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ABSTRACT: Hydrogels are soft materials composed of a three-
dimensional (3D) hydrophilic polymer network filled with a large
amount of water. Different from rigid machines, hydrogel-based
robots are encoded with energy conversion mechanisms that allow
sensing, adaption, transformation, and response in complex
environments. In this perspective, we discuss the advances and
challenges of hydrogel materials for soft robotic and sensing
applications. In the first part, we introduce stimuli-responsive
hydrogel sensors that can receive external energy inputs from
different stimuli and translate them into in the geometrical, optical,
electrical, and biological output signals. Then, we comprehensively
discuss the recent development of hydrogel robot systems that
exploit the responsive properties to achieve diverse locomotion
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models and functions. On the basis of the distinct driving force and locomotion mechanisms, we categorize hydrogel robots into two
main kinds: one is the active robot that deforms by stimuli-responsive swelling of soft hydrogels, and the other is the passive motor
that is propelled by reactive matters. We compare the advantages and challenges of each strategy and show how to transform
biomimetic principles into technological capabilities through material and structural designs. We finally provide a critical perspective
on the key challenges in the integration of functionality in hydrogel robotic systems and reasonable directions to push hydrogel

robots toward diverse applications.

1. INTRODUCTION

The recent development of miniaturized robots toward
healthcare and biomedical applications has drawn great
attention from both mechanicians and materials scientists."

Traditional rigid machines have come to a bottleneck where the
combination of motors, the power source, logic circuits, and
computational elements cannot be easily miniaturized to satisfy
the increasing demand for in vivo applications.” ™ On the other
hand, stimuli-responsive soft materials can translate external
energy into mechanical forces and deformations, which provides
a promising alternative to integrate on-board sensing and
deformation capabilities into miniaturized soft robots. Since the
proposal of the hydrophilic copolymer polyhydroxyethyl
methacrylate (pHEMA) for permanent contact applications
with biological tissues in 1960s,° hydrogels have been regarded
as the most prominent materials in bioengineering due to their
biocompatibility, low modulus, and permeability to nutrients
and metabolites.” Hydrogel is a three-dimensional (3D)
hydrophlhc network containing a large amount of aqueous
solutions.” Due to their physically or chemically cross-linked
polymer structure, hydrogels exhibit the properties of elastic
solids with deformability and softness. Furthermore, the high
content of water within the networks brings them fluid-like
properties, such as the transparency of light and the permeability
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of ions and molecules."” Due to their unique properties, the
application of hydrogels expands from bioengineering,'”'" drug
delivery,12 and microfluidics>™° to soft robotics'®'”
integrated senors.”

Hydrogel materials with stimuli-responsive properties could
be the key elements that enable the integration of sensing,
actuation, and locomotion in intelligent soft robots. The joint

efforts made by the discovery of materials and the optimization

and

of the robot’s design have significantly enriched motion
mechanisms, constructed structures, and functional tasks of
hydrogel robots. Generally, hydrogel robots can be classified
into two main kinds: one is an active hydrogel soft robot that
deforms by stimuli-responsive swelling, and the other is a passive
motor that is propelled by other reactive substances embedded

in the hydrogels (Figure 1).
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Figure 1. Hydrogel robots with diverse mechanisms, structures, and functions.

In nature, plants utilize the flow of water to realize their
particular movements.'®'” The motions are caused by their
uniquely oriented cellulose structures.””” Inspired by plants, the
osmotic pressure-driven hydrogel soft robots adopted layered,
patterned, or oriented structures to perform anisotropic
deformations in response to external stimuli, such as
light,21_24 an electric field,” ternperature,%’27 ionic strength,28
or a magnetic field.”” = The utilization of anisotropic structures
or nonuniform distribution of external fields enables hydrogel
robots to achieve bending,33 twisting,‘?’4 expansion,24 and
oscillation deformations.”””® The hydrogel robots constructed
by such mechanisms can be defined as the active soft robots.

On the other hand, when active elements are incorporated
into hydrogel matrices, hydrogel motors are micromachines that
are passively powered by the catalytic decomposition of
biochemical fuels or driven by external fields. The term “passive”
refers to the fact that these hydrogel micromachines do not
involve the osmotic-driven swelling of the hydrogel itself.””
Most catalytic hydrogel motors move autonomously in liquid
environments by catalytic bubble recoil, and the propulsion
directions are predetermined by the structural anisotropy. One
can also apply external fields to steer the movements of the
motors. For example, it is a feasible approach to exert force or
torque on the motor by applying a magnetic field*® or to
accelerate the catalytic reactions by applying near-infrared light
(NIR) illumination.*

Moreover, there is another type of new hydrogel motors that
are capable of various agile autonomous locomotion on water
surfaces through the manipulation of the local surface tension.
Due to the distinct structures and mechanisms of those catalytic
and stimuli-driven hydrogel motors, here we define them as
hydrogel surface swimmers. Similar to their biological counter-
parts, such as water treaders Mesovelia and beetle larvae
Pyrrhalta,** these hydrogel surface swimmers move by the
manipulation of the water—air interface. The Marangoni effect is
the mechanism behind most of the interesting phenomena, as
demonstrated by the nonuniform surface tension distribution
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and liquid flow caused by either thermal gradient*" or additional
surfactant.** As an addition to the existing mechanisms, recently,
our group discovered a water-strider-inspired hydrogel robot
that is capable of fully autonomous movement on the water
surface. This novel robotic system does not require additional
surfactant nor operated stimuli to generate locomotion, and it is
driven by a new mechanism called dynamic wetting."’

Despite the progress made in expanding both the mechanism
and functionality of hydrogel robots, it is still a challenge to
tackle complex tasks in dynamic environments, which some-
times even impose contradictory requirements on the properties
of the robot. Taking biomedical applications as one example in
order to accomplish biological operations in vivo, the softness of
the robot body to guarantee the adaptability to pass through
narrow channels such as lymphangion or capillary vessels is
required, but on the other hand, the mechanical strength of a soft
robot to penetrate blood clots or release drugs in deep tissues is
required.”"* Currently, the intrinsic softness and mechanical
hysteresis of polymer networks, the time-consuming swelling
process, and low energy conversion efficiency are the limiting
factors that restrain the energy density and power output of the
hydrogel robotic systems. Notably, the recent advances made in
new materials and biomimetic actuation strategies have helped
to overcome the limits in exerting large deformation, high
actuation frequency, and large forces in hydrogel robots.
Further, the ability to perform complex shape morphing and
to respond to multiple physical fields has been proven to be
critical to increase the degree of freedom in locomotion and
enrich the robot’s dynamic interaction with its surroundings.

This perspective aims to provide a panoramic discussion of
the design, function, programmability, and intelligence of
hydrogel robots. First, we give a comprehensive introduction
to existing hydrogel robotic systems and classify them according
to their structure and driving mechanisms. Then, we highlight
the recent progress made in expanding the mechanism and
functionality and improving the performance of hydrogel robots
and motors. Finally, we discuss the advances made in bioinspired
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structures and mechanisms that allow hydrogel robots to exceed
current engineering practices and enable them to perform
agility, maneuverability, and dexterity that are comparable to
natural organisms. With the understanding of the progress and
trends in existing hydrogel robots, we propose reasonable
directions for the design of future hydrogel robotic systems with
high efficiency, robustness, intelligence, and programmability.

2. HYDROGEL SENSORS IN RESPONSE TO COMPLEX
ENVIRONMENTS

The sensor is a constituent element of machines that perceives
and responds to signals in the environment. While biological
nervous systems are soft, water-containing fibers that comply
with the motion of the musculoskeletal system, the existing
electronic sensing devices are mostly built with materials with
high modulus and zero water content, such as semiconductors
and metallic electrodes.*® For typical soft robots, the achieve-
ment of self-regulated actuation with closed-loop feedbacks
requires mounting sensing elements that are sufficiently
compliant, rather than confining the properties or causing stress
concentrations of the whole soft structure. However, the current
stiff electronic integrations restrict the miniaturization and
higher-level motility of the devices."” Hydrogels with their
excellent combination of softness, conductivity, biocompati-
bility, and versatility in electrical engineering have become a
popular choice for electrodes in soft biocompatible sensing
devices.

Hydrogel sensors can actively exhibit volumetric or phase
changes upon sensing environmental inputs ranging from
temperature*®*” to humidity,* chemicalsg9 and electric fields”"
or passively respond to magnetic fields,”” pressure,”> human
motion,”* or biomolecules'””” by being incorporated with active
substances (such as magnetic particles, conductive polymers,
carbon nanotubes, etc.) within the hydrogel matrix. Driven by
diverse mechanisms, hydrogel sensors are ca;%able of exertiq%
outputs in the form of mechanical,’” optical,”” and electrical’
responses. The synthesis of soft, conductive, biocompatible, and
biodegradable hydrogel sensors potentially provides a seamless
interface between biology and the device. Here, we introduce
the principle and mechanism of stimuli-responsive hydrogels
and hydrogel sensors and give examples of their applications in
various fields.

2.1. Stimuli-Responsive Properties of Hydrogels and
Their Composites. 2.1.1. Thermally Responsive Hydrogels.
Temperature changes in the environment are one of the most
prominent stimuli that control the biological rhythm on our
planet. Thus, thermally responsive actuation systems are of
significant importance for both scientific and industrial
applications. The development in polymer chemistry has
allowed synthetic hydrogels to undergo significant volume
transition under temperature changes.””*® Thermally respon-
sive hydrogels usually show a lower critical solution temperature
(LCST) or an upper critical solution temperature (UCST). The
LCST transformation process involves breakage and formation
of hydrogen bonds with water molecules.”” Above the LCST,
the hydrogen-bending interactions are decreased and thus the
hydrogels are in a collapsed, shrunken state. A temperature-
driven actuation system in the range compatible with the human
body is critical for biomedical applications. One of the most
popular temperature-responsive hydrogel systems is poly(IN-
isopropylacrylamide) (pNIPAm) and its derivatives, because it
exhibits large volume changes at a relatively low LCST
temperature of around 32 °C.”” With an increase in temperature
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across the LCST of pNIPAm, a coil to globule transition occurs,
which causes the hydrogel to shrink and become opaque. The
LCST can be tuned by varying the molecular weight, polarity,
functional group, and copolymerization.58

The UCST transformation process involves the association
and disassociation of H-donors and H-acceptors to polymer
chains.*® In contrast to LCST hydrogels, the UCST-type
transition leads to the expansion or swelling of hydrogels above
the critical temperature. When poly(acrylic acid) (pAAc) and
poly(acrylamide) (pAAm) are copolymerized into an inter-
penetrating hydrogel, a UCST-type transition is exhibited.
Researchers have made efforts to create hydrogels showing both
the LCST and UCST; one example of a clay/p(MEO,MA-co-
OEGMA) nanocomposite hydrogel was fabricated by polymer-
ization of 2-(2-methoxyethoxy) ethyl methacrylate (MEO,MA)
and oligo(ethylene glycol) methacrylate (OEGMA) in an
aqueous solution with cross-linker clay. The obtained nano-
composite hydrogels exhibited double volume phase transition
behaviors, corresponding to the LCST and UCST, with
reversible thermosensitivity.>”

2.1.2. Optically Responsive Hydrogels. Light is a clean, safe,
and sustainable energy source that can be easily and precisely
tuned in terms of its intensity, polarization, wavelength, and
repetition frequency. The application of light to manipulate
small-scale objects can be classified into three main mechanisms:
photophoretic effects,”” photochemical effects,”® and photo-
thermal effects.”’ Optical trapping based on the photophoretic
effect permits a fine and precise control of the colloidal particles
suspended in air or liquid, but it usually generates a force on the
order of picoNewtons (1072 N), which limits the size of objects
that can be lifted. Photochemical hydrogels are functionalized by
physical or chemical cross-linking with specific photoresponsive
chemical materials such as azobenzene, spiropyran, nitro-
benzene, or cinnamoyl groups, which changes their molecular
properties such as configuration, cross-linking degree, and
photolysis under the light stimulus.'” The photoactive molecule
azobenzene absorbs light and undergoes a cis to trans
configuration transformation, which causes reversible geo-
metrical changes under light irradiation at specific wavelengths,
and another well-studied photochromic chemical, spiropyrans,
undergoes an electrocyclic ring-opening reaction from a closed
spiro form to a planar merocyanine form upon ultraviolet (UV)
light illumination.”" Although photochemically active hydrogels
show geometric programmability upon light irradiation, this
method usually suffers from a relatively small deformation.

Although hydrogels have limited photothermal efficiency, the
embedment of other photothermal substances such as carbon-
based nanomaterials, metallic nanoparticles, two-dimensional
(2D) semiconductors, and transition metal sulfides can bring
about significant improvement in the photothermal efficiency.
Carbon-based nanomaterials, such as reduced §raphene oxide
(rGO)**** and carbon nanotubes (CNTs),%” are excellent
photothermal agents due to their superior photothermal
conversion efliciency. The high strength of carbon nanomateri-
als also enables the enhancement of the mechanical properties
and swelling ratios of the hydrogels when dispersed in the
polymer matrix’*** or used as three-dimensional building
blocks.”® The localized surface plasmon resonance (LSPR)
effect that occurs in nanosized metallic particles is the main
mechanism that makes metallic particles such as gold nano-
particles (AuNPs),””%° Fe;O, nanorods,”"®” and copper
nanoparticles (CuNPs)®® prominent photothermal agents.
The photothermal heating occurring in the near-infrared
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Figure 2. Typical hydrogel sensors. (a) Schematic illustration of a flexible sensor with a semiconductor phototransistor covered by stimuli-responsive
hydrogel layers. (b) Variation trend of the output signal and transmittance of the hydrogel film with the increase of relative humidity. (c) Transfer
curves of the device at various relative humidities under gate voltage changes. Reproduced with permission.’® Copyright 2020, AAAS. (d) Schematic
illustration of a hydrogel sensor toward monitoring human joint movement. (e) Bending angle detection of a finger. (f) Relative resistance changes
under compressive strains. Reproduced with permission.”* Copyright 2021, Elsevier.

(NIR) range has great potential for biomedical treatment with
its considerable penetration depth, low phototoxicity, and high
space—time remote control ability.”> Novel 2D functional
materials with high specific surface areas provide remarkable
NIR absorption capacity and abundant anchoring sites to load
therapeutic agents. The MXene nanosheets with unique 2D
nanostructures exhibit excellent photothermal effects and
thermal conductivity, leading to a localized temperature change
under NIR irradiation.””

Recently, nonlayered MoO, nanosheets have been studied in
terms of their LSPR mechanism, NIR absorption efliciency,
chemical stability, and toxicity. The synthesized hydrogel/
MoO, composites have shown potential for applications in
photothermal actuators and microfluidic devices.”” Different
from the above photochemical or photothermal agents that
absorb light within a narrow range of wavelength, it would be
ideal if novel photoresponsive materials exhibited broadband
light absorption from the UV—visible to infrared region. Such
advanced materials could be constructed by rationally designing
the porous structure, hierarchical networks, and nanowire
alignments of the known material libraries.”””"

2.1.3. Magnetically Responsive Hydrogels. Magnetic fields
provide untethered control over the spatiotemporal deformation
of magnetic soft materials. The biocompatibility and pene-
trability of the magnetic field to most biomaterials and inorganic
materials enable remote manipulation of objects in isolated and
confined environments.””> Basically, hydrogels embedded with
ferromagnetic particles can receive magnetic torque or magnetic
force from the external magnetic fields. The magnetic torque,
provided by a uniform magnetic field generated by one or several
pairs of Helmholtz coils, is often used for the precise control of
the deformation and locomotion of magnetic soft robots.”” With
the ferromagnetic particles such as Fe,O; or nickel nanorods
aligned within the hydrogel in a predesigned direction, it creates
a magnetic shape anisotropy that makes the aligned direction the
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easy axis for magnetization. When the magnetic torque rotates
the magnetization away from equilibrium, the magnetically
anisotropic material tends to align its magnetization with its easy
axis.”” Thus, the continuously distributed magnetization within
the soft hydrogel can produce locally varying stress when it
interacts with the magnetic fields.”> Moreover, when the applied
field strength exceeds the coercivity of the magnetic particles, it
reprograms the magnetization direction toward the field. These
unique features of magnetic composites provide a feasible way to
endow the programmability of the hydrogel materials, making it
possible to generate complex deformation and morphology
under magnetic fields.””’*”>

On the other hand, the magnetic force arises from the
magnetic field gradient, which is usually generated by a
permanent magnet.”’ While the magnetic force could directly
pull a magnetic robot toward the desired direction, this method
suffers from the significant damping of the magnetic field
strength with the increasing distance from the magnet. In
addition to the above-mentioned two strategies, magnetic
heating utilizes the joule heat generated by the alternating
current (AC) magnetic field. In this case, magnetic particles act
as heating sites that control the temperature-dependent swelling
behavior of the hydrogel or melt specific components to achieve
predesigned functions, such as the release of drugs.76

2.1.4. Chemically Responsive Hydrogels. By mimicking the
natural organisms’ dynamic response to the sensing of chemical
molecules from the environment, chemical responsive hydrogels
offer opportunities for the development of smart and adaptive
actuation systems. Chemical reactions with hydrogels are
diverse because of the difference in the chemical synthesis of
different hydrogels, which enable complex swelling behaviors
and changes in optic, mechanical, or electric properties.

Typical chemical responsive hydrogel materials involve the
Belousov—Zhabotinsky (BZ) reaction in which the organic
substrate experiences a periodic redox reaction in the presence
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of a metal ion catalyst. The BZ catalyst ruthenium(II) tris(2,2'-
bipyridine) ([Ru(bpy);]**) could be covalently bonded to the
polymer chain of a pPNIPAm hydrogel, which results in a self-
oscillatory swelling and deswelling process following the
nonlinear BZ reaction.”> Another chemical responsive mecha-
nism of active hydrogel materials includes the oxidation of
glucose. The oxidation of glucose to gluconic acid by the enzyme
results in a drop in the pH, which can trigger volumetric
transitions in a pH-responsive hydrogel matrix.” The ionic
strength in aqueous solution also leads to a volumetric change of
the hydrogel. The pNIPAm undergoes a dehydration process
when immerged into a NaCl solution.”® Also, novel silk—elastin-
like protein (SELP) hydrogels exhibited high deswelling ratios in
a NaCl solution.*®

2.1.5. Other Responsive Hydrogels. Hydrogel materials with
different chemical structures of the polymer chain or additive in
the polymer network result in diverse stimuli-responsive
properties. Except for the typical thermal, optic, magnetic, and
chemical responsive materials mentioned above, we give a brief
introduction to other types of stimuli-responsive hydrogels here.
In response to the electric field, the directional migration and
rearrangement of jons inside the hydrogel create an osmotic
pressure that drives the hydrogel's swelling or deswelling
process.”” The main advantage of this approach is that it allows
accurate voltage/current control with commercial software and
electric devices, but on the other hand, the electric pulses are not
safe for biological tissues when exceeding a certain magnitude.

The pH-responsive hydrogel holds potential in biomedical
applications because the pH value varies widely in different
organs of the human body and is associated with health
conditions and many diseases.”® The pH-responsive properties
mainly arise from the ionizable pendant groups on the polymer
backbone, which result in a charge buildup along with the
polymer when exposed to a specific pH strength. With the
oppositely charged ions penetrating the hydrogel, it causes an
increase in osmotic pressure that drives the volumetric change of
the pH-responsive hydrogels.

2.2. Application of Stimuli-Responsive Hydrogels
toward Integrated Sensors. The stimuli-responsive perform-
ance and compatibility of soft hydrogel materials make them
suitable for the cooperation of existing sensing and robotic
systems. The different mechanisms and performances from
conventional bulky electronics have brought new light toward
the flexible, integrated, and biocompatible applications. To
realize these advances, the combination of different functional
ultrathin components with a wafer-compatible process is one of
the central tasks. Li et al.’’ demonstrated a flexible
optoelectronic humidity sensing system with the humidity-
responsive hydrogel layers coated above a flexible silicon
nanomembrane phototransistor. A UV-cured hydroxyethyl
methacrylate—acrylic acid copolymer hydrogel film of ~20 ym
thickness was chosen as the smart sensitive material and stuck on
the top surface of the light-sensitive area (Figure 2a). Upon a
humidity change in the environment, the hydrogel film’s
transmittance increased with an increase in humidity, and the
resultant output current of the phototransistor increased in a
similar trend (Figure 2b). With the rising of gate voltage, the
output current exhibits an abrupt linear increase at a certain
inflection point, providing guidance for the optimization of the
working conditions (Figure 2c). Such on-chip humidity sensing
based on stimuli-responsive hydrogel films benefits the
miniaturization of devices and the seamless integration of
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smart sensing materials with Si CMOS-compatible flexible
phototransistors.

Despite the active hydrogel sensors that exploit the intrinsic
stimuli-responsive properties of hydrogels, the incorporation of
active substances (such as carbon materials, metallic nano-
particles, living cells) into biocompatible hydrogels has provided
a unique opportunity to enrich their sensing properties toward
biological applications.”” Zheng et al.>* employed an integrative
cross-linking strategy to combine conductive poly(3,4-ethyl-
enedioxythiophene):polystyrenesulfonate and multiwall carbon
nanotubes into a gelatin-based biocompatible hydrogel. The
conductivity and mechanical properties of the hydrogel
composite increased with the addition of dispersion phases
and thus rendered it electroactive and responsive to human joint
motions at the knuckle, elbow, and wrist (Figure 2d), as
demonstrated by the change in the relative resistance (AR/R, X
100%) of the hydrogel composite sensor. They found that the
AR/R, increased with the increase of the bending degree at
different joints at a short response time of 100 ms (Figure 2e).
Their hydrogel composite sensor could also respond to
compressive strains (Figure 2f), indicating the potential of the
conductive hydrogel composites as epidermal sensors.”*

The low modulus and high electrical conductivity are the key
requirements of hydrogel sensing devices. Ye et al."’ combined
CNTs with pAAm to form a cathode and anode of a hydrogel
battery. It was found that, after full dehydration and partial
rehydration, the electrical conductivity of the hydrogel electro-
des was significantly improved from 0.8 to 1 X 10° mS cm™,
which was attributed to the reduced interface resistance of the
electron transport of CNTs and reduced pore sizes in the
hydrogel network. A similar strategy was adopted to form a high-
conductivity hydrogel composed of partially dehydrated
pAAm—alginate embedded with a low concentration of Ag
flakes.”’ The resulted hydrogel composite exhibited a high
electrical conductivity of >350 mS cm ™" and Young’s modulus of
<10 kPa, which allowed it to sense the applied strains and to be
integrated into diverse robotic and healthcare devices. In
addition, thermal regulation is important for the stable function
of robotic devices in autonomous operations. Mishra et al.*”
utilized the responsive properties of micropores (~200 ym)
made by pAAm capped on a 3D printed fluidic elastomer
actuator, which endowed it autonomous thermal regulation
capability (~107 W kg™') by perspiring through the micro-
porous surface. Such a strategy offers an entirely passive way for
autonomous thermal regulation of future soft robotic devices.

Microbial sensing is an attractive diagnostic application
through the detection of disease-associated biomolecules within
the human body. Liu et al.*” developed a magnetic living
hydrogel system consisting of an ingestible poly(vinyl alcohol)
(PVA) hydrogel composite loaded with NdFeB magnetic
particles and diagnostic microbes. Different from traditional
retaining devices that are prone to intestinal blockage or device
migration, the magnetic particle within the hydrogel facilitated
localization and was retained in the gastrointestinal tract. Due to
the softness of the hydrogel, the diagnostic device is geometri-
cally compliant to the inner wall of the gastrointestinal tract, thus
avoiding intestinal blockage problems and minimizing tissue
damage. The living biosensing bacteria integrated into the soft
hydrogel matrix were retained in vitro for 7 days and could
detect bleeding in a mouse intestine.”” Other examples of
hydrogel sensors for typical applications such as protein
detection, photosensor measurements, and sweat detection are
found in the literature.””*%*
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Figure 3. Hydrogel actuators with layered or gradient structures. (a) Bilayer PBI-HPEI/GO-pNIPAm hydrogel actuators bend and form folded
structures upon temperature changes. Reproduced with permission.”* Copyright 2018, Wiley-VCH. (b) Reversible thermal actuated self-folding of a
layered hydrogel actuator placed in deionized water. Reproduced.”> Copyright 2015, American Chemical Society. (c) Laser-induced bending
deformation of a hydrogel strip with a gradient porous structure. Reproduced with permission.”* Copyright 2015, Wiley-VCH.

3. HYDROGEL SOFT ROBOTS ACTUATED BY
OSMOTIC-DRIVEN DEFORMATION

Smart deformations in nature are characterized by the
generation of a time-dependent deformation profile along a
living organism’s soft body in a dynamic interaction with the
environment. With the deepened understanding of the motion
behaviors of biomimetic structures, awareness has been raised
that the continuum deformation of soft robots would be the key
to the miniaturization of robotic devices and that artificial
machines could successfully mimic the agile shape morghing,
functionality, and gaits of their natural counterparts.”> The
construction of soft robots with stimuli-responsive active
materials is a prominent approach to integrate different energy
conversion mechanisms inside a soft body, and the combination
of a specific structure design allows them to generate desired
time-varying shapes and programmable locomotion models.'®
The development of materials science and mechanical engineer-
ing has stimulated advances in both aspects and pushed hydrogel
soft robots toward novel functionalities.*® In this section, we
introduce the principle in the design of deformation-actuated
hydrogel soft robots and highlight the progress made in
improving the actuation efliciency, high degree of freedom in
locomotion, and novel functionalities.

The anisotropic and patterned structures are key to achieve
diverse functions of smart actuation systems.’” As a homoge-
neous and unstructured hydrogel only undergoes an isotropic
volume change through swelling and deswelling processes, the
structure design and patterning of hydrogels enable complex
shape changes and thus various functions in response to different
stimuli.”*® We classify and discuss different deformation
structures and mechanisms below.

3.1. Anisotropic Structures of Hydrogel Soft Robots.
3.1.1. Hydrogels with Layered and Gradient Structures. A
classic layered structure is composed of hydrogel layers with
different moduli or swelling behaviors, which leads to an
anisotropic volumetric change and the buildup of internal
stresses. Usually, fabrication methods such as multistep molding,
spin coating, or lithography are used to combine different layers
and control their thickness. Upon applying stimuli, such as
temperature changes, the layer utilizes the strain gradient
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generated by the different swelling behaviors and mechanical
properties of the individual layers to create out-of-plane bending
or folding deformations.*®

The bending deformation of a bilayer hydrogel actuator under
homogeneous field actuation can be predicted by the
Timoshenko beam theory,”®” where the bilayer with a large
difference in the coeflicient of expansion, mechanical strength,
and geometry parameters could generate considerable bending
deformation. Stoychev et al.” investigated the folding behavior
of hydrogel bilayers with different aspect ratios and thicknesses.
They found that long-side rolling dominates at high aspect ratios
and rolling from all sides occurred when the width and length
considerably exceed the circumference of a deformed state. The
variety of rolling scenarios could be ascribed to the non-
homogeneous swelling and the adhesion of the hydrogel layer to
the substrate.”” Ma et al.”® combined a thermally active
graphene oxide-poly(N-isopropylacrylamide) (GO-pNIPAm)
hydrogel layer with a pH-responsive fluorescence perylene
bisimide-functionalized hyperbranched polyethylenimine (PBI-
HPEI) layer to form an anisotropic bilayer structure that bends
upon a temperature change. By cutting the bilayer sheets into
different shapes, they obtained different temperature-triggered
3D shape morphing models (Figure 3a). Breger et al.”
combined poly(N-isopropylacrylamide-co-acrylic acid) (pNI-
PAm-AAc) with stiff nonswelled polypropylene fumarate (pPF)
layers to fabricate microgrippers that exhibited reversible
actuation upon a temperature cycle (Figure 3b). The
combination of the swelling layer with a passive layer could
only result in unidirectional bending; it is therefore reasonable to
employ layers with distinct swelling behaviors to achieve more
complex bidirectional deformations. Li et al.”” synthesized a
bilayer hydrogel actuator that consists of a UCST-type poly(N-
acryloyl glycinamide) (pNAGA) layer with a LCST-type
poly(N-isopropylacrylamide) (pNIPAm)—Laponite nanocom-
posite layer. The complementary swelling behaviors of the
UCST- and LCST-type hydrogels give the actuator a fast
bending ability and bidirectional bending behavior when across
the UCST and LCST transition.

Compared to layered structures that have mismatch problems
between the combined materials, the seamless gradient structure
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Figure 4. Hydrogel actuators with patterned structures. (a) Thermal actuation of patterned hydrogel discs consisting of high swelling and low swelling
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regions. Reproduced with permlsswn.9

Copyright 2012, AAAS. (b) 3D shape changes of surface patterned hydrogels. Reproduced with permission.”*

Copyright 2017, Wiley-VCH. (c) Preswelling-directed shape morphing of patterned hydrogel sheets. Reproduced with permission.” Copyright 2017,

Wiley-VCH. (d) Out-of-plane deformation of a hydrogel printed with a selected exposure time at different positions. Reproduced with permission.
Copyright 2017, Wiley-VCH. (e) Reversible step-by-step deformations of a multilevel structure. Reproduced with permission.”

8

® Copyright 2019,

Wiley-VCH. (f) Deformation of periodically patterned hydrogels showing cooperative deformation of the neighboring units. Reproduced with

permission.”” Copyright 2017, AAAS.

is beneficial for avoiding stress concentrated at the interface.
Utilizing gradient distribution of the dispersion phase, such as
pores, precipitates, or additional particles, would effectively
generate an anisotropic strain distribution and dissipate
excessive stress to the whole structure, such that the damage
caused by stress localized at the interfaces could be avoided. Luo
etal.”" used N-isopropylacrylamide as monomers to polymerize
with 4-hydroxybutyl acrylate (4HBA) via a hydrothermal
reaction, during which the precipitation of pNIPAm—OH
hydroxyl groups leads to a concentration gradient from the top
to bottom of the hydrothermal reactor. The resulted gradient
porous hydrogel strip can bend upon a uniform temperature
increase or localized laser irradiation (Figure 3c).

3.1.2. Hydrogels with Patterned Structures. As the
anisotropic layered and gradient structures make it easy to
form bending deformations, the controlled buckling of planar
sheets is the pathway to form complex 3D shapes. Spatially
nonuniform swelling developed by stimuli-responsive hydrogels
with patterns of varied sizes and geometric arrangements is an
attractive approach to induce such complex out-of-plane shape
morphing. Kim et al.”* employed a half-tone lithography process
to pattern pNIPAm hydrogel sheets containing pendent
benzophenone units, which allows tunable cross-linking at
specific sites by controlled irradiation doses. The patterned
architecture consisted of highly cross-linked dots embedded
within a lightly cross-linked matrix, and the stress distribution
generated by nonuniform swelling enabled smart trans-
formations of flat sheets into spherical caps, saddles, cones,
and Enneper’s surfaces (Figure 4a). Peng et al.”* developed an
ion inkjet printing technique that allows for the batch fabrication
of complex patterns with programmable cross-linking densities.
The printing process was completed in a ferric solution where
the complexation between polyelectrolyte and ferric ions
increased the cross-linking density of the patterned dots. The
adjustment of printing times and grayscale distributions of
patterns resulted in the formation of different 3D shapes (Figure
4b).

The stress gradient distributed along the thickness direction
of the layered and gradient structures can effectively determine
the bending direction, but in patterned structures, the in-plane
gradient-induced buckling deformation usually has self-locked
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bistable states, which makes the direction of buckling
unpredictable. In order to address this unpredictability, Zheng
and co-workers”” employed a preswelling step to embed a
transient through-thickness gradient of patterned high swelling
regions, so that the buckling of individual domains could be
directed, forming programmable configurations in the following
swelling step (Figure 4c). As the photolithography approach is
used for patterning in most cases, it lacks the capability to
generate high resolution and time-varying patterns. Huang et
al.*® demonstrated a printing setup that consists of a computer-
controlled projector embedded with a digital micromirror
device (DMD) and a reaction cell containing light-curable
monomers. This setup is capable of millisecond-scale control of
the light exposure so that a pixelated sample can be printed at a
very fast speed and turn into 3D objects when immersed in water
(Figure 4d).

Another approach to pattern advanced hydrogel actuators is
the integration of different responsive materials to form a
multilevel structure. On the basis of this concept, Ma et al.
sequentially patterned pAAm, pNIPAm, and poly(acrylamide-
co-2-acrylamido-2-methylpropanesulfonic acid) [p(AAm-co-
AMPS)] gels in multistep photolithography to form periodic
arrangements. The hydrogels with distinct swelling properties at
specific sites were able to reversibly transform into 3D
configurations on the basis of the change in ion strength and
temperature (Figure 4e).”® When the deformed units were close
to each other in a patterned structure, the interaction and
cooperation of neighboring units determined the overall shape
change of the structure. Wang et al.”” demonstrated the
cooperative deformation of 2D periodically patterned hydrogel
sheets with alternating geometry and gel properties. While the
high-swelling regions buckled to relieve the in-plane compress-
ing caused by the constraining effect of nonswelling regions, the
whole structure remained flat due to the cooperative
deformation of the neighboring units (Figure 4f).

3.1.3. Hydrogels with Oriented Structures. The differential
distribution of the fiber orientations among plant cells can
collectively generate anisotropic movements in the overall plant
tissue’® and transforms the osmotic pressurization and
hygroscopic swelling into bending, twisting, and buckling
deformations.””'” Such effects of oriented cellulose fibril on
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Figure 5. Hydrogel actuators with oriented networks. (a) Complex flower morphologies generated by biomimetic 4D printing. Reproduced with
permission.101 Copyright 2016, Nature Publishing Group. (b) Unidirectional procession of an L-shaped symmetric TiNSs/pNIPAm hydrogel
actuator. Reproduced with permission.'?> Copyright 2015, Nature Publishing Group. (c) Shape transformation of a composite hydrogel sheet into a
left-handed helix, rolls, and a right-handed helix. All scale bars are 1 cm. Reproduced with permission.'”® Copyright 2016, The Royal Society of
Chemistry. (d) Orthogonally oriented bilayer network structures with a saddle-like shape change and bending motion. Reproduced with
permission.'** Copyright 2019, Wiley-VCH. (&) Various shape changes of hydrogel networks containing oriented AuNPs induced by a photothermal
effect. All scale bars are 5 mm.Reproduced with permission.”> Copyright 2020, Nature Publishing Group.

plant movements have inspired many biomimetic structures and
actuators. In order to encode the anisotropic mechanical
response of the hydrogels, the construction of elaborate
heterogeneous network structures to tune the mismatch and
internal stress of individual components is the central issue.

Sydney Gladman et al.'’’ printed composite hydrogel
architectures with the alignment of cellulose fibrils along
redesigned pathways. The localized and anisotropic swelling
behavior is programmed by the fibril distribution, allowing
plant-inspired smart structures to perform complex 3D shape
morphing when immersed in water (Figure Sa). Kim et al.'*?
adapted oriented lamellar electrolyte titanate nanosheets
(TiNSs) inside a pNIPAm hydrogel. The specific arrangement
imparts a large anisotropic electrostatic repulsion inside the
hydrogel matrix. Upon the LCST transition, the internal
electrostatic permittivity of pNIPAm changed reversibly and
the distance between the TiNSs rapidly expanded and
contracted on heating and cooling. The resulted thermal-
induced large shape change occurred without substantial water
uptake and release. As a demonstration of the oriented TiNSs/
pNIPAm actuator, a L-shaped bipedal walking hydrogel was able
to proceed unidirectionally upon a temperature change (Figure
Sb).

Wang et al.'” fabricated layered fibrous structures that mimic
a bean pod with programmed deformations. The responsive
structure contains cellulose fibrils of pAAc/pNIPAm and
pNIPAm as interpenetrating networks with different swelling
ratios and moduli. When switched between pH =9 and pH =1,
the destruction and recovery of the hydrogen bonds between the
amide groups of pNIPAm and the carboxyl groups of pAAc
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produce orthogonally distributed internal stress that drives the
transformation of the planar structure into a twisted helix, and
when the geometry parameters of the individual layers were
tuned, other forms of the deformed structure such as a
cylindrical helix and rolls could be obtained (Figure Sc).
Similarly, Arslan et al.!o* printed orthogonally arranged
poly(ethylene glycol) (PEG) reinforcement elements in a
pNIPAm matrix to induce anisotropic actuation of the individual
layers, and the resulted bilayer structures were able to perform
bending and twisting deformation upon temperature modu-
lation (Figure 5d).

Zhu et al”> employed multistep electrical orientation and
photolithography to align [Nay][LigsMg,s][Sis]OyoF, nano-
sheets within a hydrogel precursor containing AuNPs. They
used a high-frequency AC electric field to orient the nanosheets,
such that nanosheets with a large aspect ratio act as stiffeners
against in-plane deformation, making the modulus along the
parallel direction much larger than that of the vertical direction.
The combination of AC electric field orientation and multistep
photolithography enabled the construction of domain structures
with periodic orientations, so that upon photothermal actuation
the deformation mismatch between neighboring domains would
result in the buildup of internal stresses. The hydrogels with
different domain orientations and arrangements were encoded
with various 3D deformation patterns, which resulted in the
formation of tubes or left- or right-handed helices upon a
temperature increase (Figure Se).

3.2. Locomotion of Hydrogel Soft Robots by
Deformation. Hydrogels have broad applications in the field
of soft robots due to their softness, biocompatibility, and stimuli-

https://doi.org/10.1021/acs.chemmater.2c01960
Chem. Mater. 2022, 34, 9307—-9328


https://pubs.acs.org/doi/10.1021/acs.chemmater.2c01960?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c01960?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c01960?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c01960?fig=fig5&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.2c01960?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

Table 1. Comparison of the Different Structures, Mechanisms, and Applications of the Deformation-Driven Hydrogel Robots

deformation bending size
structure type mechanisms fabrication method angle (deg) (mm) stimuli function ref
layered bending strain gradient generated by photolithography 60 6  temperature; gripping 92
structure different layers magnetic field
bending strain gradient generated by molding 75—82 22 temperature gripping 57,78
different layers
bending strain gradient generated by molding 46 34 temperature crawling 111
different layers
oscillation continuous steam generation molding 40 35 light swimming 21
gradient bending strain generated by gradient molding 90 20  light; gripping; 91
structure porous structures temperature swimming
patterned bending; anisotropic swelling programmed photolithography 4S 10 light crawling 22
structure twisting by orientation
bending; anisotropic swelling programmed by photolithography 65 18  ion; light; pH; gripping 112
twisting oriented multiresponsive network temperature
bending; site specific swelling molding 82 light gripping 113
twisting
strip bending; temperature gradient induced by molding 70 6 light rolling 23
twisting structured light
bending temperature gradient induced by molding 60 9  light swimming 114
structured light
bending; magnetic torque exerted by an oscillating molding 4 magnetic field crawling; rolling; 74
twisting magnetic field swimming
sphere expansion bubble generation induced by a suspension 2 light jumping 67
photothermal effect polymerization
elastic bending pneumatic/hydraulic pressure 3D printing 90 100  pressure gripping 10s,
chamber induced inflation 115

responsive swelling properties. However, existing hydrogel
actuators, mostly osmotic pressure-driven, involve a time-
consuming diffusion and rearrangement of water inside the
polymer networks.'” Furthermore, because the polymer
networks have characteristic long polymer chains between
cross-link points, many hydrogel systems undergo hysteresis
during cyclic deformation due to pronounced energy
dissipation.'” In this part, we introduce recent progress made
in various applications of hydrogel robots with a special focus on
those designs of new materials and actuation mechanisms that
help to overcome the intrinsic low speed and force of hydrogel
actuation systems. To gain a comprehensive perspective of
deformation-driven hydrogel robotic systems, a comparison of
the different structures, mechanisms, and applications of
hydrogel robots driven by deformation are listed in Table 1.
Gripping is a universal motion by which animals and plants
interact with the environment or other objects.'”” While the
layered structure utilizes the strain gradient and mismatch to
generate bending deformation, it is easy to transform a layered
hydrogel into a stimuli-responsive gripper through structure
design. Examples of hydrogel grippers can be triggered by
temperature,78 light irradiation,'®® solvent,'”® etc, but the
response time of these osmotic-driven actuators ranges from
minutes to hours. An alternative approach for fast grasping is to
embed inflatable chambers and channels on one side of the
hydrogel actuators to directionally deform the structure. Such
structures are usually made of silicone elastomer components
and are challenging for hydrogels because of the insufficient
robustness and stiffness. To overcome this drawback, Yuk et
al.'”® fabricated pAAm-alginate tough hydrogels with a fluidic
chamber structure that utilize hydraulic actuation instead of
osmotic pressure to achieve fast grasping of a living goldfish
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(Figure 6a). This approach allowed the actuators to exert a force
larger than 1 N with a response time of less than 1 s. A detailed
comparison of the actuation force and frequency of different
hydrogel actuators is given in Table 2.

Besides gripping, other basic locomotion modes such as
rolling, crawling, and walking are adapted by animals to avoid
predators and to access enclosed and confined environments. As
the transformation of hydrogels is related to the water release
and uptake process, much effort has been made to realize
complex underwater deformation and movement. While most
underwater hydrogel actuators are temperature-driven, the
environmental temperature, which is too slow for fast switching,
needs to change.”””® On the other hand, light-driven photo-
chemical or photothermal transitions are much faster and enable
programmable local actuation by changing the spot shape,
irradiation position, frequency, or strength.”' ~** Xiang et al.”®
constructed polyurethane (PU) hydrogels containing dual
networks of dynamic covalently cross-linked hexaarylbiimida-
zole (HABI) units. Upon light irradiation, the cleavage of the
C—N bond in the photochromic HABI unit caused the decrease
in the cross-link density of the hydrogels. Much different from
layered or gradient structures, the PU hydrogel strip is
homogeneous, but the excellent absorption rate of visible light
by the hydrogel resulted in preferential absorption of incident
light on the phototropic face and thus anisotropic deformations.
Such photochemical transformations allow bending, twisting,
and folding deformations upon localized and structured light
irradiation. When a rectangular 0.4 mm thick PU hydrogel strip
was joined end-to-end to form a wheel, the light irradiation on
one side of the wheel shifted its weight center and resulted in
phototaxis rolling locomotion under water (Figure 6b).**
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Laser scan

Figure 6. Hydrogel robots with diverse mechanisms, designs, and
applications. (a) A transparent hydraulic hgrdrogel gripper catches a live
goldfish. Reproduced with permission.'” Copyright 2017, Nature
Publishing Group. (b) Photochemical-driven forward rolling of a
hydrogel actuator under water. Reproduced with permission.*®
Copyright 2021, Elsevier. (c) A cylindrical hydrogel crawling inside a
capillary under scanning laser light. Reproduced with permission.'"’
Copyright 2018, Wiley-VCH. (d) Bidirectional walking of strip-
patterned anisotropic hydrogel under scanning light. Reproduced with
permission.”> Copyright 2020, Nature Publishing Group. (e) Light and
magnetic field induced cargo transport and release of a cross-shaped
hydrogel film containing aligned Ni nanowires. Reproduced with
permission.”” Copyright 2020, AAAS. (f) Photothermal oscillators
powered by local steam generation. Reproduced with permission.”’
Copyright 2021, AAAS. (g) An oscillating swimming hydrogel robot
under directional visible light irradiation. Reproduced with permis-
sion."** Copyright 2019, AAAS. (h) Jumping of a hydrogel sphere
driven by photothermal-induced bubble generation. Reproduced with
permission.’” Copyright 2020, Nature Publishing Group.

Limbless creatures in nature often live in narrow and hard-to-
access spaces, and they move by sequential expansion and
contraction of their body segments. Inspired by the peristaltic
crawling of earthworms, Sun et al.''” demonstrated a hydrogel
actuator that enables repeatable and bidirectional crawling
inside a capillary. They employed a superstrong magnetic field to
align TiNSs within the pNIPAm hydrogel actuator and
incorporated them with AuNPs for photothermal energy
conversion. Similar to their work in 2015,"” the photothermal
heating switched the electrical permittivity of the polymer
network and thus synchronously changed the electrostatic

repulsion between the TiNSs. When utilizing light scanning
along the hydrogel body, a spatiotemporal deformation profile of
elongation and contraction can be generated, which enables
earthworm-like peristaltic crawling inside confined spaces
(Figure 6¢)."'" Zhu et al.”* adopted a similar structure
containing oriented NSs and photothermal receiver AuNPs.
Their light-triggered hydrogel actuator achieved bidirectional
crawling, walking, and turning using a scanning green light beam
along with specific scanning directions (Figure 6d).

Li et al.”” designed hydrogels by combining a scaffold of high-
aspect ratio ferromagnetic nanowires with a polymer matrix
containing a photoswitching spiropyran (SP) monomer, which
renders the actuator dual-responsive performance upon light
irradiation and magnetic field manipulation. The hydrogels
rotated by applying a rotating magnetic field due to the magnetic
anisotropy of the aligned anisotropic ferromagnetic nanowires,
which produced a magnetic torque of ~5 X 10™® Nm. At the
same time, they could bend toward the light source because of
the creation of a spatial gradient in the amount of hydrophilic
and hydrophobic moieties within the hydrogel. The synergistic
response allowed fast underwater walking and even delivery of
cargo through rolling and subsequent shape changes (Figure
6e).”” It is notable that the combination of different responsive
properties is an advantageous strategy to overcome the
limitations of a single type of actuation and to increase the
steerability of hydrogel robotic systems; such examples are also
found in the combination of ultrasound and ternperature,122
light and ion,"* temperature and ion,"** etc.

The energy conversion process of muscles does not involve
solvent diffusion and thus endows them with an excellent
combination of robustness, high energy density, and high output
power.125 However, on the other hand, traditional osmotic-
driven hydrogels require the diffusion of solvents in the polymer
network. For osmotic-driven hydrogels, the energy density could
be approximated as pg = Alle /2, where AIl is the change in
osmotic pressure during the swelling process and & is the
swelling strain.'>® For some other hydrogel actuators, such as the
magnetic-driven or electric-driven ones, they can be regarded as
elastomers and the energy density could be approximated as pg =
E(e,)*/2, where E is Young’s modulus and &, is the actuation
strain.” For power output, the power density py, = fpg, where fis
the actuation frequency. Although the low modulus of hydrogels
is beneficial for deformability and compatibility, it limits the
deformation speed and mechanical power output. To overcome
these limits on hydrogel actuation systems, new mechanisms
must be exploited. Inspired by the oscillation of biological
processes such as the heartbeat of mammals, researchers have
developed hydrogel oscillation systems on the basis of the

Table 2. Comparison of the Actuation Force and Frequency of Different Stimuli-Responsive Hydrogel Actuators

hydrogel stimuli type actuation force (N) actuation frequency (Hz) ref
p(AAc-co-NIPAm) ion strength lifting force 0.15 116
PEE-PPy moisture lifting force 9.31 X 1072 0.33 117
pNIPAm/PVBIPS temperature lifting force 225X 107 4.17 X 1073 118
PVA/(PVA-MA)-g-pNIPAm temperature lifting force 9.8 x 107 333 %1073 119
(pAAm)-alginate pressure lifting force 1 1 105
pNIPAm temperature lifting force 4x107° 107
pEGDA acoustic field propulsive force 9.15 X 10~ 3.75 X 10° 120
pAAmM/KMnO, chemicals propulsive force 1.14 X 1077 121
Ca-Alg/pEGDA/IONPs magnetic field propulsive force 62x107° 55 45
PAANa/IONPs light propulsive force 4.05x 1073 67
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Table 3. Comparison of the Different Structures, Mechanisms, and Applications of Hydrogel Motors Driven by Chemical Fuels or

External Fields

structure autonomous fueled mechanisms

3D printed yes yes  bubble recoil induced by catalytic
reaction

Janus particle yes yes  bubble recoil induced by catalytic
reaction

Janus rod yes yes  bubble recoil induced by catalytic
reaction

core/shell yes yes  enzyme-mediated decomposition

droplet of fuel
helix no no axial thrust generated by rotation
no no  axial thrust generated by rotation
tube no no  bubble recoil induced by NIR light
isotropic disc yes no  dynamic wetting

fabrication method size stimuli function ref
3D printing 120 ym magnetic swimming 141
field
microfluidic + e-beam 250 pm magnetic swimming 38
evaporation field
cut + coating 6 mm chemical swimming 121
fuel
microfluidic lithography 19.8 ym none swimming 139
microfluidic lithography 170—1100 magnetic swimming 45, 140
pm field
template 2.5-3.5 mm magnetic swimming 154,
field 155
molding 6 mm light swimming 39
molding 1-4 cm none swimming 43

Belousov—Zhabotinsky reaction,”> nonredox reaction,"’’
chemo-mechanochemical self-regulation,'”® and humidity-
triggered mechanical oscillation,'** but these approaches cannot
achieve precise untethered control with high degrees of freedom.
Instead of the above methods, light actuation can efficiently
drive the transition of photochemical or photothermal actuated
hydrogels via the embedment of high-efficiency photon
receivers.

Liet al.”' exploited the swimming behavior of a steam-driven
oscillating hydrogel actuator under constant stimuli. The key
component of the oscillator comprises hydrogels embedded
with Fe;O0,/Cu nanorods that can effectively generate steam
bubbles through high-efficient photothermal conversion. Upon
light irradiation, the heat generated by nanorods resulted in
localized bubble formation followed by bubble collapse, which
regularly perturbs the hydrogel film, inducing an oscillation with
frequency ranging from 10 to 32 Hz, depending on the light
strength (Figure 6f).”" Similarly, Zhao et al."*" reported a self-
sustained oscillation of highly bendable AuNPs/pNIPAm
hydrogels (Figure 6g). The mechanism of the oscillation
originated from the self-shadowing effect coupled with the
high speed of actuation. When the light-irradiated side of the
hydrogel was heated above the LCST, it shrunk and overbent to
block further photothermal heating. After cooling to the original
temperature below the LCST, the hydrogel returned to its flat
shape and was heated again. As compared to other actuation
systems in which the mechanical motions are driven by on—off
switching of external stimuli, such novel hydrogel oscillators
would be promising to realize functions of biological species as
they are able to perform regular oscillation under nonperiodic
stimuli and alter their oscillating dynamics in response to
environmental changes.

Acoustic-driven microswimmers utilize high-frequency oscil-
lation in a more delicate way."”" Ultrasound is a widely used
power source in biomedical applications such as ultrasound
imaging, because it is safe for most biological systems and
provides noninvasive penetration in deep tissues.'*>'** The
acoustic-driven hydrogel motors emerged as a powerful device
toward in vivo applications with biocompatibility, long lifetime,
and on-demand motion control. The hydrogels placed into an
acoustic field are usually passively driven by acoustic radiation
force,"** which does not necessarily cause the swelling of the
hydrogel. Typically, the acoustic manipulation approaches
utilize ultrasonic standing waves generated by piezoelectric
transducers to propel, rotate, separate, or migrate micro/
nanomotors.*"*® Ahmed et al.'** employed ultraviolet
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photopolymerization to fabricate rectangular PEG micro-
swimmers with conical caves. After being submerged in liquid,
bubbles were trapped in the caves, and the bubbles’ oscillation in
the acoustic field resulted in a steady flow field around the
motor, which could propel it to move in a speed of 50 body
lengths per second. Kaynak et al."*” utilized a similar fabrication
process to obtain PEG microswimmers with flagellum
structures, and they found the speed of the microswimmers
changed linearly from 200 to 1100 pm/s, depending on the
voltage applied on the transducers. They further fabricated a
much more delicate 3D hydrogel microswimmer by direct laser
writing.'** The microswimmer adopted a microjet engine
structure, and the localized microstreaming around the tip of
the conical wedge results in a jet in the middle of the device,
which allowed it to propel itself or function as a microfluidic
chamber.

Jumping is another powerful motion triggered by muscle-
powered accelerations for many animals. Generally, the process
first requires the muscle contraction to restore elastic potential
energy and then a fast release of the stored elastic energy to
produce kinetic energy.'*® Besides oscillation, photothermal
induced bubble generation provides an opportunity to induce
jumping by fast deformation of specific sites under light
irradiation. Li et al.®’ synthesized a binary iron oxide
nanoparticle (IONP) and poly(sodium acrylate) (pAANa)
hydrogel sphere actuator. When irradiated by the side of the
sphere, bubble generation occurred rapidly through the
photothermal heating process and subsequently expanded the
sphere within 800 ms and rebounded the hydrogel at a speed of
1.6 m/s to reach a jumping height of 15 cm (Figure 6h).

4. HYDROGEL MOTORS DRIVEN BY CHEMICAL FUELS
OR EXTERNAL FIELDS

In the past decades, great endeavors have been made to create
miniaturized “engines” that can convert stored chemical energy
to controlled propulsion. In 2004, a pioneering work by Paxton
and co-workers discovered the autonomous movement of Au—
Pt bimetallic nanorods, which are propelled by self-electro-
phoresis.5 Since then, micro/nanomotors with optimized
materials, sizes, shapes, and propulsion mechanisms have been
developed. Scientists have adopted various top-down or bottom-
up fabrication techniques to obtain microengines in the forms of
Janus particles,38 rods,"*' core/shell droplets,m9 helices, "'
and tubes.”” These miniaturized autonomous systems can
efficiently convert chemical fuels (such as hydrogen peroxide,'*!
hydrazine,'** and glucose'**) or external energy input (such as
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magnetic energy, ultrasonic energy,145 optic energy,
thermal energy, "’ and electric energy'*°) to realize mechanical
motion. Such micro/nanomotors are emerging as prominent
candidates with their promising potential in diagnoses, in vivo
drug delivery, sensing, and water purification.'*’

A comparison of different structures, mechanisms, and
applications of hydrogel motors driven by chemical fuels or
external fields is listed in Table 3. Much different from those
stimuli-responsive hydrogel robotic systems, which generate
spatiotemporal deformation profiles along their soft body to
achieve directional movements, autonomous hydrogel motors
discussed here are scarcely involved in deformation and thus
require a different mechanism for their self-sustained
locomotion. In this section, we review the structure, mechanism
and design of nondeformed hydrogels in two broad categories
on the basis of their distinct propulsion mechanisms, i.e., the
autonomous chemical propulsion and external-stimuli-induced
propulsion, and another type of hydrogel surface swimmers that
move by the manipulation of local surface tension distribution.

4.1. Hydrogel Micro/Nanomotors Driven by Catalytic
Bubble Recoil. Different catalysts have been embedded in
hydrogel micromotors, such as inorganic particles including
platinum (Pt),"*" MnO,,”® and KMnO,"”" and biocatalysts
including enzymes,"*” glucose oxidase,'*’ and organic Prussian
blue (PB) nanoparticles.'*” Like the stimuli-driven deformation
regulated by anisotropic structures of hydrogel soft robots, the
directional propulsion of micromotors requires the breakage of
geometric symmetry. The key step is to fabricate hydrogel
motors with smart structures for functionalization. Although
various structures of hydrogel motors have been developed, the
challenge remains in the scaled-up production of soft,
biocompatible motors loaded with biocatalyst. In 2012, Ma et
al."! proposed a selective polymerization of aqueous two-phase
systems using glass capillary microfluidic devices (Figure 7a).
During the fabrication, anisotropic spontaneous phase separa-
tion of microfluidic droplets containing two immiscible aqueous
phases occurred, which resulted in droplet-in-droplet morphol-

9318

ogies of controlled size, which upon polymerization leads to the
desired asymmetrical gel particle. While traditional top-down
lithography is labor-intensive and expensive, the microfluidic
lithography approach that utilizes asymmetric, aqueous, and
two-phase-separating droplets is very promising for its control-
lable size, morphology, low price, and ability for high-
throughput fabrication." This type of magnetic droplet could
provide a magnetic torque of ~6 X 107" Nm in the presence of a
rotating magnetic field."”> Keller et al.'*” reported batch-
fabricated microcapsule motors consisting of poly(ethylene
glycol) diacrylate (pEGDA) and dextran with the biocatalyst
enzyme placed in the pEGDA phase (Figure 7b). They studied
the motion of the motor and found that the moving speed of the
enzyme-mediated catalytic propulsion is influenced by the
roughness of the motor, and the rougher surface allowed easier
pinning of oxygen bubbles and thus high recoil speed.'*”
Similarly, Liu et al. synthesized hydrogel microcapsules
containing TiO, and ZnO NPs, which allowed the removal of
the organic pollutant methylene blue through a photocatalytic
process.'*’

A more classic anisotropic structure of hydrogel micromotors
is the Janus particle with active catalysts coated or loaded on one
side of the particle for bubble recoil. Lin et al.** employed a glass
capillary microfluidic fabrication method to obtain hydrogel
microspheres and then embedded functional NPs (MnO,,
Fe;0,, TiO,) using photocurable hydrogel precursor to obtain
Janus microspheres with different coverages. The catalytic
reaction of hydrogen peroxide by NPs produced O, bubbles on
the side coated with NPs, which resulted in directional
propulsion. Zhu et al."*>* synthesized anhydride-derived hydro-
gel microcapsules by a microfluidic glass capillary device and
further deposited Ti/Pt films with e-beam evaporation to obtain
aJanus particle structure (Figure 7c). Their hydrogel motors are
capable of permeation, purification, and separation of dissolved
molecular species. Rods are another basic structure for efficient
micromotors. Wang et al.'”' created emulsion-hydrogel soft
motors templated from the oil/water emulsion. By simply
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* Copyright 2015, Wiley-VCH. (c) Schematic of a double-

helical microswimmer loaded with aligned magnetic nanoparticles. (d) The step-out frequency of the microswimmer. Reproduced.'® Copyright 2019,
American Chemical Society. (e) Schematic of the synthesis process of hydrogel microhelices using a capillary microfluidic device. (f) Motion of a

magnetic soft hydrogel helix to pass through a sinuous capillary. Reproduced with permission.**
motors passing through a constricted channel in cell media under a rotating magnetic field. Scale bars are 2 mm. Reproduced with permission.

Copyright 2021, Elsevier. (g) Trajectories of helical
Is4

Copyright 2021, Wiley-VCH. (h) Degradation and targeted drug release of a configurational microcapsule. Reproduced.'”* Copyright 2021, American

Chemical Society.

injecting a saturated KMnO, catalytic solution in the tail of the
hydrogel rod, self-propulsion through the catalytic reactions in
H,0, solutions occurs. A combination of the catalytic motor
with other functional materials enriches the function of the
motors. Hao et al."*’ reported a Prussian blue-reduced graphene
oxide (PB-rGO) hydrogel self-propelling motor for water
treatment, where the PB catalyzed H,O, into oxygen bubbles
to propel the motor and rGO catalyzed H,O, into hydroxyl
radicals as an oxidant for the degradation of pollutants. Zhu et
al."*" developed an artificial microfish loaded with Pt NPs on the
tail for chemically mediated propulsion. A computer-controlled
UV light cross-linking process assisted by the DMD device
allowed precise loading of the ferromagnetic iron oxide particles
on the head and thus magnetic steering of the moving direction
during the bubble propulsion.

4.2. Hydrogel Micro/Nanomotors Driven by External
Fields. Although chemical fuels are widely used to power
catalytic micromotors, some toxic chemicals are not suitable for
in vivo applications. Besides, the catalytic micromotors face
challenges in increasing the degree of freedom in locomotion,
improving the accuracy in positioning, and extending the
functional durability. On the other hand, external stimuli-driven
approaches utilizing light, magnetic field, ultrasound, etc. enable
biocompatible manipulation and hold the potential to solve the
problems above.*”'>® Unlike the hydrogel soft robots driven by
stimuli-responsive deformation of the hydrogel itself, field-
driven hydrogel motors are usually loaded with stimuli-
responsive materials such as photothermal particles or magnetic
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particles to effectively convert external energy input into
mechanical movements. Wang et al.”* demonstrated the concept
of a hydrogel microswimmer that is capable of diving and
floating in water by controlling its density. The hydrogel is
composed of two monomers, stearyl acrylate and methacrylic
acid, as well as rGO as the NIR absorbent. Upon NIR light
irradiation, the photothermal heating by rGO caused the
melting—crystallization phase transition of the hydrogel. The
density changes before and after the phase transition enabled the
diving and floating of the microswimmer in water (Figure 8a).
With real-time control of the irradiation time and direction, the
swimming direction and the swimming depth could be
instantaneously controlled (Figure 8b).”*

One of the most efficient microrobots capable of overcoming
viscous drag and propelling itself in a low Reynolds number
regime is the magnetic artificial bacterial flagella (ABF).">7*8
The ABFs adopt a helical structure similar to that of the
Escherichia coli bacteria, wh1ch could be made by rolled -up
technology,159 a template, direct laser wr1t1ng, ' and
microfluidic lithography.*'* In a rotary magnetic field, the
ABFs rotate around their axial direction and thus cause a unique
cork-screw propulsion. Ceylan et al."” fabricated a double-helical
microswimmer by two-photon microprinting. During the
printing, the iron oxide nanoparticles dispersed in the
photocurable precursor gelatin methacryloyl were aligned by
the magnetic field and thus enabled the field-driven locomotion
in fluidic environments (Figure 8c). They studied the movement
of the microswimmer with increased rotational frequency of the
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Figure 9. Surface swimming hydrogel robots that propel by the manipulation of local surface tension distribution. (a) Structure of a hydrogel robot
infused with ethanol and its different trajectories generated by different designs. Reproduced.'”> Copyright 2012, American Chemical Society. (b)
Image sequences of the hydrogel passing through a microfluidic maze with a composition gradient. Reproduced.*” Copyright 2012, American
Chemical Society. (c) Directional motions of a hydrogel swimmer driven by a photothermal induced Marangoni effect. Reproduced with permission.*'

Copyright 2021 Wiley-VCH.

magnetic field. The typical swimming behavior of magnetic
ABFs is divided into wobblinsg, cork-screw, and step-out regions
with increased frequency.'”® The forward velocity of the
microswimmer increased linearly in the cork-screw region and
reached its maximum before the step-out region (Figure 8d)."
Liu et al.”> combined microfluidic photolithography with a dip-
coating process to generate a soft helical structure loaded with
magnetic nanoparticles (Figure 8e). The mechanical property of
the helix can be finely tuned by adjusting the pEGDA percentage
in materials followed by treatment in Na*/Ca** solutions. With
the low modulus of the soft body, the obtained magnetic helix
was capable of being actively propelled through narrow and
sinuous microchannels by a magnetic torque of 3.29 X 10™"* Nm
exerted by a rotating magnetic field, mimicking the deformability
of living cells (Figure 8f)." In addition, Huang et al."”’
combined magnetic programming and photolithography to
aligned magnetic nanoparticles in layered hydrogel ABFs. This
unique design allowed programmable shape morphing of the
microrobots and thus controllable motility. The motility and
maneuverability of their ABFs can also be adjusted on demand
by dynamically remagnetizing the body by applying a magnetic
field significantly higher than the magnetic field applied to align
the magnetic nanoparticles during the fabrication process.

When a magnetic microrobot is levitated in biomedical
liquids, the Earnshaw’s theorem implies that a stable position of
the micromotor cannot be maintained by the stationary
magnetic force.'®* Therefore, a feedback control is needed to
accurately hold the position and pose of the microrobot. A five-
degree-of-freedom (S-DOF) electromagnetic microrobot oper-
ation system, OctoMag, was proposed in 2010, which enables
autonomous and precise control over the motion of magnetic
micromotors by computer vision.'” Fusco et al.'®* further
utilized this system to control and plan the trajectory of a
hydrogel micromotor loaded with magnetic beads. A visual
tracker allowed the recognition of selected magnetic beads. and
the controller of the magnetic field generated a suitable field
strength, frequency, and direction to move the beads along the
preplanned trajectory.

Although the propulsion with external fields is biocompatible,
it still raises concerns about the toxicity of the motor and
rejection reactions if the foreign object cannot be expelled from
the human body. From this perspective, it is necessary to form
hydrogel motors with fully biodegradable materials for in vivo
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applications, which allows noninvasive material removal after
targeted interventions.'®*~'%° Peters et al.*’ reported a one-step
fabrication of a biodegradable hydrogel helix loaded with
superparamagnetic particles. The magnetic composites were
cross-linked via single- and two-photon polymerization of a
mixture of pEGDA and pentaerythritol triacrylate (PETA) with
Fe;0, nanoparticles. The polymer network was able to absorb
and deliver targeted drugs to fibroblast cells and then degrade in
physiological environments. A similar 3D laser lithography
approach is adopted by Sun et al."” to form a biodegradable
hydrogel motor propelled by an oscillating magnetic field.
Instead of the helix, they designed a special structure composed
of four rigid segments connected by flexible springs, which
allowed undulation locomotion that propelled them in the low
Reynolds number regime. The main construction material
pEGDA is approved by the Food and Drug Administration
(FDA) for human use, which also satisfies the biodegradabﬂity
requirement for real-time in vivo applications.'”” While
techniques like 3D laser writing or glance angle deposition
require expensive and complex instruments, Wang et al.">*
proposed a versatile fabrication setup to produce a biocompat-
ible helical PVA hydrogel motor. Instead of 3D printing, they
employed a rotary machine that attached to a silk-like hydrogel
mixture of PVA and Fe;O, NPs to fabricate the helix and then
used photocuring to solidify the structure; the obtained helix was
able to penetrate constricted channels in cell media under a
rotating magnetic field (Figure 8g)."** Besides the hydrogel
motors mentioned above, other micromotors made by
biodegradable materials such as gelatin methacryloyl
(GelMA) ot sugar,168 zwitterionic photoresists,166 proteins,lég
and metal—organic frameworks (MOFs)'”? can be found in the
literature.

Active targeted therapy using untethered micromotors is a
challenging task, which requires the locomotion of the motor
toward the target and controllable release of the loaded drugs.
Chen et al.'”" designed a configurational microcapsule that
enabled targeted delivery of the anticancer therapeutic
doxorubicin (DOX). Their microcapsule consists of a multilevel
structure of a calcium alginate (CaA) magnetic hydrogel, gelatin
sphere, and core of chitosan microspheres loaded with drugs.
The three parts are severed for locomotion, seeding of biological
tissue, and drug release, respectively (Figure 8h).'”" Besides
biomedical applications, the bottom-up assembly of colloidal—
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Figure 10. Hydrogel water striders autonomously move on the water surface without operated stimuli. (a) Trajectory of a water strider in 0.1 s. The
inset is a schematic illustration of the propulsion mechanism of a water strider. (b) Trajectory of a hydrogel swimming on the water surface in 4 s. The
inset is a schematic illustration of the propulsion mechanism of a hydrogel water strider. (c) Contact angle changes on the hydrogel surface within 30
min. Scale bars are Imm (bottom inset) and 100 nm (top inset). (d) Trajectory of the hydrogel swimmer with a dynamic interaction with the
surroundings and objects of different hydrophilic/hydrophobic properties. Reproduced with permission.”> Copyright 2021, AAAS.

hydrogel devices is of interest to obtain highly controllable
structures and thus novel functionalities. Peng et al.'*® proposed
a colloidal assembly system on the basis of light-assisted
thermophoresis propulsion. Instead of guiding the motion of the
hydrogel itself, the hydrogel solution could be an ideal matrix for
optothermal manipulation. With a light-induced localized
temperature increase in the hydrogel solution, they created a
thermoelectric field and depleted attraction force to actively
manipulate the suspended colloidal particles of sizes smaller
than 5 pm."*

4.3. Surface Tension-Driven Autonomous Hydrogel
Robots. Insects such as water striders Mesovelia and beetle
larvae Pyrrhalta®® move on the water surface by agilely
controlling the curvature of the water surface. Inspired by
these creatures, hydrogel robots that move through the
manipulation of local surface tension are of interest as another
class of intelligent autonomous devices. Most of them are driven
by the local variation of surface tension and corresponding fluid
motion caused by composition or temperature gradients, i.e., the
Marangoni effect.'”* Sharma et al.'”® encapsulated an ethanol-
containing PAA hydrogel within polydimethylsiloxane (PDMS)
and designed openings at different positions to allow diffusion of
ethanol into the water surroundings. With a specific structure,
ethanol with a surface tension lower than that of water leaked
from one side, and thus, a surface tension gradient that propelled
the swimmer toward regions with higher surface tension, i.e.,
lower ethanol concentration, was formed. Such swimmers
exhibited long motion duration and tunable trajectories by
changing the opening positions (Figure 9a)."”?

Instead of loading chemicals in the hydrogel swimmer, Wang
et al. investigated the locomotion of the hydrogel sphere driven
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by concentration gradients in the environment. The hydrogel
sphere is able to smartly navigate through a maze where the
gradient of surface tension is formed by a drop of ethanol at the
exit (Figure 9b).*” A limitation of the design of such a
concentration gradient based on the Marangoni effect is that the
propulsion only lasts when the “fuel” is available or when a
concentration gradient is built up in the environment. An
alternative is to actively generate a thermal gradient around the
hydrogel, which changes the local surface tension of water. Pan
et al*' reported a transparent hydrogel swimmer that can
perform not only directional propulsion but also floating—
sinking 3D motions under the NIR laser beam irradiation or
sunlight. The hydrogel was composed of pNIPAm embedded
with photothermal CuS nanoparticles (Figure 9c). The
photothermal heating changed the surrounding surface tension
and drove the motion of the hydrogel. Moreover, the porous
hydrogel could sink by absorbing liquid molecules and then float
by the buoyant flow under NIR irradiation.

Although the above Marangoni effect-driven surface swim-
mers have shown intelligence to find chemical cues in a complex
space and are capable of omnidirectional movement, they
require the addition of surfactants to produce chemical gradients
in the environment or operated stimuli to actively generate
thermal gradients. The water striders in nature are self-sustained
and use repeated strikes of their middle legs to manipulate the
local curvature of the water surface and to propel in a periodic
manner (Figure 10a). Inspired by water striders, our group has
recently proposed a novel dynamic wetting mechanism that
enables hydrogels to achieve non-deformed, stimulus-free, and
autonomous swimming on the water surface (Figure lOb).43
The synthesized poly(hydroxyethyl methacrylate-co-acrylic
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acid) [p(HEMA-co-AA)] hydrogel could move autonomously
on the water surface for a duration as long as 210 min without
any human intervention or external energy input. The typical
compositions of hydrogels consisted of long carbon chains with
hydrophilic hydroxyl groups on the side chains and hydrophobic
methyl groups on the backbone. When the pristine hydrogel was
placed in the air, it preferentially exposed the nonpolar parts of
the backbone toward the air to minimize surface energy. During
this process, the pristine hydrogel was unwetted. When
submerged in water, the hydroxyl groups migrated to the
surface to minimize the interfacial free energy. In the water
absorption process, the reorientation of the hydrophobic and
hydrophilic groups occurred at the outermost interface.
Subsequently, the partially wetted hydrogel exposed new
unwetted parts to water because it sank slightly into the water,
and this repeated process is named dynamic wetting, as
evidenced by the repeated contact angle change on the hydrogel
surface measured in a period of 30 min (Figure 10c)."

The dynamic wetting phenomenon occurring at the water—air
interface resulted in a spacial-temporal-varying distribution of
surface tension. Due to the anisotropy in shapes, the partially
wetted hydrogel moved toward the unwetted region with a
fluctuated velocity. When swimming autonomously on the water
surface, the unevenly distributed surface tension around the
hydrogels allowed them to adaptively interact with surroundings
and objects of different hydrophilic/hydrophobic properties and
thus accomplish different tasks.** When placed in a maze with a
hydrophilic boundary, the hydrogel repelled itself from the
boundary and moved with a wall-following trajectory that
guided it to the exit. When surrounded by hydrophilic
thermoplastic polyurethane membranes, the hydrogel expelled
all the obstacles and escaped from them; on the contrary, the
hydrogel would get close to and collect hydrophobic PDMS
balls (Figure 10d). Besides the p(HEMA-co-AA) hydrogel,
other types of acrylic derivative hydrogels such as pHEMA and
poly(methacrylic acid) (pMA) showed similar locomotion
capability, and their movement duration is closely related to
the static equilibrium swelling time.*> When a gradient or bilayer
structure was employed, the p(HEMA-co-AA) hydrogel
exhibited a humidity-responsive shape morphing behavior.
When incorporated with active elements such as N-isopropy-
lacrylamide (NIPAM), acrylic acid, azobenzene, or 2-
acrylamido-2-methylpropanesulfonic acid (AMPS), it rendered
the hydrogel temperature-, pH-, light-, or electrical-responsive
behaviors, which further increased the degree of freedom in
manipulating the hydrogel’s locomotion and functionality.

While the existing self-propelled autonomous hydrogel-based
devices still rely on chemical fuels or external energy input by
stimuli to form bubble propulsion or phoresis propulsion, the
autonomous locomotion induced by dynamic wetting involves
no toxic chemicals or operated stimuli. Such an advantage in this
self-propelling technology could easily be applied to harness
environmental pollution, cargo transport and delivery, and
autonomous monitoring with minimal human operation.

5. CONCLUSION AND OUTLOOK

In summary, researchers have made great endeavors in the
development of hydrogel actuators that can convert external
environmental stimuli into their motion, and the pursuit of
achieving dynamic, robust, and adaptable manipulations has
pushed forward the establishment of novel design principles and
strategies. The osmotic-driven motion of hydrogel mimicking
natural plants brought about its advantages in softness, stimuli-
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responsive properties, and programmability but also drawbacks
in its long response time and limited actuation force.
Interestingly, the recent advances in the anisotropic structure
fabrication, composite design, and multiresponsive manipu-
lation have helped to overcome the challenges in the intrinsic
limits of hydrogels and thus broaden their applications to various
fields.

Diverse strategies have been adopted to translate natural
principles into technological capabilities in the two distinct
hydrogel robotic systems, i.e., the hydrogel soft robots driven by
stimuli-sensitive swelling deformation and the hydrogel motors
powered by catalytic bubble recoil or external fields. In the
deformation-driven hydrogel soft robots, the key is to integrate
effective onboard energy conversion mechanisms and to actively
control the shape morphing upon external stimuli. The
embedment of superior photoresponsive materials into the
robot’s soft bodies has made them efficient machines to perform
deformations with high frequency, large force, and high speed.
On the other hand, the dominating strategy of hydrogel motors
is the combination of anisotropic structures with self-sustained
propelling mechanisms. The advancement of high-throughput
fabrication with biodegradable materials has allowed the batch
synthesis of highly structured capsules, helices, and droplets that
are applicable for in vivo drug delivery and therapies. Among
them, the nonreciprocal propulsion by the magnetic field makes
them competent to penetrate complex fluidic environments with
low Reynolds numbers. Moreover, novel mechanisms of fully
autonomous hydrogel surface swimmers have further opened
the possibility of artificial devices with minimal human
operation. These design principles are critical to develop
hydrogel soft robots and motors that can exceed current
engineering practices and perform with animal-like agility,
maneuverability, and dexterity. The future development of
hydrogel robotic systems will rely on the in-depth understanding
of the mechanism of living organisms, novel functional materials,
multiscale structural designs, and configurable morphologies.

Additionally, further improvements of hydrogel robots will
depend on the integration of new materials and new designs with
close-loop feedback mechanisms that allow improved intelli-
gence, adaptability, biocompatibility, and multifunctionality.
First of all, the discovery of new materials will enable the
synthesis of fully soft, biocompatible, biodegradable, and
multifunctional hydrogel robots. The utilization of biofuels
such as glucose, adenosine triphosphoric acid, and protein will
expand the application of autonomous hydrogel robots in
biological environments and significantly improve their
competence of fulfilling various biological tasks. Second,
advanced fabrication technologies such as 4D printing should
be combined with theoretical modeling to design predicable
shape morphing and predesigned transformation. Third, the
buildup of close-loop feedbacks within miniaturized soft robots
remains a challenge. The key is to embed the controlling system
with machine learning. The system should be able to transform
data collected during the tour of the robot into next-step
actuation commands and help deliver clinically meaningful
information of the human body for the detection, diagnosis, and
characterization of human diseases.
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