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SUMMARY

Hydrogels offer great potential for the development of soft actuators
and robots owing to their water-rich structures, remarkable biocom-
patibility, and responsiveness to various stimuli, making them suitable
for a wide range of applications. However, conventional isotropic
hydrogels have limited actuation performance, hindering their func-
tionality and practical utility. The design and synthesis of anisotropic
hydrogels present a promising approach for creating high-perfor-
mance soft actuators and robots. In this review, we provide an overview
of the key principles involved in fabricating bio-inspired anisotropic
hydrogels. We also explore the various actuation methods employed
in related actuators and discuss their potential applications in soft
actuators and robots. Representative research from each category is
examined, highlighting the advantages and disadvantages of each
approach. Furthermore, we delve into the development of intelligent
hydrogel actuators and robots, showcasing their multi-functionality.
Finally, we address future research challenges and provide an outlook
on the field of anisotropic hydrogels.

INTRODUCTION

Organisms can adjust their shapes or motions by hydration/dehydration of cells in
response to external stimuli to accommodate the changing environments."? Like-
wise, mollusks (such as octopuses) and inchworms can perform complex movements
through muscle contraction and relaxation.”” Inspired by these living organisms,
researchers pay increasing attention to developing bio-inspired soft actuators and
robots, aiming to enhance the integration of motile agility, extend their adaptability
to unstructured environments, and achieve high work/power density. Compared
to metals or elastomers, hydrogels have been extensively studied for building bio-
inspired soft robotics because of their inherent softness, excellent stretchability,
remarkable biocompatibility, good permeability, and responsiveness to various
stimuli.”™®

Hydrogel-based soft actuators can generate shape morphing through the volume
change induced by water transport in the hydrogel polymer network under external
stimuli, such as humidity, temperature, light, pH, and magnetic and electric
fields.”"" However, isotropic hydrogels can only generate simple deformation
through volume change, which cannot meet the versatile requirements of soft actu-
ators. Therefore, hydrogels with anisotropic structures, including those with engi-
neered spatial patterning, have been explored to fabricate soft actuators or robots
to produce more complex shape morphing, such as bending, twisting, buckling,
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snapping, and 2D-to-3D shape transformation.'” This strategy has been widely
employed in nature. Many tissues have anisotropic structures across multiple hierar-
chical scales from the molecular to the macroscopic levels, and the built-in anisot-
ropy in biological systems is crucial to promote efficient force generation and
precise movement. For instance, skeletal muscles have an anisotropic structure
formed by longitudinally aligned cylindrically shaped muscle fibers, which can

generate directional contraction to drive ambulation.’*'

A few excellent review articles on hydrogel-based actuators have recently high-
lighted several aspects of this attractive material.'>'® For example, Peng and
Wang'” summarized the shape-changing hydrogels and discussed two strategies
for preparing hydrogels: inhomogeneous structures and inhomogeneous stimuli.
Sano et al.'® discussed the synthesis of anisotropic hydrogels through three
methods: oriented nanofillers, polymer-chain networks, and void channels. Jiao
et al."” reviewed the structure designs and functions of programmable morphing
hydrogels under osmotic pressure actuation. However, there is a lack of comprehen-
sive discussion on the synthesis methods, structure designs, and actuation and
control methods for anisotropic hydrogels. This review will fill this gap to provide
a thorough understanding of anisotropic hydrogels and their novel applications in
soft robots.

The review is organized as follows. First, the development and representative
strategies, including gradient/different component distributions, directional poly-
mer-chain orientation morphology, and multi-layer structure, are described. The
actuation methods for anisotropic hydrogel-based soft actuators and robots are
then discussed, followed by their promising applications and models. Finally, the
future research perspective and challenges for developing anisotropic hydrogels
and related soft robots are presented.

FABRICATION STRATEGIES FOR ANISOTROPIC HYDROGELS

Hydrogels with anisotropic structures/components can perform shape morphing
and generate anisotropic responses under external stimuli. The methods for
achieving the anisotropic structures of hydrogels are mainly attributed to the aniso-
tropic distribution of structures/components, such as additive fillers, polymer-chain
networks, microfabricated structures, and macroscopic assembly. Primary design
and fabrication strategies to induce anisotropy in hydrogels include gravity, electric
field, magnetic field, local patterning, shear flow, polymer-chain alignment, and
layered structure formation (Figure 1). This section provides an overview of the
key principles and limitations of these strategies for designing anisotropic
hydrogels.

Gravity-induced anisotropic hydrogels

The components of different densities in hydrogel sediment at different rates during
the hydrogelation process, resulting in a gravity-induced gradient distribution of the
components, such as metallic, inorganic particles, or polymer phases with different
densities, thereby generating an anisotropy gradient in the structure of hydrogels.
For example, Luo et al.?® prepared a porous gradient hydrogel along the thickness
direction by loading the solution containing N-isopropyl acrylamide (NIPAM),
4-hydroxybutyl acrylate (4HBA), and potassium persulfate into a hydrothermal
reactor. In the polymerization process, NIPAM was firstly polymerized with 4HBA,
forming poly(N-isopropyl acrylamide) (PNIPAM) chains with pendant hydroxyl
groups (PNIPAM-OH). Owing to the high density of PNIPAM-OH, the concentration
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Figure 1. Schematic illustrations of anisotropic hydrogels formed with various strategies
(A) Gravity-induced anisotropy.

(B) Electric field (E-field)-induced and magnetic field (M-field)-induced anisotropy.

(C) Local-pattern-induced anisotropy.

(D) Shear-flow-induced anisotropy.

(E) Polymer-chain-alignment-induced anisotropy.

(F) Layered-structure-formed anisotropy.

gradient of PNIPAM-OH increases from top to bottom, leading to a porous gradient
structure of the hydrogel (Figure 2A).

Recently, we introduced liquid metal (LM) and inorganic particles (IP) into the
PNIPAM hydrogel to form a multi-directional and fast actuation hydrogel under a
single stimulus.?"?? The designed hydrogels had a gradient-distributed thermal
conductivity due to the gradient distribution of fillers (LM and IP) along the thickness
direction (Figures 2B and 2C). However, controlling the pore size and distribution of
the hydrogel is challenging because of the competition between sedimentation and
hydrogelation during the process. Additionally, the fabrication of gravity-induced
anisotropic hydrogels is time consuming. Therefore, it is necessary to modify the
incorporated fillers and control hydrogelation parameters precisely to adjust the
gradient-distributed porous structure.

Electric-field-induced anisotropic hydrogels

The permanent or induced dipole moment in electrically charged components can
be aligned along the applied electric field.?*?® Therefore, anisotropic hydrogels
can be synthesized by in situ hydrogelation of electrically oriented dispersions.
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Figure 2. Anisotropic hydrogels induced by gravity, electric, and magnetic fields

(A) Polymer component was distributed with a gradient along the depth direction in the hydrogel matrix. Reprinted with permission from Luo et a
Copyright 2015, Wiley-VCH.

(B) Liquid metal distributed with a vertical gradient in the hydrogel matrix. Reprinted with permission from Chen et al.”' Copyright 2020, Elsevier.
(C) Inorganic particles distributed with a vertical gradient in the hydrogel matrix. Reprinted with permission from Chen et al.”” Copyright 2021, Elsevier.
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(D) Schematicillustration of the fabrication process for gradient-inspired gradient ionogels with electric-field induction. Under the applied electric field,

the cationic crosslinkers mixed in the mold migrate toward the cathode (negative charge), resulting in a concentration gradient from the anode to the

cathode. Reprinted with permission from Ren et al.”* Copyright 2021, Wiley-VCH.

(E) Schematic illustration of the fabrication of PNIPAM-based hydrogels with co-facially oriented TiNS embedded in a magnetic field. Reprinted with

permission from Kim et al.”* Copyright 2015, Nature.

The distribution of the electrically charged components can influence the porous
structure or crosslinking density of hydrogels. Ren et al.”* proposed an electric-
field-induced cationic crosslinker migration strategy to design gradient ionogels.
Under an external electric field, a concentration gradient of charged crosslinkers
was formed inside the mold between the cathode and the anode, followed by a
hydrogelation process to stabilize the gradient structure (Figure 2D). Furthermore,
multiple or micropatterned electrodes were used to program the electric-field distri-
bution to precisely control electrically charged components in thin hydrogel sheets
to form hierarchical structures.”” For example, Xue et al.”® developed novel near-
infrared (NIR) light-driven shape-programmable hydrogel actuators with MXene.
Under the DC electric field, the electrophoresis effect could achieve a gradient
distribution of MXene nanosheets along the thickness of the hydrogel actuators.
The photothermal effect of MXene then led to shape morphing of the hydrogel
under NIR light. However, it should be noted that the applied electric fields without
optimization may cause harmful electrochemical decomposition and electropho-
resis during the hydrogel preparation.

Magnetic-field-induced anisotropic hydrogels

Hydrogels can generate anisotropic structures with the different distributions of
magnetic particles by migrating these magnetic particles in the hydrogelation
process, such as iron, Fe30,4, MnFe,Oy, barium ferrite, carbonyl iron, nickel rods,
and magnetite-coated alumina platelets.””** The filler particles are aligned with
their magnetization axis parallel or antiparallel to the applied magnetic field.>* For
instance, Gong et al.*® fabricated a hydrogel with asymmetric structures by mag-
netic induction and subsequent in situ polymerization. The desired distribution of
magnetic particles in the hydrogel matrix and porous structure can significantly
enhance the anisotropic deformation of hydrogel-based actuators. Inspired by artic-

ular cartilage, Kim et al.?*

utilized a significant anisotropic electrostatic repulsion
between negatively charged bottle brush polymers to simultaneously realize high-
load-bearing and smooth mechanical joint motion and developed a hydrogel with
ionic titanate nanosheets (TiNS) magnetically oriented (Figure 2E). TiNS aligned
orthogonally to the applied magnetic field, generating a hydrogel with anisotropic
mechanical property, i.e., the ratio of elastic moduli E ; /E| was 3.0. The magneto-
caloric effect is extensively studied for hydrogel design to produce programmable
shape morphing by alternating magnetic fields (AMF).?”*® When placed in the
AMF, magnetic hydrogels can be heated due to Néel relaxation of magnetic
moments to induce the phase changes of thermo-responsive polymers.*® Besides
this, the magnetic field has assisted 3D and 4D printing and biological fields thanks

to its noncontact and nondestructive manner.39’m

The traditional magnetic-field-induced anisotropic hydrogels have limited deforma-
tion capability due to the low remanence of embedded soft magnetic particles.
Recent studies proposed to utilize the magneto-thermal effect in an alternating
magnetic field to actuate magnetic hydrogels.*” However, the actuation speed is still
very slow (~5 min).*® On the contrary, some hard magnetic particles, such as
neodymium iron boron (NdFeB), demonstrated high remanence and enabled
programmable magnetization.”” Nevertheless, the high density and content
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Figure 3. Local-pattern-induced anisotropic hydrogels

(A) Schematic illustration of the fabrication process of patterned hydrogels and their actuation under swelling deformations. Reprinted with permission
from Wang et al.*® Copyright 2017, Wiley-VCH.

(B) An anisotropic hydrogel formed with an asymmetric interpenetrating network can deform under temperature changes. Reprinted with permission
from Hua et al.”” Copyright 2019, American Chemical Society.

(C) Schematic illustration of releasing ferric ions into hydrogels under an electric field and the controlled 3D deformations of a hydrogel synthesized by
localized Fe** release and crosslinking. Reprinted with permission from Xu and Fu.”® Copyright 2020, American Chemical Society.

requirement to attain high remanence make these magnetic particles aggregate and
settle down in the nonviscous hydrogel precursor during hydrogelation, leading to
an inhomogeneous and fragile hydrogel. To solve this problem, surfactants were
applied to modify the magnetic particles to retard aggregation and sedimentation,
affecting magnetic responsiveness by changing the size of magnetic particles.**
Therefore, the balance between magnetic response and structural stability of mag-
netic hydrogels should be considered.

Local-pattern-induced anisotropic hydrogels

Seed pods will twist into a helical structure from a flat state upon dehydration due to
the variance of local compositions, and pine cones also exhibited similar anisotropic
deformation.”® Hydrogels with locally different responsive properties have gained
increased attention owing to their effective actuation into complex shapes. The
various responsive properties of hydrogels can be obtained by locally adjusting
the compositions or structure. For example, photolithographic polymerization can
produce hydrogels with macroscale/molecular-scale anisotropic structures.**’
Wang et al.*® utilized the photolithographic method to introduce another hydrogel
network into the as-prepared hydrogel to form an anisotropic structure, resulting in
locally dissimilar swelling properties under external stimuli (Figure 3A). Similarly,
through photopolymerization, Hua et al.”? fabricated a bilayer hydrogel with a
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Figure 4. Shear flow-induced anisotropic hydrogels

(A) Anisotropic hydrogels prepared by extrusion-based 3D printing of nanocolloidal CNC/GelMa ink. Scale bar, 10 mm. Reprinted with permission from
Gevorkian et al.”” Copyright 2021, Wiley-VCH.

(B) 3D printing of anisotropic tough hydrogels to fabricate a four-finger gripper for grasping actuation. Reprinted with permission from Zheng et al.*°
Copyright 2018, Wiley-VCH.

(C) Schematic illustration of the fabrication process of a 3D-printed gripper. The nonresponsive hydrogel, ultrasound-responsive hydrogel, and

magnetic-responsive ferrogel were printed sequentially. Reprinted with permission from Son et al.*’ Copyright 2020, American Chemical Society.

(D) Schematic illustration of functionalizing a microfish whereby platinum nanoparticles were loaded into the fishtail for propulsion, and iron oxide
nanoparticles were loaded into the fish head for magnetic control. Scale bar, 50 um. Reprinted with permission from Zhu et al.”” Copyright 2015, Wiley-VCH.
(E) Shear-induced alignment of the fillers in the extrusion printing leads to the anisotropy of hydrogel. The printed petals can change their shape after
swelling. Scale bar, 5 mm; inset = 2.5 mm. Reprinted with permission from Gladman et al.o Copyright 2016, Nature.

(F) Demonstrations of a 3D-printed shellfish-like gripper for cargo delivery and a Leptasterias-like gripper for active delivery in a stomach model. Scale
bar, 6 mm. Reprinted with permission from Hu et al.® Copyright 2022, Elsevier.

(G) Shape transition of a 3D-printed hydrogel flower wraps up from a flat state to a 3D blooming state after being immersed in water (50°C). Reprinted
with permission from Shiblee et al.®® Copyright 2019, Wiley-VCH.

single-network structure in the bottom layer and a double network in the top layer
due to poor UV light penetration. Distinct volume changes of the various layers
under the thermal stimuli led to anisotropic deformation (Figure 3B). On the other
hand, Kim et al.”" used the photolithographic method to locally change the cross-
linking densities of PNIPAM hydrogels by controlling the local irradiation dose.
The different parts of the obtained hydrogels underwent various shape changes
under external thermal stimuli, enabling complex shape changes such as saddles,
domes, and plates with waved edges. Moreover, adjusting light-exposure time
related to crosslinking density can provide the patterned anisotropic structure.

The crosslinking density change of ferric ions and the carboxyl groups of hydrogels
based on the reduction reaction from Fe** to Fe* under UV light or acid have been
employed in designing actuating hydrogels.®°? Introducing metal ions into hydro-
gel systems through electrochemical ionoprinting, ion-transfer printing, or ion-inkjet
printing are also reported as effective methods.**>° With the help of an electric field,
Xu and Fu®” reported a programmable and reversible shape-morphing hydrogel by
precise infiltration of Fe®" with periodic patterns to form the local crosslinking
network by ionoprinting with a patterned electrode array (Figure 3C). The local
crosslinking created slight undulations of local stresses and responsive properties
in hydrogel sheets. Thus, it underwent 3D shape deformations to form helices with
predictable and tunable chirality, spacing, and tilting angles.

Shear-flow-induced anisotropic hydrogels

3D/4D printing is a novel additive manufacturing technique to fabricate anisotropic
hydrogels with micro-/macrostructures. During the 3D-printing process, hydrogel
precursor inks containing high-aspect-ratio fillers, such as nanoclay, metal nanorods,
carbon nanotubes (CNTs), cellulose nanofibers, and cellulose nanocrystals (CNCs),
can be well aligned by the shear forces generated in the extrusion process to form
anisotropic structures in the 3D-printed hydrogel.>*>® For example, Gevorkian
et al.”” developed a 3D-printed actuator with nanocolloidal hydrogels made of
rod-like CNCs and methacryloyl gelatin (GelMa). The shear-induced uniaxial orien-
tation of CNCs enabled the anisotropic structure that can generate complex and
programmable stimulus-responsive shape transitions (Figure 4A). The hydrogel
sheet can be programmed by adjusting the degree of orientation of CNCs and
the configurations of responsive and nonresponsive regions.

In addition to the shear-induced alignment of high-aspect-ratio particles, the

responses of hydrogels can be designed by controlling the hydrogel composition.
For example, Zheng et al.° employed a 3D printer with multiple nozzles to integrate
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both responsive and nonresponsive gel fibers into a single hydrogel actuator. The
alignment of responsive gel fiber enabled controlled deformations under external

stimuli (Figure 4B). Similarly, Son et al.®’

utilized a dual-material 3D printer to fabri-
cate hybrid hydrogel grippers (Figure 4C). In their design, the exterior layer of the
gripper was printed with nonresponsive acrylamide (AM)-based gel, while the
interior layer was printed with NIPAM-based gel, which is responsive to ultrasound
actuation. AM-based ferrogel was further injected into the wells to form hybrid
hydrogel under UV polymerization. The 3D-printed hybrid actuators can perform
simultaneous locomotion and actuation control through external magnetic fields

and low-intensity ultrasound.

In addition, 3D printing can be combined with other fabrication techniques, such as
photolithography and hydrogel electrospinning, to create mixed-mode fabrication
platforms.®® For example, Zhu et al.®? fabricated a microrobotic fish with 3D printing
of multiple types of functional nanoparticles in the tail and head part, respectively, to
precisely control the motion of the fish, whose hydrogel body was fabricated via UV
photolithography (Figure 4D). Agarwal et al.®” combined 3D printing with electro-
spinning to manufacture temperature-responsive actuators. The electrospun
mesoporous substrate provided rapid responses due to the fast mass transfer of
the porous structure. The rigid pattern was 3D printed on the substrate to provide

a template to induce 3D deformations.

The new concept of 4D printing refers to 3D-printed structures that transform over
time in response to environmental stimuli.*%¢3¢%7 |n this regard, Gladman
et al.®? proposed a 4D-printed biomimetic hydrogel with localized swelling anisot-
ropy. The programmable hydrogel structures patterned in space and time can
achieve complex deformation on immersion in water (Figure 4E). Hu et al.** fabri-
cated a smart nanocomposite hydrogel that can respond to magnetic field and
temperature via the 4D-printing technique. A double-layer film was fabricated as
the actuation unit to realize bending deformation under a thermal field. Further-
more, dual-responsive hydrogel robots were fabricated using 4D printing for cargo
and drug delivery (Figure 4F). Shiblee et al.*® integrated 4D-printing technology
with shape-memory hydrogels (SMHs) to develop a mechanically robust, soft bilayer
actuator using two active layers. They designed a 4-petal flower that can deform
from a flat shape to a 3D closing state by swelling and an underwater soft gripper
that can perform accurate gripping, transportation, and release of a glass vial
upon swelling in water (Figure 4G).

Polymer-chain alignment for anisotropic hydrogels

The oriented fiber structure is essential for animals or plants in nature to achieve their
different functions or activities.'” Inspired by such bio-structures, introducing a poly-
mer-chain-oriented structure into the hydrogel system has been used to improve its
performance and functionality. Current methods mainly include the ice-template
method and unidirectional strain assistance.

Ice template (or freeze-casting) is a promising method for advanced materials design
and fabrication, due to its attractive merits of precise architecture control, easy
scalability, versatility, and low cost.”°”’? When an aqueous monomer solution in a
container is immersed slowly in a freezing medium (e.g., liquid nitrogen), ice crystals
will grow unidirectionally from the immersed bottom, which has higher heat conduc-
tivity. With the ice crystals serving as templates, an anisotropic structure will form
during hydrogelation, leading to polymer chains aligned with the freezing direction
in the hydrogel. Zhao et al.”? developed an unconventional one-pot synthesis

Matter 6, 1-35, November 1, 2023 9
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(A) Schematicillustration of the aligned dendrite microstructure formed with the ice template and the hierarchical interconnected micro-/nanostructure

benefiting from the electrical conduction in the hydrogel by ice-templated low-temperature polymerization. Reprinted with permission from Zhao

et al.”” Copyright 2021, Science.

(B) Schematicillustration of a hydrogel actuator fabricated by a combination of thermo-induced phase separation and mechanical alignment. Reprinted

with permission from Jiang et al.”* Copyright 2021, American Chemical Society.

(C) Schematic illustration of weldable multilayered anisotropic cellulose hydrogels and self-welding process of hydrogel layers with the assistance of

|75

stretching. Reprinted with permission from Mredha et al.”> Copyright 2019, Royal Society of Chemistry.

method to design the single monolithic hydrogel for sensory actuation via the ice-
template approach. The precursor mixture of PNIPAM and polyaniline (PANI) was
rapidly frozen in liquid nitrogen (—196°C) to form an ice template, followed by
UV- and cryo-polymerization of PNIPAM and PANI in a subzero environment
(=20°C). The resulting hydrogel exhibited higher mechanical properties with a
29-fold enhancement in toughness along the freezing direction (Figure 5A).
Moreover, the hydrogel had continuous pathways for electron conduction. It
demonstrated an 83-fold increase in conductivity due to the suppressed PANI-nano-
aggregate overgrowth under subzero reaction and the densified PANI packing by
ice templating. They recently proposed a strong and tough poly(vinyl alcohol)
(PVA) hydrogel using the synergy of ice template and salting-out effect. The PVA
hydrogels were highly anisotropic and had micrometer-scale honeycomb-like pore
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walls and interconnected nanofibril meshes, resulting in high strength, toughness,
stretchability, and fatigue resistance.”®

Besides this, when isotropic hydrogels are stretched or compressed uniaxially, their
network will deform with the polymer-chain alignment. The induced temporal
anisotropy can be fixed by physical or chemical interactions (e.g., in situ hydrogela-
tion, hydrophobic association, ionic coordination, host-guest inclusion, hydrogen
bonding) to form anisotropic hydrogels.””~*° These interactions can be reversibly
eliminated or dissociated under proper stimuli to recover hydrogels to their initial
state.®! Li et al.?” proposed the photo-dissociable Fe**-carboxylate coordination
as a molecular switch to realize the photocontrol of shape memory on macroscopic
and microscopic scales. They chose sodium alginate (SA)/polyacrylamide (PAM) hy-
drogel, bearing carboxylate groups that bind with Fe®* and other multivalent ions,
as a model material. After the hydrogelation, the hydrogel can be stretched to
different 2D patterns and then immersed into aqueous solutions containing Fe®*
ions to form Fe3*-carboxylate coordination for strain fixation, while light irradiation
through phototriggered reduction of Fe** to Fe?" led to strain relaxation and shape
recovery. However, one drawback of the metal-ligand coordination hydrogel is its
slow shape deformation. A large amount of water molecules in the network also
facilitates chain motion, thus weakening the fixation of deformation.

To improve the compatibility between actuation speed and mechanical properties,
Jiang et al.”* reported a new concept to fabricate hydrogel actuators with a muscle-
like aligned microfibrillar architecture based on a combination of thermo-induced
phase separation and mechanical alignment. A thermo-responsive polymer was
physically engineered with metal-phenolic complexes at the molecular level to
generate macroporous thermo-gels with bundled networks via irreversible thermal
sol-gel transition. A muscle-like oriented microfibrillar architecture was then ob-
tained by stretching alignment at an elevated temperature via a network rearrange-
ment, resulting in a high degree of porosity due to the gap between microfibers,
resulting in ultrafast reversible thermo-actuation (<1 s) (Figure 5B). This result
demonstrated that aligned microfibrillar morphology could improve shape-chang-
ing speed and mechanical properties simultaneously. Therefore, the unidirectional
freeze-casting technique and strain assistance both modulated conventional hydro-
gel materials with aligned micro-/nanostructures, resulting in superior fatigue
resistance along the alignment direction. However, the fatigue threshold perpendic-
ular to the alignment is still limited. Inspired by the distinct structure-property
relationship of heart valves, Wei et al.®’ employed a bidirectional ice-template pro-
cess and compression annealing to form a 2D isotropic fatigue-resistant hydrogel
with aligned lamellar micro-/nanostructures. The final hydrogel exhibited unprece-
dented fatigue thresholds of over 1,500 J m~2 along any in-plane direction, superior
to most reported hydrogel systems.

In addition, Mredha et al.”® proposed a novel welding technique to fabricate aniso-
tropic tough multi-layer hydrogels with differently oriented hierarchies: parallel
lamination, orthogonal lamination, axial rolling, and concentric rolling (Figure 5C).
They applied cellulose/dimethylacetamide/lithium chloride solution to melt the
contact parts (welding area) of stretched cellulose hydrogel films. The ion-induced
interfacial reconfiguration of polymer chains enabled bonding at the welding area.
Although the final hydrogel had high water content (~68 wt %), it exhibited
extremely high optical anisotropy (birefringence >0.006) and elevated mechanical
properties (Young's modulus of ~140 MPa, tensile strength of ~47 MPa, and work of
extension of ~20 MJ m™3).
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Layered-structure-formed anisotropic hydrogels

Multi-layer hydrogels can achieve bulk heterogeneity by combining the isotropic
or anisotropic single layers with different responsive properties. As one of the
simplest models, bilayer hydrogels are usually prepared by layer-by-layer polymer-
ization. The bonding between layers is essential to the functionality and durability
of the hydrogel devices, which are generally related to the interlocking interfaces
between the hydrogels, such as interpenetrating polymer networks, electrostatic
interactions, or host-gust interactions.** 7 We recently reported a bilayer hydro-
gel formed by PNIPAM and poly(acrylamide-acrylic acid) (P(AM-AA)) hydrogels
via an interpenetrating polymer at the interface acting as a junction to connect
the two layers (Figure 6A).”° For electrostatic interaction, polyanion or polycation
is generally involved in the design of hydrogel layers. Mredha et al.”® used electro-
phoresis to deliver polyions into the gels and formed a polyion complex at the
interface of the two gels for adhesion. During this process, two PNIPAM gels
with linear chains, consisting of a polyanion or polycation, showed outstanding
adhesion to one another upon electric-field impression and formed entangled
polymer networks. Additionally, Ma et al.”’ synthesized the bilayer actuation
hydrogel with tunable fluorescence by combining a thermo-responsive graphene
oxide-poly(N-isopropylacrylamide) (GO-PNIPAM) hydrogel layer with a pH-respon-
sive perylene bisimide-functionalized hyperbranched polyethyleneimine (PBI-HPEI)
hydrogel layer. A designed supramolecular glue (poly(acrylamide-co-N-adamantyl
acrylamide)) was applied to tightly bond two layers based on host-guest interac-
tion (Figure 6B).

The aforementioned noncovalent interface interactions are usually weak and suffer
from interface instability after long-term applications. Therefore, several methods,
such as covalent bonding and mechanical interlocking between layers, have been
proposed to improve the stability of multi-layer hydrogels. Li et al.”* designed an
asymmetric bilayer CNTs-elastomer/hydrogel composite with actuation and
sensing. In this work, covalent bonding was applied to achieve material adhesion
with different characteristics. The prepared CNTs-elastomer film was immersed
into an ethanol solution containing the photoresponsive initiator benzophenone
to allow the diffusion of benzophenone into the film. The polymerization of
NIPAM was then initiated on the Ecoflex surface to obtain a CNTs-Ecoflex/
PNIPAmM hydrogel composite. Recently, mechanical interlocking between layers
has been considered to enhance layer connection. Hubbard et al.”* proposed
trilayer hydrogel-elastomer laminates bonded via glass fiber (GF) fabric interphases
to achieve stimulus-responsive actuation. The hydrogel-elastomer laminates were
produced via a two-step fabrication, resulting in the GF fabric being physically trap-
ped between polydimethylsiloxane (PDMS) elastomer and polyampholyte (PA)
hydrogel. The GF fabric interacted strongly with the soft laminated phases, and
the elastomer phase was physically interlocked, permeating even the individual
bundles (Figure 6C). In contrast, the hydrogel primarily interacted with the glass
surface via electrostatic interactions. The adhesive structure exhibited maximum
interfacial adhesion energies of ~1,000 N m~" between the hydrogel and fabric
and ~360 N m~" between the elastomer and fabric, approaching the adhesion
values of chemically bound soft materials.

It should be noted that the deformation rates of multi-layer hydrogels usually
depend on the swelling/deswelling rates, the thicknesses, and the moduli of compo-
nent layers. Thus, their shape changes can be programmed by designing the loca-
tions and shapes of the layered hydrogels or by constructing different hydrogel
parts. Over the past years, hydrogel actuators with multi-layer structures have
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Figure 6. Multi-layer anisotropic hydrogels with different interface structure designs

(A) Abilayer hydrogel made of interpenetrating polymer networks. It can be actuated with either swelling or thermal stimulus. Scale bar, 1 cm. Reprinted
with permission from Chen et al.”” Copyright 2021, American Chemical Society.

(B) Layered anisotropic hydrogel formed by host-guest interaction at the interface. Reprinted with permission from Ma et al.”' Copyright 2018, Wiley-
VCH.

(C) Layered anisotropic hydrogel via mechanical interlocking bonding between the layers. Reprinted with permission from Hubbard et al.””
2019, Elsevier.

Copyright

been increasingly reported. However, they could only perform limited variations of
simple shape deformations. Exploring other inhomogeneous structures or configu-
rations will be essential to expand their potential applications and enrich the
diversity of deformations.
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Table 1. Representative examples of hydrogel actuators with different anisotropic structure designs

Stimulus-
Anisotropic structure Max. stress  Actuation Actuation responsive
design strategies Hydrogel (MPa), strain force (N)  frequency (Hz) cycle (service life) Pros and cons Reference
Gravity BN + PNIPAM 0.018, 200% 0.1 0.008 >10 cycles universality and easy Chen et al.”
PNIPAM-OH 0.1,95% 0.007 0.06 >5 cycles Prepafaﬁo](n bu; poor Luo et al.?”
actuation force 21
PDA-LM + N/A, N/A 0.03 0.025 >10 cycles uncontrolled structure Chen et al.
PNIPAM
Electrical field MXene + N/A, N/A N/A 0.02 >10 cycles controlled structure Xue et al.”®
PNIPAM design and easy
PNIPAM-Au 0.015,150% N/A 0.1 >5 cycles lf}m_ctigna“ty but Zhu et al.”*
PAAPAM-Cu  N/A N/A  0.005 0.01 >10 cycles gned actuation Palleau et al.”*
Magnetic field P(NaAMPS- 1.6,1600% N/A 1.0 N/A controlled structure Tang et Ik
AM) design and function
FesO4@TCNCs +  N/A N/A 0.001 >10 cycles but magnetic-field- Gong et al.*
P(AA-AM) intensity-dependent
tuati
alginate-Fe;0, 55, 80% 0.1 10 N/A actuation Zhao et al.”>
Local pattern P(AA-AM)-PAA N/A N/A 0.007 >10 cycles controlled structure Hua et al.*?
P(NIPAM- 0.16,50%  0.005 0.02 >5 cycles design and diverse Xu and Fu®°
NaMAc) + Fe3* response but limited
GO-PNIPAM N/A 0.004 0.02 >5 cycles mechanical properties Ma et al.?
Shear flow P(AA-AM) + 2.5, 800% 0.15 0.02 >10 cycles controlled and diverse Zheng et al.®°
P(AA-NIPAM) structure design but
PAA-Zr** 1.3,800%  0.49 N/A N/A complex preparation Dong et al.”’
Ice template PANI- 0.016, 75%  0.055 0.03 N/A good mechanical properties  Zhao et al.”®
PNIPAM and actuation force but
PVA-GO 9, 250% 50.24 0.03 >30,000 cycles complicated design Liang et al.®®
and poor function
Strain induction P(AM-AA)-Fe3* 3.7, 600% 0.45 0.0003 >5 cycles good mechanical properties Ma et al.?®
P(MEO,MA- 3,320% N/A 0.006 >20 cycles and actuation force but Wei et al.*’
OEGMA-NIPAM) complicated design
P(MAA-OEGMA)  1.3,300%  0.025 0.1 >10 cycles Jiang et al.”*
Multi-layer CNTs-Ecoflex +  N/A N/A 0.07 >10 cycles easy functionality and Lietal.”
PNIPAM preparation but limited
CMC-P(AA-AM) + 0.339, 980% 0.143 0.007 >10 cycles stability Chen et al.”
PNIPAM

BN, boron nitride; GO, graphene oxide; PNIPAM, poly(N-isopropyl acrylamide); PDA, polydopamine; EGaln, eutectic indium gallium; PAM, polyacrylamide;
PAA, polyacrylic acid; PAMPS, poly(2-acrylamide-2-methylpropanesulfonic acid); PANI, polyaniline; PIMEO,MA-OEGMA-NIPAM), poly (2-(2-methoxyethoxy)
ethyl methacrylate-co-oligo-(ethylene glycol) methacrylate-co-isopropylacrylamide; Zr, zirconium; P(MAA-OEGMA), poly(methacrylic acid-co-oligo(ethylene gly-

col) methacrylate; TA, tannic acid; CNT, carbon nanotube; CMC, sodium carboxymethylcellulose; N/A, specific value not provided.

In summary, to meet various property requirements, different anisotropic structures
have been developed to suit different application scenarios. To provide clarity, a
comprehensive comparison of different anisotropic structure strategies has been
compiled in Table 1.70-72:28:36.41.49.50,54,60,73.74,81,83,90.93-98 This comparison encom-
passes mechanical properties, actuation force, actuation frequency, and life
cycle, as well as the advantages and disadvantages of each strategy. In addition,
we have compiled and compared the frequently investigated polymer back-
bones used in various anisotropic structure design strategies for hydrogels
(Table 2).70722:27,28:36,39,41,48,49,54,71,62,83,90,91,93,94,95-102 \Nig anticipate that these
comparisons will offer researchers a direct and comprehensive understanding of
the diverse approaches in anisotropic structure design for hydrogels.

ACTUATION METHODS FOR ANISOTROPIC HYDROGEL-BASED SOFT
ACTUATORS AND ROBOTS

Effective and efficient actuation and control are critical for anisotropic hydrogel-based ac-
tuators and robots to achieve their full potential in various applications. There are two

major categories of actuation: active and passive (Table 3).7":2%41:5460,63,95,98,105-108
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Table 2. Representative polymer backbones, corresponding functions, polymerization methods, and pros and cons for different anisotropic

structure designs

Anisotropic
structure strategies

Commonly used
polymer backbone

Polymer
functions

Polymerization
methods

Pros and cons

References

Gravity PNIPAM
PNIPAM-OH
Electrical polyelectrolyte
field
PNIPAM
Magnetic PAA/PAMPS +
field PAM
PNIPAM
Local PAA/PAMPS +
pattern PAM
3D printing alginate-PAM + Ca®*
PEGDA
Ice template PVA
Strain PAA/PAM +
induction Fe3*
Multi-layer PAA/PAM/
PNIPAM

thermal response

thermal response

electrical response

supporting matrix/
photothermal
conversion

supporting matrix

supporting matrix/
magnetocaloric
effect

functional matrix

supporting matrix

supporting matrix

supporting matrix/
freezing
crystallization

functional matrix

functional matrix

UV/thermo-induced
polymerization

thermo-induction
polymerization

physical crosslinking

UV-induced
polymerization

UV-induced
polymerization

thermo-induced
polymerization

UV-induced
polymerization

UV-induced
polymerization

UV-induced
polymerization

UV-induced
polymerization

UV-induced
polymerization

UV/thermo-induced
polymerization

easy polymerization but poor
mechanical properties

easy polymerization/
modification but poor
mechanical properties

good mechanical properties
but poor solubility/functions

easy functionality but poor
mechanical properties

suitable mechanical properties
and easy polymerization but
limited functions

easy functionality but poor
mechanical properties

easy polymerization but
limited functions

easy polymerization/suitable
mechanical properties but
poor functions

easy polymerization but poor
printing resolution

good mechanical properties
but poor modification

good mechanical properties
but limited functions

easy polymerization but limited
performance

Luo et al.,’° Chen et al.,”’
Liu et al.””

Chen et al.?

Yang et al.”’

Xue et al.,”®

Zhu et al.”*

Gong et al.,*®
Tang et al.”’

Tang et al.*”

Wang et al.,*®
Hua et al.,*”
Palleau et al.”
Park and Kim,'®
etal.'”!

Arslan et al.'%?

Feng et aI.,7/1
Liang et al.®?

Lietal.,®”
Ma et al.”®
Chen et al.,”® )
Ma etal.,”" Lietal.”

PNIPAM, poly (N-isopropyl acrylamide); PAMPS, poly (2-acrylamide-2-methylpropanesulfonic acid); PEGDA, poly (ethylene glycol diacrylate); PVA, polyvinyl

alcohol.

Active actuation, including osmotic pressure and elastic potential energy actuation,
refers to hydrogels actively performing the molecular or structural change under external
stimuli. Passive actuation relates to responsive particle actuation and pneumatic/hydrau-
lic actuation, whereby hydrogels serve as carriers to confront external stimuli and perform
the deformation passively through the active actuation sources, such as pneumatic/hy-
draulic pressure or responsive particles.

Osmotic pressure actuation

The osmotic pressure actuation of hydrogel actuators has been extensively re-
searched. It relies on the swelling and deswelling behaviors of hydrogels under
external stimuli, such as solvent, temperature, electric field, pH, temperature, salts,

light, and molecules.’” """

The osmotic pressure changes of hydrogels and
surrounding environments result in water diffusion in and out of the hydrogels,
thereby generating expansion and contraction for actuation. Therefore, the osmotic
pressure depends on the concentrations of water, charged ions or groups, and
different interactions between polymer, water, and environments."'? Further, the
osmotic pressure of hydrogels can be measured by two methods, one of which is
the employment of semi-permeable membranes.''*"'* However, the limited mem-
brane strength makes it only suitable for the osmotic pressure of hydrogels with low
polymer concentrations or low osmotic pressure inside it. In addition, the osmotic

pressure can be calculated based on the equations of states of hydrogels with
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Table 3. Representative examples of hydrogel actuators with different actuation and control methods

Actuation and Max. stress Actuation Actuation

control methods Hydrogels (MPa), strain (%)  Stimuli force (N) frequency (Hz)  References
Active osmotic pressure NFC + PDMAM 0.05, 320% water 0.001 0.001 Gladman et al.*
actuation  actuation BN + PNIPAM 0.018, 200% temperature 0.10 0.008 Chen et al.”

PDA-LM + PNIPAM N/A, N/A temperature 0.03 0.025 Chen et al.”’'

PAM +aCD + Azo  0.091, 220% light 0.001 0.002 Takashima et al.'®?

P(AA-AM) + 2.5, 800% saline solution 0.15 0.02 Zheng et al.*°

P(AA-NIPAM)

PAA + PAM + Cu N/A, N/A electric field 0.005 0.01 Palleau et al.**
elastic potential P(AM-AA)-Fe3* 3.7, 600% ions 0.45 0.0003 Ma et al.”
energy actuation  paAA/Ca (CH,COO), 0.2, 315% ions 0.182 0.001 Hua etal.’**

Passive responsive particle  PAM-NaCl N/A, 50% electric field 0.005 100 Keplinger et al.’®®
actuation  actuation PAM-LCI N/A, N/A electric field 0.007 10 Li etal.'®
alginate-Fe;04 0.055, 80% magnetic field 0.1 10 Zhao et al.”®

PAM-PNaAMPS- 1.6, 1800% magnetic field N/A 1.0 Tang et al.”’

NdFeB
pneumatic & gelatin- 0.75,75% pneumatic pressure  N/A 0.1 Wu et al."”’
hydraulic alginate-Ca®*
actuation PAM-alginate 0.035, 300% hydraulic pressure 1.0 2.0 Yuk et al.'®

NFC, nanofibrillated cellulose; PDMAM, poly(N,N-dimethylacrylamide); PNIPAM, poly(N-isopropyl acrylamide); BN, boron nitride; PDA, polydopamine; EGaln,
eutectic indium gallium; CD, cyclodextrin; Azo, azobenzene; PAA, polyacrylic acid; PAM, polyacrylamide; Cu, copper; NaCl, sodium chloride; LiCl, lithium chlo-
ride; Fe30y, iron oxide; PNaAMPS, poly(2-acrylamido-2-methyl-1-propanesulfonic acid sodium salt); NdFeB, Magnequench MQFP-B-20076-089; N/A, specific

value not provided.

different deformations, such as volume conservation and free energy conserva-
tion.""*>""®In recent reports from the literature, osmotic pressure actuation of hydro-
gels usually suffers from low response speed (minutes to hours) due to the osmotic
swelling proceeding with the low diffusion of water in hydrogel matrices. Therefore,
high water diffusion or porosity structure is essential to improve the actuation speed
of this actuation mechanism. Many approaches for hydrogel fabrication have been
proposed to improve actuation speed, including incorporating thermal fillers,
porogens, the molecular engineering of stimuli-responsive hydrogels, freeze-
thaw, co-nonsolvency photopolymerization, hydrothermal process, and electro-
osmosis (Table 4).207227497.117-123 Eor example, Jian et al.'?* utilized ice as the
porogen to construct PNIPAM hydrogels with large pores. During the low-tempera-
ture polymerization, monomers were confined and polymerized to form the local
polymer networks owing to the presence of ice crystals. The ice crystals melted
with increasing temperature, and larger micropores filled with water were obtained
(Figure 7A). The final hydrogel sponge exhibited fast swelling/deswelling capacity
(equilibrium time 7 s) compared with the ordinary PNIPAM hydrogels (deswelling
>1 min, swelling >20 min). However, a hydrogel with overly high porosity usually
lacks the rigidity for practical applications. Simultaneously enhancing diffusion and
mechanical properties remains a long-standing challenge. To balance the high
porosity and suitable mechanical properties, Alsaid et al."'® proposed a novel
approach to overcome this swelling-mechanical property trade-off by using co-non-
solvency photopolymerization, in which PNIPAM was polymerized in DMSO/water
cosolvent mixtures. In the hydrogelation, simultaneous crosslinking and co-nonsol-
vency-induced polymer collapse resulted in hierarchically structured and intercon-
nected polymer networks. The designed hydrogel exhibited 2-fold enhancements
in swelling ratio and Young’'s modulus and a 6-fold enhancement of deswelling
rate compared to the hydrogel synthesized with a conventional pure solvent
method. Na et al.”"”
gels, whereby the migrating ions drag the adjacent water into the charged polymer
network under an electric field. In addition, the diffusion rate of water in the osmotic

employed electro-osmosis to improve the swelling of hydro-
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Table 4. Representative examples of osmotic-pressure-based hydrogel actuators with enhanced response speeds

Methods Hydrogels Structures Pros and cons References
Molecular engineering PMAA-POEGMA/Fe** aligned microfibrillar high performance improvement Jiang et al.”*
rGO/PDMAEMA dual-gradient structures but complicated design/ Fanetal.'"’
preparation
Co-nonsolvency PNIPAM sponge-like mesoporosity high performance improvement Alsaid etal.'"®
photopolymerization but limited hydrogel systems
Electro-osmotic polyelectrolyte gel/ gel confined by a selectively high performance improvement Naetal.'"”
turgor pressure membrane permeable membrane but complicated structure design
Adding of thermal PDA + EGaln-PNIPAM gradient distribution of EGaln universality and easy preparation Chen et al.”!
fillers and pore but uncontrolled structure/filler-
BN/ALN/SisN4-PNIPAM gradient distribution dependent performance Chen et al.?
of BN/ALN/Si3N4 and pore
MMT gradient distribution of MMT Liu et al.””
and pore
Porogen PNIPAM/PAA/PAM-PEG bilayer structure with porosity universality and easy preparation Zheng et al.'?°
but limited performance
improvement
Freeze-thaw PVA/PANI porous structure universality and easy preparation Lietal.'
PASH porous structure bUt limited performance Chen etal.'*
PMAA-POEGMA porous structure improvement Jiang et al.”*?
Hydrothermal PNIPAM-OH/PPy gradient porous structure universality but limited performance Luo et al.?°
process improvement/uncontrolled structure

PMAA, polymethylacrylic acid; POEGMA, poly oligo(ethylene glycol) methacrylate; rGO, reduced graphene oxide; PDMAEMA, poly(N,N-dimethylaminoethy!
methacrylate); ALN, aluminum nitride; SizNy, silicon nitride; MMT, montmorillonoid; PEG, polyethylene glycol; PVA, polyvinyl alcohol; PANI, polyaniline;

PASH, polyaniline/poly(acrylamide-sodium acrylate); PPy, polypyrrole.

pressure actuating hydrogel is inversely proportional to the square of its

dimension.'%®

Yuk et al.’® proposed an osmotic pressure actuation force F evaluation and the
responsive time t scale as

Foc AIIL? tecL? /D, (Equation 1)

where AII, D, and L are the osmotic pressure change, the diffusivity of water in the
hydrogel, and a typical dimension of the block, respectively. In the case of osmotic
pressure actuation, there exists an inherent trade-off between actuation force and
response time. Larger deformations in hydrogels correspond to higher actuation
forces but result in longer response times. As a consequence, the actuation force
and response time tend to be incompatible in osmotic pressure-actuated hydrogel
actuators.?*'?>"2¢ Achieving a balance between actuation force and actuation
speed remains an open area of investigation for stimuli-responsive hydrogels
actuated by osmotic pressure. Addressing this challenge is crucial to optimize the
performance and applicability of such hydrogel-based actuators.

Elastic potential energy actuation

Elastic potential energy actuation widely exists in animals, especially when jump-
ing."?’~"?? Unlike osmotic pressure actuation, elastic potential energy actuation is
related to the temporary potential energy storage in elastic structures and the rapid
release of this energy to actuate the structure. SMHs exhibit the remarkable ability to
undergo arbitrary temporary shape editing and subsequent shape recovery in
response to external stimuli. To achieve this, the polymer structures of SMHs
incorporate molecular switches that facilitate temporary shape editing. These
switches are often integrated with pendant moieties, including short crystallizable
side chains, oligomeric crystallizable side chains, complex-forming groups, or
groups facilitating host-guest interactions. Through these design elements, various
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Figure 7. Strategies for osmotic pressure driven hydrogel actuators and elastic potential energy actuation of hydrogel actuators

(A) Schematic illustration of the thermal-induced deswelling principle of the PNIPAM sponge hydrogel and the ice-assisted synthesis of the hydrogel to
increase the porosity. Reprinted with permission from Jian et al.'?* Copyright 2022, Elsevier.

(B) The elastic potential energy of the hydrogel network was used to achieve fast actuation based on the carboxylic-Fe** coordination. Reprinted with
permission from Ma et al.”® Copyright 2020, Science.
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molecular mechanisms have been proposed to enable energy storage and release,
thereby enabling shape-locking and shape-releasing processes.'?*""*? It is impor-
tant to note that the locking and release process in SMHs represents a programma-
ble but nonreversible shape-shifting behavior. Once the final permanent shape is
attained, it does not spontaneously revert to the temporary or locked shape unless
an external force is applied during a reprogramming step.'*’ For example, Lu
etal.** fabricated a bilayer hydrogel, obtaining a thermo-responsive actuating layer
and a shape-memory layer with metal ion response. The bilayer hydrogel could
deform to a specific shape 1 by force and then be fixed by metal ion coordination.
Subsequently, the hydrogel was placed in hot water at 60°C to deform into shape
2 as the PNIPAM hydrogel layer shrank. When the temperature of the external solu-
tion dropped to 15°C, the PNIPAM hydrogel layer expanded and the bilayer hydro-
gel was restored to shape 1. Finally, the hydrogel was soaked to remove metal
complexation, restored to the initial shape, and used in the following shape
programming.

Although the shifting pathway of SMH can be defined and altered in the program-
ming procedure, the desirable energy storage and high work output related to
high energy conversion efficiency are insufficient for SMH. This is mainly because
of the weak reversible bonds and similar elastic moduli between the hydrogel lock-
ing and releasing states. In this case, most SMH actuators can only exhibit simple and
moderate deformations such as bending, folding, and twisting. To improve the effi-
ciency of energy storage and conversion of SMH, two fundamental strategies are
considered: (1) strong reversible bonds to increase the energy storage content;
and (2) high elasticity and noticeable elastic moduli difference between locking
and releasing states of SMH to avoid excessive energy loss and improve the
efficiency of energy conversion. Ma et al.”® proposed an elastic energy storing
and releasing method based on a P(AM-AA) hydrogel system. In the energy storage
process, the hydrogel was stretched, and the shape was then locked by immersing
the stretched hydrogel into an Fe** solution to form new carboxylic-Fe** coordina-
tion. Consequently, the explosive release can be achieved by UV light or acid
solution to break the carboxylic-Fe* coordination (Figure 7B). This design strategy
made the hydrogel generate high contractile force (40 kPa) rapidly at ultrahigh work
density (15.3 kJ m~3).

In addition, Hua et al."”* prepared cold-induced SMHs based on the poly(acrylic
acid)-calcium acetate (PAA-CaAc) systems. The storage modulus (G') and loss
modulus (G”) increased with increasing temperature from 35°C to 70°C, and G’
of the hydrogel could reach about 5.4 MPa at 70°C. The designed hydrogel could
be fixed in different shapes at a high temperature, and a piece of hydrogel strip
(0.5 g) with a temporary shape could support a load of 200 g. The unique
shape-memory process enabled the bio-inspired artificial muscles to have an ultra-
high work density of 45.2 kJ m~3, higher than that of biological muscles (~8 kJ
m~3). Thus, when compared to osmotic pressure actuation, elastic potential
energy actuation offers advantages by eliminating the incompatibility between
actuation force and response time. However, it is important to note that the energy
storage process in elastic potential energy actuation can be relatively complex,
time consuming, and dependent on the polymer structure. Moreover, as
mentioned earlier, the shape editing and shape-recovery process in many cases
is not reversible. Consequently, the design of hydrogels capable of programmable
reversible shape deformation remains a challenge, limiting their application poten-
tial in a wider range of scenarios.
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Responsive particle actuation

One approach of passive actuation to decouple the actuation force and response
speed is incorporating responsive particles into hydrogels, which obtain a shorter
response time of as low as 1073 s under external stimuli.'® The common responsive
particles are magnetic particles, such as iron, Fe304, MnFe,O,4, barium ferrite,
27-3% responding
to a magnetic field and free ions in ionic conductors responding to electric fields.

carbonyl iron, nickel rods, and magnetite-coated alumina platelets,

The response time of hydrogel actuators based on responsive particle actuation
mainly depends on the dimension and mechanical inertia of hydrogel carriers and

the concentration of the responsive particles in hydrogel matrices.'?'%°

Anisotropic hydrogels incorporating magnetic particles often display nonuniform
distribution of these particles, leading to uneven responsiveness and varying behav-
iors across different regions of the hydrogel.”**"*” As a result, the hydrogel exhibits
unequal or distinct responsive characteristics in different areas. Moreover, the use of
nonuniform magnetic fields to induce deformations in hydrogels that are propor-
tional to the applied field gradient has been explored. This approach allows for pre-
cise control over the shape changes in the hydrogel based on the spatial variations of
the magnetic field. For example, Simiriska-Stanny et al.*’ printed patterned
magnetic hydrogel models, such as tubes, cubes, and cantilevers, with different
inks having different magnetic filler concentrations. The anisotropic hydrogels
exhibited different shape- and pattern-dependent magnetic responses under a
uniform magnetic field (Figure 8A). Tang et al.”’ employed the direct ink-printing
method to fabricate hydrogels with hard magnetic NdFeB particles and then
programmed magnetization on the hydrogel to adjust the distribution of NdFeB
particles. Consequently, different parts of the hydrogel could generate a magnetic
torque and collectively result in a complex shape when the magnetic polarities of
magnetic particles were not aligning with the applied external magnetic field.

For an electric-field actuation, the electric field will induce bending deformations of
the anionic/cationic hydrogels immersed in an aqueous solution containing a poly-
electrolyte solute.'% "% During the process, the migration of the polyelectrolyte so-
lute under the electric field can result in the gradient concentration of the solute and
difference in osmotic pressure between the hydrogel interior, which further achieves
the hydrogels’ deformation.'>"*” The actuation direction and intensity can be
adjusted by changing the electric distribution and intensity, respectively. In
addition, composite actuators were fabricated recently by embedding a dielectric
elastomer membrane between two membranes made of hydrogel ionic conduc-
tors.'%? In this model, the application of voltage between the ionic conductors within
the hydrogel led to the accumulation of oppositely charged ions on the surfaces of
the hydrogel, which encased the dielectric elastomer. This accumulation of charges
created an attractive force, resulting in the deformation of the sandwiched plate. As
a consequence, the thickness of the plate decreased while the area simultaneously
increased (Figure 8B). In contrast to hydrogels that rely on active actuation mecha-
nisms, hydrogels actuated by responsive particles offer several advantages,
including higher actuation speed and adjustable actuation force. However,
achieving diverse and complex deformations of hydrogels in magnetic and electric
fields remains a significant challenge. While advanced preparation methods such as

1% and multi-layer assembly'%® have been utilized to program hydrogel

3D printing
structures and enhance their deformation capabilities, certain limitations persist.
These include complex preparation procedures and limited control over the result-

ing structural characteristics. As a result, further research is necessary to overcome
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Figure 8. Responsive particle actuation and hydraulic/pneumatic actuation of hydrogel actuators
(A) Schematic illustration of the multi-material 3D printing of magnetically graded hydrogels for different actuation modes. Reprinted with permission

from Siminska-Stanny et al.”® Copyright 2022, Elsevier.
(B) Soft actuators made of two layers of a hydrogel ionic conductor and a sandwiched dielectric elastomer can be actuated under an electric field.

Reprinted with permission from Keplinger et al.'%” Copyright 2013, Science.
(C) Schematic illustration of a complex hydrogel actuator that can be actuated by hydraulic pressures. Scale bar, 1 cm. Reprinted with permission from

Yuk et al.'%® Copyright 2017, Nature.
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these challenges and improve the preparation and controllability of hydrogel struc-
tures for enhanced deformation performance.

Pneumatic and hydraulic actuation

Pneumatic and hydraulic actuation has been widely used in developing hydrogel ac-
tuators and robots with high actuation force and fast response speed. Hydrogel ac-
tuators are usually composed of connected chambers or channels in hydrogel
matrices, which can pump the gas or fluid in and out to generate necessary pneu-
matic or hydraulic pressure for actuation.’*%'*" Therefore, as for the pneumatic or
hydraulic hydrogel-based actuators, suitable mechanical properties, such as high
antifatigue and stiffness, are needed to accommodate the actuation pressure under
cyclic pneumatic or hydraulic actuation to avoid leakage or failure of the actuators.
Recently, many approaches have been researched to improve the mechanical prop-
erties of hydrogels through establishing double-network hydrophobically associ-
ating topological networks, compressive annealing, physical enhancement, and
addition of ions, which benefit the extension of a hydrogel’s service life.'**'*3 Be-
sides, the chamber or channel structures and corresponding force distribution inside
the matrix are commonly simulated to obtain the optimal solution, which is crucial to
actuation performance. Recently, many bio-inspired hydrogel-based actuators have
been designed on the basis of octopus tentacles, butterflies, and worms."**"** Yuk

etal.’®®

proposed the first hydraulic hydrogel actuator consisting of hydraulic cham-
bers and channels made of tough hydrogels. This exhibited higher actuation force
(over 1 N) and fast response speed (<1 s) than existing osmotic hydrogel actuators
(Figure 8C). Wu et al.,'”’ inspired by the hollow structures of blood vessels and
bamboo, designed and fabricated complex 3D hollow hydrogels based on supra-
molecular interactions. In this work, gelatin and Ca®* were assembled to form a
core structure with different shapes, after which the alginate covered the core
through the Ca*-alginate coordination. The alginate-based hollow hydrogels
were further obtained by dissolving the gelation core in warm water. The designed
hollow hydrogel structures could be assembled to achieve pneumatic and hydraulic
actuation via the pumping and blowing process of air and water. Additionally, Liang

.%% designed a fatigue-resistant (high fatigue threshold over 1,500 J m~2) hydro-

eta
gel by a bidirectional freezing-casting process followed by compressive annealing.
The excellent mechanical properties allowed the hydrogel to be applied as load-

bearing components for underwater robots, such as cyclic stretching-retracting.

Yuk et al." proposed a hydraulic-induced actuation force F evaluation from a
constrained hydrogel block and the responsive time t scale as

F o APL? toct,,, (Equation 2)

where 4P, to, and L are the pressure inside the hydrogel chamber, the response
time related to an external system such as a pump to supply the pressure, and the
typical dimension of the model block, respectively. Therefore, the actuation force
and speed are decoupled in pneumatic and hydraulic actuation, which shows a
higher value than those related to active actuation. Nevertheless, challenges persist
in achieving robust joints between the hydrogel matrix, connection tube, and air/
liquid pumps, primarily due to their weak compatibility. Furthermore, the mechani-
cal properties of hydrogels pose limitations on the maximum actuation force that can
be generated, in contrast to elastomer matrices such as Ecoflex, Elastosil, and Syl-
gard 184."%'*” However, the inherent versatility and tunable physical/chemical
properties of hydrogels make them promising candidates for designing actuators
driven by pneumatic and hydraulic pressure. These features facilitate easy function-
ality and enable the development of tailored actuation systems.

22 Matter 6, 1-35, November 1, 2023

Matter



Please cite this article in press as: Chen et al., Bio-inspired anisotropic hydrogels and their applications in soft actuators and robots, Matter
(2023), https://doi.org/10.1016/j.matt.2023.08.011

Matter ¢? CellP’ress

Review

A

Grasp in air (P(AAc-co-AAm) layer on top)

AR

@ 25°C (i) 25°C —>» 45°C (iii) 45°C—» 25°C

‘\\\ R _,.""“
Centr0|d N

Backfoot  Forefoot Backfoot Forefoot Backfoot  Forefoot

Distance Distance Distance

E F
Thickness:
IO P i R ] = e
: Y
bend recover oscnllate
PDMS
T A vaporing releasmg
. Fe;04/Cu i: initial ii: bending iii: out of iv: restoring
nanorods  gte equilibrium equilibrium equilibrium
air
e hvdrogel ‘;
¥ LY b 3
PDMS# water

—
Jumping distance: 10.6 mm

Figure 9. The applications of anisotropic hydrogels as grippers, walkers/crawlers, jumpers, and swimmers

(A) Hydrogel grippers were demonstrated to grasp and release objects under thermal actuation. Reprinted with permission from Zheng et al.'*"

Copyright 2018, Royal Society of Chemistry.
(B) A smart hydrogel gripper can manipulate an object with humidity-, magnetic field-, and UV-based actuation. Reprinted with permission from
Chathuranga et al.’*® Copyright 2022, American Chemical Society.

(C) An L-shaped symmetric PNIPA/TiNS hydrogel actuator can perform unidirectional procession. Reprinted with permission from Kim et al.”* Copyright
2015, Nature.
(D) A slender hydrogel crawler moves forward under light actuation. Reprinted with permission from Zhu et al."*” Copyright 2020, Nature.
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Figure 9. Continued

(E) The bilayer hydrogel jumper can perform controlled jumping with the assistance of an aluminum ratchet. Reprinted with permission from Gao

et al."*” Copyright 2018, American Chemical Society.

(F) Schematic illustration of the structure and the working mechanism of a triple-layer hydrogel actuator driven by photothermal steam. Reprinted with
permission from Li et al."”" Copyright 2022, Science.

PROMISING APPLICATIONS OF ANISOTROPIC HYDROGELS IN SOFT
ACTUATORS AND ROBOTS

Soft grippers

Anisotropic hydrogels have been widely used for developing soft grippers, which
usually consist of three or more actuator fingers that can respond to external stimuli
to achieve grasping or manipulations. For example, Zheng et al.'?° fabricated a
mimosa-inspired bilayer hydrogel-based gripper with a pentagram shape, demon-
strating the closing and reopening behaviors in different environments, such as
water, paraffin, and air (Figure 9A). Sun et al.’>? prepared a photothermally respon-
sive MXene nanocomposite hydrogel applied for soft manipulators. The bilayer
anisotropic grippers with cross-shape could grasp and transfer the object under
NIR illumination. In addition, Chathuranga et al.'*® designed a multi-stimulus-
responsive hydrogel actuator consisting of graphene oxide, Fe304 nanoparticles,
and tapioca starch via an evaporation-induced self-assembly method. This actuator
was responsive to moisture gradient, magnetism, and UV light. When assembled as
a gripper, it exhibited multi-responsive intelligence to perform object capture,
movement, and release behaviors under moisture, magnetic, and UV fields
(Figure 9B).

The soft grippers constructed from anisotropic hydrogels exhibited limited function-
ality, as they could only undergo unidirectional actuation in response to a single, uni-
form external stimulus. Reversing their bending motion required a considerable
amount of time, either by removing the initial stimulus or by applying an opposing
actuation force or strain. Consequently, these grippers faced challenges in achieving
rapid and efficient capturing and releasing actions solely relying on osmotic pressure
actuation under a single stimulus. Recently, we successfully fabricated a hydrogel-
based gripper by introducing high-thermal-conductivity fillers (e.g., LM, boron
nitride [BN], silicon nitride [SizN4], aluminum nitride [AIN]) into PNIPAM hydrogels.
Gravity-induced hydrogenation was used to generate the required gradient-distrib-
uted porous structure, thermal conductivity, and temperature response in the
PNIPAM hydrogel. Under single continuous thermal actuation, the designed hydro-
gel-based gripper can exhibit multi-directional bending based on the synergistic
effects of high-thermal-conductivity fillers on thermal conduction and water-
discharge obstruction.”’? Therefore, the new hydrogel-based gripper can achieve
both grasping and releasing continuously, providing a universal method for
designing intelligent hydrogel-based grippers for further applications.

Walking/crawling robots

Hydrogels have also been used to build bio-inspired walking and crawling robots, '*
generally designed by controlling the asymmetrical shape and contact friction
between hydrogel components. Strip-like models have been employed extensively
as walkers or crawlers because of their simple implementation of repeated bending-
unbending or extension-contraction behaviors under cyclic stimuli. In addition,
specific substrates with rough or ratchet structures have been applied to facilitate
the directional motion of hydrogel-based walkers. For example, Morales etal.”* de-
signed an electro-driven hydrogel-based walker consisting of cationic and anionic
hydrogel legs and employed PDMS as the substrate. By adjusting the direction of
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the electric field, the dual polyelectrolyte legs performed the opposite deformation
in dilute salt solutions, and thus the fabricated hydrogel-based walkers could move
forward. Kim et al.”* developed an anisotropic L-shaped hydrogel walker that ex-
hibited asymmetric frictions on the contact area due to the differently apportioned
gravity. The L-shaped walkers demonstrated walking motions based on the isochoric
deformation and asymmetric frictions through sequential heating-cooling stimuli
(Figure 9C). Furthermore, bidirectional or omnidirectional motions can be achieved
by modulating the frictions and hydrogel deformation. Zhu et al."*” designed a
bidirectional light-irradiated PNIPAM-based anisotropic crawler in which dynamic
friction could be achieved by adjusting the adhesion and friction between the gel
and substrate via the photothermal effect due to the hydrophilic-to-hydrophobic
transition of the PNIPAM matrix. Thus, the crawlers could move forward under
dynamic light irradiation (Figure 9D). They also proposed a stripe-patterned walker,
in which the leg closer to the light had considerably more friction and served as an
anchoring point to convert cyclic bending to directional walking.

Jumping robots

Hydrogel-based jumpers based on different structural designs and actuation types
have been developed. They use a catapult-like energy conversion mechanism
through which potential energy is temporarily stored in elastic structures, followed
by the rapid release of this energy to complete the jump.'>> For example, Gao
et al."*? reported a snap-bucking motivated jumping of thermo-responsive bilayer
hydrogel. The elastic energy of the thermo-responsive deformation could be con-
strained on the basis of adhesion between the hydrogels and aluminum ratchet.
When the accumulated elastic energy overwhelmed the adhesion and the back
foot snapped from the tooth, the hydrogel-based jumper jumped abruptly, and
the jump direction, height, and distance were controlled by the design of the ratchet
and hydrogel shape (Figure 9E). Recently, Lee et al.'*® fabricated a swelling-induced
snap-bulking jumper with microgroove-containing double-curved gels as the legs.
The double-curved hydrogels snapped and generated thrust to make the device
jump off the ground upon solvent stimulation that swelled the gel near the grooves.
However, continuous jumping behavior is still a major challenge because of the
difficulty of continuous and reversible deformation under external stimuli.

Swimming robots

Hydrogel-based swimmers have been fabricated using different swimmer models
and dynamic morphing under an external stimulus. For example, Zhang et al."®’ pre-
pared an octopus-inspired light-driven hydrogel-based swimmer consisting of a
bilayer strip structure. Under cyclic NIR, the hydrogel actuators performed shape
bending and generated a propulsion force larger than the water drag force, resulting
in the forward motion of the hydrogel swimmer. The propulsion and swimming
speed are related to the NIR power and the size of the actuators. The water environ-
ment benefits hydrogel-based swimmers with a swelling and deswelling actuation
mechanism, which can protect the functional integrity and provide the actuation
power.

Recently, Li et al." designed a light-powered soft oscillator with adaptive oscilla-
tion modes in response to light irradiation of different intensities. The soft oscillator
had a hierarchical structure, and the critical actuation part was made of a photother-
mal actuator consisting of hydrogel and Fe3O4/Cu hybrid nanorods that could
convert light to heat. The actuation part could generate steam by vaporizing the
water in the porous hydrogels under NIR, acting as the power to actuate the hydro-
gel-based swimmer (Figure 9F). Besides, the water environment provided a
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continuous water supply for the photothermal steam. The hydrogel was also de-
signed to have load-bearing components for underwater robots based on cyclic
stretching-retracting to generate propulsion by pushing the surrounding water
backward like a jellyfish.®*

Intelligent actuators and robots with multi-functionality

Inspired by nature, recent attention has been paid to integrating multiple func-
tions, such as sensing, fluorescent, self-healing, or shape-memory properties,
into hydrogel actuators to achieve intelligent hydrogel actuators with broader ap-
plications.”*> 13810 A self-sensitive actuating system based on responsive and
conductive hydrogels has recently been developed.”*”* To avoid the influence
of the function interaction, the hydrogels are usually designed on the basis of pho-
tothermal properties to prevent the influence of direct thermal stimulus on sensing
performance. For instance, Li et al.”® proposed a bilayer CNTs-elastomer/PNIPAM
composite, resembling the combination between skin and muscles, to achieve
both shape morphing and sensing functions. Under NIR irradiation, the photother-
mal CNTs led to shrinking of the hydrogel layer due to water loss, and thereby the
composite generated shape change. Meanwhile, the conductive layer consisting of
CNTs-elastomer was conducive and generated the electrical signal due to defor-
mation of the conductive layer. Therefore, feedback signals could be generated
to sense the magnitude of actuation (Figure 10A). Zhao et al.”? designed an aniso-
tropic conductive PANI/PNIPAM hydrogel by the ice-templating method. The
PANI served as conductive units, and PNIPAM supported the actuating behavior.
The prepared hydrogel could curl up, grasp, and move an object with real-time
motion sensing by monitoring the resistance change under the irradiation of NIR
(Figure 10B). Furthermore, a closed-loop actuation system was designed to mimic
a biological neuromuscular system based on combining sensory and actuating
functions. In addition, attaching a soft physical sensor to the surface of soft actu-
ators or robots can also achieve the accurate monitoring of actuation and sense
different information, such as temperature and contact pressure.'®

Additionally, fluorescence has been introduced into the actuation system to achieve
dynamic optical camouflage under different conductions and has attracted tremen-
dous attention. To accomplish the synergistic color-changing and shape-morphing
capabilities, Wei et al.’®* combined fluorescence and actuation into a hydrogel sys-
tem based on supramolecular dynamic metal-ligand coordination. The actuator’s
color could be changed correspondingly by controlling the environmental stimuli
such as acidity/alkalinity change and metal ions. Besides this, reversible complex
3D deformations could be thermo-triggered, and chameleon-shaped soft hydrogel
robots were fabricated to resemble the natural chameleons to achieve camouflage
based on fluorescence and actuation behaviors. They also designed a supramolec-
ular fluorescent polymeric hydrogel with the integrated properties of wide multi-co-
lor tunability, multi-responsiveness, and remolding capacities.'®’ Multiple R/G/B
fluorophores were organized into different polymer chains in the hydrogel matrix
to achieve a multi-responsive multi-color fluorescence response, resembling the
various appearances and color changes of living creatures responding to multiple
environmental stimuli (Figure 10C). Recently, Li et al.’®® designed thermal camou-
flaging MXene skins that exhibited stimulus sensation and wireless communication
based on the harnessing of interfacial instability and intrinsic Seebeck effect. The
soft robot with the MXene skin was capable of adaptive thermal camouflage and
recording its locomotion routes.
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(A and B) Intelligent hydrogel actuators capable of self-sensing. Reprinted with permission from Li et al.”® Copyright 2021 Elsevier; Reprinted with

permission from Zhao et al.”* Copyright 2021, Science.

(C) Schematic illustration of a hydrogel robot integrated with fluorescence. Reprinted with permission from Liu et al."®! Copyright 2022, Wiley-VCH.
(D) Intelligent actuators and robots with self-healing and shape-memory properties. Reprinted with permission from Wang et al.'®> Copyright 2022,

Nature.

Based on the molecular design strategy, Jiang et al."** prepared a tough, self-heal-
ing hydrogel with ultrafast shape changing by introducing acid-ether hydrogen
bonding and imine bonds into the hydrogel matrix. The self-healing efficiency
reached 84% after 50 min without any external stimulus. Shape memory has also
been introduced into the actuating hydrogel system to improve its shape program-
mability. Wang et al.’®” designed tough and stretchable ionogels by co-polymer-
izing acrylamide and acrylic acid in ionic liquid. Owing to the in situ phase separation
and temperature-dependent phase behavior, the designed ionogels exhibited
~60% self-healing efficiency and shape-memory property with programming at a
temperature higher than the glass transition temperature of 48.2°C and fixing at
room temperature (Figure 10D). These strategies to design actuating hydrogels
with other functions expand their potential applications and inspire the design of
more intelligent hydrogel-based actuators.

CONCLUSION AND OUTLOOK

This review has summarized the recent advances in developing anisotropic hydro-
gels and their applications in soft actuators and robots. The primary design and
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fabrication strategies for anisotropic hydrogels are categorized and discussed,
including gravity-induced anisotropy, electric-field-induced anisotropy, magnetic-
field-induced anisotropy, local-pattern-induced anisotropy, shear-flow-induced
anisotropy, polymer-chain-alignment-induced anisotropy, and layered-structure-
formed anisotropy. Moreover, the major actuation and control methods for aniso-
tropic hydrogel-based soft actuators and robots are discussed with highlighted
pros and cons. Additionally, the significant applications of the anisotropic hydrogels
in soft actuators and soft robots, including soft grippers, walking/crawling robots,
jumping robots, and swimming robots, are discussed in detail. Finally, special atten-
tion was is paid to the advanced intelligence of soft actuators with multi-function-
ality, which combines different material properties for specific applications to
expand the potential applications of heterogeneous hydrogel-based actuators.

With the rapid progress of anisotropic hydrogels in soft actuators and robots, there
are great opportunities but also significant challenges in the future roadmap of this
research field. First, the mechanical properties (e.g., strength, toughness, and dura-
bility) and the response performance (e.g., actuation force and response speed) of
the anisotropic hydrogels must be improved. Most current anisotropic hydrogels
are prepared on the basis of a covalently crosslinked network, which usually has
relatively poor mechanical properties due to weak intermolecular interactions and
low energy dissipation under large deformations. As a result, the work or power
density of the hydrogels is also relatively low. Several approaches have been devel-
oped to improve the mechanical properties of hydrogels, including double net-
works, topological networks, slide-ring structures, hydrophobic association,
physical enhancement, chelation of metal ions, and salting-out effect. These
methods should be combined to facilitate the development of anisotropic hydrogels
for actuators and robots. Although several new techniques, such as phase separa-
tion, self-training, or 3D printing, have been proposed to design high-strength or
tough hydrogels with anisotropic structures, the fabrication and material prepara-
tion is still expensive and time consuming. Therefore, more effort should be put
into studying new fabrication approaches.

Second, the control and actuation methods should be improved, and coupling
simulation models must be developed to accurately predict the deformation and be-
haviors. The nonlinear elasticity with strain-related stiffness is quite complex; thus, a
better understanding of the responses of the hydrogel, especially under multi-phys-
ics stimuli, will be necessary to improve the control of hydrogel-based actuators and
robots. It is noteworthy that the hydrogel actuators based on osmotic pressure
actuation usually suffer from slow actuation speed. Their actuation force largely
relies on the diffusion-limited uptake and release of water, strongly affected by
the microstructure of hydrogels. A highly porous structure can facilitate water
discharge to obtain a high actuation speed, but this results in poor mechanical prop-
erties due to the low density of polymer chains. Therefore, it is critical to develop
advanced actuators by precisely controlling the pore structure in the fabrication
steps and achieving a balance between mechanical properties and actuation speed.
In this regard, the high energy storage and release efficiency in elastic potential
energy actuation, the mechanical properties of the hydrogel matrix in pneumatic
or hydraulic actuation, and the compatibility between responsive particles and
hydrogels should be improved.

Multi-functional anisotropic hydrogels have become a new promising direction.

However, it is still challenging to integrate biomimetic properties, such as self-heal-
ing and self-sensing, with hydrogels for broad applications because of the
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incompatibility between the material properties of constituent phases and the diver-
sity of working conditions. The responses of the multi-functional hydrogels under
various stimuli and their interactions will be worth investigating to achieve advanced
functional actuators. In addition, developing new compatible inks and materials for
3D/4D printing of hydrogel-based actuators and robots will be an essential research
topic. The precise control of the anisotropic structure in the actuators and robots will
enable the accurate control of deformation and actuation. Module design and inte-
gration of hydrogel blocks will be promising for the high-throughput production of
advanced actuators and robots. However, for large actuators, the balance between
actuation speed, actuation force, and energy efficiency must be considered for real
applications.

Furthermore, it is crucial to address the challenges related to the high water-reten-
tion rate and packaging techniques of hydrogel actuators and robots in order to
enhance their durability and environmental stability, particularly in harsh conditions
involving dryness, heat, fire hazards, or toxic substances. To tackle these challenges,
recent research has explored the use of composite actuators, which combine hydro-
gels with cryoprotectants, metal elastomers, or ionic liquids to improve actuation
stability and adaptability in multiple environments."®*"®” However, in such compos-
ite designs it is essential to enhance the characteristics of different materials and, in
particular, the interface bonding to achieve optimal performance and facilitate ease
of integration. Enhancing these aspects will contribute to the overall performance
and practicality of hydrogel-based actuators and robots in diverse environments.

In addition, the actuation performance of hydrogels, particularly those actuated by
osmotic pressure, can be influenced by the introduction of cryoprotectants or ionic
liquids. Exploring new strategies or modifications in this regard will be crucial for
advancing their actuation capabilities. The modeling and manufacturing of aniso-
tropic hydrogels also play a vital role in their practical applications.'®® Although
significant progress has been made in the study and application of anisotropic hy-
drogels in soft actuators, the development of hydrogel-based actuators or robots
is still in its early stages and cannot be directly applied in real-world scenarios. Math-
ematical and physical modeling approaches can enhance our understanding and aid
in the design of different hydrogel systems.

Finally, integrating actuation, sensing, control, and communication functionalities is
a key focus in the design of robotic hydrogels.'*®"¢”~""? This holistic approach
allows for the development of multi-functional systems. Apart from actuation, aniso-
tropic hydrogels have found application in various bio-fields. They have been used in

miniature soft robots/actuators with therapeutic and diagnostic functions'”*'7*

as
well as hydrogel-based patches or dressings for tissue engineering.'’*'’® These
diverse applications highlight the potential of anisotropic hydrogels beyond the

actuation domain.

In conclusion, the field of multi-phasic anisotropic hydrogel research is rapidly
advancing, presenting numerous significant challenges. However, these challenges
can be successfully overcome through cross-disciplinary collaboration, leveraging
the expertise in computational materials science, chemical synthesis, and advanced
manufacturing. By combining these diverse areas of knowledge, researchers can
effectively explore the vast capabilities and applications of anisotropic actuating
hydrogels. Furthermore, this collaborative effort can facilitate the translation of con-
ceptual ideas into tangible commercialized products, offering solutions to real-
world challenges in various domains, including medicine, energy, sustainability,
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and manufacturing. The collective efforts of researchers from different disciplines

hold great potential for driving the progress and practical implementation of aniso-

tropic hydrogels in addressing global challenges.
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