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Abstract 

Soft robotics enables various applications in certain environments where conventional rigid robotics cannot deliver 
the same performance due to their form factor and stiffness. Animals use their soft external organs to carry out activi-
ties in response to challenging natural environments efficiently. The objective of soft robots is to provide biologically 
inspired abilities and enable adaptable and flexible interactions with complex objects and surroundings. Recent 
advances in stimuli-responsive soft robot technology have heavily used polymer-based multifunctional materials. Soft 
robots with incredibly sophisticated multi-mechanical, electrical, or optical capabilities have demonstrated the ability 
to modify their shape intelligently in response to external stimuli, such as light, electricity, thermal gradient, and mag-
netic fields. This short review covers recent advances in scientific techniques for incorporating multifunctional poly-
meric materials into stimuli-responsive bioinspired soft robots and their applications. We also discuss how biological 
inspiration and environmental effects can provide a viable viewpoint for bioinspired design in the innovative field of 
soft robotics. Lastly, we highlight the future outlooks and prospects for soft, stimuli-responsive, bio-inspired robots.
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Introduction
Bio-inspired soft robots meet or surpass the incredible 
adaptability and functioning of living organisms [1–3]. 
Soft robots consisting of yielding polymers are better 
equipped to mimic soft-bodied organisms than rigid 
robots because their rigid components restrict the adapt-
ability and diversity of robots [4–6]. Soft robotic systems 
are also better suited for interacting with humans, espe-
cially for wearable operations [7–9]. Many researchers 
focus on stopping restricting soft robots from tethering 
to external or heavy onboard control systems by applying 
some environmental stimuli [10, 11]. These soft robots 
must integrate the ability to sense, actively move in harsh 

conditions, and manage their behavior to compete with 
rigid robots. These capabilities can be achieved by ingen-
iously combining biological and soft materials to create 
structures with global compliance and deformability [12, 
13].

Micro-electro-mechanical systems (MEMS) and 
robotic devices have been developed using stimuli-
responsive materials, transforming environmental stim-
uli into mechanical activity [14, 15]. Soft robots can be 
made from various materials, including metals, polymers, 
and inorganic and nonmetallic materials [16–18]. Much 
research has been done on polymer-based soft robots 
because of their flexibility or adaptability, resembling 
the mechanical behavior of biological cells or tissues. 
Recently-emerged stimulus-responsive polymers can 
dynamically alter their physicochemical characteristics 
in response to outside stimuli, including temperature, 
light, and electrical or magnetic field changes. Addition-
ally, many stimuli-responsive polymers are non-toxic to 
biological environments, making soft polymeric robots 
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appropriate for various biomedical uses, including flex-
ible electronics and tissue engineering [19–21].

This short review aims to highlight current research 
on the advancement of bioinspired soft robots based on 
stimuli-responsive (for instance, light, magnetic field, 
and electricity) polymers with various shape-morphing 
functionality and configurable motion control features 
and also their conceptual design learned from biological 
systems. Finally, the constraints and prospects for better 
stimuli-responsive soft robots are discussed.

Stimuli‑responsive polymeric soft robots
Light‑driven soft robots
Recent years have seen a lot of research on using light to 
power robots [22–24]. An optomechanical liquid crys-
talline elastomer (LCE) monolith-based soft caterpil-
lar robot powered by light was proposed by Rogóż et al. 

The robot could carry out various activities in challeng-
ing conditions and exhibit diverse gaits [25]. Yang et  al. 
reported a unique soft robot with a snake-like design 
using polydopamine and triple-layer reduced gra-
phene oxide. The developed robot utilized two snake-
like mobility modes, concertina, and serpentine modes, 
corresponding to external near-infrared (NIR) light 
stimulation [26]. However, the majority of current light-
driven robots exhibit constricted locomotion skills and 
restricted locomotion modalities Fig. 1.

A light-powered soft robot with a bioinspired design 
from an inchworm and fruit fly that could crawl on the 
ground, squeeze through narrow channels, and jump over 
obstacles was introduced by Ahn et  al. [27]. The inch-
worm robot based on the LCE-CNT composite could 
crawl when exposed to periodic light irradiation by simu-
lating the movement of a caterpillar. Uniaxially aligned 

Fig. 1 Schematic representation of bioinspired designs, polymers, and applied external stimuli for soft robotics
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mesogens in a monodomain LCE become disoriented as 
the temperature rises, causing a significant and reversible 
material contraction. Due to the photothermal effect of 
the incorporated CNTs, the LCE-CNT composite exhib-
ited significant reversible activation when exposed to vis-
ible light. The edge of the film that was heavily exposed 
to light had the highest temperature, while the opposite 
side had the lowest temperature. The non-uniform tem-
perature field of the film caused non-uniform contrac-
tion and deformation in bending, as shown in Fig. 2a1. To 
simulate a complicated environment, the author installed 
a variety of obstacles along the robot’s path, including a 
wall, a channel, and a stair. The robot, which could move 
at a speed of 0.7 mm/sec, scanned the lightbulb through-
out its surface (0.5 body length  min−1). The robot’s height 
reduces by 25% while crawling to pass through a nar-
row channel with the reproduction of the time intervals 
between two consecutive light scanning cycles. A power-
amplifying device influenced by the jumping of fruit fly 
larva was developed to enable light-powered robot jump-
ing. With light irradiation on its inner surface, the robot 
initially morphs into a closed loop. Due to the strong 

binding force of the two magnets, the closed loop can 
still be maintained even when the light is turned off, as 
shown in Fig. 2a2. This soft robot can jump up to 130 mm 
high, four times its height, as shown in Fig.  2a3. Those 
structures have the potential to be helpful shortly for 
micro- and nanorobotics, biomedical applications, envi-
ronmental monitoring, and space exploration.

With high levels of deformability, soft robots have 
the potential to carry out regular tasks as well as dif-
ficult industrial, medical, or military missions of robots 
with rigid equivalents [28–30]. Wang et  al. developed a 
footed light-driven soft robot named Geca-Robot, mim-
icking the anisotropic friction of gecko setae and the 
gait of caterpillars and had good terrain adaptability and 
huge load-bearing capability illustrated in Fig.  2b1 [31]. 
The feet of the Geca-Robot, which are made of alternate 
cuboids of polydimethylsiloxane (PDMS) and graphene-
PDMS for the muscle, consist of triangular micropillars 
inspired by geckos, as shown in Fig. 2b2. Geca-Robot was 
autonomously driven by light with wavelengths ranging 
from ultraviolet to infrared, and it moves in a caterpillar-
like motion. When the light is turned on, the front feet 

Fig. 2 Digital image of a1 crawling of inchworm designed an arch-shaped soft robot that can crawl and jump, powered by light. a2 jumping of 
the fruitfly, like a soft robot with two magnets attached to the ends (gray area) can also jump by forming a closed loop through magnetic force, 
storing elastic energy under light irradiation. a3 crawling in the forward direction, jumping over a wall showing the deformation significantly, 
second time jumping of the soft robot, Reprinted from (27), John Wiley and Sons (2019), b1 Representative photographs showing the structure of 
Geca-Robot inspired by gecko and caterpillar. b2 The muscle comprised cuboids of PDMS and graphene/PDMS (GP). b3 The gait of the Geca-Robot 
indicates the states of the front feet (left column) and rear feet (right column) during stand-by, light-on, and light-off periods (middle column). b4 
the regulation of Geca-Robot movement by UV irradiation, a typical infrared image of Geca-Robot under UV irradiation at a different time during 
one pulse period, the white line showing the temperature profile across the entire Geca-Robot muscle along the direction of movement, Reprinted 
from (31), Copyright  © 2022, Elsevier
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progress and the rear feet perform the same action when 
the light is turned off. As a result, the light on–off cycle 
(also referred to as one plus) elevates the Geca-robot 
ahead using a caterpillar-like looping motion, as shown 
in Fig. 2b3. The Geca-muscle was driven by graphene, the 
light-responsive component that absorbs light across the 
full spectrum, as shown in Fig.  2b4. Geca-Robot could 
move about on surfaces with slopes as high as 30° and 
various degrees of roughness and dryness because of its 
gecko-inspired feet. Geca-Robot could operate extremely 
effectively within a large temperature range of 17–100 °C 
due to the drive mechanism, which was difficult to 
achieve in many existing soft robots. Geca-Robot could 
also lift 50 times its weight in freight. Since infrared light 
penetrates biological tissue well, it is especially appealing 
for in  vivo medical applications that this energy source 
could power the Geca-Robot.

Magnetic field‑driven soft robots
Magnetic field-driven soft robots with bio-inspired 
designs have shown great advances recently [32–34]. Niu 
et al. designed a soft worm-like robot named MagWorm 
with a biomimetic magnet implanted in a centimeter-
level size. The MagWorm’s soft body consists of magnetic 
patches that work with an external moving drive-magnet 
system for actuation [35].

A soft robot with sensing and shape-deforming capa-
bilities inspired by sea anemones was developed by Wang 
et  al. The robot had one active core and four detect-
ing tentacles [36]. It consisted of two parts: a bottom 
magneto-stimulated shrinkable hollow body and top 
magneto-electric sensors that resembled tentacles. The 
bottom body of tentacle sensors could be instructed to 
deform in accordance with the perception of the sur-
rounding seawater velocity. The soft robot’s lower 
screwed cylindrical body had alternating N-S magnetic 
poles that allowed it to rapidly contract or expand in 
response to an external magnetic field (Fig. 3a1). The soft 
robot was carefully set on the stone layer below the water, 
and a high-resolution camera was mounted on the robot 
to take pictures of the robot’s bending tentacles at various 
angles, as shown in Fig. 3a2. The tentacles would instan-
taneously bend in the direction of the water flow with a 
delay of 42 ms, producing a distinctive output voltage sig-
nal of 6.9 μV when the water flow velocity was 1.9 m/s. 
It is anticipated that a design like this, including the 
integrated soft robot with sensing and shape-changing, 
would be more of an example for the smart development 
and application of soft robotics in the future for under-
water and microfluidic applications.

Stimuli-responsive soft robots with biological compo-
nents, such as intrinsic sensing, are essential to enable 

Fig. 3 a1 Schematic diagrams of the original state, the intermediate state, the final state, and the recovery state of the body during the 
deformation processes under the external magnetic stimuli, respectively. a2 Optical images of the soft robot sensing the change of water flow 
speed, Reprinted from (36), Copyright  © 2022, Elsevier, a3 The crawling process of the soft robot driven by cardiomyocytes. a4 The crawling process 
of a soft robot on a flat surface, on an incline of 10°, and an incline of 20°, Reprinted from 38, John Wiley and Sons (2022), b1 Cross-section view 
of inchworm-type soft robot, b2 sensor response during single magnet actuation, b3 Schematic of locomotion with single magnet actuation b4 
Photographs of locomotion cycles with single magnet actuation, Reprinted from (39), CC BY 4.0 (2021)
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controlled movements, thus revolutionizing develop-
ments in soft robotics [37]. Sun et al. developed a unique 
magnetic-field-driven soft robot with asymmetric claws, 
a layer of cardiac tissue induced by CNTs, methacrylate 
gelatin (GelMA), and a structural color indicator [38]. 
The crawling motion of snakes and caterpillars served as 
inspiration. The asymmetric claws could help the entire 
soft robot move in a certain direction as the cardiomy-
ocytes contract, as shown in Fig.  3a3, and the hydrogel 
substrate underwent deformation. The cardiomyocytes’ 
ability to beat and generate contractions was improved 
by controlling how they were positioned due to the ori-
ented conductivity of the CNT layer. The soft robots were 
placed under a low magnetic field generated by a con-
ventional magnet to ensure that the claws made contact 
with the substrate. The ability of these soft robots to navi-
gate across the rough surface of films of colloidal crystals 
made of silica particles was demonstrated. The roughness 
of the substrate helped the soft robot to crawl with the 
support of friction, as shown in Fig. 3a4.

Similarly, Ecoflex and graphite paste-based sensor 
material were harmoniously integrated to develop inch-
worm-like and earthworm-like soft robots with internal 
strain sensing by Karipoth et  al., as shown in Fig.  3b1 
[39]. The ultra-stretchable tubular design of the strain 
sensor was further modified so that an external magnetic 
field could control it, actuating the earthworm-like soft 
robot. A set of tiny N42-grade NdFeB magnets on each 
end rendered the tubular structure’s two ends (the head 
and tail) magnetically active. The sensor response during 
the single magnetic actuation is shown in Fig.  3b2. Fig-
ure  3b3 shows the schematic representation of the soft 
robot’s locomotion with single magnet actuation. The 
fabricated robot demonstrated a record stretchability 
(900%), sensitivity (of 103 up to 200, and the order of 105 
at about 700% linear strain), and controlled movement 
and simultaneous sensing abilities. Further, the digital 
photographs of the locomotion cycles of the soft robot 
are shown in Fig. 3b4. These findings show new opportu-
nities for employing soft robots with intrinsic sensing in 
delicate surgical situations.

Electrical field‑driven soft robots
Soft robotics-based biomedical applications are inter-
ested in engineered living-synthetic systems as soft 
robots can vigorously alter the structure and perceive 
biological environments [40]. Shin et al. designed a soft 
robotics system resembling a batoid fish that incorpo-
rates self-actuating heart muscles on a scaffold with 
a layer-by-layer organized framework of two hydro-
gel layers with tiny patterns constituting the substrate 
and a flexible gold microelectrode [41]. The actuation 

component was made up of two layers: a layer of gel-
atin GelMa hydrogels embedded with CNTs, which 
served as a cell culture substrate, and a layer of poly 
(ethylene glycol) hydrogel substrate, which worked as 
a mechanically sturdy platform, as shown in Fig.  4a1. 
Additionally, flexible Au microelectrodes were 
included in the biomimetic framework, improving 
both the mechanical integrity and electrical conductiv-
ity of the device. The Au microelectrodes positioned 
beneath the cell layer of the soft robotic system also 
provided the induced electrical stimulation and con-
trolled beating actions, as shown in Fig. 4a2. While an 
AC external electrical field at 1  Vcm−1 was provided 
with frequencies ranging from 0.5 to 2.0 Hz, the bioin-
spired soft robot responded by beating, as shown in 
Fig.  4a3. Cardiomyocytes exhibited good myofiber 
organization and offered self-actuating motions 
aligned with the direction of the contractile force of 
the cells after being cultured and matured on the bio-
mimetic scaffold shown in Fig.  4a2. Additionally, this 
work offers possible advantages in regenerative medi-
cine, such as electrical stimulator-integrated cardiac or 
muscular patches for tissue regeneration.

Finding a green energy supply is a major issue for 
electrically responsive soft robots because the required 
voltage exceeds several volts [30, 42, 43]. In this case, 
a workable modern technology called a triboelectric 
inchworm-inspired soft robot (TESR) system that pri-
marily functions by a rotatory triboelectric nanogen-
erator was designed by Liu et  al. as shown in Fig.  4b1 
[44]. Two triboelectric adhesion feet were propelled 
and precisely regulated by the triboelectric effect, 
achieving the highest crawling speed of 14.9 mm  s−1 on 
the top of the acrylic polymer, as shown in Fig. 4b2. To 
achieve the soft-deformable body, the dielectric elasto-
mer was pre-stretched several times. The triboelectric 
nanogenerator (TENG) was used to analyze and mimic 
the TESR’s features, including displacement and force 
called RF-TENG. The working mechanism of the tri-
boelectric nanogenerator for influencing the soft robot 
is shown in Fig. 4b3. Under the guidance of RF-TENG, 
TESR successfully crawled on various material surfaces 
and slopes with varying angles, as shown in Fig.  4b4. 
For real-time visual monitoring, in which TESR car-
ried a tiny camera to send images through a long, nar-
row tunnel, it also raised the possibility that it could be 
used for clinical assessment in an unreachable area to 
humans. The digital photograph of the crawling process 
inside the tunnel and images were also recorded by the 
micro camera attached to the robot. This study adds to 
broadening the applicability of TENG by providing a 
clear perspective on the green energy harvesting tech-
nologies appropriate for electrically-driven soft robots.
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Future perspectives
Future soft bioinspired robots should be able to adapt 
and evolve since they will be composed of recycla-
ble, biodegradable, or biohybrid materials [45–47]. 
Soft robots will also utilize renewable energy sources 
without disrupting the energy balance of natural eco-
systems. These soft green robots will be designed to fol-
low a lifecycle and to integrate better into the natural 
ecosystem, ushering in a new generation of environ-
mentally conscious technologies [48, 49]. To make the 
soft robot completely function in a harsh environment, 
the researchers must comprehensively understand the 
structure and characteristics of living animals in their 
surroundings [50, 51].

Smart, innovative materials are required to connect 
characteristics with these design goals of soft robots [52]. 
Due to the amorphous state of soft materials, there is still 
no standardized design in soft robotic design. Soft mat-
ter engineers would ideally be able to build on the ear-
lier study using a library of well-specified materials and 
design structures rather than using assumptions of soft 
design concepts [53–55]. Soft robots have many uses, 
and new applications for various technology will be cov-
ered. This field can also examine real-world applications 
in the manufacturing, industrial, educational, and con-
sumer sectors [56–58]. Additionally, applying reliable, 
widely accepted manufacturing methodologies with ris-
ing comparability of active materials is possible.

Finally, soft robots must be equipped with artificial 
intelligence (AI) for this subject to advance [59, 60]. Soft 
robots can utilize and benefit greatly from the typical 
algorithms of rigid robots, which can be implemented for 
future progress.

Summary
This short review presents an overview of current 
achievements in bio-inspired soft robots that are driven 
by external stimuli such as light, magnetic field, and elec-
trical field in this short review. We concentrated on how 
biology can contribute to the advancement of soft robot-
ics by replicating environmentally adaptive features. 
We have also addressed bio-inspired functionalities in 
soft robot applications but from a system level, such as 
transportation, mobility, handling, distortion, detection, 
and functioning as biomedical devices. The presented 
soft robots can address the need for a uniform material 
platform by converting local tension, light, magnetic, and 
electrical fields into more accurate signals. These meth-
ods can be broadly applied to infinite soft materials and 
composites, offering various building blocks for cutting-
edge soft robots. The future development of smart soft 
materials may significantly impact the rapid development 
of diverse soft robotics.
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