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Biomimetic and soft robotics research has been inspired by many biological organisms
focusing on soft structural composites reinforced by stiff constituents. In the case of
synthetic soft structural materials, hydrogels are very similar to the biological soft tissues/
organs, owing to their “wet and soft” properties, their elastic performance,
biodegradability, and biocompatibility. However, the current scope of hydrogel
applications is usually hampered by their feeble mechanical properties. Although
significant progress has been made in developing intense, challenging, and stretchable
hydrogels, it is still challenging to realize the optimal magnitude of physical and mechanical
properties altogether in synthetic hydrogels. This review briefly focuses on the hydrogel
fibrous shape-morphing composite structure and its functionalities. The nature-inspired,
fiber-reinforced soft hydrogel shape-morphing functional composite structure delivers
them a cartilage-like anisotropic behavior. They could have broad potential applications in
various areas, including tissue engineering, soft robotics, stretchable and bio-integrated
electronics, microfluidics, and biomedical devices.
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INTRODUCTION

Nature has advanced into an assortment of delicate materials that might alter their shapes,
morphology, and valuable properties in reaction to the inside or natural signals (Capadona
et al., 2008; Fratzl and Barth, 2009; Armon et al., 2011; Studart, 2015; van Rees et al., 2017).
Actuators are any device that can generate mechanical force/motion. In the past decades, various soft
actuating materials have been studied (Sahoo et al., 2005) for different applications. Propelled by
such materials, analysts have created stimulus-responsive, shape-morphing materials utilizing
shape-memory polymers, fluid crystalline polymers, hydrogels (Wu et al., 2013; Sydney
Gladman et al., 2016; Goyal et al., 2019), etc.

Among these materials, hydrogels are a promising material for bio-inspired and biomedical
applications, such as delicate mechanical autonomy, counterfeit muscles, and keen pharmaceuticals
owing to their physical properties compared to organic, soft tissues (Kim et al., 2012; Wu et al., 2013;
Sydney Gladman et al., 2016; Cangialosi et al., 2017).

Hydrogels are in the family of three-dimensional (3D) polymeric materials that have promising
applications due to their superior biocompatibility, responsiveness to environmental stimuli, high
water content, and tunable physicochemical and structural properties (Dawson et al., 1997; Reyssat
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andMahadevan, 2009; Roche et al., 2017). Figure 1 highlights the
research interest in these kinds of gels and their responsive ability
when subjected to external stimuli and applicability in various
scientific disciplines since the early 1990s.

Hydrogels with a large amount of water substance (more
than 90%) can quickly alter their shape and morphology
through swelling/deswelling in the polymer network with a
change in the water content within the hydrogel, which can be
stimulated by various external or internal ambient stimuli such
as temperature, light, pH, chemicals, and biomolecules
(Calvert, 2009; Sydney Gladman et al., 2016; Sano et al.,
2018). The mechanical properties of the hydrogel matrices
can be modified and optimized by altering the polymer matrix
compositions adapting to the specific clinical needs (Peppas
et al., 2006; Ionov, 2013). These features make the hydrogels
the ideal candidate for implementing various actuation
abilities in multiple applications, mainly in the
biomedical field.

Additionally, these hydrogel-based polymer matrices are
mechanically robust and compliant (Haraguchi and Takehisa,
2002; Yuk et al., 2017) and can interact with biological tissue/
organs environment in a more safe and human-friendly way
(Stanton et al., 2015). The hydrogels possess admirable diffusive
properties due to their high water content and can behave similar
to the extracellular morphology, thus can be widely used in
various biomedicine areas such as regenerative medicine
(Slaughter et al., 2009; Bettinger et al., 2014), drug delivery
(Langer, 1990; Uhrich et al., 1999; Qiu and Park, 2001;
Hamidi et al., 2008), artificial organs (Burczak et al., 1996;
Hoffman, 2012), tissue engineering (Lee and Mooney, 2001;
Drury and Mooney, 2003; Khademhosseini and Langer, 2016;
Leijten et al., 2017), and related fields (Webber et al., 2016;
Banerjee et al., 2018b). The hydrogel matrix can be easily
customized in shape, form, and morphology via various
fabrication and molding techniques (Carrico et al., 2017). This
allows the hydrogel constituents to design sensors and actuators
for different biomedical applications by mimicking the biological
tissues/organs (Banerjee et al., 2018b). In general, gels and

hydrogels have fascinated greater research attention in soft
biomedical robotics.

Here, we limit our fundamental center to the hydrogel-based
robust soft actuators/sensors for the most part from a mechanical
characteristic perspective and its various applied applications,
mainly in the area of the biomedical field. Material researchers are
facing significant challenges in developing and fabricating soft,
flexible, elastic yet robust and resilient soft hydrogel structures
and characterizing new biomimetic soft polymer materials from a
biocompatible, degradable, and environmentally sustainable
perspective (Ilievski et al., 2011; Rossiter et al., 2016).

A polymer such as hydrogels can play a significant role in
biomimetic research because of their stimulus-responsive ability,
biodegradability, and biocompatibility. In addition to the
stimulus-responsive behavior, their mechanical and functional
properties can be enhanced by developing composites with the
additive materials having toughness, strength, and stretchability.
For example, chitosan-based hydrogels have already been used to
mimic tissues and cells and their mechanical properties, such as
wear and tear, which can be enhanced through structuring (Rafat
et al., 2008; Fratzl and Barth, 2009; Tan et al., 2009).

Hydrogels with a significant amount of water content can
transform their shapes, size, and morphology via altering the
water content in the hydrogel polymer matrix network through
their swelling/deswelling mechanism. The hydrogel polymer
matrix can undergo volume–phase shape and morphology
transformation via swelling or shrinking in response to
physicochemical internal or external ambient environment
stimuli such as temperature, light, electricity, humidity, pH
value, and magnetic field (Chen and Dai, 2015).

In most applications, whenever there is a need to utilize a soft,
flexible, manufactured polymer for creating deformable and
shape-adaptable soft robotic structures, silicone elastomers are,
for the most part, used broadly due to their primary and fast
fabrication strategy (Shepherd et al., 2011; Tolley et al., 2014). In
general, silicone elastomers with robust elastic properties come in
natural/synthetic polymers. For instance, polysiloxane is a
polymer functionalized with the chain of silicon and oxygen

FIGURE 1 | (A) Number of publications per year and (B) publication by discipline leading stimulus-responsive gel (Echeverria et al., 2018). Copyright 2018, gels
MDPI.
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atoms (Boonstra et al., 1975; de Buyl, 2001; Colas and Curtis,
2004). Even though silicon-based elastomers have been utilized
broadly in different applications, within the zone of soft robots
and biomedical field (Goyal et al., 2019), in any case, a few issues
such as biodegradability and biocompatibility remain challenging
(Naji and Harmand, 1991; Kue et al., 1999). In addition to that,
due to higher viscosity, a failure to scale down to the micro-/
nano-administration, toxicity, and hydrophobicity threats
(Kotzar et al., 2002) make them undesirable in many
applications, especially in biomedical applications. On the
other hand, due to the inherent biocompatibility,
biodegradability, and customizability of hydrogels, researchers
have been progressing toward their later use as biomaterials with
different natural abilities (Otake et al., 2002; Discher, 2005).
Therefore, it is beneficial to take advantage of the distinctive
properties of elastomers and hydrogels to develop into a
composite biomaterial through various methods such as cross-
linking and free-radical copolymerization (Tobita and Hamielec,
1992; Hong et al., 2007). Table 1 highlights the main
dissimilarities that have attracted hydrogels for being utilized,
as restricted to their potential partners, such as silicone elastomer,
especially in biological applications.

BIO-INSPIRED SHAPE-MORPHING
ACTUATORS

Over millions of years, all living species have undergone different
stages of advancement and adjusted to different natural reactions
and components. An extraordinary sum of innovations has come
about by closely watching nature’s manifestations and

adjustments and by mirroring the answers for its everyday
challenges. For example, a widespread extend of functional
and morphological components in plants through their
swelling/deswelling at the cellular level triggers the plants to
incline toward daylight (Burgert and Fratzl, 2009; Fratzl and
Barth, 2009).

Hydrogel-based sensors and actuators can be more fulfilled by
using different stimulus-responsive hydrogels, which can
perform various kinds of movement and shape and size
deformation in response to ambient environmental stimuli.
Excellent biodegradability and biocompatibility are some of
the significant advantages of hydrogels, empowering them to
perform way better than their partners (e.g., silicone-based
elastomer) in the implementation of actuators for application
in the bio-related area. So by gaining advantage from these
valuable features, hydrogel-based actuators and sensors can
interact with the human body’s internal environment in a
more safe and human-friendly approach, and thus perform
their task without any adverse impressions on human
physiological activities. In addition to that, hydrogel materials
claim to absorb polymer organize structures compared to those of
local extracellular matrix (ECM) networks.

These properties further boost their applicability and
feasibility in the bio-related areas, such as tissue engineering
applications, even down to the cellular level (DeForest and
Anseth, 2012; Caliari and Burdick, 2016). Furthermore,
hydrogels’ biophysical, chemical, and mechanical properties
can be effectively tuned by embracing distinctive
manufacturing strategies with different composition extents. It
provides the hydrogels with user-defined properties, which could
meet practical demands in various areas such as soft robotic
actuation tasks and could further expand its applicability in the
biomedical application as hydrogel-based bio-actuators
(Zhalmuratova and Chung, 2020).

Similarly, biomimetic actuators were motivated and created
from the different highlights of nature, such as functions,
movements, and morphology transformation of plants.
Although seemingly stationary, plants can perform subtle
approach movements such as nastic tropisms, such as a
sensitive plant, Mimosa pudica, that can suddenly fold its
leaves inward when touched. So by taking inspiration from
Mimosa, researchers have, as of now, created a temperature-
responsive reversible input-controlled bilayer hydrogel
structure (Liu and Calvert, 2000). In other studies, by
imitating the reversible development highlight of plants, for
instance, Venus flytraps (Dionaea muscipula) and pine vines
using the laminate movement and deformation of
inhomogeneous hydrogels (Fusco et al., 2014). Additionally,
the same component guideline can be amplified to fish and
insects with unique features. Propelled by nature, the morpho
butterfly includes biohybrid auxiliary color gels that can be
valuable in planning explicit living materials (Hong et al., 2011;
Fu et al., 2018). Some researchers focused on optically
camouflage-based hydrogel actuators (hydrogel robotic fish)
to realize high optical transparency in an aqueous environment
by mimicking the natural camouflage fish such as leptocephalus
(Löwenberg et al., 2017).

TABLE 1 | Some key differences in properties between hydrogel and silicone
elastomer (2018a). Copyright 2018, Biomimetic MDPI.

Hydrogel Silicon

Amazingwater-captivating properties Good elastic features
Amazingfluid transport features, eg.,
Controlled drugs and nutrient

Normally hydrophobic; not able to
preserve fluids

Rapid Phase Volume transformation via
ambient stimuli

Moderate stimuli responsive behavior

Retainbodyliquids;
exceptionallydelicateand pliable

Greatsafeguardsof gases

Favoredas biomaterials, eg., Wounds
Dressing

Chemicallydormantand more toxic

Liquid/semi-solid state; way better
unwinding conduct

Blendedwith
hydrogelallowsuperiorhydrophilic
behavior

Superiormechanicalqualityin
composite,superiorself-mending, etc.

Less receptive

Way superiorfire-retardant skin-
baseddevices

Way superioroxygenpenetrabilityand
transport

Quick fast woundhealing; Gelatin is
hemostatic

Exceedingly thick and hydrophobic

Repel protein retention; great wettability;
can be utilized in delicate contact lenses

Less probable to be utilized

Moderately intricate arrangement
protocol

Laidback of preparation

Versatile to little, delicate structure Failure to acclimate to small scale
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During the long-term investigation for appropriate materials
aimed at soft robotic sensors and actuators and bio-related
applications, the focus has been progressively shifted toward
stimulus-responsive hydrogels due to their potential stimulus-
responsive properties, superior biocompatibility, high water
content, and tunable structural and physiochemical properties
(Huang et al., 2017; Wei et al., 2017). In Figure 2, we appear to
have a connection between biomimetic standards and nature-
motivated actuators for delicate mechanical applications.

The basic working principle of the hydrogel-based soft
actuators is their ability to perform volumetric shape changes
via swell/shrink kinetic mechanism, reliant on the water content
in it, which permits it to perform different kinds of actuation
movement and morphologies. The water content in the hydrogels
is responsive to various external or internal ambient stimuli, such
as temperature, light, electricity, magnetic field, pH, humidity,

ionic strength, and molecular interactions. Therefore, there are
applications in various areas for hydrogel-based shape-morphing
actuators, although they may also have the impediment of
performing only in watery media (Morales et al., 2014).

Recently, the design, development, and implementation of
hydrogel-based devices, particularly in bio-related applications,
are under development, and much research is anticipated for its
wide practical use in biomedical applications. For instance,
hydrogel-based actuators as artificial muscles and tissues
(Ashley, 2003) are not yet developed fully due to the need for
a solid and adaptable material/gel, which could be appealing as
biological tissue-based actuators carrying different sorts of loads
(Mao et al., 2005; Bassil et al., 2008; Ismail et al., 2011; Takashima
et al., 2012). In Figure 3, we illustrate different delicate activation
components based on the strain energy density function, which is
a temperature-dependent strain response (Qiu et al., 2019). The

FIGURE 2 | (A) Examples of two-way movement in plants with respect to the driving force: (a–g) turgor cell wall mechanism via swelling/shirking with snap-
buckling, bending, twisting, and alteration of two-dimensional (2D) curvature. (B) Various setups of swelling/shrinking of hydrogels: (a–c) homogeneous and
inhomogeneous distortion of homogeneous hydrogel and inhomogeneous distortion of inhomogeneous hydrogel (Mao et al., 2005; Bassil et al., 2008; Ismail et al., 2011;
Takashima et al., 2012). Copyright 2013, John Wiley & Sons Inc.
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design focus was to bio-mimic in a very close manner by
accomplishing the hydrogel space as near to normal muscles
as conceivable. In the subsequent sections, we attempt to cover
various kinds of hydrogel polymer-based soft actuators on the
premise of the nature of stimulus-responsive conduct and their
various applications, mainly in the area of biomedical and soft
robotics. More specifically, we cover the foremost broadly
considered and developed hydrogel-based stimulus-responsive
soft biomimetic actuators such as thermal, electric, magnetic, and
pH-based actuators, and the moderately less inhabited light-
based hydrogel actuators, among others, are also covered in a
very concise way.

VARIOUS STIMULUS-RESPONSIVE
HYDROGELS

The hydrogel-based structures have sufficient water content,
provide stimulus-responsive features, and are biocompatible

with human organs/tissues that allow predicting its conduct
comparable to extracellular frameworks in its design.
Hydrogels’ physiochemical and physio-mechanical properties
can be responsive to various ambient environmental stimuli
such as temperature, electricity, magnetic fields, light, and pH
(Calvert, 2009).

Selecting the hydrogel materials with fitting stimulus-
responsive characteristics is critical for designing bio-actuators
and biosensors as the hydrogel-based actuator/sensor
performance depends on its categorical response to its physical
and chemical signals. The responsive behaviors can discover a
seamless match with requests from various practical applications
(Tokarev and Minko, 2009; Ionov, 2010). The physicochemical
properties of innovative materials such as stimulus-responsive
hydrogels can be easily tuned and managed via various methods
and are instinctively adapted to varying ambient environments.
Therefore, hydrogel-based innovative materials may give new
and modern design openings in developing smart soft actuation
systems such as soft actuators and soft robots. As illustrated in

FIGURE 3 | Various regimes of natural muscle and soft actuators; hydrogel-based actuators can closely mimic the profile of artificial muscles and tissue (Banerjee
et al., 2018a). Copyright 2018, Biomimetic MDPI.

FIGURE 4 | Schematic illustration of the hydrogel-based stimulus-responsive soft session and actuation features such as shapemorphing (Fu et al., 2018), locomotion
(DeForest and Anseth, 2012), sensing with electrical signal output (Morales et al., 2014), and sensing with optical readout (Ashley, 2003). Copyright 2020, Elsevier.
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Figure 4, the actuation behavior of these smart hydrogels can be
easily controlled by various external or internal ambient
environment stimuli such as heat (temperature) (Yu et al.,
2013; Fan et al., 2019), electrical current/voltage (Xue et al.,
2016), magnetic fields (McCracken et al., 2019; Tang et al.,
2019), pH value (Ma et al., 2014; Zhang et al., 2018), light
(Iwaso et al., 2016; Cheng et al., 2019), and salinity (Liu et al.,
2016; Xiao et al., 2017). Table 2 highlights the different kinds of
hydrogel material and their main applications based on stimulus-
responsive behavior such as thermal-responsive, electro-
responsive, magnetic responsive, and photoresponsive.

Thermal-Responsive Hydrogel
Thermal-responsive hydrogels have the unique ability to undergo
volumetric phase change such as shifting in their shape
morphology when heated above or below a specific threshold
temperature, called the lower critical solution temperature
(LCST). Therefore, this critical solution temperature of
hydrogels is generally considered the key to assessing the
volumetric phase transition. The mechanism for getting the
stimulus responsiveness in such gels is the boost-initiated
change within the miscibility of arranging chain fragment and
dissolvable. A standard illustration of this is often the lower
critical solution temperature (LCST) of the thermal-responsive
hydrogel such as N-isopropyl acrylamide (pNIPAM). For
occurrence, below the LCST, pNIPAM segments are soluble in
a watery medium. In contrast, in an environmental temperature
higher than its LCST, it shrinks and precipitates in the aqueous
solution due to the weakened hydrogen interchange bonding.
This shape/volume altering property is precious for developing
hydrogel-based actuators in soft robotics and biomedical
applications such as artificial muscles and drug delivery
systems. For instance, these thermal stimulus-responsive
hydrogels, when composite with other kinds of biopolymers,
can act as good biological actuation systems (Hsu et al., 2016;
Nikouei et al., 2016; Suntornnond et al., 2016). Moreover,
pNIPAM hydrogel, when combined with carbon nanoparticles
(CNPs), can improve the response time of the thermal actuation
manifold compared to unadulterated pNIPAM hydrogels driving
to tunable thermally responsive actuator frameworks (Zhang
et al., 2011).

In addition to pNIPAM, different kinds of other thermal-
responsive hydrogels have been examined, such as poly(vinyl
methyl ether) (PVME). These water-swollen thermal-responsive
hydrogels have been widely developed. These hydrogels have
been used to create various kinds of thermally stimulated devices
such as counterfeit muscle, an automatic separation framework,

and many other thermal and photosensitive devices (Kishi et al.,
1993). Furthermore, hydrogels developed by
photopolymerization for cross-linking can find their
biomedical applications such as cell encapsulation materials
and drug delivery systems (Nguyen and West, 2002; Oh et al.,
2008; Chang et al., 2009). There has been growing attention
toward developing thermal responsive tunable hydrogels via their
molecular design in recent times. It can deliver new possibilities
to create different kinds of soft machine systems to realize the
requirement for other applications such as actuators (Lin et al.,
2019), sensors (Hou et al., 2020), and drug delivery systems
(Amoli-Diva et al., 2017).

Electro-Responsive Hydrogel
Electro-responsive hydrogels can convert applied electrical
energy and transfer it to a few shape changes of mechanical
vitality through their polymer arrangement dynamic framework
deformation. One of the prime benefits of using these hydrogels is
their compatibility with batteries and other electronics, making it
simpler to supply a control source. Electro-responsive hydrogels
come in the category of electro-active polymers (EAPs) that can
swell or deswell in reaction to the applying electrical potential
(e.g., voltage and current) (Ali et al., 2019). For instance, when an
electric field/voltage is applied, it results in a non-uniform ion
distribution across a layer of electro-responsive hydrogel, which
causes the change in the curvature of the hydrogel layers due to
the generation of the osmotic pressure difference between the
layers. Generally, the EAPs such as electro-responsiveness of
hydrogels can be precisely designed with different ionizable
functional groups. The different kinds of developed EAPs are
poly(acrylic acid) (PAA) (Moschou et al., 2004; Kim et al., 2005),
poly(2-acrylamide-2-methyl propane sulfonic acid) (PAMPS)
(Osada, 1991; Yang et al., 2017), poly(4-hydroxybutyl acrylate)
[poly (4-HBA)] (Kwon et al., 2008, 2010), etc. The electro-
responsive hydrogels, too, have the same basic working
principle similar to that of thermal-responsive hydrogels. This
sort of hydrogel actuator is often made of composite materials. It
may be a grouping of hydrogel polymers in conjunction with
other polymers such as conducting polymers (CPs) that can be
prepared from polyelectrolytes. For instance, Jin et al. developed a
3-dimensional chemically cross-linked electron-conducting
hydrogel electrolyte for quantum dot-sensitized solar cells
(QDSSC) (Yang et al., 2018). So, by applying an electric signal,
these hydrogel actuators swell/shrink reliant upon the material
and the experimental setup.

Furthermore, to advance the elasticity of the material and its
conductivity, there are various kinds of double-network (DN)

TABLE 2 | Hydrogels based on kind of stimulus-responsive behavior and key features with their main applications, respectively (Calvert, 2009). Copyright 2018, Biomimetic
MDPI.

Nature of stimulus Key features Applications

Thermal Relaxed operation, sluggish response Soft machines system such as actuators and sensors
Electrical Fast response behavior, development of electrolyte film muscular reconstruction and cellular electrical microenvironment
Magnetic Remote-controlled, formed brittle structure make it hard to print Wireless fast soft actuators and biomedical devices
Light Remote-controlled but hard to penetrate and control Wireless soft molecular machine and drug release
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hydrogels (Gong et al., 2003) and conductive gels such as oriented
graphene hydrogels (OGHs) (Gao et al., 2015) that are more
elastic and deformable and which can be developed into various
thin films. It can be utilized in different applications, mainly in
bio-related applications for which rigidity is not much concern
(Shiga et al., 1993).

Magnetic-Responsive Hydrogel
The magnetic field is a promising stimulus trigger for various
applications explicit in the biomedical field due to its distant
response behavior with a rapid response time. It may be a
biocompatible energy source even at a high magnetic field
strength. The stimulus-responsive behavior of these magnetic
hydrogels is primarily realized by the combination of
ferromagnetic or paramagnetic-added substances external
fillers into the polymeric matrix framework, which contribute
to empowering rapid and extensive actuating behaviors by applying
some external magnetic fields. These magnetic additives can be
categorized into three main types: metals and alloys such as iron
(Fe) (Shankar et al., 2017), ferromagnetic, and iron platinum
nanoparticle (FePt) (Zhang and Wang, 2012); different oxides
such as ferrous ferric oxide (Fe3O4) (Zrínyi et al., 1996) and
metal oxides such as ferric oxide (Fe2O3) (Roeder et al., 2012);
and their functionalized derivatives. The motion of these magnetic
fillers inside the entangled polymer chains could initiate the shape or
volumetric deformation of the hydrogel structure via an external
magnetic field (Hoare et al., 2009). Using magnetic-based hydrogel
actuators, a relatively large actuation force is released upon
generating the magnetic field. Another benefit of using
magnetically responsive hydrogels is that they show quick
response behavior than other hydrogel-based actuators.

Furthermore, they can be utilized in different kinds of
mediums. The attraction contains a high degree of
penetrability in another medium, making it conspicuous
actuators used for biomedical applications within the near
future. One of the prominent features of magnetic induction
heating is the fast response time, which widely increases the
applications of such magnetic responsive hydrogels in various
applications such as soft actuators (Park et al., 2016; Wehner
et al., 2016), biomedical devices (Fusco et al., 2014), and
microfluidic systems (Satarkar et al., 2009).

Photoresponsive Hydrogel
Apart from the aforementioned stimulus-responsive behavior of
hydrogels with a phase–volume transformation that reacts to
another kind of incitement such as light have great potential for
various purposes (Sidorenko et al., 2007; Nakahata et al., 2013).
Light is a potential remote stimulus for the photoresponsive
hydrogels to induce the volume, phase, and shape change
transformations upon different light irradiations. For example,
the realization of inaccessible and non-invasive remote activation
with a high resolution by means of photostimulus has plenteous
potential for various applications, primarily in the biomedical
field (Wang et al., 2013). For instance, the dye-sensitized solar
cells (DSSCs) exhibiting photo-responsive electrolytes have been
developed by means of hybrid hydrogel, which is performed for
power conversion efficiency up to 4.5% (Das et al., 2016).

The photoresponsive hydrogels can quickly respond to the
illumination of a heat source such as near-infrared light, with
sizeable volumetric deformation rapidly. Furthermore, hydrogels
responsive to environmental humidity changes may find their
usefulness in real-time ecological monitoring (Yin et al., 2013).

The development of photoresponsive hydrogels can find their
applications in various areas such as soft sensors and actuators
with distant control (Nakahata et al., 2013), self-healing
hydrogels, soft molecular machines (Wang et al., 2013), and
remote-controlled drug release (Park et al., 2016).

MECHANICALLY ROBUST, TOUGHER,
AND STRETCHABLE HYDROGELS

Numerous biological delicate soft tissues, such as cartilage skeletal
muscles in the human body, can be seen as a hydrogel framework
comprising cells and fortifying elements such as reinforcing
fibers. For instance, biological articular cartilage could be a
composite structure with collagen fibrils fortifying a
proteoglycan gel lattice (Peppas et al., 2006; Agrawal et al.,
2013). The expansion to break a cartilage, which is around
100%, and the vast expansion to break permit the cartilage to
stand up to tearing effect, even though the average quality is not
exceptionally high (Tan et al., 2009). For the most part, the
articular cartilage encompasses the quality of kPa, but this will go
up to MPa in locales with large fiber substances.

The tendon and ligament, which have the highest collagen
content among all the collagenous tissues, are another center of
focus. The tendon associates a bone to the muscle, whereas the
reason for ligaments is to interface bones together (Pradas and
Calleja, 1990).

Moreover, ligaments and tendons encourage movement and
keep joint soundness as they are subjected to various kinds of
loadings along their length. Hence, it is not astounding that their
fibrous variety of structures at diverse length scales are all
adjusted in one course (Holzapfel and Gasser, 2001).

Most synthetic hydrogels have a shallow magnitude of
toughness when completely swollen (Haraguchi et al., 2003).
This could be credited to the thermodynamic driving
constrain vital to solubilize the polymer networks, being
restricted by the expansion of the cross-linked networks so
that the arranged network is extended, and breaks can
endanger the gel with small retention of vitality (Hong et al.,
2007). The current research has depicted several courses to
toughen the gels by presenting components that can retain
vitality at even the break tip and closely resemble toughening
instruments in ceramics and composites.

Recently, fiber-reinforced hydrogels can be moderately
hardened but not as deformable as cartilages (Hassan and
Peppas, 2000). Whereas profoundly stretchable and strong
hydrogels have also been synthesized, their moduli and
toughness are significantly second rate to those of cartilages.
In expansion, the standard instrument to develop the tough and
stretchable hydrogels is to actualize the manner for dissipating the
mechanical energy and keeping up its high elasticity. For instance,
robust and tough hydrogels that depend on long-chain linkages to
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preserve elevated flexibility and mechanical vitality by reversible
cross-linking to dispel mechanical energy will be more powerless
and fragile if the reversible cross-linkers in them are disposed of
(Li et al., 2014).

The anisotropy also plays a critical role in biological
organisms’ shape morphing and movements (Liao et al.,
2013). For example, plants have advanced features that can
change tissues’ anisotropic swelling and contract into different
kinds of activities, such as, counting, twisting, bending, coiling,
and turning (Pradas and Calleja, 1990; Shikinami et al., 2004).
Additionally, natural tissues have neighborhood varieties in
properties, particularly at tissue and bone interfacing, for
instance, tendon-to-bone, ligament-to-bone, and cartilage-to-
bone (Seidi et al., 2011). A characteristic tissue/cartilage shows
a complex anisotropic behavior with viscoelastic and non-linear
mechanical properties owing to complicated hierarchal
architecture, making it alluring to imitate the structure (Yoda,
1998). The central feature of the mechanical property of soft

tissues/organs could be the so-called “J-shaped” strain-stiffening
mechanism, as illustrated in Figure 5A (Ma et al., 2017). This
stress–strain mechanism is the instrument for nature’s self-
defense against a different range of stresses, which may be
applied onto delicate tissues. This mechanism is ascribed to
pleated collagen strands inside the soft tissue that continuously
coil and uncoil and straighten in the long run, driving to strength
at higher strains and a high modulus, as shown in Figure 5B. So,
the synthetic hydrogel, with its J-shaped feature could have
potential applications in various areas, such as soft robotics,
tissue engineering, and biomedical devices.

Subsequently, the development of tough, stiff, and flexible
hydrogels in the current study depends on the composition of the
hardened but stretchy fiber mesh and rigid and brittle hydrogel
matrix (Figure 6A). In addition, reinforcing the fibers with the
composite undoubtedly depends on the hierarchal architecture of
numerous components over various length scales (Lin et al.,
2014). One such type of hierarchal architecture featuring

FIGURE 5 | Physio-mechanical properties of biological tissues vital to mimic in composites structure: (A) J-shaped mechanical behavior, (B)mechanism to realize
anisotropy via J-shaped stress−strain behavior (Ma et al., 2017) Copyright © 2020, American Chemical Society.

FIGURE 6 | (A) Schematic outline of later methods pointed to develop stiff and stretchable tough hydrogels (Ji and Kim, 2021) Copyright 2021, John Wiley & Sons
Inc. (B) Impression of the wood-inspired design model and mechanical performance of the fiber-reinforced composites comprising a multilayer cylindrical structure
(Lichtenegger et al., 1999). Copyright 2018, John Wiley & Sons Inc.
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helicoidal arrangements can be seen in different species,
incorporating bone, wood, fingernail skin, and the skeleton of
glass wipes (Wagermaier et al., 2006). A comparative design is
also seen within the wood cell, which is the central load-bearing
component of trees. There, cellulose microfibrils shape a
helicoidal design around the tube-like structure of the wood
cell (Lichtenegger et al., 1999), as illustrated in Figure 6B (Ji
and Kim, 2021).

HYDROGEL-BASED 3D PRINTING FOR
SOFT ROBOTICS AND BIOMEDICAL
APPLICATION
Three-dimensional (3D) printing or additive manufacturing
(AM) is a relatively new method that enables the fabrication
of metallic and non-metallic material components directly from
the computer-aided design (CAD) file to create a 3D object. In the
additive manufacturing technique, the 3D objects, which can be
of nearly any geometry or shape, are usually created utilizing the
digital information data model from a 3D digital file or an
additive manufacturing file (AMF).

The hydrogels are widely used to fabricate 3D-printed
hydrogel-based actuators/sensors for various applications such
as soft robotics and biomedical applications. The studies on 3D
hydrogel printability are substantial in biomedical and bio-
engineering. Consequently, further progress had been made in
this area to test the properties such as reliability and printability of
hydrogels amid the improvement of gel/ink-based printing
(Malda et al., 2013; He et al., 2016). Hydrogel-based 3D
printing can be categorized into three sorts: nozzle-, laser-,
and inkjet-based printing. In most of the extrusion based 3D
printing techniques, a store is utilized from which the ink of
hydrogel is extruded through any of the over implies. In one

research study, the 3D printability of hydrogels for human tissues
such as cartilage and bone tissues is being carried out and its
exceptionally tall request within biomedical region for the
substitution or repair of harmed cells and tissues started by
wounds was also examined (Hutmacher, 2000). The composite
based on hydrogels (such as polyethylene glycol (PEG), gelatin,
and hyaluronic acid) is superior for creating counterfeit bones
and tissues than the natural hydrogels owing to their upgraded
physical and mechanical properties. Still, at the same time, they
make selection and printing for various requirements more
challenging (De Mori et al., 2018).

As persistent enhancements are being made to develop highly
soft and elastic hydrogels for soft robotics and biomedical
applications, the development of 3D printing for hydrogel-
based actuators and sensors has rapidly grown in interest
shortly. For example, the development of customized bio-
actuators for real-life applications with the 3D printed method
was implemented for various external stimuli and controls
(Zolfagharian et al., 2016). In another study, researchers had
surveyed the humidity-compelled hydrogels actuation, developed
by a 3D printing method via two-photon polymerization, in
which swelling/shrinking driven by humidity was controlled
by altering the cross-linking thickness voxels within the
hydrogel microstructure (Lv et al., 2018). The development of
a stimulus-responsive hydrogel such as temperature-responsive
was 3D micro-printed by miniaturized projection
stereolithography, a strategy in which fast photopolymerization
of the hydrogel layers can be made by a streak of ultraviolet light
at the microscale determination (Han et al., 2018). Furthermore,
another study was conducted to perform the design and
development of a 3D printing-based bio-fabrication system
based on a skeletal muscle-powered bio-machine, which can
be stimulated via environment ambient stimulus (Cvetkovic
et al., 2014) as the 3D printing of hydrogel is becoming

FIGURE 7 | 3D printed hydrogel-based soft, conductive, elastic, and translucent composite structure. (A) (a,b) 3D printed conductive and translucent ionic
composite hydrogel (c–e) Illustration of a 3D printed robust Eiffel tower with repeatable distortion. (B) (a-b) 3D printed ionic composite hydrogel structure of different
aspect ratios with various shrinking/swelling phenomena with before and after water absorption. (c, d) Design of 3D printed multi-armed hydrogel-based gripper with
swelling/shrinking in blue-dyed water (Cvetkovic et al., 2014). Copyright 2017, John Wiley & Sons Inc.
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commonly utilized to develop different sensing devices such as
physical sensors, chemical sensors, and biosensors. These can
be 3D printed by printing the sensing/actuator components or
printing the stages and printing molds (Ni et al., 2017). For
example, researchers at MIT had developed thermo-responsive
skin-based sensors by 3D printing of hydrogel (Cvetkovic
et al., 2014), and 3D printed soft, nearly obscure, hydrogel-
based soft robots can find various applications, such as in
underwater surveillance (Yuk et al., 2017). Figure 7 illustrates
multiple 3D printed models with different morphologies and
textures with highly robust and compliant hydrogel composite
structures.

CONCLUSION AND FUTURE CHALLENGES

Stimulus-responsive hydrogels have been developed to narrow
the gap among delicate soft polymer-based actuators and sensors
and their innovative applications, mainly in bio-related areas.
These are an advanced bunch of materials for fabricating
actuators and sensors, which can respond to various ambient
environment stimuli such as temperature, electricity, light, pH,
and magnetic field, with their phase and shape morphology
transformation (Shi et al., 2019) and can find their application
mainly in soft robotics and biomedical field.

However, there are still a few challenges that ought to be
considered before the application of stimulus-responsive
hydrogel-based actuators. To develop hydrogel-based
actuators, one of the intrinsic challenges lies in the reliance on
a wet environment as the activation phenomena of the stimulus-
responsive hydrogel which is mainly based on the exchange of
water molecules between the hydrogel polymer matrix
framework and its immediate environment. In this review
paper, the various critical mechanism to develop robost,
flexible, and stretchable stimuli-responsive hydrogels with its
various applications is being briefly discussed. In addition to
this, the 3D printing of hydrogels and the related challenges
confronting its application are also discussed.

Furthermore, irrespective of the development of hydrogel-
based actuators that could sense different stimuli within a single
device, they can expel particular stimulus-triggered hydrogel
actuation impediments, for example, pH-/electro-, pH-/
thermal-, thermal/magnetic-, and thermal/light-responsive
hydrogel actuators. The consistency, dependability, and
specificity of these multi-mode-triggered actuators have be
examined, especially when considering the prospective cross-
impact among unique stimulus-responsive phenomena.
Despite these challenges, the development of stimulus-
responsive hydrogels significantly rouses the advancement of
soft actuators and sensors and their different applications,

particularly in the biomedical field. The response time
(currently several minutes) of the stimulus-responsive
hydrogel is suggested to be achieved till the millisecond
level, exclusively in the applications where a rapid
response is essential such as artificial neurons or muscles.
The growing potential of these stimulus-responsive hydrogels
should be toward intending potential solutions to the
prevailing challenges. For example, fast and quick reacting
hydrogel-based actuators are anticipated to be fabricated and
augment the responsive behavior under different ambient
stimuli. A great way to address this objective could be toward
enhancing the swelling/shrinking kinetic performance by
modifying the cross-linking polymer structure of hydrogel
molecules and realizing hydrogels with smaller sizes and
thinner profiles. Additionally, the hydrogel molecular
structure to create more mechanically strong and robust
hybrid composites by combining other polymers’
properties is another advantage for their utility in the
various applications (Zhao, 2017). In addition to this,
other confinement of hydrogels, material synthesis is a
slow-to-moderate multi-step polymerization technique,
which is troublesome to control and modify the properties
of hydrogels. However, it has been conquered as of late with
the presentation of superior hydrogel synthesis strategies: one
such is the one-pot synthesis method developed by Chen et al.
(2013). One fundamental limitation to developing hydrogel-
based devices is the inherent gel inhomogeneity present in
hydrogels which hinders the strength and optical clarity.
Apart from this, other limitations to be overcome in
developing the hydrogel-based sensors or actuators are the
non-adherence, high cost, and poor mechanical properties
due to their high water content. However, most of the
possibilities depicted here can possibly be connected
within the range of soft robotics and biomedical application.

In conclusion, this review article provides a brief glimpse of
hydrogels and their potential applications and challenges from a
mechanical soundness perspective. However, to address the
current biomedical challenges, many collaborative
interdisciplinary efforts are still required for this technology to
mature.
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