical switch for light-emit-
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ting diodes (LEDs). As different arms of the actuator were
deformed, it completed different parts of the LED circuit,
lighting some, while others stayed off.146

2.5. Pneumatic soft actuators

The most common soft actuators are soft pneumatic actuators
(SPAs) due to their innate soft matrix, fast response speed,
high force output, low cost, and high strain motion. These pro-
perties allow them to be tailorable and easily utilized in a wide
range of application fields such as medical devices, grippers,
and underwater robotics.147–149 SPAs are often made from a
compliant silicone elastomer matrix with an internal chamber
or channel design, achieving deformation with compressed air
with positive or negative pressure.150 Positive-pressure SPAs
employ input of compressed air to increase their volume and
achieve the desired shape or actuation. Negative-pressure SPAs
were employed to achieve contraction motion, which are ideal
for limited spaces and not prone to failures from
leakage.151,152 Silicone elastomers are popular soft matrices for
SPAs and have a range of moduli and elongation at break. For
example, PDMS has a modulus of 1.35–2 MPa with 90%
elongation at break, while Ecoflex is more elastic with a
modulus of 0.07 MPa and 900% elongation at break.153

The actuation of SPAs ranges from simple extension/con-
traction and bending to more complex shapes such as twisting,
locomotion, and surface morphing.154,155 Single-chamber SPAs
rely on the asymmetric thickness of a sample to create a
moment arm when the pressurized air forces motion towards
the thicker side.156 The change in geometric parameters or
stiffness will also alter the resulting actuation, where extra
material or strain-limiting layers have been added to control
this actuation.157 Strategically, stiffening materials can be
placed locally to generate larger linear extensions. Sun et al.
fabricated a customizable SPA using unstretchable fabric,
achieving a high blocking force of 2.5 N at 190 kPa.158 Lee
et al. 3D printed distinct pin shapes to be utilized in retract-
able pins. Combined with the layer-by-layer fabrication of an
SPA, diverse shapes were pneumatically actuated such as
simple bending, “S”-shape, “L”-shape, hook at the end, and
even straightening a curved SPA.75 Gunawardane et al. utilized
additive manufacturing to fabricate SPAs with spring-like zig-
zag structures, which could be scaled down under limited
space conditions. These designs allowed the SPAs to deform as
traditional extension and rotation around their own axis with a
blocking force of 10 N under 350 kPa of pressure.159

SPAs are typically tethered systems, connected to tubes and
pump, which limit their movement. Alternatively, Tolley et al.
created an untethered robot with all the components (includ-
ing air compressor) on the SPA. This large SPA of 0.65 m could
hold a load of 8 kg, travel at 18 m h−1, and was resilient to
being crushed by a car.160 Multiple deformation modes were
achieved by fabricating an SPA with chambers of varying geo-
metries and individual activation. This achieved extension,
bending, and twisting motion from the same SPA, allowing it
to function as a better gripper compared to simple linear
actuators.161

Soft lithography and molding are common fabrication pro-
cesses for SPAs and to create various patterns on elastomers
once they are cast and cured.149 During their fabrication, the
unintentional creation of bubbles function as defects in their
structure. Zhao et al. took advantage of these air bubbles to
create details in the sub-millimeter range by degassing at
specific locations, which created surface properties for drag-
reducing.162 Although molding is advantageous to create exter-
nal shapes, it is unsuitable for a design with internal struc-
tures such as air chambers. However, the conventional lami-
nation method is prone to rupture and failure at the laminated
seams.163 The retractable pin method allows the elimination
of lamination of pieces but is limited to the simple tubular
shapes of the pins.164

2.6. Photothermal soft actuators

Light-responsive materials can either be constructed by utiliz-
ing photochemical or photothermal effects. The photochemi-
cal effect relies on application of light at specific wavelengths
to “twist” a chemical compound from one isomer configur-
ation to another, which is common in azobenzene-based
materials. The consolidation of nano-scale movements within
the material results in micro- or macro-scale deformation.165

The photothermal effect relies on the conversion of light
energy into heat as light waves excite electrons into resonant
oscillations.166 This causes a thermal actuation response from
asymmetric thermal expansion or trans–cis isomerization,
similar to the photochemical effect.167 By adding nanofillers
that can convert light into heat, a reversible, fast, and large
volume change can be achieved under specific wavelengths.168

Given that hydrogels can respond to light stimuli and possess
inherent softness and flexibility suitable for soft actuators,
many photothermal soft actuators are hydrogel-based
actuators.

Thermosensitive poly(N-isopropylacrylamide) (PNIPAAm)
with gold nanoparticles shrunk upon exposure to irradiation
from a 532 nm laser (1.1 W cm−2) after 15 min and back to its
original state within 5 s.169 Zhang et al. embedded gold nano-
rods (GNR) coated with polydopamine (PDA) in a liquid crystal
elastomer to enhance the photothermal effect from the broad-
band absorption of PDA. With PDA-coated GNRs, the soft
actuator could lift a 0.2 g object to a height of 2 mm in 2 s,
while the soft actuator with regular GNRs took twice as long to
lift the same object.170 Wang et al. embedded reduced gra-
phene oxide (rGO) sheets in a hydrogel, where an increase in
the rGO content and laser intensity enhanced the bending
speed and angle due to the change in the solubility of the
hydrogel.171 Compared with the ionic actuators with a long
recovery time, this rGO/hydrogel recovered up to 74–84%
within 10 s after the removal light of due to the drop in temp-
erature. Subsequently, a double layer made of silver nanowires
in a liquid crystal network was doped by azobenzene, which
was attached to the graphene oxide layer. The photothermal
effect by azobenzene allowed the input near-infrared (NIR)
light to be converted into thermal energy, which heated the
liquid crystal layer embedded with silver nanowires. The mis-
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match in the CTE of graphene oxide and liquid crystal layer
led to bending deformation.172 A freestanding film made of
2D MXene nanosheets and a coupling agent, 3-isocyanato-
propyltriethoxysilane (IPTS), displayed a reversible bimorph
bending actuation similar to the locomotion of an inchworm.
This actuation was due to the photothermal effect of MXene,
which was further enhanced to a deformation angle of 700° in
2.1 s due to the increased interlayer spacing between the layers
and asymmetric microstructure.173 MXene has also been used
as a bilayer with PDMS to fabricate a jumping actuator with
controlled jumps by adjusting the incident light angle from 0°
to 30° to achieve horizontal to vertical jumps, respectively.174

By incorporating a shape memory polymer and carbon
black through a 3D printing method fused with deposition
modeling, a high photothermal efficiency was achieved for
shape recovery under light-stimulation.175 Liu et al. fabricated
a liquid crystal elastomer with near-infrared light absorbing
cross-linkers. The temperature of the composite could increase
from 18 °C to 260 °C in 8 s under light with a wavelength of
808 nm and deform 110% of its original length and hold loads
5600 times its own weight.176

2.7. Hydrogel-based soft actuators

Hydrogel-based actuators utilize the exchange of ions from the
environment as stimuli to obtain an actuation response. This
exchange of ions can be water molecules from the humid
environment, hydrogen ions to change pH levels, or other
chemical substances in the presence of certain
solvents.38,78,177 These types of stimuli-responsive materials
have been studied greatly with many review papers on their
use as multifunctional hybrid materials.68,178,179 Most hydro-
gels are cross-linked hydrophilic polymer chains with a high-
water content (up to 99 wt%), exhibiting more than 10 times
strain with high flexible and elastic properties.180 Although
swelling with water is the cause of hydrogel actuation, the
swelling/de-swelling process can be initiated by tempera-
ture,181 light,182 electricity,183 ionic strength, and more.184

Hydrogels have high mechanical strength owing to the physi-
cal bonding of ionic liquids, and the use of the universally
available water as a stimulus enhances their ease of use.185

Due to their high compliance, the addition of stimuli-respon-
sive nanofillers can generate nanocomposites with a broad
range of applications such as drug delivery and soft actua-
tors.186 However, their dependence on a high-humidity
environment, considerable volume exchange loss, and slow
speed still require further research and development.

D’Eramo et al. photo-patterned over 7800 poly(N-isopropyl-
acrylamide) (PNIPAM) hydrogel micro-cages with switches that
actuated above 32 °C at a speed of 0.6 s.187 By utilizing hydro-
gel microspheres in one of the bilayer hydrogel actuator
systems, the significant difference in the deswelling rate in the
layers resulted in fast bending speeds of 103° per second when
actuated at a temperature of 50 °C.188 Kwon et al. fabricated
miniature hydrogel-based aquabots utilizing microfluidic
chambers. By utilizing different compounds and concen-
trations, multiple aquabots each responded to different

stimuli (i.e., electric, pH, thermal, and magnetic). These
robots exhibited locomotive motion for 850 000 continuous
actuations.189 The addition of rGO nanosheets to a hydrogel
created a conductive platform to enhance the ion transport
within the hydrogel matrix, and therefore faster volume and
weight change. A 68% reduction in weight after applying 10 V
for 2 min was observed, which was recovered in 6 min after
removing the applied voltage.190 By orienting the dispersed
graphene oxide (GO) in a gradient in a PNIPAM hydrogel
matrix, Yang et al. observed a faster heating rate upon exposure
to NIR light on the higher GO concentration side, leading to a
greater deswelling rate, rapid response, and large bending of
274° in 45 s.191 Liu et al. fabricated a gradient sodium hyaluro-
nate (HA)/PNIPAM hydrogel soft actuator that could actuate
above its low critical solubility temperature (LCST) and recover
without additional temperature stimuli due to the different
contraction rates of the two materials with maintained elastic
behavior of the hydrogel network from the great water reten-
tion of HA. They achieved a bending angle of 360° in 15 s in
air at 50 °C and recovery to its original shape within 92 s.192

3. Multifunctional soft actuators
hybrids

As depicted in the previous section, stimuli-responsive poly-
meric soft actuators have been cultivated into a major field
with many advancements in their processing and actuation per-
formance. However, there are still drawbacks impeding the use
of soft actuators in real-world applications. For example, SPAs
lack blocking force due to their innate soft matrix and are
limited to a predefined motion determined by their fabricated
air channel, lowering their practicability and adaptability.193

Magnetic soft actuators require high power and access to an
external magnetic field,39 while piezoelectric actuators only
produce small strain. Multifunctional soft actuator hybrids are
specifically designed to overcome many of the drawbacks of
single-stimuli soft actuators. Often, multiple stimuli materials
are integrated, such as magnetic particles into an elastomer
with pneumatic channels, mitigating manufacturing complex-
ity with independent activation.75 In the following sections, we
discuss several correlated topics on multifunctional soft actua-
tor hybrids including multiple stimuli-responsive soft actuators
for movement with a high degree of freedom, self-sensing soft
actuators, self-healing soft actuators, soft actuators with vari-
able structural functions, electrochromic soft actuators, and
soft actuators with more than 2 functions (Fig. 4).

3.1. Multiple stimuli-responsive soft actuators for movement
with a high degree of freedom

Traditional soft actuators are often bound by their pre-
determined actuation motion, such as the fixed internal
channel design of SPAs. However, by introducing additional
stimuli-responsive movements, soft actuators can have a high
degree of freedom (DOF) for movement, exhibiting advanced
actuation patterns.
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Magnetic fillers can be embedded in an elastomer, the
same matrix commonly used as soft pneumatic actuators
(SPA). Lee et al. embedded an Fe3O4 magnetic nanofiller into

an elastomer with pneumatic channels, creating a magnetic–
pneumatic-activated soft actuator. The magnetic actuation
added an additional degree of freedom to the SPA, demonstrat-

Fig. 4 (A) Multiple stimuli-responsive soft actuator. Hydrogel composite showing temperature- and pH-responsive actuation in bending and rolling
motion, respectively. This is achieved through the integration of thermal-responsive and pH-sensitive materials.194 Reproduced from ref. 194 with
permission from the Royal Society of Chemistry, Copyright 2025. (B) Self-sensing soft actuator. Double network of thermo-responsive hydrogel with
light-sensitive conductive polymer, resulting in photo and thermal actuation with piezoresistive sensing. The device is shown actuating in water
upon NIR light exposure, with the corresponding change in resistance during light-induced bending illustrated in the graph below.195 Reproduced
from ref. 195 with permission from Elsevier, Copyright 2025. (C) Self-healing soft actuator. Diels–Alder (DA) polymer, one of the common healing
materials, and its healing mechanism with thermal activation, starting with a mechanical damage that breaks DA and polymer bonds. With the appli-
cation of thermal stimuli over a period of time, DA bonds are further broken. Subsequently, this reaction allows polymer chains to re-connect and
form new crosslinks. Once the DA polymer heals, its mechanical property re-establishes to its original state.196 Reproduced from ref. 196 with per-
mission from The American Association for the Advancement of Science, Copyright 2025. (D) Soft actuator with variable structural functions.
4-Legged soft pneumatic actuator robot with high toughness achieved by fabricating distinct strain-limiting layers. This soft actuator is more resist-
ant to mechanical damage, such as impacts from a hammer, allowing for longer operational lifetime.197 Reproduced and adapted from ref. 197 with
permission from John Wiley and Sons, Copyright 2025. (E) Electrochromic soft actuator. Bi-directional actuator using humidity and NIR light. The
electrochromic effect arises from the self-assembled cellulose nanocrystals on the top layer, refracting light as the wings actuate in a flapping
motion.198 (F) Hydraulically amplified self-healing electrostatic (HASEL) actuator. Owing to its liquid dielectric core in an elastomeric shell, the HASEL
actuator can actuate, sense its actuation, and self-heal from dielectric breakdown.199 Reproduced from ref. 199 with permission from The American
Association for the Advancement of Science, Copyright 2025.
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ing dual plane movement to complete an LED circuit.
Additionally, the magnetic property was utilized, where a
5-legged star could attract magnetic cargo on water and grab it
with pneumatic actuation.75 A 2D nanoplatelet MXene-based
magnetic soft actuator utilized different concentration gradi-
ents of CoFe2O4 nanoparticles to control the absorption and
release of water in humid environments. This also allowed the
prediction of the bending actuation. Additionally, the soft
actuator could undergo magnetic actuation from its magnetic
nanoparticles, and photothermal actuation from MXene pro-
perties. This allowed the demonstration of various movement
patterns such as bending, rotation, and crawling.200

Shape memory polymers (SMP) exhibit a shape memory
effect by applying temperature to create a secondary shape,
alternating between their original and secondary shapes to
achieve actuation. An SMP was integrated with SPA, which
allowed stiffness control under thermal stimuli. This resulted
in multiple degrees of pneumatic deformation from a single
air channel.201 A tri-layer composite of SMP/hydrogel/elasto-
mer composite could undergo actuation through swelling of a
hydrogel. Additionally, the shape memory feature allowed
2-way actuation (back to its original shape), as demonstrated
by folding/unfolding origami.202,203 Magnetic Fe3O4 nano-
particles at various concentrations were embedded into an
SMP, resulting in a high shape memory ratio (recovery to orig-
inal shaper) of up to 93%.204 Wei et al. printed a magnetic
Fe3O4/SMP via the direct-writing method. The printed sample
showed two shape memory effects, deforming into a 3D flower
at a water temperature of 80 °C and magnetic actuation reco-
vering its shape at an alternating magnetic field of 30 kHz.205

In addition to temperature stimulus, humidity/moisture
and photothermal activation can be implemented. A graphene
oxide sheet (SGO)/PVDF bilayer actuator was fabricated to acti-
vate upon exposure to multiple stimuli. The moisture-triggered
actuation from the deformation of its SGO layer resulted in a
large bending curvature of 13 cm−1 when the relative humidity
increased to 86%. Owing to the high negative CTE of the GO
layer and positive CTE of PVDF, a large displacement of
42 mm at 140 mm s−1 was also observed with changes in
temperature and light (photothermal).206 Dong et al. reported
that a multi–stimuli-responsive GO/polymer polypyrrole (PPy)
bilayer could actuate under humidity, temperature, and light.
The multi–stimuli-responsive composite could function as a
gripper with changes in relative humidity from 50% to 80%
and display forward “crawling” motion due to cyclic light
stimuli.68 By using a hydrogel, ionic and pH responsiveness
could be achieved. A “smart” hydrogel bilayer was reported to
activate under 3 separate stimuli owing to its thermal- and
ionic strength-responsive layer and pH-responsive layer. The
hydrogel could change its shape with changes in temperature
from 2 °C to 50 °C and pH from 2 to 11.194 A bilayer of 1D bac-
terial cellulose and CNT onto a PE film layer could achieve the
actuations of photothermal actuation by CNT, electrothermal
actuation by the dissimilar CTE of the two layers, swelling
actuation due to humidity changes by bacterial cellulose, and
reversible de-swelling by PE when exposed to organic solvents.

Depending on the stimuli utilized, different motions were
observed and a large bending angle of up to 500° with 85 mW
cm−2 light intensity (36 °C).207 A bilayer CNT-Nafion/PE soft
actuator demonstrated dual directional bending by utilizing
thermal actuation in one direction (either by photothermal or
electrothermal) and swelling in the other direction (increase in
humidity or solvent concentration change). This was due to
the dissimilar CTE of the CNT-Nafion and PE layers, and their
respective expansion method, where PE will expand under
thermal stimuli, while CNT-Nafion does not, and CNT-Nafion
layer will expand with hygroscopicity, while PE will cool and
shrink due to an increase in moisture in its environment. The
bilayer soft actuator reached a bending curvature of 1.12 cm−1

and could undergo 100 bending cycles.208

Versatility in locomotion can be achieved through adhesion
functionality, where soft actuators would not be limited to
regular planes but can explore various terrains, even
inverted.209 A DEA was fabricated to achieve multi-functional-
ity in actuation and adhesion, both through electrical stimuli.
DEA with electro-adhesive “feet” of copper/polyimide sand-
wiched layers was constructed to climb walls at a 90° angle,
where the adhesion originated from the oppositely polarized
“feet” and wall upon the application of a voltage to the “feet”.
This allowed the DEA to adhere to the wall, and subsequently
move upwards through actuation.210 Hu et al. fabricated an
inchworm soft DEA with electroadhesion actuators with elec-
trode patterning and voltage signal coordination control strat-
egy. This allowed control of the deformation shape of the
main body, while providing enough adhesion to the head and
end sections to move at 39.55 mm s−1 on an inverted plane.
The main body deformation at various pre-stretch ratios
achieved up to 16 mm stride length forward at 6 kV of input
power.211

The electrode arrangement can also be utilized to achieve
movement in multiple DOF. Electrical partition of a dielectric
elastomer using separated electrodes enabled the creation of
individual actuators within the same material, achieving
multi-degree-of-freedom to move and bend about two axes.212

A multi-layer DEA could perform sequential actuation of seg-
ments, resulting in an actuator with 3 degrees of freedom that
could demonstrate a crawling motion.213 Conn et al. reported a
cone DEA with 4 electrode elements to achieve 5 DOF in actua-
tion, with 21.7° and 9.42 mN in rotational actuation and
4.45 mm and 0.55 N in linear actuation.214

3.2. Self-sensing soft actuators

Actuators and sensors are complementary, where the sensing
component can confirm and verify the deformation and move-
ment executed by the actuator. Actuators with a sensing
element are commonly denoted as self-sensing actuators.

Dielectric materials exhibit sensing ability through changes
in their capacitance upon a physical change.215 Taking advan-
tage of its dual functions, a dielectric actuator (DEA) was actu-
ated under 4 kV, whilst performing proprioception sensing
through its expansion or contraction.216 Given that DEAs
utilize a high voltage, a material failure monitoring sensor
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within DEAs to prevent their dielectric breakdown is highly
advantageous. Gisby et al. reported their initial findings on
this topic, where a DEA could sense high-power dissipation
before it underwent dielectric breakdown. Thus, in practical
applications, a fail-safe mechanism can be integrated when
this power dissipation is sensed to prevent the failure and
prolong the lifetime use of DEAs.217

Verma et al. showcased a self-sensing electromagnetic
actuator for vibration control of a cantilever beam. The actua-
tion was triggered by a voltage source generating a magnetic
field, while the sensor measured eddy currents resulting from
the changes in the magnetic flux caused by the displacement
of the beam. It was observed that a peak-to-peak displacement
of 0.3 mm was dampened to <0.1 mm peak to peak with this
device.218

Piezoelectric materials are also another type of stimuli-
responsive materials that can exhibit sensing and actuation, as
either a direct or converse piezoelectric effect. Chen et al. used
an ionic polymer–metal composite (IPMC)/PVDF bilayer
bonded together for actuation based on ion transport and
sensing from the direct piezoelectric effect. This bilayer could
actuate 0.12 mm with the sensing signal matching that read by
a laser sensor.219 Lee et al. utilized functionalized CNT/mag-
netic nanoparticle/piezoelectric PVDF to apply multiple align-
ment processing methods that subsequently affect one
another.220 This self-sensing hybrid actuator with piezoelectric
sensing and magnetic actuation acted as a vibration damper
for transportation vehicles (such as helicopters), successfully
lowering the vibration by 0.72 m s−2 with 2.5 mV g−1 sensing
sensitivity.220 A hybrid magnetic/piezoelectric self-sensing
actuator was also 3D printed, achieving a higher weighted
damping of 1.8 m s−2 and sensing sensitivity of 13 mV g−1 due
to its scale-up ability.221 A thin piezoelectric PVDF polymer
was also used on a pneumatic bellow soft actuator as a deflec-
tion sensor.222

Piezoresistive sensing relies on the changes in electrical re-
sistance when deformation occurs. SPAs are commonly inte-
grated with piezoresistive sensors to detect their pneumatic
deformation.223 These sensors are thin and flexible, with some
using screen-printing to apply silver strain sensors on an SPA.
A 110 mm self-sensing SPA with 90 mm silver sensor actuated
curvature up to 21 m−1 with a resistance change from 15.8 to
1.7 Ω. This allowed the detection of SPA grippers when opened
and closed.224 Fang et al. enhanced traditional SPAs by utiliz-
ing liquid to gas phase transition fluid inside an elastomer
matrix to achieve both untethered actuation and self-sensing
through embedded flexible sensors. The untethered SPA pos-
sessed an encapsulated NH4CO3 liquid that could undergo a
liquid–gas phase transition through the heat generated from
NIR light stimulus. This was due to the decomposition of the
NH4CO3 solution starting at 36 °C. Graphite was placed on the
bottom of the SPA, where its resistance would change as the
SPA underwent strain. Carbon nanoparticles were placed on
the top of the SPA, closer to the external stimuli, whereas the
temperature increased, the carbon nanoparticles were less
restricted in their matrix and formed better conductive

network, resulting in a change in resistance.225 Yang et al.
reported an SPA with built-in pressure sensors made of a con-
ductive elastomer, which were co-printed onto the SPA. A pro-
totype gripper was demonstrated for self-sensing actuation
when gripping, displaying potential for close-loop control
applications.226 3D printing can be further utilized to fabricate
an SPA with multiple resistive soft sensors. This SPA demon-
strated curvature, inflation, and contact sensing with pneu-
matic actuation, making it ideal for application in the haptics
and proprioceptive fields.227 An SPA was fabricated with thin
sheets of polyethylene terephthalate (PET) and metalized PET
layers to achieve measurements of its actuated length through
changes in the resistance of its metalized PET layer. The
measured resistance followed a fit with a cubic polynomial for
accurate prediction, allowing a feedback loop to be set up with
an average actuated length measurement error of less than
5%.228

A self-sensing PNIPAAm/PPy hydrogel composite actuator
could shrink upon exposure to photothermal stimuli. This
shrinkage with a change in bending angle from 35° to 60°
resulted in changes in resistance in the PPy piezoresistive
sensor.195 Relying on photothermal stimuli for actuation, a
(polyvinyl alcohol/carbon)/polyethylene bilayer self-sensing
film was constructed. The difference in coefficient of thermal
expansion between the 2 layers resulted in a large bending
deformation of 1260° in 6 s using a xenon light. The carbon
layer acted as a piezoresistive sensor, exhibiting a change in re-
sistance by 97% when pressure of 435.5 kPa was applied. The
self-sensing actuator was demonstrated as a hand gripper, ele-
phant trunk, and blooming flower.229

3.3. Self-healing soft actuators

Given that soft actuators tend to experience mechanical
failure, innate self-healing ability will allow reliability and
longer operational lifetime. Self-healing ability arises from
either embedded chemical reactions that occur at failure or
molecular healing ability from the material itself, and can also
be controlled by external stimuli, such as temperature.
Biologically inspired, self-healing function will add onto their
future potential as artificial muscles or other actuator systems
that need minimal maintenance.230

Pena-Francesch et al. fabricated an SPA with a self-healing
protein membrane at the perimeter, which could crosslink the
broken polymer chains through temperature changes. After
healing, the SPA could maintain the same maximum actuation
strain of 400% and 5 N blocking force, displaying successful
recovery in mechanical property and performance ability.65 To
overcome the dielectric breakdown challenges in DEAs, a two-
phase material consisting of a dielectric elastomer and silicone
sponge foam containing silicone oil was utilized for self-
healing ability. When punctures were made on the two-phase
DEA, the silicone oil would flow into the void defect to restore
its dielectric integrity, maintaining its performance over 2000
cycles of actuation and 6 rounds of punctures.231

Terryn et al. fabricated an SPA with a Diels–Alder polymer
to allow the self-healing of macroscopic cuts of 8–9.5 mm
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under thermal stimulus of 80 °C. Although there was a
decrease in modulus after each healing cycle due to the for-
mation of irreversible bonds, this decrease was minimal,
resulting in a modulus recovery efficiency of 93.4%.232

Utilizing the Diels–Alder polymer, greater interfacial strength
was observed at the healing location after healing at 85 °C or
higher due to the formation of covalent bonds. This resulted
in a new fracture occurring at the bulk of the material rather
than at the previously healed location.232 Cao et al. reported
the fabrication of a hydrogel actuator that actuates with
changes in relative humidity (20% to 90%), whilst having self-
healing ability from its reversible hydrogen bonding cross-
linking networks.233 Photothermal stimulus was utilized for
both the actuation and self-healing response of a poly(ethyl-
ene-co-vinyl acetate) nanocomposite with embedded silver
nanowires, which assisted in the temperature changes of the
semicrystalline polymer.234 The actuator deformed to various
geometries such as “I” and “U” shapes under either air or
water environments when the temperature was above 78 °C. It
also exhibited self-healing ability under photothermal stimu-
lus due to the re-crosslinking of its polymer chains, healing
itself after it was cut into 2 parts. Highly ordered metal nano-
structures were used to fabricate anisotropic hydrogels that
could undergo self-healing when exposed to an NIR laser and
low pH environment due to the interactions between thiolate
and silver elements. The hydrogel nanocomposite demon-
strated in-plane and out-of-plane bending when exposed to
specific solvents, which was dependent on the lamellae direc-
tion (perpendicular or parallel to the surface).235

Interestingly, the electrode design has also been utilized to
prolong the operational life of soft actuators by either prevent-
ing or overcoming failures. Ren et al. utilized PEDOT conduc-
tive polymer as an electrode for the piezoelectric polymer
P(VDF-TrFE-CFE). The self-healing ability of PEDOT isolated
locations with electrical breakdowns to support continuous
piezoelectric actuation. The piezoelectric composite had high
strain of over 5% and electric energy density of 0.5 J cm−3.236

Michel et al. fabricated a DEA with reduced graphite
in silicone as a self-healing electrode. After dielectric break-
down at 2200 V and 10 Hz for 100 cycles, the electrode could
heal itself through possible silicone oxidation, creating inac-
tive sites that were not part of the conductive electrode path.
The DEA could continue to function after 14 cycles to its orig-
inal lateral strain of up to 3.6%.237 This technology can be uti-
lized to enhance the reliability of actuator/electrode systems,
reducing failures due to electrodes.

3.4. Soft actuators with variable structural functions

Previous sections focused on soft actuator hybrids with non-
structural functions, such as sensing and healing.
Multifunctional actuators can also be utilized for improving
structural functions, such as stiffness and fatigue. This
enhancement in the mechanical properties of soft actuators
allows their reliable operation in real-world conditions.

Altering the stiffness of a soft actuator allows a larger
bending motion at a lower power input. Huang et al.

embedded magnetic particles into a thermal-stimuli respon-
sive material to control the morphology of the folding/unfold-
ing actuation through magnetic field-induced stiffness.238 SPA
grippers with the integration of an SMP allowed varied
stiffness by changing its modulus around its glass transition
temperature. The stiffness ratio was found to be 24.9 times
from room temperature to 60 °C, allowing the SPA to easily
bend when heated above the glass transition temperature.202

In a tri-layer shape memory polymer/hydrogel/elastomer com-
posite, the SMP was utilized to stiffen the composite, with-
standing a 50 g load.203 An SPA with strain-limiting layers
(PDMS, paper, and Nylon) was constructed to achieve pneu-
matic actuation with increased resistance to various stress
(tensile, compression, impact, etc.) and increased toughness.
The SPA composites could withstand stress in the range of
8.25 MPa to 10.2 MPa, with no loss of function, a value that
would normally render SPAs irreversibly damaged.197 Moreno-
Mateos et al. utilized a combination of soft and hard magnetic
particles (carbonyl iron powder/NdFeB/PDMS) to demonstrate
torsional actuation and changes in stiffness. It was found that
the interaction of soft and hard magnetic particles amplified
the magnetization from an applied magnetic field and could
achieve a 150% larger stiffening effect compared to the compo-
site with solely hard magnetic particles.239 Alginate was used
as a rheological modifier on various hydrogel materials
through direct ink writing. The printed pneumatic actuators
exhibited enhanced mechanical toughness with bending and
rotation movements.240 Lalegani Dezaki et al. integrated stron-
tium ferrite magnetic microparticles into SMP foam to achieve
controlled gripping ability. The SMP foam allowed greater
contact during gripping motion, allowing heavier objects to be
lifted, as well as horizontal gripping due to the stability pro-
vided by the SMP foam.241

3.5. Electrochromic soft actuators

Electrochromism is a reversible color change or transmittance
in a material due to electrically driven ion movement. These
materials have been studied extensively for their use in wear-
ables, portable electronics, smart windows to mitigate energy
loss, and next-generation displays.242 An electrochromic DEA
was fabricated by applying a gold coating onto a DEA, achiev-
ing a soft actuator that could transition from transparent to
opaque states with an applied voltage. This change was poss-
ible because the applied voltage deformed the gold coating
into wrinkles, reflecting and refracting light in such a way that
the DEA appeared transparent when the gold coating was flat
and translucent when the gold coating was wrinkled.243

Inspired by the stretchable skin of the octopus, which can
undergo color changes for disguise, an actuator was fabricated
with proprioception through illumination. The layered SPA
composite was comprised of a hydrogel as its matrix with 3
chambers and an elastomer with doped ZnS phosphor for elec-
troluminescence, emitting light under an electric field due to
electron excitation. When each chamber was actuated with
pneumatic pressure, the capacitance changed up to 1000% as
its thickness decreased, ensuing the illumination of this
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chamber. This type of optical proprioception allowed users to
visually identify the deformation state of the soft actuator.244

Li et al. fabricated a bilayer of cellulose nanocrystals (CNC)/
silver nanoparticles (AgNPs) dispersed in polyurethane (PU) to
undergo dual direction deformation, which changed color due
to the Bragg scattering of light from the twisting rod mor-
phology of CNC. The color change from brown to blue could
be observed by the naked eye as the bilayer bends one direc-
tion from NIR light and another direction from an increase in
moisture.198

3.6. Soft actuators with more than two functions

Given that soft actuators can be used for a diverse range of
applications, their requirements and optimization parameters
will also differ. In this section, we present an overview of many
multifunctional soft actuators that can perform more than two
functions.

A soft actuator composed of a solid-state poly(ionic liquid)
filler in a DEA and PDMS/ZnS/Cu allowed fast healing pro-
perties due to the ionic interactions of the poly(ionic liquid)
filler and light emission from the PDMS/ZnS/Cu material. The
fabricated DEA had a healing efficiency of 65% over five cycles
of self-healing, visual light emission with the application of a
voltage, and a bending angle of 44.7° upon the application of
12.6 V µm−1.245

Hydraulically amplified self-healing electrostatic (HASEL)
actuators are polymer shells filled with a liquid dielectric, com-
bining DEAs and fluidic actuators.246 HASEL actuators can
perform 3 different functions of actuation, sensing, and self-
healing. Similar to dielectric actuators, the application of a
voltage will result in electrostatic forces between the electrode
locations. However, given that the DEA is in liquid form,
hydraulic pressure is generated outside the electrode area,
which results in force output. Additionally, with an applied
electric field, the deformation can be measured by capacitance
sensing from dielectric materials.247 The self-healing ability
emerges from the use of a liquid dielectric, which returns to
an insulating state after dielectric breakdown. An HASEL
actuator could undergo 50 dielectric breakdowns without per-
manent damage. This self-healing ability allowed the scaling
up of HASEL actuators to achieve a larger actuation magnitude
of 7 mm with capacitance peaks matching deformation.199

Building on HASEL actuators already possessing self-sensing
and self-healing abilities, copper-doped zinc sulfide particles
were utilized for an additional electroluminescent property. As
the HASEL actuator deformed and the distance between the
electrode increased or decreased, the emission rate of the
dopant ions differed and various luminous intensities were
emitted, resulting in a visual sensing component. With a
strain of 25%, an electroluminescent intensity of 23 cd m−2

and definitive light emission were achieved.248

Controlled hydrophobicity can be used for the fabrication
of self-cleaning soft actuators. By changing their topology and
surface area, super hydrophobicity can be triggered to remove
biofouling from the surfaces of elastomers.249 The fabrication
of a soft actuator with functionality in transmittance and

hydrophobicity was reported using crumpled graphene and
DEA. Due to the deformation caused by an applied electric
field, the crumpled graphene exhibited novel properties such
as transmittance of 40–60%. Crumpled graphene was also
observed to have tunable wettability, exhibiting hydrophobicity
with a contact angle of 152°.250

4. Applications

Multifunctional soft actuators can be used for numerous appli-
cations, which is rapidly increasing. With continuing develop-
ments, they have been demonstrated in the automotive and
industrial fields as intake manifolds, MEMS, artificial
muscles, actuator textiles and many more.179 Additionally,
research has been focused on using these multi-functional
soft actuators in the medical field as rehabilitation or robotics,
haptics, and terrain exploration for rescue missions (Fig. 5).

4.1. Biomedical

Soft actuators are especially useful for biomedical applications,
where the soft bodied nature of animals/humans cannot be
achieved by their conventional stiff mechanical counterparts.
This includes human-assisted devices, artificial muscles, and
in vivo medical and assistance in surgery.255

SPAs have great potential for at-home rehabilitation appli-
cations due to the high deformation and force from their
pneumatic deformation combined with their proprioception
and/or pressure sensing ability. The repetitive hand functions
performed by soft actuator gloves will increase the strength,
accuracy, and range of motion of the hands, making them
ideal for people with injuries that prevent them from perform-
ing basic daily activities such as holding an object.155,256 Kim
et al. went a step further and integrated soft rehabilitation
gloves with a learning-based intention detection method for
the program to detect the intentions of the user through visual
information to grab certain objects.257 This type of develop-
ment advances the at-home rehabilitation of soft actuators,
allowing individuals with disabilities to achieve a level of nor-
malcy. Rehabilitation of larger limbs, such as the forearm, can
be applied using a novel embedded core casting technique to
reinforce higher input air pressures to create high output
force.163 At a full-bodied scale, a soft exoskeleton driven by
fluidic pressure was fabricated to assist leg and back rehabili-
tation for walking.258

Artificial muscles are soft actuators that can mimic natural
muscles through their properties and performance. In this
field, soft actuators are most commonly demonstrated by grip-
pers with bending-, twisting-, and elongation-type move-
ments.132 As the gripper motion evolves, the types of objects it
can grip also become more elaborate. For example, a simple
bending motion SPA soft gripper can grab large hard objects
or rectangular or circular shape.163,196,232 Alternatively, an SPA
with twisting motion with multiple sections can grasp light-
weight flowers, the narrow neck of a wrench, or complex
shapes such as a horseshoe.259 Focusing on hand dexterity,
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small objects such as a pen lid can be held using the pincer
grasp demonstrated with the thumb and the index finger. This
can be expanded to holding a pair of scissors or chopsticks,
successfully mimicking the operation of human hands.260

Mimicking the ability of human hands, light-triggered soft
actuator hands demonstrate counting finger movements171

and SPA fingers can play music on a piano.261 By attaching a
vacuum suction cup to the soft robotic grippers, objects could
be picked up and relocated without gripping traction chal-
lenges.152 Zhu et al. coupled soft and ridged actuators in paral-
lel, where the selective actuation of each actuator resulted in
multiple actuation modes, allowing the grasping performance
of unique objects such as 0.1 g potato chips or objects that
offset from the center.262 To accurately mimic the motion and
effectiveness of human finger joints, Yang et al. optimized the
finger design with a buckling joint. By creating a V-shaped
opening along the plane with a high stress concentration, the

central and side membranes are separated. When the finger is
deformed in a bending motion, the side membranes buckle
outward, while the central membrane buckles inwards in a
fast “snap-through” motion. This design demonstrated a large
bending angle of 100° at 0.24 s and could hold at least
5.8 kg.263 Although many of these soft actuator grippers have
the appearance of a human hand, object manipulation does
not necessarily need this presentation. An electroactive hydro-
gel with thin beam arrays (also denoted as “hairs”) could
manipulate an object between these arrays, transporting a
hoop back and forth.183

In vivo medical applications, such as robotic drug delivery,
body exploration, organ assistance, and smart lenses, have
been designed to enhance the quality of human life. Hydrogel
“bio-bots” were 3D printed with a skeletal muscle strip and
electrically activated to move at 156 µm s−1, corresponding to
covering a full human body length per minute. The “bio-bots”

Fig. 5 (A) Biomedical applications. (i) Two-part soft pneumatic actuator with fiber-reinforced and elastic materials to manufacture a high force soft
wearable actuator. Owing to the high load this device can withstand, it can be used to assist in the bending of a large limb such as the forearm.163

Reproduced from ref. 163 with permission from Elsevier, Copyright 2025. (ii) Demonstration of ferromagnetic soft robot used for surgical application
in a cerebrovascular network. The two panels show the use of a magnetic field (B) to direct the soft robot downwards in 2 seconds through the
phantom vessel.76 Reproduced from ref. 76 with permission from The American Association for the Advancement of Science, Copyright 2025. (iii)
Schematic of soft sleeve for assistance in human heart function. The design is inspired from horizontal and angled vertical muscle fiber orientations,
resulting in a sleeve with compress/decompress (positioned horizontally) and twist/untwist (positioned angled vertically) deformation capabilities,
as shown by the grey arrows.251 Reproduced and adapted from ref. 251 with permission from The American Association for the Advancement of
Science, Copyright 2025. (B) Haptics applications. (i) Illustration of a 2 × 2 tactile display system for pattern recognition task. The stimulation to the
fingers and palm is applied through force and temperature, enhancing the identification by the user.252 Reproduced from ref. 252 with permission
from Elsevier, Copyright 2025. (ii) Wearable tactile device for fingertips with 3-axis stimulation capability. The skin stretch device (SSD) is woven into
the fabric and will interact with the fingertip by stretching the skin in 3 directions using shear force.253 (C) Applications for rescue and mobility. (i)
Soft starfish-like actuator demonstrating high robustness to its environment, such as a rocky terrain. The soft actuator navigates through this terrain
with multiple gait patterns of various relaxed and contracting legs to safely roll down a large rock.254 Reproduced and adapted from ref. 254 with
permission from Springer Nature, Copyright 2025. (ii) Design of a dielectric soft robot inspired from the characteristics of a snailfish (right). The
elastic frame and film produce a flapping motion with the application of a voltage from an attached battery. The device could swim underwater in
various bodies of water such as the Mariana Trench and the South China Sea.58 Reproduced from ref. 58 with permission from Springer Nature,
Copyright 2025.
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were designed to move about inside a human body for poten-
tial drug delivery, tissue engineering, and biomimetic machine
design.264 Biohybrid films using engineered tissues and poly-
mers could also be utilized for human body exploration, exhi-
biting the high specific force of 4 mN mm−2.265 Soft actuators
have also been studied to act as artificial organs, presented as
an implantable soft sleeve around the heart to assist in heart
function.251 Lastly, DEAs can be utilized for optical lens appli-
cations. Upon electrical activation, the DEA would deform and
alter the focal length required by optical lenses. Although this
method has great potential for future optical lens applications
with advantages such as small size, lightness, and silent oper-
ation, the voltage applied is still too high for use.266 Jung et al.
used a soft fluidic actuator to achieve reversible deformation
into a hemispherical shape, which allowed the camera lens to
focus immediately with an adjustable zoom capability of
3.5 magnification.267

Soft actuators also have great potential to be utilized as
surgery robots, where minimally invasive surgery requires tools
to navigate between organs and tissue without harming their
path.268 Using a three-chamber fluidic elastomer actuator, the
mobility of the surgical tool was controlled by a single fluid
supply with multiple wirelessly controlled valves.269 Lu et al.
reported that an electroactive soft actuator could be turned into
an active catheter with multiple degrees of freedom bending
ability at a low voltage of 1 V. This soft actuator could bend at
the micrometer and millimeter scales, making it an ideal surgi-
cal tool for manipulation in the human body.270

4.2. Haptics

As the world advances and evolves to bring technology into our
everyday lives, the field of haptics is critical. The sense of
touch that haptics brings to the user can be used in a variety
of fields, such as virtual reality (VR), where the tactile feedback
from multifunctional soft actuators can enhance the realism
of VR.271,272 Electromagnetic–pneumatic actuation was utilized
as 2 × 2 tactile cells to relay information to the fingertips of the
user.252 These devices could apply both mechanical and
thermal stimuli to the skin, improving the imitation and
identification of everyday objects in the virtual world. Out-of-
plane and in-plane mechanical stimulation on the human
skin utilized the shear movement of soft actuators, where test
subjects could distinguish different directional stimuli with
80% accuracy with a 5 × 5 array.273 Employing a wearable
tactile glove, 3-dimensional tactile sensation was applied as a
skin stretching feeling.253 By integrating an electrostatic actua-
tor with a DEA, the haptics device could enhance its displace-
ment and blocking force by 19% and 26%, respectively, com-
pared to the DEA alone.274 Haptics can also be applied to
assist those with disabilities, such as a refreshable braille
board for people with impaired or low vision, creating varying
braille patterns raised from an initially flat board.275

4.3. Rescue and mobility

Inspired by earthworms, soft actuators can also be used in
applications analogous to natural disaster response and rescue

efforts. Multifunctional soft actuator hybrid worms could
enhance rescue efforts after earthquakes, as researched by
locomotion motion.276 A starfish-shaped soft actuator with a
shape memory effect was assessed on various terrains (sand,
rough ground, and rocks) and its crawling motion was
observed with speed ranging from 20.7 mm min−1 in rough
terrain to 130 mm min−1 in dry terrain. It demonstrated the
ability to climb over rocks twice its height (12.2 mm) and dis-
played rolling motion to clear rocky terrains.254 GoQBot is a
robot design to mimic the rolling of caterpillars, exhibiting 1
G of acceleration at 200 rpm of angular velocity.277 This speed
can aid in reaching victims after natural disasters for prelimi-
nary triage. Multifunctional soft actuator hybrids for under-
water exploration have also been designed, where they were
tested in the Mariana Trench to a depth of 10.9 km as unteth-
ered systems.58 Underwater environments were also explored.
Soft robotic fish for untethered underwater motion was
achieved by controlling localized buoyancy for forward ascen-
sion and descension. This was achieved through thermoelec-
tric pneumatic actuators, where the heating and cooling
induced a rapid fluid phase change to expand and collapse the
pneumatic actuators.278

5. Challenges and future prospects

The field of multifunctional soft actuator hybrids and their
immense potential were discussed in-depth herein. According
to the considerable research in the medical field (human-
assisted devices and artificial muscle), VR, and their capabili-
ties for terrain exploration, soft actuator hybrids are proving to
be attractive technology. As this field develops, many more
potential applications are sure to emerge. Multifunctional soft
actuator hybrids are often specifically fabricated to overcome
the common disadvantages of soft actuators, such as low life-
time, long response speed, and requirement of a power
source.179 However, these hybrids still have many major chal-
lenges as researchers evaluate their processing and perform-
ance before they can meet operation standards.

One major challenge associated with multifunctional soft
actuator hybrids is their scalability issue. The processing of
these soft polymeric materials is currently taking place on a
research scale. Although some large soft actuators have been
produced on the scale of meters, only one device is usually
fabricated.279,280 Scalability especially becomes an issue when
specialized polymers and/or nanofillers are utilized to obtain
multi-faceted properties, resulting in costly scale-up ventures.
Additive manufacturing, or 3D printing, of soft actuators has
been utilized for ease of processing and increased reproduci-
bility. However, custom materials are often not recommended
by commercial 3D printer manufacturers and provide standard
single polymeric materials. These printers are also limited by
their print bed size and their slow printing speed hinders
large-scale manufacturing.281,282 If this challenge can be
solved, 3D printing can be utilized for the mass production of
devices at a lower cost, allowing greater accessibility.
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The resulting small size of soft actuators leads to another
challenge, low blocking force. The combination of the small
size of soft actuators and its innate soft nature leads to low
force when actuated. Although this may be beneficial for some
applications, such as the delicate touches of haptics, it can be
detrimental to the majority of applications that involve the
manipulation of heavy objects.283,284 These applications
include those already employing mechanical actuators, such
as automotive applications, and new potential applications
such as implantable soft sleeves to apply enough force to
enable heart function.251 Thus, to overcome this issue with
limited blocking force, some researchers employ large sup-
ports and power supplies (i.e., pneumatic pumps), which
exceedingly increase the size of the system, leading to complex
application practicality.7,258

Lastly, multifunctional soft actuators have a material and
system integration issue, which arises due to the novelty of
this field. Numerous traditional stimuli-responsive soft actua-
tors have been researched for decades but the combination of
multiple properties and functionalities is not as simple as
their straightforward addition. When various materials are
combined, their unique interactions will result in new pro-
perties and may even hinder functionalities that were orig-
inally part of the individual materials. Identifying materials
that are complementary and enhancing the desired functional-
ities without inhibiting others require fundamental knowledge
into each material and system separately. By recognizing how
functionalities are produced and the lone architecture of the
material, new integration can begin and successfully achieved.
In terms of system integration, many research works have
demonstrated the performance of their multifunctional soft
actuator hybrids, but in an open-loop control with no active
feedback.220,253 As many systems require constant feedback
during operation to correct or validate their performance, such
as the field of haptics, closed-loop designs are necessary for
integration.

6. Conclusion

The field of soft actuators is intriguing, which sets itself apart
from other fields due to its “soft” aspect. Traditional stimuli-
responsive soft actuators have been well-studied, but their
bound stimulus and exclusive actuation function limits their
practicality, hindering their ability to reach their full potential.
Multifunctional polymeric soft actuator hybrids exhibit multi-
stimuli-responsiveness with various functions, offering
complex manipulation with unbounded movements and
potential as stand-alone fully operational systems. This review
focused on the essential and novel field of soft actuators given
that its ongoing development is promising for success in real-
world applications. Firstly, the development of traditional
stimuli-based soft actuators was illustrated, leading to the
diverse creation of multifunctional soft actuators. These
include material integration design for high actuation
freedom, self-sensing, self-healing, varying structural func-

tions, and many others. Although many challenges still
remain, the future of multifunctional soft actuator hybrids is
full of potential, ranging from their recent application in the
biomedical field and haptics to rescue devices. With tailored
optimization and development considering a specific appli-
cation, multifunctional soft actuator hybrids will be better
equipped as solutions to issues encountered globally.

Data availability

No primary research results, software or code have been
included, and no new data were generated or analyzed as part
of this review.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

The authors acknowledge the funding support from different
agencies for this research, including Natural Sciences and
Engineering Research Council (NSERC) of Canada, and the
National Research Council Canada (NRC).

References

1 F. Stella and J. Hughes, The science of soft robot design: A
review of motivations, methods and enabling techno-
logies, Front. Rob. AI, 2023, 9, 1059026.

2 G. M. Whitesides, Soft Robotics, Angew. Chem., Int. Ed.,
2018, 57(16), 4258–4273.

3 C. Laschi, B. Mazzolai and M. Cianchetti, Soft robotics:
Technologies and systems pushing the boundaries of
robot abilities, Sci. Rob., 2016, 1(1), eaah3690.

4 S. Kim, C. Laschi and B. Trimmer, Soft robotics: a bioin-
spired evolution in robotics, Trends Biotechnol., 2013,
31(5), 287–294.

5 D. Trivedi, C. D. Rahn, W. M. Kier and I. D. Walker, Soft
robotics: Biological inspiration, state of the art, and future
research, Appl. Bionics Biomech., 2008, 5(3), 99–117.

6 C. Gotti, A. Sensini, A. Zucchelli, R. Carloni and
M. L. Focarete, Hierarchical fibrous structures for muscle–
inspired soft–actuators: A review, Appl. Mater. Today, 2020,
20, 100772.

7 A. Miriyev, K. Stack and H. Lipson, Soft material for soft
actuators, Nat. Commun., 2017, 8(1), 596.

8 L. Zheng, S. Handschuh-Wang, Z. Ye and B. Wang, Liquid
metal droplets enabled soft robots, Appl. Mater. Today,
2022, 27, 101423.

9 M. Bächer, E. Knoop and C. Schumacher, Design and
Control of Soft Robots Using Differentiable Simulation,
Curr. Rob. Rep., 2021, 2(2), 211–221.

RSC Applied Polymers Review

© 2025 The Author(s). Published by the Royal Society of Chemistry RSCAppl. Polym., 2025, 3, 767–792 | 783

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
 2

56
8.

 D
ow

nl
oa

de
d 

on
 1

6/
3/

25
69

 2
:4

0:
33

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5lp00022j


10 S. Kriegman, A. M. Nasab, D. Shah, H. Steele, G. Branin,
M. Levin, et al., Scalable sim-to-real transfer of soft robot
designs, in 2020 3rd IEEE International Conference on Soft
Robotics (RoboSoft), IEEE, 2020, pp. 359–366.

11 A. Albu-Schäffer, C. Ott and G. Hirzinger, A Unified
Passivity-based Control Framework for Position, Torque
and Impedance Control of Flexible Joint Robots,
Int. J. Rob. Res., 2007, 26(1), 23–39.

12 G. Mengaldo, F. Renda, S. L. Brunton, M. Bächer,
M. Calisti, C. Duriez, et al., A concise guide to modelling
the physics of embodied intelligence in soft robotics, Nat.
Rev. Phys., 2022, 4(9), 595–610.

13 M. Sitti, Physical intelligence as a new paradigm, Extreme
Mech. Lett., 2021, 46, 101340.

14 D. J. Preston, P. Rothemund, H. J. Jiang, M. P. Nemitz,
J. Rawson, Z. Suo, et al., Digital logic for soft devices, Proc.
Natl. Acad. Sci. U. S. A., 2019, 116(16), 7750–7759.

15 P. Rothemund, A. Ainla, L. Belding, D. J. Preston,
S. Kurihara, Z. Suo, et al., A soft, bistable valve for auto-
nomous control of soft actuators, Sci. Rob., 2018, 3(16),
eaar7986.

16 M. Guix, R. Mestre, T. Patiño, M. De Corato, J. Fuentes,
G. Zarpellon, et al., Biohybrid soft robots with self-stimu-
lating skeletons, Sci. Rob., 2021, 6(53), eabe7577.

17 R. Pfeifer, M. Lungarella and F. Iida, Self-Organization,
Embodiment, and Biologically Inspired Robotics, Science,
2007, 318(5853), 1088–1093.

18 M. Li, A. Pal, A. Aghakhani, A. Pena-Francesch and
M. Sitti, Soft actuators for real-world applications, Nat.
Rev. Mater., 2021, 7(3), 235–249.

19 K. Asaka and K. Nakamura, Current Status of Applications
and Markets of Soft Actuators, in Soft Actuators, Springer
Singapore, Singapore, 2019, pp. 19–35.

20 T. Mirfakhrai, J. D. W. Madden and R. H. Baughman,
Polymer artificial muscles, Mater. Today, 2007, 10(4), 30–38.

21 Y. Hao, S. Zhang, B. Fang, F. Sun, H. Liu and H. Li, A
Review of Smart Materials for the Boost of Soft Actuators,
Soft Sensors, and Robotics Applications, Chin. J. Mech.
Eng., 2022, 35(1), 37.

22 L. Du, Z. Y. Xu, C. L. Huang, F. Y. Zhao, C. J. Fan, J. Dai,
et al., From a body temperature-triggered reversible shape-
memory material to high-sensitive bionic soft actuators,
Appl. Mater. Today, 2020, 18, 100463.

23 Z. Hu, Y. Li, T. Zhao and J. Lv, Self-winding liquid crystal
elastomer fiber actuators with high degree of freedom and
tunable actuation, Appl. Mater. Today, 2022, 27, 101449.

24 H. Okuzaki, Progress and Current Status of Materials and
Properties of Soft Actuators, in Soft Actuators, Springer
Singapore, Singapore, 2019, pp. 3–18.

25 A. Bendre, M. P. Bhat, K. H. Lee, T. Altalhi, M. A. Alruqi
and M. Kurkuri, Recent developments in microfluidic
technology for synthesis and toxicity-efficiency studies of
biomedical nanomaterials, Mater. Today Adv., 2022, 13,
100205.

26 S. S. Banerjee, I. Arief, R. Berthold, M. Wiese,
M. Bartholdt, D. Ganguli, et al., Super-elastic ultrasoft

natural rubber-based piezoresistive sensors for active
sensing interface embedded on soft robotic actuator,
Appl. Mater. Today, 2021, 25, 101219.

27 G. Alici, Softer is harder: What differentiates soft robotics
from hard robotics?, in MRS Advances, Materials Research
Society, 2018, pp. 1557–1568.

28 M. Wei, Y. Gao, X. Li and M. J. Serpe, Stimuli-responsive
polymers and their applications, Polym. Chem., 2017, 8(1),
127–143.

29 B. Tondu, Modelling of the McKibben artificial muscle: A
review, J. Intell. Mater. Syst. Struct., 2012, 23(3), 225–253.

30 A. F. Davis and G. E. Nevill, Corrugated PVDF bimorphs as
tactile sensors and micro-actuators – A research note,
Robotica, 1983, 1(4), 239–240.

31 Y. Osada, H. Okuzaki and H. Hori, A polymer gel with
electrically driven motility, Nature, 1992, 355(6357), 242–
244.

32 A. Abo-Ismail, On the development of a new pneumatic
versatile gripper, Proc. JFPS Int Symp. Fluid Power, 1993,
1993(2), 701–706.

33 J. Paek, I. Cho and J. Kim, Microrobotic tentacles with
spiral bending capability based on shape-engineered elas-
tomeric microtubes, Sci. Rep., 2015, 5(1), 10768.

34 Y. Jung, K. Kwon, J. Lee and S. H. Ko, Untethered soft
actuators for soft standalone robotics, Nat. Commun.,
2024, 15(1), 3510.

35 T. Dayyoub, A. V. Maksimkin, O. V. Filippova,
V. V. Tcherdyntsev and D. V. Telyshev, Shape Memory
Polymers as Smart Materials: A Review, Polymers, 2022,
14(17), 3511.

36 H. Li, G. Go, S. Y. Ko, J. O. Park and S. Park, Magnetic
actuated pH-responsive hydrogel-based soft micro-robot
for targeted drug delivery, Smart Mater. Struct., 2016,
25(2), 027001.

37 A. Sydney Gladman, E. A. Matsumoto, R. G. Nuzzo,
L. Mahadevan and J. A. Lewis, Biomimetic 4D printing,
Nat. Mater., 2016, 15(4), 413–418.

38 B. Shin, J. Ha, M. Lee, K. Park, G. H. Park, T. H. Choi,
et al., Hygrobot: A self-locomotive ratcheted actuator
powered by environmental humidity, Sci. Rob., 2018,
3(14), eaar2629.

39 J. G. Kim, J. E. Park, S. Won, J. Jeon and J. J. Wie,
Contactless Manipulation of Soft Robots, Materials, 2019,
12(19), 3065.

40 J. Simińska-Stanny, M. Nizioł, P. Szymczyk-Ziółkowska,
M. Brożyna, A. Junka, A. Shavandi, et al., 4D printing of
patterned multimaterial magnetic hydrogel actuators,
Addit. Manuf., 2022, 49, 102506.

41 A. A. Paknahad and M. Tahmasebipour, An electromag-
netic micro-actuator with PDMS-Fe3O4 nanocomposite
magnetic membrane, Microelectron. Eng., 2019, 216,
111031.

42 L. N. Awad, J. Bae, K. O’Donnell, S. M. M. De Rossi,
K. Hendron, L. H. Sloot, et al., A soft robotic exosuit
improves walking in patients after stroke, Sci. Transl.
Med., 2017, 9(400), eaai9084.

Review RSC Applied Polymers

784 | RSCAppl. Polym., 2025, 3, 767–792 © 2025 The Author(s). Published by the Royal Society of Chemistry

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
 2

56
8.

 D
ow

nl
oa

de
d 

on
 1

6/
3/

25
69

 2
:4

0:
33

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5lp00022j


43 M. Wehner, R. L. Truby, D. J. Fitzgerald,
B. Mosadegh, G. M. Whitesides, J. A. Lewis, et al., An
integrated design and fabrication strategy for entirely
soft, autonomous robots, Nature, 2016, 536(7617), 451–
455.

44 K. Junge, C. Pires and J. Hughes, Lab2Field transfer of a
robotic raspberry harvester enabled by a soft sensorized
physical twin, Commun. Eng., 2023, 2(1), 40.

45 Y. Cao, B. Xu, B. Li and H. Fu, Advanced Design of Soft
Robots with Artificial Intelligence, Nano-Micro Lett., 2024,
16(1), 214.

46 F. Liu and M. W. Urban, Recent advances and challenges
in designing stimuli-responsive polymers, Prog. Polym.
Sci., 2010, 35(1–2), 3–23.

47 N. Lu and D. H. Kim, Flexible and Stretchable Electronics
Paving the Way for Soft Robotics, Soft Rob., 2014, 1(1), 53–
62.

48 Y. Chandorkar, C. Bastard, J. Di Russo, T. Haraszti and
L. De Laporte, Cells feel the beat – temporal effect of
cyclic mechanical actuation on muscle cells, Appl. Mater.
Today, 2022, 27, 101492.

49 N. Bira, P. Dhagat and J. R. Davidson, A Review of
Magnetic Elastomers and Their Role in Soft Robotics,
Front. Rob. AI, 2020, 7, 588391.

50 D. D. L. Chung, A review of multifunctional polymer-
matrix structural composites, Composites, Part B, 2019,
160, 644–660.

51 Y. Liu, K. He, G. Chen, W. R. Leow and X. Chen, Nature-
Inspired Structural Materials for Flexible Electronic
Devices, Chem. Rev., 2017, 117(20), 12893–12941.

52 S. Mura, J. Nicolas and P. Couvreur, Stimuli-responsive
nanocarriers for drug delivery, Nat. Mater., 2013, 12(11),
991–1003.

53 H. Yu and T. Ikeda, Photocontrollable Liquid–Crystalline
Actuators, Adv. Mater., 2011, 23(19), 2149–2180.

54 Y. Ma, L. Shen, P. She, Y. Hou, Y. Yu, J. Zhao, et al.,
Constructing Multi–Stimuli–Responsive Luminescent
Materials through Outer Sphere Electron Transfer in Ion
Pairs, Adv. Opt. Mater., 2019, 7(8), 1801657.

55 X. Bi, Y. Shi, T. Peng, S. Yue, F. Wang, L. Zheng, et al.,
Multi–Stimuli Responsive and Multicolor Adjustable
Pure Organic Room Temperature Fluorescence–
Phosphorescent Dual–Emission Materials, Adv. Funct.
Mater., 2021, 31(24), 2101312.

56 Z. Q. Cao and G. J. Wang, Multi-Stimuli-Responsive
Polymer Materials: Particles, Films, and Bulk Gels, Chem.
Rec., 2016, 16(3), 1398–1435.

57 F. Tauber, M. Desmulliez, O. Piccin and A. A. Stokes,
Perspective for soft robotics: the field’s past and future,
Bioinspiration Biomimetics, 2023, 18(3), 035001.

58 G. Li, X. Chen, F. Zhou, Y. Liang, Y. Xiao, X. Cao, et al.,
Self-powered soft robot in the Mariana Trench, Nature,
2021, 591(7848), 66–71.

59 K. Takashima, J. Rossiter and T. Mukai, McKibben artifi-
cial muscle using shape-memory polymer, Sens. Actuators,
A, 2010, 164(1–2), 116–124.

60 R. H. Baughman, C. Cui, A. A. Zakhidov, Z. Iqbal,
J. N. Barisci, G. M. Spinks, et al., Carbon Nanotube
Actuators, Science, 1999, 284(5418), 1340–1344.

61 Y. C. Sun, B. D. Leaker, J. E. Lee, R. Nam and
H. E. Naguib, Shape programming of polymeric based
electrothermal actuator (ETA) via artificially induced
stress relaxation, Sci. Rep., 2019, 9(1), 11445.

62 K. Junge, C. Pires and J. Hughes, Lab2Field transfer of a
robotic raspberry harvester enabled by a soft sensorized
physical twin, Commun. Eng., 2023, 2(1), 40.

63 D. M. Correia, L. C. Fernandes, N. Pereira, J. C. Barbosa,
J. P. Serra, R. S. Pinto, et al., All printed soft actuators
based on ionic liquid/polymer hybrid materials, Appl.
Mater. Today, 2021, 22, 100928.

64 A. D. B. L. Ferreira, P. R. O. Nóvoa and A. T. Marques,
Multifunctional Material Systems: A state-of-the-art
review, Compos. Struct., 2016, 151, 3–35.

65 A. Pena-Francesch, H. Jung, M. C. Demirel and M. Sitti,
Biosynthetic self-healing materials for soft machines, Nat.
Mater., 2020, 19(11), 1230–1235.

66 M. Sun, P. Wang, G. Zheng, K. Dai, C. Liu and C. Shen,
Multi-stimuli-responsive actuator based on bilayered ther-
moplastic film, Soft Matter, 2022, 18(27), 5052–5059.

67 Y. Chen, P. Xu, Z. Shu, M. Wu, L. Wang, S. Zhang, et al.,
Multifunctional Graphene Oxide–based Triple Stimuli–
Responsive Nanotheranostics, Adv. Funct. Mater., 2014,
24(28), 4386–4396.

68 Y. Dong, J. Wang, X. Guo, S. Yang, M. O. Ozen, P. Chen,
et al., Multi-stimuli-responsive programmable biomimetic
actuator, Nat. Commun., 2019, 10(1), 4087.

69 Y. J. Hwang, S. B. Pyun, M. J. Choi, J. H. Kim and
E. C. Cho, Multi–stimuli–responsive and Multi–
functional Smart Windows, ChemNanoMat, 2022, 8(5),
e202200005.

70 Z. Z. Nie, M. Wang and H. Yang, Self-sustainable auto-
nomous soft actuators, Commun. Chem., 2024, 7(1), 58.

71 J. Ryu, W. Song, S. Lee, S. Choi and S. Park, A Game
Changer: Functional Nano/Micromaterials for Smart
Rechargeable Batteries, Adv. Funct. Mater., 2020, 30(2),
1902499.

72 X. Yan, F. Wang, B. Zheng and F. Huang, Stimuli-respon-
sive supramolecular polymeric materials, Chem. Soc. Rev.,
2012, 41(18), 6042.

73 Y. Wu, J. K. Yim, J. Liang, Z. Shao, M. Qi, J. Zhong, et al.,
Insect-scale fast moving and ultrarobust soft robot, Sci.
Rob., 2019, 4(32), eaax1594.

74 C. Keplinger, T. Li, R. Baumgartner, Z. Suo and S. Bauer,
Harnessing snap-through instability in soft dielectrics to
achieve giant voltage-triggered deformation, Soft Matter,
2012, 8(2), 285–288.

75 J. E. Lee, Y. Sun, Y. C. Sun, I. R. Manchester and
H. E. Naguib, Design of multi-stimuli responsive hybrid
pneumatic – magnetic soft actuator with novel channel
integration, Appl. Mater. Today, 2022, 29, 101681.

76 Y. Kim, G. A. Parada, S. Liu and X. Zhao, Ferromagnetic
soft continuum robots, Sci. Rob., 2019, 4(33), eaax7329.

RSC Applied Polymers Review

© 2025 The Author(s). Published by the Royal Society of Chemistry RSCAppl. Polym., 2025, 3, 767–792 | 785

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
 2

56
8.

 D
ow

nl
oa

de
d 

on
 1

6/
3/

25
69

 2
:4

0:
33

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5lp00022j


77 Q. Li, C. Liu and S. Fan, Programmable and functional
electrothermal bimorph actuators based on large-area an-
isotropic carbon nanotube paper, Nanotechnology, 2018,
29(17), 175503.

78 C. Zhang, Y. Qi and Z. Zhang, Swelling Behaviour of
Polystyrene Microsphere Enhanced PEG-Based Hydrogels
in Seawater and Evolution Mechanism of Their Three-
Dimensional Network Microstructure, Materials, 2022,
15(14), 4959.

79 S. Park, S. Kim, S. Park, J. Lee, H. Kim and M. Kim,
Recent Progress in Development and Applications of Ionic
Polymer–Metal Composite, Micromachines, 2022, 13(8),
1290.

80 P. Ueberschlag, PVDF piezoelectric polymer, Sens. Rev.,
2001, 21(2), 118–126.

81 P. Martins, A. C. Lopes and S. Lanceros-Mendez,
Electroactive phases of poly(vinylidene fluoride):
Determination, processing and applications, Prog. Polym.
Sci., 2014, 39(4), 683–706.

82 H. M. G. Correia and M. M. D. Ramos, Quantum model-
ling of poly(vinylidene fluoride), Comput. Mater. Sci., 2005,
33(1–3), 224–229.

83 H. Kawai, The Piezoelectricity of Poly (vinylidene
Fluoride), Jpn. J. Appl. Phys., 1969, 8(7), 975.

84 C. Park, J. H. Kang, J. S. Harrison, R. C. Costen and
S. E. Lowther, Actuating Single Wall Carbon Nanotube–
Polymer Composites: Intrinsic Unimorphs, Adv. Mater.,
2008, 20(11), 2074–2079.

85 E. D. Burnham-Fay, T. Le, J. A. Tarbutton and J. D. Ellis,
Strain characteristics of additive manufactured polyvinyli-
dene fluoride (PVDF) actuators, Sens. Actuators, A, 2017,
266, 85–92.

86 S. Kim, Y. Song and M. J. Heller, Influence of MWCNTs
on β-Phase PVDF and Triboelectric Properties,
J. Nanomater., 2017, 2017, 1–7.

87 M. S. Sebastian, A. Larrea, R. Gonçalves, T. Alejo,
J. L. Vilas, V. Sebastian, et al., Understanding
nucleation of the electroactive β-phase of poly(vinylidene
fluoride) by nanostructures, RSC Adv., 2016, 6(114),
113007–113015.

88 P. Thakur, A. Kool, B. Bagchi, N. A. Hoque, S. Das and
P. Nandy, In situ synthesis of Ni(OH)2 nanobelt modified
electroactive poly(vinylidene fluoride) thin films: remark-
able improvement in dielectric properties, Phys. Chem.
Chem. Phys., 2015, 17(19), 13082–13091.

89 G. Zhong, L. Zhang, R. Su, K. Wang, H. Fong and L. Zhu,
Understanding polymorphism formation in electrospun
fibers of immiscible Poly(vinylidene fluoride) blends,
Polymer, 2011, 52(10), 2228–2237.

90 R. D’Anniballe, A. Zucchelli and R. Carloni, Towards Poly
(vinylidene fluoride-trifluoroethylene-chlorotrifluoroethyl-
ene)-Based Soft Actuators: Films and Electrospun Aligned
Nanofiber Mats, Nanomaterials, 2021, 11(1), 172.

91 S. Zhang, N. Zhang, C. Huang, K. Ren and Q. M. Zhang,
Microstructure and Electromechanical Properties of
Carbon Nanotube/Poly(vinylidene fluoride—trifluoroethyl-

ene—chlorofluoroethylene) Composites, Adv. Mater.,
2005, 17(15), 1897–1901.

92 J. E. Lee, R. Nam, M. B. Jakubinek, B. Ashrafi and
H. E. Naguib, Development of PVDF nanocomposite with
single-walled carbon nanotubes (SWCNT) and boron
nitride nanotubes (BNNT) for soft morphing actuator,
Smart Mater. Struct., 2021, 30(5), 055014.

93 Y. Ahn, J. Y. Lim, S. M. Hong, J. Lee, J. Ha, H. J. Choi,
et al., Enhanced Piezoelectric Properties of Electrospun
Poly(vinylidene fluoride)/Multiwalled Carbon Nanotube
Composites Due to High β-Phase Formation in Poly(vinyli-
dene fluoride), J. Phys. Chem. C, 2013, 117(22), 11791–
11799.

94 S. Sharafkhani and M. Kokabi, Coaxially oriented PVDF/
MWCNT nanofibers as a high–performance piezoelectric
actuator, Polym. Compos., 2023, 44(12), 8780–8791.

95 Y. Lee, V. K. Bandari, V. P. Paliakkara, S. Monteiro
Augusto, R. Ehrler, O. Hellwig, et al., Monolithic
Integration of Printable PVDF–TrFE Piezoelectric
Multifunctional Devices: From Sensing to Actuation, Adv.
Funct. Mater., 2025, 35(3), 2413500.

96 E. Chen, Y. Yang, M. Li, B. Li, G. Liu, W. Mu, et al., Bio–
Mimic, Fast–Moving, and Flippable Soft Piezoelectric
Robots, Adv. Sci., 2023, 10(20), 2300673.

97 F. Carpi, S. Bauer and D. de Rossi, Stretching dielectric
elastomer performance, Science, 2010, 330(6012), 1759–
1761.

98 Z. Suo, Theory of dielectric elastomers, Acta Mech. Solida
Sin., 2010, 23(6), 549–578.

99 A. Chortos, E. Hajiesmaili, J. Morales, D. R. Clarke and
J. A. Lewis, 3D Printing of Interdigitated Dielectric
Elastomer Actuators, Adv. Funct. Mater., 2020, 30(1),
1907375.

100 Y. Guo, Q. Qin, Z. Han, R. Plamthottam, M. Possinger and
Q. Pei, Dielectric elastomer artificial muscle materials
advancement and soft robotic applications, SmartMat,
2023, 4(4), e1203.

101 D. Li, J. Li, P. Wu, G. Zhao, Q. Qu and X. Yu, Recent
Advances in Electrically Driven Soft Actuators across
Dimensional Scales from 2D to 3D, Adv. Intell. Syst., 2024,
6(2), 2300070.

102 Y. Guo, L. Liu, Y. Liu and J. Leng, Review of Dielectric
Elastomer Actuators and Their Applications in Soft
Robots, Adv. Intell. Syst., 2021, 3(10), 2000282.

103 Q. Zhang, W. Yu, J. Zhao, C. Meng and S. Guo, A Review
of the Applications and Challenges of Dielectric
Elastomer Actuators in Soft Robotics, Machines, 2025,
13(2), 101.

104 U. Kim, J. Kang, C. Lee, H. Y. Kwon, S. Hwang, H. Moon,
et al., A transparent and stretchable graphene-based
actuator for tactile display, Nanotechnology, 2013, 24(14),
145501.

105 E. Hajiesmaili and D. R. Clarke, Reconfigurable
shape-morphing dielectric elastomers using
spatially varying electric fields, Nat. Commun., 2019, 10(1),
183.

Review RSC Applied Polymers

786 | RSCAppl. Polym., 2025, 3, 767–792 © 2025 The Author(s). Published by the Royal Society of Chemistry

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
 2

56
8.

 D
ow

nl
oa

de
d 

on
 1

6/
3/

25
69

 2
:4

0:
33

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5lp00022j


106 S. Holzer, S. Konstantinidi, M. Koenigsdorff, T. Martinez,
Y. Civet, G. Gerlach, et al., Fiber-Reinforced Equibiaxial
Dielectric Elastomer Actuator for Out-of-Plane
Displacement, Materials, 2024, 17(15), 3672.

107 Y. Wang, U. Gupta, N. Parulekar and J. Zhu, A soft gripper
of fast speed and low energy consumption, Sci. China:
Technol. Sci., 2019, 62(1), 31–38.

108 M. Duduta, E. Hajiesmaili, H. Zhao, R. J. Wood and
D. R. Clarke, Realizing the potential of dielectric elasto-
mer artificial muscles, Proc. Natl. Acad. Sci. U. S. A., 2019,
116(7), 2476–2481.

109 G. Gallucci, Y. Wu, M. Tichem and A. Hunt, Fully inkjet-
printed dielectric elastomer actuators, in Electroactive
Polymer Actuators and Devices (EAPAD) XXVI, ed.
J. D. Madden, A. L. Skov and S. S. Seelecke, SPIE, 2024, p.
27.

110 B. Chen, W. Sun, J. Lu, J. Yang, Y. Chen, J. Zhou, et al.,
All-Solid Ionic Eye, J. Appl. Mech., 2021, 88(3), 031016.

111 D. Chen and Q. Pei, Electronic Muscles and Skins: A
Review of Soft Sensors and Actuators, Chem. Rev., 2017,
117(17), 11239–11268.

112 Q. A. Huang and N. K. S. Lee, Analysis and design of poly-
silicon thermal flexure actuator, J. Micromech. Microeng.,
1999, 9(1), 64–70.

113 E. Sachyani Keneth, G. Scalet, M. Layani, G. Tibi,
A. Degani, F. Auricchio, et al., Pre-Programmed Tri-Layer
Electro-Thermal Actuators Composed of Shape Memory
Polymer and Carbon Nanotubes, Soft Rob., 2020, 7(2),
123–129.

114 R. Nam, J. E. Lee, M. Jakubinek, B. Ashrafi and
H. E. Naguib, Soft electrothermal actuator array for
surface morphing application, MRS Bull., 2023, 48(8),
819–827.

115 L. Z. Chen, C. H. Liu, C. H. Hu and S. S. Fan,
Electrothermal actuation based on carbon nanotube
network in silicone elastomer, Appl. Phys. Lett., 2008,
92(26), 263104.

116 L. Chen, C. Liu, K. Liu, C. Meng, C. Hu, J. Wang, et al.,
High-Performance, Low-Voltage, and Easy-Operable
Bending Actuator Based on Aligned Carbon Nanotube/
Polymer Composites, ACS Nano, 2011, 5(3), 1588–1593.

117 S. Yao, J. Cui, Z. Cui and Y. Zhu, Soft electrothermal actua-
tors using silver nanowire heaters, Nanoscale, 2017, 9(11),
3797–3805.

118 Y. Tian, Y. Li, Q. Wang, H. Tian, X. Geng, Y. Zhi, et al., A
Soft Electrothermal Actuator with Large Deformation and
High Periodic Deformation Speed, in 2020 21st
International Conference on Electronic Packaging Technology
(ICEPT), IEEE, 2020, pp. 1–4.

119 B. Zhou, M. A. Aouraghe, W. Chen, Q. Jiang and F. Xu,
Highly Responsive Soft Electrothermal Actuator with
High-Output Force Based on Polydimethylsiloxane
(PDMS)-Coated Carbon Nanotube (CNT) Sponge, Nano
Lett., 2023, 23(14), 6504–6511.

120 Z. Zeng, H. Jin, L. Zhang, H. Zhang, Z. Chen, F. Gao,
et al., Low-voltage and high-performance electrothermal

actuator based on multi-walled carbon nanotube/polymer
composites, Carbon, 2015, 84, 327–334.

121 Y. Ye, Y. Bai, P. Zhou, Q. Guo and M. Weng, All polymer–
based transparent composites for electrothermal actuator
and supercapacitor, J. Appl. Polym. Sci., 2023, 140(5),
e53392.

122 Y. C. Sun, B. D. Leaker, J. E. Lee, R. Nam and
H. E. Naguib, Shape programming of polymeric based
electrothermal actuator (ETA) via artificially induced
stress relaxation, Sci. Rep., 2019, 9(1), 11445.

123 S. Wu, Y. Hong, Y. Zhao, J. Yin and Y. Zhu, Caterpillar-
inspired soft crawling robot with distributed programma-
ble thermal actuation, Sci. Adv., 2023, 9(12), eadf8014.

124 Y. C. Sun, Y. Wan, R. Nam, M. Chu and H. E. Naguib, 4D-
printed hybrids with localized shape memory behaviour:
Implementation in a functionally graded structure, Sci.
Rep., 2019, 9(1), 18754.

125 L. Hines, K. Petersen, G. Z. Lum and M. Sitti, Soft
Actuators for Small–Scale Robotics, Adv. Mater., 2017,
29(13), 1603483.

126 K. M. Krishnan, Hard and Soft Magnets, in Fundamentals
and Applications of Magnetic Materials, Oxford University
Press, 2016, pp. 476–518.

127 R. Kuchi, V. Galkin, S. Kim, J. R. Jeong, S. J. Hong and
D. Kim, Synthesis of NdFeB Magnetic Particles With High
(BH) max From Their Optimized Oxide Powders Through
Reduction–Diffusion Method, IEEE Magn. Lett., 2022, 13,
1–4.

128 H. Shokrollahi, A review of the magnetic properties, syn-
thesis methods and applications of maghemite, J. Magn.
Magn. Mater., 2017, 426, 74–81.

129 I. K. Han, T. Chung, J. Han and Y. S. Kim, Nanocomposite
hydrogel actuators hybridized with various dimensional
nanomaterials for stimuli responsiveness enhancement,
Nano Convergence, 2019, 6(1), 18.

130 A. A. Paknahad and M. Tahmasebipour, An electromag-
netic micro-actuator with PDMS-Fe3O4 nanocomposite
magnetic membrane, Microelectron. Eng., 2019, 216,
111031.

131 L. Wang, M. Y. Razzaq, T. Rudolph, M. Heuchel,
U. Nöchel, U. Mansfeld, et al., Reprogrammable, magneti-
cally controlled polymeric nanocomposite actuators,
Mater. Horiz., 2018, 5(5), 861–867.

132 Y. Alapan, A. C. Karacakol, S. N. Guzelhan, I. Isik and
M. Sitti, Reprogrammable shape morphing of magnetic
soft machines, Sci. Adv., 2020, 6(38), eabc6414.

133 H. Lu, M. Zhang, Y. Yang, Q. Huang, T. Fukuda, Z. Wang,
et al., A bioinspired multilegged soft millirobot that func-
tions in both dry and wet conditions, Nat. Commun., 2018,
9(1), 3944.

134 M. Lalegani Dezaki and M. Bodaghi, Magnetically controlled
bio-inspired elastomeric actuators with high mechanical
energy storage, Soft Matter, 2023, 19(16), 3015–3032.

135 P. Zhao, L. Yan and X. Gao, Magnetic Liquid Metal
Droplet Robot with Multifunction and High Output Force
in Milli-Newton, Soft Rob., 2023, 10(6), 1146–1158.

RSC Applied Polymers Review

© 2025 The Author(s). Published by the Royal Society of Chemistry RSCAppl. Polym., 2025, 3, 767–792 | 787

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
 2

56
8.

 D
ow

nl
oa

de
d 

on
 1

6/
3/

25
69

 2
:4

0:
33

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5lp00022j


136 H. Gu, Q. Boehler, H. Cui, E. Secchi, G. Savorana, C. De
Marco, et al., Magnetic cilia carpets with programmable
metachronal waves, Nat. Commun., 2020, 11(1), 2637.

137 H. Niu, R. Feng, Y. Xie, B. Jiang, Y. Sheng, Y. Yu, et al.,
MagWorm: A Biomimetic Magnet Embedded Worm-Like
Soft Robot, Soft Rob., 2021, 8(5), 507–518.

138 J. Zhang and E. Diller, Untethered Miniature Soft Robots:
Modeling and Design of a Millimeter-Scale Swimming
Magnetic Sheet, Soft Rob., 2018, 5(6), 761–776.

139 E. B. Joyee and Y. Pan, A Fully Three-Dimensional Printed
Inchworm-Inspired Soft Robot with Magnetic Actuation,
Soft Rob., 2019, 6(3), 333–345.

140 S. Jeon, A. K. Hoshiar, K. Kim, S. Lee, E. Kim, S. Lee,
et al., A Magnetically Controlled Soft Microrobot Steering
a Guidewire in a Three-Dimensional Phantom Vascular
Network, Soft Rob., 2019, 6(1), 54–68.

141 W. Hu, G. Z. Lum, M. Mastrangeli and M. Sitti, Small-
scale soft-bodied robot with multimodal locomotion,
Nature, 2018, 554(7690), 81–85.

142 Z. Ren, W. Hu, X. Dong and M. Sitti, Multi-functional soft-
bodied jellyfish-like swimming, Nat. Commun., 2019,
10(1), 2703.

143 J. Cui, T. Y. Huang, Z. Luo, P. Testa, H. Gu, X. Z. Chen,
et al., Nanomagnetic encoding of shape-morphing micro-
machines, Nature, 2019, 575(7781), 164–168.

144 J. Simińska-Stanny, M. Nizioł, P. Szymczyk-Ziółkowska,
M. Brożyna, A. Junka, A. Shavandi, et al., 4D printing of
patterned multimaterial magnetic hydrogel actuators,
Addit. Manuf., 2022, 49, 102506.

145 Y. Kim, H. Yuk, R. Zhao, S. A. Chester and X. Zhao,
Printing ferromagnetic domains for untethered fast-trans-
forming soft materials, Nature, 2018, 558(7709), 274–279.

146 H. Deng, K. Sattari, Y. Xie, P. Liao, Z. Yan and J. Lin, Laser
reprogramming magnetic anisotropy in soft composites
for reconfigurable 3D shaping, Nat. Commun., 2020, 11(1),
6325.

147 M. Raeisinezhad, N. Pagliocca, B. Koohbor and M. Trkov,
Design Optimization of a Pneumatic Soft Robotic Actuator
Using Model-Based Optimization and Deep
Reinforcement Learning, Front. Rob. AI, 2021, 8, 639102.

148 Y. Sun, M. Li, H. Feng, J. Guo, P. Qi, M. H. Ang, et al., Soft
Robotic Pad Maturing for Practical Applications, Soft Rob.,
2020, 7(1), 30–43.

149 A. Washington, J. Neubauer and K. J. Kim, Soft actuators
and their potential applications in rehabilitative devices,
in Soft Robotics in Rehabilitation, Elsevier, 2021, pp.
89–110.

150 F. Ilievski, A. D. Mazzeo, R. F. Shepherd, X. Chen and
G. M. Whitesides, Soft Robotics for Chemists, Angew.
Chem., Int. Ed., 2011, 50(8), 1890–1895.

151 C. Tawk and G. Alici, A Review of 3D–Printable Soft
Pneumatic Actuators and Sensors: Research Challenges
and Opportunities, Adv. Intell. Syst., 2021, 3(6), 2000223.

152 C. Tawk, G. M. Spinks, M. in het Panhuis and G. Alici, 3D
Printable Linear Soft Vacuum Actuators: Their Modeling,
Performance Quantification and Application in Soft

Robotic Systems, IEEE/ASME Trans. Mechatron., 2019,
24(5), 2118–2129.

153 D. R. Darby, Z. Cai, C. R. Mason and J. T. Pham, Modulus
and adhesion of Sylgard 184, Solaris, and Ecoflex 00–30
silicone elastomers with varied mixing ratios, J. Appl.
Polym. Sci., 2022, 139(25), e52412.

154 H. Feng, Y. Sun, P. A. Todd and H. P. Lee, Body Wave
Generation for Anguilliform Locomotion Using a Fiber-
Reinforced Soft Fluidic Elastomer Actuator Array Toward
the Development of the Eel-Inspired Underwater Soft
Robot, Soft Rob., 2020, 7(2), 233–250.

155 Z. Zhang, X. Wang, D. Meng and B. Liang, Bioinspired
Spiral Soft Pneumatic Actuator and Its Characterization,
J. Bionic Eng., 2021, 18(5), 1101–1116.

156 A. D. Marchese, R. K. Katzschmann and D. Rus, A Recipe
for Soft Fluidic Elastomer Robots, Soft Rob., 2015, 2(1), 7–
25.

157 E. Siéfert, E. Reyssat, J. Bico and B. Roman, Bio-inspired
pneumatic shape-morphing elastomers, Nat. Mater., 2019,
18(1), 24–28.

158 Y. Sun, H. K. Yap, X. Liang, J. Guo, P. Qi, M. H. Ang, et al.,
Stiffness Customization and Patterning for Property
Modulation of Silicone-Based Soft Pneumatic Actuators,
Soft Rob., 2017, 4(3), 251–260.

159 P. D. S. H. Gunawardane, P. Cheung, H. Zhou, G. Alici,
C. W. de Silva and M. Chiao, A Versatile 3D-Printable Soft
Pneumatic Actuator Design for Multi-Functional
Applications in Soft Robotics, Soft Rob., 2024, 11(4), 709–
723.

160 M. T. Tolley, R. F. Shepherd, B. Mosadegh, K. C. Galloway,
M. Wehner, M. Karpelson, et al., A Resilient, Untethered
Soft Robot, Soft Rob., 2014, 1(3), 213–223.

161 R. Balak and Y. C. Mazumdar, Multi-Modal Pneumatic
Actuator for Twisting, Extension, and Bending, in 2020
IEEE/RSJ International Conference on Intelligent Robots and
Systems (IROS), IEEE, 2020, pp. 8673–8679.

162 D. Y. Zhao, Z. P. Huang, M. J. Wang, T. Wang and Y. Jin,
Vacuum casting replication of micro-riblets on shark skin
for drag-reducing applications, J. Mater. Process. Technol.,
2012, 212(1), 198–202.

163 H. Li, J. Yao, P. Zhou, X. Chen, Y. Xu and Y. Zhao, High-
force soft pneumatic actuators based on novel casting
method for robotic applications, Sens. Actuators, A, 2020,
306, 111957.

164 A. D. Marchese and D. Rus, Design, kinematics, and
control of a soft spatial fluidic elastomer manipulator,
Int. J. Rob. Res., 2016, 35(7), 840–869.

165 F. Lancia, A. Ryabchun and N. Katsonis, Life-like motion
driven by artificial molecular machines, Nat. Rev. Chem.,
2019, 3(9), 536–551.

166 R. S. Sutar, S. S. Latthe, X. Wu, K. Nakata, R. Xing, S. Liu,
et al., Design and mechanism of photothermal soft actua-
tors and their applications, J. Mater. Chem. A, 2024,
12(29), 17896–17922.

167 X. Lu, H. Zhang, G. Fei, B. Yu, X. Tong, H. Xia, et al.,
Liquid–Crystalline Dynamic Networks Doped with Gold

Review RSC Applied Polymers

788 | RSCAppl. Polym., 2025, 3, 767–792 © 2025 The Author(s). Published by the Royal Society of Chemistry

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
 2

56
8.

 D
ow

nl
oa

de
d 

on
 1

6/
3/

25
69

 2
:4

0:
33

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5lp00022j


Nanorods Showing Enhanced Photocontrol of Actuation,
Adv. Mater., 2018, 30(14), 1706597.

168 Q. Shi, H. Xia, P. Li, Y. Wang, L. Wang, S. Li, et al.,
Photothermal Surface Plasmon Resonance and Interband
Transition–Enhanced Nanocomposite Hydrogel Actuators
with Hand–Like Dynamic Manipulation, Adv. Opt. Mater.,
2017, 5(22), 1700442.

169 Z. Zhu, E. Senses, P. Akcora and S. A. Sukhishvili,
Programmable Light-Controlled Shape Changes in
Layered Polymer Nanocomposites, ACS Nano, 2012, 6(4),
3152–3162.

170 L. Zhang, J. Liu, P. Shang, X. F. Jiang, X. Hu and G. Zhou,
Polydopamine-Coated Gold Nanorods for Liquid Crystal
Actuators Driven by Near-Infrared Light, ACS Appl. Nano
Mater., 2024, 7(23), 26414–26422.

171 E. Wang, M. S. Desai and S. W. Lee, Light-Controlled
Graphene-Elastin Composite Hydrogel Actuators, Nano
Lett., 2013, 13(6), 2826–2830.

172 L. Zhang, J. Pan, Y. Liu, Y. Xu and A. Zhang, NIR–UV
Responsive Actuator with Graphene Oxide/Microchannel-
Induced Liquid Crystal Bilayer Structure for Biomimetic
Devices, ACS Appl. Mater. Interfaces, 2020, 12(5), 6727–6735.

173 Y. Hu, L. Yang, Q. Yan, Q. Ji, L. Chang, C. Zhang, et al.,
Self-Locomotive Soft Actuator Based on Asymmetric
Microstructural Ti3C2Tx MXene Film Driven by Natural
Sunlight Fluctuation, ACS Nano, 2021, 15(3), 5294–5306.

174 L. Xu, F. Xue, H. Zheng, Q. Ji, C. Qiu, Z. Chen, et al., An
insect larvae inspired MXene-based jumping actuator
with controllable motion powered by light, Nano Energy,
2022, 103, 107848.

175 H. Yang, W. R. Leow, T. Wang, J. Wang, J. Yu, K. He, et al.,
3D Printed Photoresponsive Devices Based on Shape
Memory Composites, Adv. Mater., 2017, 29(33), 1701627.

176 L. Liu, M. H. Liu, L. L. Deng, B. P. Lin and H. Yang, Near-
Infrared Chromophore Functionalized Soft Actuator with
Ultrafast Photoresponsive Speed and Superior Mechanical
Property, J. Am. Chem. Soc., 2017, 139(33), 11333–11336.

177 N. W. Bartlett, M. T. Tolley, J. T. B. Overvelde, J. C. Weaver,
B. Mosadegh, K. Bertoldi, et al., A 3D-printed, functionally
graded soft robot powered by combustion, Science, 2015,
349(6244), 161–165.

178 J. Kim, J. W. Kim, H. C. Kim, L. Zhai, H. U. Ko and
R. M. Muthoka, Review of Soft Actuator Materials,
Int. J. Precis. Eng. Manuf., 2019, 20(12), 2221–2241.

179 X. Tang, H. Li, T. Ma, Y. Yang, J. Luo, H. Wang, et al., A
Review of Soft Actuator Motion: Actuation, Design,
Manufacturing and Applications, Actuators, 2022, 11(11),
331.

180 X. Le, W. Lu, J. Zhang and T. Chen, Recent Progress in
Biomimetic Anisotropic Hydrogel Actuators, Adv. Sci.,
2019, 6(5), 1801584.

181 W. Wang, Q. Niu, X. Liu, L. Su, J. Zhang, S. Meng, et al.,
Thermal responsive smart lanthanide luminescent hydro-
gel actuator, Opt. Mater., 2023, 142, 114147.

182 W. Francis, A. Dunne, C. Delaney, L. Florea and
D. Diamond, Spiropyran based hydrogels actuators—

Walking in the light, Sens. Actuators, B, 2017, 250, 608–
616.

183 D. Han, C. Farino, C. Yang, T. Scott, D. Browe, W. Choi,
et al., Soft Robotic Manipulation and Locomotion with a
3D Printed Electroactive Hydrogel, ACS Appl. Mater.
Interfaces, 2018, 10(21), 17512–17518.

184 M. A. Mohamed, A. Fallahi, A. M. A. El-Sokkary, S. Salehi,
M. A. Akl, A. Jafari, et al., Stimuli-responsive hydrogels for
manipulation of cell microenvironment: From chemistry
to biofabrication technology, Prog. Polym. Sci., 2019, 98,
101147.

185 I. Apsite, S. Salehi and L. Ionov, Materials for Smart Soft
Actuator Systems, Chem. Rev., 2022, 122(1), 1349–1415.

186 M. Ding, L. Jing, H. Yang, C. E. Machnicki, X. Fu, K. Li,
et al., Multifunctional soft machines based on stimuli-
responsive hydrogels: from freestanding hydrogels to
smart integrated systems, Mater. Today Adv., 2020, 8,
100088.

187 L. D’Eramo, B. Chollet, M. Leman, E. Martwong, M. Li,
H. Geisler, et al., Microfluidic actuators based on tempera-
ture-responsive hydrogels, Microsyst. Nanoeng., 2018, 4(1),
17069.

188 J. Liu, L. Jiang, A. Liu, S. He and W. Shao, Ultrafast
thermo-responsive bilayer hydrogel actuator assisted by
hydrogel microspheres, Sens. Actuators, B, 2022, 357,
131434.

189 G. H. Kwon, J. Y. Park, J. Y. Kim, M. L. Frisk, D. J. Beebe
and S. Lee, Biomimetic Soft Multifunctional Miniature
Aquabots, Small, 2008, 4(12), 2148–2153.

190 C. Yang, Z. Liu, C. Chen, K. Shi, L. Zhang, X. J. Ju, et al.,
Reduced Graphene Oxide-Containing Smart Hydrogels
with Excellent Electro-Response and Mechanical
Properties for Soft Actuators, ACS Appl. Mater. Interfaces,
2017, 9(18), 15758–15767.

191 Y. Yang, Y. Tan, X. Wang, W. An, S. Xu, W. Liao, et al.,
Photothermal Nanocomposite Hydrogel Actuator with
Electric-Field-Induced Gradient and Oriented Structure,
ACS Appl. Mater. Interfaces, 2018, 10(9), 7688–7692.

192 E. Liu, X. Xia, Q. Chen and S. Xu, Gradient hydrogel actua-
tor with fast response and self-recovery in air, J. Mater.
Chem. B, 2023, 11(3), 560–564.

193 N. Vasios, A. J. Gross, S. Soifer, J. T. B. Overvelde and
K. Bertoldi, Harnessing Viscous Flow to Simplify the
Actuation of Fluidic Soft Robots, Soft Rob., 2020, 7(1), 1–9.

194 J. Shang and P. Theato, Smart composite hydrogel with
pH-, ionic strength- and temperature-induced actuation,
Soft Matter, 2018, 14(41), 8401–8407.

195 C. Y. Lo, Y. Zhao, C. Kim, Y. Alsaid, R. Khodambashi,
M. Peet, et al., Highly stretchable self-sensing actuator
based on conductive photothermally-responsive hydrogel,
Mater. Today, 2021, 50, 35–43.

196 S. Terryn, J. Brancart, D. Lefeber, G. Van Assche and
B. Vanderborght, Self-healing soft pneumatic robots, Sci.
Rob., 2017, 2(9), eaan4268.

197 R. V. Martinez, A. C. Glavan, C. Keplinger, A. I. Oyetibo
and G. M. Whitesides, Soft Actuators and Robots that Are

RSC Applied Polymers Review

© 2025 The Author(s). Published by the Royal Society of Chemistry RSCAppl. Polym., 2025, 3, 767–792 | 789

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
 2

56
8.

 D
ow

nl
oa

de
d 

on
 1

6/
3/

25
69

 2
:4

0:
33

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5lp00022j


Resistant to Mechanical Damage, Adv. Funct. Mater., 2014,
24(20), 3003–3010.

198 X. Li, J. Liu, D. Li, S. Huang, K. Huang and X. Zhang,
Bioinspired Multi–Stimuli Responsive Actuators with
Synergistic Color– and Morphing–Change Abilities, Adv.
Sci., 2021, 8(16), 2101295.

199 E. Acome, S. K. Mitchell, T. G. Morrissey, M. B. Emmett,
C. Benjamin, M. King, et al., Hydraulically amplified self-
healing electrostatic actuators with muscle-like perform-
ance, Science, 2018, 359(6371), 61–65.

200 X. Li, Z. Wu, B. Li, Y. Xing, P. Huang and L. Liu,
Selaginella lepidophylla-Inspired Multi-Stimulus
Cooperative Control MXene-Based Flexible Actuator, Soft
Rob., 2023, 10(5), 861–872.

201 J. Santoso, E. H. Skorina, M. Salerno, S. de Rivaz, J. Paik
and C. D. Onal, Single chamber multiple degree-of-
freedom soft pneumatic actuator enabled by adjustable
stiffness layers, Smart Mater. Struct., 2019, 28(3), 035012.

202 Y. Yang, Y. Chen, Y. Li, M. Z. Q. Chen and Y. Wei,
Bioinspired Robotic Fingers Based on Pneumatic Actuator
and 3D Printing of Smart Material, Soft Rob., 2017, 4(2),
147–162.

203 Y. Mao, Z. Ding, C. Yuan, S. Ai, M. Isakov, J. Wu, et al., 3D
Printed Reversible Shape Changing Components with
Stimuli Responsive Materials, Sci. Rep., 2016, 6(1), 24761.

204 M. Kim, Y. B. Kim, M. Lee and H. J. Chun, Analysis of
mechanical and shape memory properties of biocompati-
ble shape memory polymers with different Fe3O4 con-
tents, Funct. Compos. Struct., 2024, 6(2), 025005.

205 H. Wei, Q. Zhang, Y. Yao, L. Liu, Y. Liu and J. Leng,
Direct-Write Fabrication of 4D Active Shape-Changing
Structures Based on a Shape Memory Polymer and Its
Nanocomposite, ACS Appl. Mater. Interfaces, 2017, 9(1),
876–883.

206 G. Xu, M. Zhang, Q. Zhou, H. Chen, T. Gao, C. Li, et al., A
small graphene oxide sheet/polyvinylidene fluoride bilayer
actuator with large and rapid responses to multiple
stimuli, Nanoscale, 2017, 9(44), 17465–17470.

207 X. F. Feng, S. Z. Sheng, C. Chen, X. L. Li, Z. Y. Xian and
J. W. Liu, A multi-stimuli-responsive actuator for efficient
thermal management and various biomimetic loco-
motion, Cell Rep. Phys. Sci., 2023, 4(10), 101588.

208 L. Chang, D. Wang, Z. Huang, C. Wang, J. Torop, B. Li,
et al., A Versatile Ionomer–Based Soft Actuator with Multi–
Stimulus Responses, Self–Sustainable Locomotion, and
Photoelectric Conversion, Adv. Funct. Mater., 2023, 33(6),
2212341.

209 Y. Wu, X. Dong, J. K. Kim, C. Wang and M. Sitti, Wireless
soft millirobots for climbing three-dimensional surfaces
in confined spaces, Sci. Adv., 2022, 8(21), eabn3431.

210 G. Gu, J. Zou, R. Zhao, X. Zhao and X. Zhu, Soft wall-
climbing robots, Sci. Rob., 2018, 3(25), eaat2874.

211 T. Hu, X. Lu and J. Liu, Inchworm–Like Soft Robot with
Multimodal Locomotion Using an Acrylic Stick–
Constrained Dielectric Elastomer Actuator, Adv. Intell.
Syst., 2023, 5(2), 2200209.

212 Q. Pei, M. Rosenthal, S. Stanford, H. Prahlad and
R. Pelrine, Multiple-degrees-of-freedom electroelastomer
roll actuators, Smart Mater. Struct., 2004, 13(5), N86–N92.

213 K. Jung, J. C. Koo, J. D. Nam, Y. K. Lee and H. R. Choi,
Artificial annelid robot driven by soft actuators,
Bioinspiration Biomimetics, 2007, 2(2), S42–S49.

214 A. T. Conn and J. Rossiter, Towards holonomic electro-
elastomer actuators with six degrees of freedom, Smart
Mater. Struct., 2012, 21(3), 035012.

215 A. J. Cheng, L. Wu, Z. Sha, W. Chang, D. Chu, C. H. Wang,
et al., Recent Advances of Capacitive Sensors: Materials,
Microstructure Designs, Applications, and Opportunities,
Adv. Mater. Technol., 2023, 8(11), 2201959.

216 R. Wang, C. Zhang, W. Tan, J. Yang, D. Lin and L. Liu,
Electroactive Polymer-Based Soft Actuator with Integrated
Functions of Multi-Degree-of-Freedom Motion and
Perception, Soft Rob., 2023, 10(1), 119–128.

217 T. A. Gisby, S. Q. Xie, E. P. Calius and I. A. Anderson, in
Leakage current as a predictor of failure in dielectric elasto-
mer actuators, ed. Y. Bar-Cohen, 2010, pp. 764213.

218 M. Verma, V. Lafarga and C. Collette, Perfect collocation
using self-sensing electromagnetic actuator: Application
to vibration control of flexible structures, Sens. Actuators,
A, 2020, 313, 112210.

219 Z. Chen, Y. Shen, N. Xi and X. Tan, Integrated sensing for
ionic polymer–metal composite actuators using PVDF
thin films, Smart Mater. Struct., 2007, 16(2), S262–S271.

220 J. E. Lee and H. E. Naguib, Hybrid Piezoelectric–Magnetic
Self–Sensing Actuator using Novel Dual–Alignment
Magnetic/Mechanical Processing for Vibration Control of
Whole–Body Vibrations, Adv. Intell. Syst., 2023, 5(9),
2300025.

221 J. E. Lee, Y. C. Sun, I. Lees and H. E. Naguib, Additive
manufacturing of hybrid piezoelectric/magnetic self-
sensing actuator using pellet extrusion and immersion
precipitation with statistical modelling optimization,
Compos. Sci. Technol., 2024, 247, 110393.

222 Y. Shapiro, G. Kosa and A. Wolf, Shape Tracking of Planar
Hyper-Flexible Beams via Embedded PVDF Deflection
Sensors, IEEE/ASME Trans. Mechatron., 2014, 19(4), 1260–
1267.

223 R. Adam Bilodeau, E. L. White and R. K. Kramer,
Monolithic fabrication of sensors and actuators in a soft
robotic gripper, in 2015 IEEE/RSJ International Conference
on Intelligent Robots and Systems (IROS), IEEE, 2015,
pp. 2324–2329.

224 A. Koivikko, E. Sadeghian Raei, M. Mosallaei,
M. Mantysalo and V. Sariola, Screen-Printed Curvature
Sensors for Soft Robots, IEEE Sens. J., 2018, 18(1), 223–
230.

225 X. Fang, K. Wei and R. Yang, Untethered Soft Pneumatic
Actuators with Embedded Multiple Sensing Capabilities,
Soft Rob., 2024, 11(3), 382–391.

226 Y. Yang and Y. Chen, Innovative Design of Embedded
Pressure and Position Sensors for Soft Actuators, IEEE
Rob. Autom. Lett., 2018, 3(2), 656–663.

Review RSC Applied Polymers

790 | RSCAppl. Polym., 2025, 3, 767–792 © 2025 The Author(s). Published by the Royal Society of Chemistry

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
 2

56
8.

 D
ow

nl
oa

de
d 

on
 1

6/
3/

25
69

 2
:4

0:
33

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5lp00022j


227 R. L. Truby, M. Wehner, A. K. Grosskopf, D. M. Vogt,
S. G. M. Uzel, R. J. Wood, et al., Soft Somatosensitive
Actuators via Embedded 3D Printing, Adv. Mater., 2018,
30(15), 1706383.

228 J. R. Greenwood and W. Felt, Soft Coiled Pneumatic
Actuator with Integrated Length-Sensing Function for
Feedback Control, Actuators, 2023, 12(12), 455.

229 F. Wu, X. Lin, Y. Xu, D. Zhang, Y. He and M. Liu, Light-
driven locomotive soft actuator and multi-functional
sensors based on asymmetric PVA/carbon/PE bilayer film,
Sci. China Mater., 2023, 66(12), 4782–4793.

230 S. Wang and M. W. Urban, Self-healing polymers, Nat.
Rev. Mater., 2020, 5(8), 562–583.

231 S. Hunt, T. G. McKay and I. A. Anderson, A self-healing
dielectric elastomer actuator, Appl. Phys. Lett., 2014,
104(11), 113701.

232 S. Terryn, E. Roels, J. Brancart, G. Van Assche and
B. Vanderborght, Self-Healing and High Interfacial
Strength in Multi-Material Soft Pneumatic Robots via
Reversible Diels–Alder Bonds, Actuators, 2020, 9(2), 34.

233 J. Cao, C. Zhou, G. Su, X. Zhang, T. Zhou, Z. Zhou, et al.,
Arbitrarily 3D Configurable Hygroscopic Robots with a
Covalent–Noncovalent Interpenetrating Network and Self–
Healing Ability, Adv. Mater., 2019, 31(18), 1900042.

234 M. Liu, S. Zhu, Y. Huang, Z. Lin, W. Liu, L. Yang, et al., A
self-healing composite actuator for multifunctional soft
robot via photo-welding, Composites, Part B, 2021, 214,
108748.

235 H. Qin, T. Zhang, N. Li, H. P. Cong and S. H. Yu,
Anisotropic and self-healing hydrogels with multi-respon-
sive actuating capability, Nat. Commun., 2019, 10(1), 2202.

236 K. Ren, S. Liu, M. Lin, Y. Wang and Q. M. Zhang, A
compact electroactive polymer actuator suitable for
refreshable Braille display, Sens. Actuators, A, 2008, 143(2),
335–342.

237 S. Michel, B. T. T. Chu, S. Grimm, F. A. Nüesch,
A. Borgschulte and D. M. Opris, Self-healing electrodes
for dielectric elastomer actuators, J. Mater. Chem., 2012,
22(38), 20736.

238 H. W. Huang, M. S. Sakar, A. J. Petruska, S. Pané and
B. J. Nelson, Soft micromachines with programmable
motility and morphology, Nat. Commun., 2016, 7(1), 12263.

239 M. A. Moreno-Mateos, M. Hossain, P. Steinmann and
D. Garcia-Gonzalez, Hybrid magnetorheological elasto-
mers enable versatile soft actuators, npj Comput. Mater.,
2022, 8(1), 162.

240 Y. Cheng, K. H. Chan, X. Q. Wang, T. Ding, T. Li, X. Lu,
et al., Direct-Ink-Write 3D Printing of Hydrogels into
Biomimetic Soft Robots, ACS Nano, 2019, 13(11), 13176–
13184.

241 M. Lalegani Dezaki and M. Bodaghi, Soft Magneto–
Responsive Shape Memory Foam Composite Actuators,
Macromol. Mater. Eng., 2022, 307(11), 2270046.

242 C. Gu, A. B. Jia, Y. M. Zhang and S. X. A. Zhang, Emerging
Electrochromic Materials and Devices for Future Displays,
Chem. Rev., 2022, 122(18), 14679–14721.

243 D. van den Ende, J. Kamminga, A. Boersma, T. Andritsch
and P. G. Steeneken, Voltage–Controlled Surface
Wrinkling of Elastomeric Coatings, Adv. Mater., 2013,
25(25), 3438–3442.

244 C. Larson, B. Peele, S. Li, S. Robinson, M. Totaro,
L. Beccai, et al., Highly stretchable electroluminescent
skin for optical signaling and tactile sensing, Science,
2016, 351(6277), 1071–1074.

245 H. Wang, M. W. Ming Tan, W. C. Poh, D. Gao, W. Wu and
P. S. Lee, A highly stretchable, self-healable, transparent
and solid-state poly(ionic liquid) filler for high-perform-
ance dielectric elastomer actuators, J. Mater. Chem. A,
2023, 11(26), 14159–14168.

246 S. Kirkman, P. Rothemund, E. Acome and C. Keplinger,
Electromechanics of planar HASEL actuators, Extreme
Mech. Lett., 2021, 48, 101408.

247 P. Rothemund, N. Kellaris, S. K. Mitchell, E. Acome and
C. Keplinger, HASEL Artificial Muscles for a New
Generation of Lifelike Robots—Recent Progress and
Future Opportunities, Adv. Mater., 2021, 33(19), 2003375.

248 D. J. Han, H. J. Kim and B. Y. Lee, Multifunctional Soft
Actuator Based on Dielectric Liquid with Simultaneous
Luminance and Weight Lifting Capabilities, Macromol.
Mater. Eng., 2024, 309(4), 2300377.

249 S. Nishimoto and B. Bhushan, Bioinspired self-cleaning
surfaces with superhydrophobicity, superoleophobicity,
and superhydrophilicity, RSC Adv., 2013, 3(3), 671–690.

250 J. Zang, S. Ryu, N. Pugno, Q. Wang, Q. Tu, M. J. Buehler,
et al., Multifunctionality and control of the crumpling
and unfolding of large-area graphene, Nat. Mater., 2013,
12(4), 321–325.

251 E. T. Roche, M. A. Horvath, I. Wamala, A. Alazmani,
S. E. Song, W. Whyte, et al., Soft robotic sleeve supports
heart function, Sci. Transl. Med., 2017, 9(373), eaaf3925.

252 S. Gallo, C. Son, H. J. Lee, H. Bleuler and I. J. Cho, A flexible
multimodal tactile display for delivering shape and material
information, Sens. Actuators, A, 2015, 236, 180–189.

253 M. T. Thai, T. T. Hoang, P. T. Phan, N. H. Lovell and
T. Nho Do, Soft Microtubule Muscle-Driven 3-Axis Skin-
Stretch Haptic Devices, IEEE Access, 2020, 8, 157878–
157891.

254 S. Mao, E. Dong, H. Jin, M. Xu, S. Zhang, J. Yang, et al.,
Gait study and pattern generation of a starfish-like soft
robot with flexible rays actuated by SMAs, J. Bionic Eng.,
2014, 11(3), 400–411.

255 N. El-Atab, R. B. Mishra, F. Al-Modaf, L. Joharji,
A. A. Alsharif, H. Alamoudi, et al., Soft Actuators for Soft
Robotic Applications: A Review, Adv. Intell. Syst., 2020,
2(10), 2000128.

256 P. Polygerinos, S. Lyne, Z. Wang, L. F. Nicolini,
B. Mosadegh, G. M. Whitesides, et al., Towards a soft
pneumatic glove for hand rehabilitation, in 2013 IEEE/RSJ
International Conference on Intelligent Robots and Systems,
IEEE, 2013, pp. 1512–1517.

257 D. Kim, B. B. Kang, K. B. Kim, H. Choi, J. Ha, K. J. Cho,
et al., Eyes are faster than hands: A soft wearable robot

RSC Applied Polymers Review

© 2025 The Author(s). Published by the Royal Society of Chemistry RSCAppl. Polym., 2025, 3, 767–792 | 791

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
 2

56
8.

 D
ow

nl
oa

de
d 

on
 1

6/
3/

25
69

 2
:4

0:
33

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5lp00022j


learns user intention from the egocentric view, Sci. Rob.,
2019, 4(26), eaav2949.

258 D. G. Caldwell, N. G. Tsagarakis, S. Kousidou, N. Costa
and I. Sarakoglou, “Soft” Exoskeletons for Upper and
Lower Body Rehabilitation—Design, Control and Testing,
Int. J. Humanoid Rob., 2007, 04(03), 549–573.

259 R. V. Martinez, J. L. Branch, C. R. Fish, L. Jin,
R. F. Shepherd, R. M. D. Nunes, et al., Robotic Tentacles
with Three–Dimensional Mobility Based on Flexible
Elastomers, Adv. Mater., 2013, 25(2), 205–212.

260 R. Deimel and O. Brock, A novel type of compliant and
underactuated robotic hand for dexterous grasping,
Int. J. Rob. Res., 2016, 35(1–3), 161–185.

261 B. Mosadegh, P. Polygerinos, C. Keplinger, S. Wennstedt,
R. F. Shepherd, U. Gupta, et al., Pneumatic Networks for
Soft Robotics that Actuate Rapidly, Adv. Funct. Mater.,
2014, 24(15), 2163–2170.

262 J. Zhu, Z. Chai, H. Yong, Y. Xu, C. Guo, H. Ding, et al.,
Bioinspired Multimodal Multipose Hybrid Fingers for
Wide-Range Force, Compliant, and Stable Grasping, Soft
Rob., 2023, 10(1), 30–39.

263 C. W. O. Yang, S. Y. Yu, C. W. Chan, C. Y. Tseng, J. F. Cai,
H. P. Huang, et al., Enhancing the Versatility and
Performance of Soft Robotic Grippers, Hands, and
Crawling Robots Through Three-Dimensional-Printed
Multifunctional Buckling Joints, Soft Rob., 2024, 11(5),
741–754.

264 C. Cvetkovic, R. Raman, V. Chan, B. J. Williams,
M. Tolish, P. Bajaj, et al., Three-dimensionally printed bio-
logical machines powered by skeletal muscle, Proc. Natl.
Acad. Sci. U. S. A., 2014, 111(28), 10125–10130.

265 A. W. Feinberg, A. Feigel, S. S. Shevkoplyas, S. Sheehy,
G. M. Whitesides and K. K. Parker, Muscular Thin Films
for Building Actuators and Powering Devices, Science,
2007, 317(5843), 1366–1370.

266 F. Carpi, G. Frediani, S. Turco and D. De Rossi,
Bioinspired Tunable Lens with Muscle–Like Electroactive
Elastomers, Adv. Funct. Mater., 2011, 21(21), 4152–4158.

267 I. Jung, J. Xiao, V. Malyarchuk, C. Lu, M. Li, Z. Liu, et al.,
Dynamically tunable hemispherical electronic eye camera
system with adjustable zoom capability, Proc. Natl. Acad.
Sci. U. S. A., 2011, 108(5), 1788–1793.

268 T. Ranzani, G. Gerboni, M. Cianchetti and A. Menciassi, A
bioinspired soft manipulator for minimally invasive
surgery, Bioinspiration Biomimetics, 2015, 10(3), 035008.

269 G. Gerboni, T. Ranzani, A. Diodato, G. Ciuti,
M. Cianchetti and A. Menciassi, Modular soft mechatro-
nic manipulator for minimally invasive surgery (MIS):
overall architecture and development of a fully integrated
soft module, Meccanica, 2015, 50(11), 2865–2878.

270 C. Lu, L. Zhao, Y. Hu and W. Chen, A molecular-regu-
lation strategy towards low-voltage driven, multi degree of
freedom IPMC catheters, Chem. Commun., 2018, 54(63),
8733–8736.

271 A. Frisoli and D. Leonardis, Wearable haptics for virtual
reality and beyond, Nat. Rev. Electr. Eng., 2024, 1(10), 666–
679.

272 D. J. Lipomi, C. Dhong, C. W. Carpenter, N. B. Root and
V. S. Ramachandran, Organic Haptics: Intersection of
Materials Chemistry and Tactile Perception, Adv. Funct.
Mater., 2020, 30(29), 1906850.

273 E. Leroy, R. Hinchet and H. Shea, Multimode
Hydraulically Amplified Electrostatic Actuators for
Wearable Haptics, Adv. Mater., 2020, 32(36), 2002564.

274 H. Phung, C. T. Nguyen, H. Jung, T. D. Nguyen and
H. R. Choi, Bidirectional tactile display driven by electro-
static dielectric elastomer actuator, Smart Mater. Struct.,
2020, 29(3), 035007.

275 N. Torras, K. E. Zinoviev, C. J. Camargo, E. M. Campo,
H. Campanella, J. Esteve, et al., Tactile device based on
opto-mechanical actuation of liquid crystal elastomers,
Sens. Actuators, A, 2014, 208, 104–112.

276 S. Palagi and P. Fischer, Bioinspired microrobots, Nat.
Rev. Mater., 2018, 3(6), 113–124.

277 H. Lin, G. Leisk and B. Trimmer, GoQBot: A caterpillar-
inspired soft-bodied rolling robot, Bioinspiration
Biomimetics, 2011, 6(2), 026007.

278 J. Lee, Y. Yoon, H. Park, J. Choi, Y. Jung, S. H. Ko, et al.,
Bioinspired Soft Robotic Fish for Wireless Underwater
Control of Gliding Locomotion, Adv. Intell. Syst., 2022,
4(7), 2100271.

279 R. K. Katzschmann, A. D. Marchese and D. Rus, Hydraulic
autonomous soft robotic fish for 3D swimming, in
Springer Tracts in Advanced Robotics, 2016.

280 Y. Sun, H. Feng, X. Liang, A. J. Y. Goh, P. Qi, M. Li, et al.,
Powerful 2D Soft Morphing Actuator Propels Giant Manta
Ray Robot, Adv. Intell. Syst., 2022, 4(11), 2200186.

281 B. Ahuja, M. Karg and M. Schmidt, Additive manufactur-
ing in production: challenges and opportunities, in Laser
3D Manufacturing II, 2015.

282 L. J. Love, C. E. Duty, B. K. Post, R. F. Lind, P. D. Lloyd,
V. Kunc, et al., Breaking barriers in polymer additive man-
ufacturing, in International SAMPE Technical Conference,
2015.

283 B. W. K. Ang and C. H. Yeow, Design and Modeling of a
High Force Soft Actuator for Assisted Elbow Flexion, IEEE
Rob. Autom. Lett., 2020, 5(2), 3731–3736.

284 M. A. Robertson, H. Sadeghi, J. M. Florez and J. Paik, Soft
Pneumatic Actuator Fascicles for High Force and
Reliability, Soft Rob., 2017, 4(1), 23–32.

Review RSC Applied Polymers

792 | RSCAppl. Polym., 2025, 3, 767–792 © 2025 The Author(s). Published by the Royal Society of Chemistry

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
 2

56
8.

 D
ow

nl
oa

de
d 

on
 1

6/
3/

25
69

 2
:4

0:
33

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5lp00022j

	Button 1: 


