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Bilayer hydrogel actuators, composed of two hydrogel sheets exhibiting distinct swelling rates or ratios,

have emerged as a promising class of smart materials. Their asymmetrical responsive properties enable

controllable deformations, including bending and buckling. Recently, these smart materials have garnered

significant attention for their versatile applications, playing crucial roles as manipulators or grippers,
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1. Introduction

Hydrogel actuators, characterized by programmable shape
deformations responsive to external stimuli, represent a fron-
tier in materials science with transformative potential across a
myriad of applications.'™ Their ability to undergo substantial
changes in volume and shape has propelled them into the
spotlight, revolutionizing fields such as soft robotics, bio-
medical engineering, and materials science.

The evolution of hydrogel technology in biomedical appli-
cations has been marked by a shift from traditional rigid
actuators to the remarkable versatility offered by hydrogels.
These three-dimensional polymeric networks, highly hydrated
and capable of retaining large amounts of water, are distin-
guished by their biocompatibility, permeability, and unique
responsiveness to environmental triggers.””” As a result, hydro-
gel-based actuators have found applications in wearable

devices, nanomechanical tools, biocompatible medical
devices, transparent ionic conductors, and micro-
biorobots.> ™" The design principles of hydrogel actuators vary,

encompassing both homogeneous expansion/contraction with
special structures and inhomogeneous structures with distinct
swelling/shrinkage  degrees in different directions."
Anisotropic hydrogels, which exhibit inhomogeneous struc-
tures, have emerged as promising candidates due to their
superior operability and controllability. Among them, bilayer
hydrogels stand out, capable of intricate 2D and 3D shape
transformations under external stimuli.'*'* These bilayer
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walkers and swimmers, and biomimetic devices. This perspective serves as a celebratory piece, illuminat-
ing the evolutionary journey of these smart materials and delving into their recent advancements post-
2020. It provides readers with a focused spotlight on the current state-of-the-art materials, offering
insights into their capabilities and projecting potential expansion avenues in the near future.

hydrogel actuators achieve planar-to-3D shape transitions by
modulating local concentrations and/or cross-linking densities
in the two layers.'?

While hydrogel actuators have successfully responded to
various stimuli such as temperature, pH, solvent, light, and
electric fields,”™* the quest for multifunctional actuators
capable of responding to multiple stimuli remains a compel-
ling challenge." Drawing inspiration from animal tissues and
organs, researchers aim to develop hydrogel actuators with the
ability to camouflage through color change in response to
environmental stimuli. Despite progress, only a few hydrogel
actuators with integrated multi-stimuli responsive shape
morphing and color-changing properties have been
reported.’®™'® Challenges persist in achieving precise control
over bidirectional motions with tunable amplitude, limiting
their application in complex environments such as underwater
scenarios."°

This comprehensive review embarks on a detailed explora-
tion of bilayer-based hydrogel actuators, providing insights
into their intricate designs, fabrication techniques, and
diverse applications. The journey begins with an in-depth
analysis of responsive hydrogels and their biomimetic
designs, unraveling the multifaceted nature of hydrogel
actuators and their crucial roles in drug delivery, soft
robotics, and biomedical engineering. Navigating through
this dynamic landscape, the review addresses challenges, pre-
sents case studies highlighting successful applications, and
peers into the future to uncover exciting prospects. The aim
is to shed light on recent advancements in these smart
bilayer-based actuators, offering a succinct update on devel-
opments and outlining potential avenues for expansion and
growth in this field.
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2. Biomimicry in material science and
translating it to hydrogel actuators

Biomimicry, stemming from the Greek words “bios” (life) and
“mimesis” (to imitate), represents a compelling approach in
materials science, transcending conventional design principles.
This method takes a unique journey through the annals of evol-
ution, spanning millions of years, to glean insights from
nature’s intricate designs and systems.>" At its essence, biomi-
micry acts as a catalyst for innovation, employing the emulation
of biological strategies to craft solutions that are inventive and
sustainable. This departure from tradition not only yields
materials that are efficient and resilient but also deepens our
understanding of the intricate mechanisms governing the
natural world.>**® The spectrum of biomimetic materials
unfolds across diverse applications, showcasing its versatility.
Structural materials, inspired by the adhesive capabilities of
gecko feet, give rise to micro-structured adhesives, providing
robotics with climbing and gripping capabilities.**>°
Functional materials, replicating the lotus effect, result in super-
hydrophobic surfaces, introducing self-cleaning materials for
textiles and buildings. Smart materials, drawing from mussel
adhesive proteins, find application in medical adhesives,
wound closure, and underwater bonding, demonstrating the
inherent adaptability of biomimetic approaches.>”>°

In nature, various organisms such as the octopus, jellyfish,
Venus flytrap, and mimosa exhibit remarkable abilities in
movement, predation, reproduction, and other activities
through stimulus-responsive soft actuation.'® Inspired by
these intriguing phenomena, considerable efforts have been
made to develop artificial responsive hydrogel actuators,
including artificial muscles, smart actuators, and soft robots.
Hydrogels, characterized by highly cross-linked hydrophilic
networks and a high water content, serve as biologically
inspired materials for such endeavors (Fig. 1A).">*® By modify-
ing their chemistry, structure, and function, it becomes feas-
ible to engineer artificial soft actuators that respond to
stimuli. However, typical hydrogels often suffer from brittle-
ness due to uneven distribution of networks and cross-links,
limiting their practical applications in actuators subjected to
mechanical loading. To address this challenge, it has become
imperative to design toughening and energy dissipation pro-
cesses to enhance the strength, fracture, and fatigue resistance
of hydrogels, enabling them to sustain practical actuation akin
to natural organisms."°

Moreover, hydrogel actuators can be designed to achieve
complex shape changes and movement processes through
rational responsive design. Therefore, tough and responsive
hydrogels are highly sought after due to their chemical and
structural diversity. These hydrogels not only exhibit excellent
flexibility and biocompatibility but also demonstrate the
ability to adapt to complex environments by quickly respond-
ing to external stimuli.>®

In the realm of materials science research and practical
applications, conventional stimuli-responsive hydrogel actua-
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tors composed of simple polymer molecular structures often
exhibit various deficiencies such as weak mechanical pro-
perties, slow response, and poor environmental tolerance. In
contrast, natural hydrogels found in biological tissues possess
outstanding mechanical performance owing to their multi-
component and multiscale hierarchical structures.'® For
instance, pinecones exhibit high toughness modulus and
strength values. Inspired by such extreme mechanical pro-
perties of soft tissues, many tough hydrogel actuators with
remarkable mechanical properties have been developed. These
advancements have paved the way for the design and proces-
sing of mechanically robust tough hydrogels, thereby expand-
ing their functional applications in soft actuators.

The construction of reversible non-covalent bonds (sacrifi-
cial bonds), such as hydrogen bonds, electrostatic interactions,
coordination bonds, supramolecular recognition, and hydro-
phobic associations, plays a crucial role in developing tough-
ness in hydrogels.'® These bonds effectively enhance the
mechanical properties of hydrogels by consuming and dissi-
pating a large amount of energy during breaking. Moreover,
these reversible non-covalent bonds can endow hydrogels with
self-healing properties. Based on this construction principle,
various tough hydrogels have been developed, including
double network hydrogels, slide-ring hydrogels, nanoparticle-
reinforced hydrogels, nanocomposite hydrogels, and micelle-
crosslinked hydrogels.?*™>°

Furthermore, responsiveness can be achieved by further
chemical design or modification of the hydrogel network struc-
ture, enabling hydrogels to undergo changes in volume or
shape to achieve soft actuation when exposed to environ-
mental stimuli such as temperature, pH, light, magnetic field,
electric field, and redox reactions. The research on flexible,
intelligent devices based on responsive hydrogels and actua-
tion behaviors has recently gained widespread attention.
However, efficiently combining responsiveness and toughen-
ing mechanisms to develop tough responsive hydrogels that
withstand repetitive loads remains a critical step in practical
applications. Typical construction methods include integrating
hydrogels with different properties on the same device, con-
structing precise and controllable property distribution in a
single hydrogel, and achieving programmed deformation or
movement when subjected to external stimuli.

The application of biomimicry to hydrogel actuators is
underpinned by several compelling rationales that collectively
enhance their design and functionality. Foremost, biomimicry
facilitates the harnessing of nature’s precision, exemplified in
the delicate movements of muscles and the adaptive responses
of biological tissues to environmental stimuli.>® This precision
becomes a guiding principle for the replication of intricate
mechanisms in hydrogel actuators, elevating their design to
achieve enhanced performance. Moreover, the rationale
extends to optimizing functionality and efficiency. Evolution
has meticulously fine-tuned biological structures to achieve
optimal functionality while minimizing energy expenditure. By
mimicking these evolutionarily honed structures in the design
of hydrogel actuators, we not only enhance their efficiency but

© 2024 The Author(s). Published by the Royal Society of Chemistry
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also imbue them with heightened responsiveness and adapta-
bility, thus optimizing their overall performance (Fig. 1B).>**

A crucial aspect of biomimicry’s application to hydrogel
actuators lies in environmental resilience. The emulation of
nature’s inherently sustainable solutions in hydrogel design
aligns seamlessly with the principles of green chemistry. This
approach results in the creation of materials that exhibit
reduced ecological impact, offering a more environmentally
friendly alternative in the realm of materials science.?” The ver-
satility and adaptability intrinsic to natural systems, meticu-
lously explored through biomimicry, become key drivers for
expanding the applications of hydrogel actuators. By imple-
menting these features derived from nature, hydrogel actuators
can transcend their conventional uses and find utility across a
spectrum of applications, ranging from the intricacies of soft
robotics to the frontiers of biomedical devices.>> We also
believe that biomimicry serves as a wellspring of inspiration
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for multifunctionality in hydrogel actuators. Nature frequently
presents solutions that serve multiple purposes, and the study
and emulation of these multifunctional systems inspire the
creation of hydrogel actuators capable of responding to diverse
stimuli. This aspiration mirrors the inherent complexity
observed in biological tissues, presenting a pathway for the
development of advanced hydrogel actuators with multifaceted
functionalities. Table 1 provides a comprehensive comparison
of various actuators based on key performance metrics such as
energy density, elongation, pressure, and response time,
offering valuable insights into their suitability for different
applications.

In a culmination of inspiration, biomimicry guides
researchers toward multifunctionality in hydrogel actuators.
Nature’s penchant for multifaceted solutions becomes a
guiding light, inspiring the creation of hydrogel actuators
capable of responding to a spectrum of stimuli. This aspira-
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(A) Examining examples of reversible movements in plants provides valuable insights into the dynamic responses driven by distinct forces, mecha-

nisms, and trajectories. Firstly, the driving forces of turgor pressure (a) and swelling of cell walls (b) underscore the multifaceted nature of plant biome-
chanics. Turgor pressure relies on the controlled pressure of cell contents, while the swelling of cell walls involves the expansion of cellular components.
In terms of mechanisms, swelling (c) and snap-buckling (d) contribute significantly to these reversible movements in plants. Swelling, a fundamental
process, entails the expansion of cellular components, while snap-buckling represents a sudden structural transition that plays a role in achieving revers-
ible deformations. The trajectories of these movements add another layer of complexity to plant biomechanics. Bending (e), twisting (f), and changes in
two-dimensional (2D) curvature (g) showcase the diverse ways in which plants adapt and respond to external stimuli, demonstrating their inherent flexi-
bility and resilience. (B) Translating the biomimetic concept to bilayers, reprinted with permission from ref. 31, copyright reserved Wiley 2013.
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Table 1 Comparison of actuator performance metrics>*

Energy density Elongation Pressure Response
Actuator (J em™?) (%) (MPa) time (ms)
Solenoids 0.025 50 0.1 5
Piezo-actuators 0.05 0.2 110 0.5
Magnetostrictive 0.025 0.2 70 0.4
Shape-memory alloy 10 8 900 300
Hydrogels 0.35 90 4 300
Electrochemical 0.14 50 25 16
Muscle 0.59 70 1.18 0.03

tion mirrors the profound complexity observed in biological
tissues, propelling biomimicry in materials science to open up
avenues for innovation, sustainability, and a deeper connec-
tion with the natural world. In essence, biomimicry emerges
not just as a methodology but as a profound exploration, unra-
veling the secrets of nature to inform and elevate the creations
of human ingenuity.

3. Anisotropic hydrogel actuators: a
biomimetic approach

Polymeric hydrogel actuators operate through the uptake and
release of water, and their isotropic structures traditionally
limited them to simple homogeneous swelling/shrinking
responses under uniform stimuli.>* To overcome this limit-
ation and broaden their applications, the field has progressed
towards achieving complex deformations and
movements."*** Two primary approaches have emerged:
firstly, imposing nonuniform external stimuli such as electric
fields or localized light irradiation onto isotropic hydrogels,
and secondly, fabricating internal anisotropic hydrogels. Given
the challenges in precisely applying nonuniform external
stimuli, the focus has shifted towards the fabrication of aniso-
tropic structures, marking a significant stride in biomimetic
engineering. Anisotropic hydrogel actuators, inspired by the
intricate structures observed in nature, represent a paradigm
shift in biomimicry, offering tailored functionalities by intro-
ducing directional variations in their properties. The relevance
of anisotropic hydrogels to biomimicry lies in their ability to
replicate nuanced and directional responses akin to those
found in biological tissues and organisms."

The design principles of anisotropic hydrogel actuators
draw deeply from nature’s blueprint, where materials exhibit
varying properties in different directions, enabling precise and
controlled movements. Anisotropic hydrogels incorporate
these directional variations in their composition or structure,
facilitating biomimetic responses and the development of
actuators capable of emulating intricate and purposeful move-
ments observed in living organisms. A critical exploration
involves comparing anisotropic and isotropic hydrogel actua-
tors. Isotropic hydrogels maintain uniform properties in all
directions, while anisotropic counterparts deviate from hom-
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ogeneity by displaying distinct characteristics based on the
direction of measurement. This divergence enables anisotropic
hydrogel actuators to perform with enhanced specificity and
adaptability, closely mirroring dynamic responses seen in bio-
logical systems. A comparative analysis reveals the distinct
advantages and applications unique to anisotropic designs.

Over the past few decades, PNIPAM has garnered signifi-
cant attention due to its thermo-responsive behavior within a
biomedical relevant temperature range. This synthetic thermo-
responsive polymer, derived from the acrylamide monomer
N-isopropylacrylamide (NIPAAm), comprises amide and propyl
groups. Its thermal behavior in aqueous media involves a
phase transition from a hydrophilic state to a hydrophobic one
upon heating above its lower critical solution temperature
(LCST). Below the LCST, PNIPAM absorbs water and swells,
while exceeding the LCST causes the PNIPAM network to col-
lapse and precipitate (Fig. 2).*°

In the hydrated state below the LCST, water molecules form
hydrogen bonds with the carbonyl group, accepting two hydro-
gen bonds, while the nitrogen atom of the amide group
donates one hydrogen bond. Upon exceeding the LCST,
rearrangement of intramolecular hydrogen bonds occurs,
resulting in a reduction in the number of hydrogen bonds
between PNIPAM and water and the formation of intra-chain
hydrogen bonds.’”*° This leads to the collapsed network of
PNIPAM chains (Fig. 2). However, the precise mechanism by
which PNIPAM self-assembles in water above the LCST
remains incompletely understood. Another explanation posits
that the enthalpy gain of water molecules associated via hydro-
gen bonds with the amide groups of the polymer becomes
smaller than the counter effect of the entropic gain of the
system with water being dissociated when above the LCST of
the hydrogel. Additionally, computer simulations have
suggested a substantial decrease in the solvent-accessible
surface area and a decrease in the torsional energy of the iso-
propyl groups during this thermal transition.*”>°

Additionally, the LCST of PNIPAM exhibits a correlation
with its molecular weight, presenting variability among
smaller polymers due to the presence of hydrophilic or hydro-
phobic end groups. The introduction of copolymerization with
other monomers further offers a versatile method to manip-
ulate the LCST. Typically, incorporating more hydrophilic
monomers tends to increase the LCST, while integrating more
hydrophobic monomers tends to decrease it. This nuanced
control over the LCST enables tailored adjustments to suit
specific application requirements.>®

Furthermore, in water/organic solvent mixtures, the LCST is
contingent upon the volume fraction and type of the co-
solvent. Generally, an increase in the volume fraction of the
organic solvent leads to a decrease in the LCST. However,
beyond a certain volume ratio, the LCST may begin to increase.
This phenomenon arises from a competition for water mole-
cules between PNIPAM chains and co-solvent molecules, illus-
trating the intricate interplay between molecular interactions
within the hydrogel matrix.** Moreover, copolymerization with
other monomers not only tunes the LCST but also serves as a

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Schematic representation of water swelling and de-swelling mechanisms of PNIPAM chains, induced by lower critical solution temperature

(LCST) temperature changes, and hydrogen bonding formations.

strategy to enhance the mechanical properties and biodegrad-
ability of PNIPAM-based hydrogels. By incorporating various
monomers with different properties, such as hydrophilicity or
hydrophobicity, the overall performance of the hydrogel can be
tailored to meet specific application demands. This versatility
in structure-property relationships of the polymer sparks con-
siderable debate and exploration in the development of hydro-
gels, paving the way for innovative advancements in the
field.*

However, the deswelling and swelling rate of PNIPAM-based
hydrogel actuators often face limitations due to the slow
diffusion rate of water molecules. Enhancing the actuating
speed of such hydrogels becomes imperative for expanding
their application in thermos-responsive hydrogel systems.?”*!
Studies indicate that altering the size and arrangement of
micropores within the hydrogel can improve the actuating
speed. For instance, introducing sodium alginate micro-
capsules as a pore template has shown promise in reducing
swelling balance time. Yet, challenges arise in maintaining a
balance between actuation speed and strength, as increased
actuation speed tends to weaken the hydrogel. Expanding
more on this domain, in the realm of hydrogel actuators,
those responsive to near-infrared stimuli demonstrate signifi-
cant potential in various applications, including valves, soft
robotics, organization, and grippers. The incorporation of 2D
nanomaterials, such as Ti;C,T,-MXenes, into hydrogel frame-
works proves to be a novel approach for fabricating shape-pro-
grammable soft actuators. MXenes, with their unique pro-
perties, are introduced into hydrogel systems to create multi-

© 2024 The Author(s). Published by the Royal Society of Chemistry

functional composite hydrogels with excellent performance.
Anisotropic hydrogel actuators, created through the integration
of MXenes and hydrogels, exhibit rapid photo-responsive be-
havior and high actuation strength.

Drawing inspiration from the pulvinus of Mimosa pudica,
the researchers developed Ti;C,T,-MXene-based
composite hydrogels with ordered orientation. This innovative
approach yielded a PNIPAM/MXene directional hydrogel
(PMD) characterized by rapid photo-responsive deswelling
rates under light irradiation. In comparison to isotropic hydro-
gels, the anisotropic hydrogel exhibited notably accelerated
deswelling kinetics. Remarkably, within just 20 seconds in
water at 40 °C, the PMD hydrogel achieved a deswelling rate of
0.4, significantly outpacing its isotropic counterpart (Fig. 3).®
Upon temperature elevation, an initial formation of a dense
outermost layer of collapsed PNIPAM hydrogel network
occurred during the early stages of deswelling. This outer layer
effectively hindered outward water flux from the hydrogel
matrix. However, due to the presence of oriented structures
within the hydrogel, water molecules could be released from
the polymer pores under the influence of capillary force.
Notably, the presence of these oriented pores inside the hydro-
gel impeded or potentially prevented the formation of the
dense outermost layer as the hydrogel network collapsed
during deswelling. Consequently, water could continuously
discharge from the hydrogel’s interior.>®

Of particular significance, the anisotropic hydrogel exhibi-
ted superior performance compared to its isotropic counter-
part. This observation underscores the unique advantages of

nano-
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Fig. 3 Diagram (a) illustrates the closure of a leaf induced by the stimulation and contraction of the mimosa leaf pulvinus. In diagram (b), the
process of deformation for a hydrogel actuator with rapid deformation is depicted. Lastly, diagram (c) provides a schematic representation of the
synthesis process of the hydrogel, reprinted with permission from ref. 38, copyright reserved Wiley 2023.

PMD hydrogels with anisotropic structures, suggesting promis-
ing prospects for their utilization in various applications.®
Notably, these hydrogels exhibit high actuation strength,
lifting 40 times their weight loads (Fig. 3). The applications of
PMD hydrogels extend to soft robots, valves, and remote-con-
trolled devices, showcasing their potential as intelligent soft
actuators with rapid responsiveness and robust actuation
strength.

Utilizing the rapid shrinkage capability of the PMD hydro-
gel under near-infrared (NIR) light irradiation, a photo-respon-
sive actuator was ingeniously fabricated. This actuator exhibi-
ted local responsiveness to NIR light stimulation (808 nm, 0.9
W cm™?), enabling the bending deformation of the entire
actuator, thus achieving programmable bending of the PMD
hydrogel (Fig. 3).>® The MXene content and thickness of the
hydrogel were meticulously regulated to independently control
the degree of deformation. Notably, PMD hydrogels with
higher MXene content exhibited faster contraction under NIR
irradiation. Consequently, hydrogel strips with elevated MXene
content folded more rapidly, resulting in higher folding angles
at the same irradiation time. The optimal bending speed was
observed at a moderate MXene concentration of 1 mg mL™".
However, PMD hydrogels with higher Ti;C,T, contents, such
as 5 mg mL™', demonstrated a notable decline in perform-
ance. This decline may be attributed to the increased inter-
action between PNIPAM and excess Ti;C,T, nanosheets, which
hindered the movement of polymer chains during the phase
transition of the hydrogel (Fig. 3).%®

The aforementioned example serves as a glimpse into the
evolving landscape of biomimicry and anisotropic actuators.

588 | RSC Appl. Polym., 2024, 2, 583-605

However, our vision extends beyond this illustration, as we
foresee that a deeper exploration of anisotropic hydrogel actua-
tors within the biomimicry framework has the potential to
unveil a vast realm of possibilities for innovative engineering.
Understanding and replicating design principles inspired by
natural structures provide a foundation for developing hydro-
gel actuators capable of nuanced and directional responses.
Comparative analysis with isotropic counterparts highlights
the unique advantages of anisotropic hydrogel actuators,
emphasizing their potential in applications ranging from soft
robotics to biomedical devices.

4. Traversing the evolution of
bilayer-based biomimetic anisotropic
hydrogel actuators post-2020

In the expansive domain of hydrogel actuators, the fundamen-
tal significance of structure in dictating properties and, by
extension, potential applications are a universally acknowl-
edged principle. Anisotropic structures, characterized by direc-
tional variations, stand as the cornerstone for propelling the
development of hydrogel actuators. A spectrum of anisotropic
structures, spanning from bilayer configurations to gradient,
patterned, and oriented structures, has been subject to
exploration, aiming to instigate intricate deformations and
shape transformations. Existing literature reviews, while con-
tributing to the understanding of the overall growth and evol-
ution of biomimetic anisotropic hydrogels, often fall short in

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Detailed comparison of different anisotropic structures, highlighting their respective advantages and disadvantages

Type of
anisotropic
structures Advantages Disadvantages
Bilayer - Bilayer hydrogels offer simple yet effective structures for « Bilayer hydrogels typically exhibit limited shape
hydrogels achieving controllable deformations such as bending and transformations beyond bending, restricting their versatility in
buckling. certain applications.
« They capitalize on asymmetrical responsive properties, + Achieving complex 3D shapes may require additional
providing directional control over shape changes. manipulation or integration with other techniques.
« The layer-by-layer assembly allows for precise tuning of
properties by adjusting the composition or thickness of each
layer.
Gradient - Gradient hydrogels enable complex shape deformations by ~ + Fabricating gradient structures may require specialized
structures exploiting variations in polymer chain distribution or filler techniques such as electrophoresis or nanoparticle migration,
concentration. adding complexity to the manufacturing process.
« They offer the potential for sophisticated shape changes + Achieving precise control over gradient distribution
beyond simple bending, such as twisting or curving. throughout the hydrogel may be challenging.
« Gradient hydrogels can be tailored to respond to multiple
stimuli, expanding their functionality.
Patterned « Patterned hydrogels provide predefined regions of « The fabrication of patterned hydrogels may require specialized
structures differential swelling or responsiveness, enabling equipment and expertise, potentially limiting accessibility.
programmable shape changes.
« They offer a high degree of control over the resulting + Achieving uniformity and consistency in patterned structures
deformations, allowing for the creation of intricate 3D across large areas can be challenging.
shapes.
« Photolithography techniques offer scalability and
reproducibility in fabricating patterned hydrogels.
Oriented « Oriented hydrogels leverage directional alignment of » Fabricating oriented structures may require specialized
structures nanofillers to induce anisotropic swelling behavior, leading processing techniques and materials, potentially increasing

to tailored shape transformations.

« They mimic natural structures found in plants, offering
inspiration for biomimetic designs.

- Techniques such as shear force alignment or magnetic
field orientation provide precise control over the orientation

manufacturing complexity.
+ Achieving uniform alignment of nanofillers throughout thick
hydrogel samples may be challenging.

of nanofillers.

spotlighting recent developments. This narrative seeks to act
as a bridge, addressing the gap and shedding light on the
latest advancements in the realm of bilayer-based biomimetic
anisotropic hydrogels post-2020. Table 2 presents a detailed
comparison of different anisotropic structures, highlighting
their respective advantages and disadvantages.

In the nascent stages of research on anisotropic hydrogels,
the primary focus was on overcoming the inherent challenges
posed by the highly solvated environment of hydrogels.” Early
investigations were driven by the desire to replicate the intri-
cate structures found in natural tissues and organs. One of the
pioneering breakthroughs came from Mredha et al., who intro-
duced a bio-inspired method for fabricating anisotropic hydro-
gels with hierarchical fibrous structures akin to tendons and
ligaments.” This marked a pivotal moment as it demonstrated
that complex, biomimetic structures could indeed be achieved
in synthetic hydrogels.

Building upon this foundation, subsequent research efforts
saw a surge in the development of innovative fabrication tech-
niques. A notable advancement was the introduction of a self-
welding-based approach to create multilayer anisotropic hydro-
gels, mirroring the hierarchical organization observed in
compact bone. This method not only showcased the versatility
of synthetic hydrogel engineering but also hinted at the poten-
tial for mimicking diverse natural structures with precision
and control.*®
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The exploration then expanded into the realm of tubular
structures, with researchers successfully fabricating aniso-
tropic tubular hydrogels resembling the intricate microarchi-
tecture of blood vessels. This achievement represented a sig-
nificant leap forward, as it not only allowed for the replication
of complex biological structures but also opened up new
avenues for applications in tissue engineering and regenerative
medicine."”

These early successes served as catalysts for further inno-
vation and collaboration within the scientific community.
Researchers from diverse backgrounds converged to explore
novel fabrication methods, molecular design strategies, and
applications of biomimetic anisotropic hydrogels. The tran-
sition from initial proof-of-concept studies to mor