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ABSTRACT

Wearable hydrogel sensors provide a user-friendly option for wearable electronics and align well with the

existing manufacturing strategy for connecting and communicating with large numbers of Internet of

Things devices. This is attributed to their components and structures, which exhibit exceptional
adaptability, scalability, bio-compatibility, and self-healing properties, reminiscent of human skin. This
review focuses on the recent research on principal structural elements of wearable hydrogels: toughening

networks and conductive networks, highlighting the strategies for enhancing mechanical and electrical

properties. Wearable hydrogel sensors are categorized for an extensive exploration of their composition,

mechanism, and design approach. This review provides a comprehensive understanding of wearable

hydrogels and offers guidance for the design of components and structures in order to develop

high-performance wearable hydrogel sensors.
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INTRODUCTION

The increasing demand for Internet of Things de-
vices in healthcare applications is driving the ex-
ploration and development of wearable and flexible
electronics [ 1]. Many electronic skins (E-skins) have
been developed for applications in artificial intelli-
gence, prosthetics, human-computer interaction, vir-
tual reality, and health monitoring. Inspired by the
human skin, the largest organ, E-skins possess soft-
ness, stretchability and self-healing properties and
are equipped with sensors that can detect changes
in environmental pressure, deformation, and tem-
perature. Due to their similarities to human skin,
such as flexibility, stretchability, bio-compatibility,
and self-healing properties, hydrogels have garnered
significant interest for use in electronic skin appli-
cations [2]. Hydrogels are three-dimensional (3D)
networks of hydrophilic polymers that can absorb
and retain large amounts of water. Their Young’s
modulus (500 kPa™! MPa) is like that of human
skin [3], which eliminates discomfort caused by rigid
glass- or lithography board-based electronics. With
high tensile rates, hydrogels can accurately detect

large deformations of human joint motion, over-
coming the limitations of low monitoring ranges
seen in graphene [4,5], conductive sponges [6], and
smart textiles [7]. Wearable electronic devices are
prone to damage and deterioration over time, but
self-healing hydrogels can repair themselves through
non-covalent reactions such as 7w-m [8,9], hydro-
gen bonds [10-12], hydrophobic interactions [13—
15], host-guest interactions [16], and ion coordina-
tion [17-19], as well as dynamic covalent reactions
such as imine bonds [20], and boronic ester bonds
[21], which have a great prospect of development.
Figure S1 provides a summary of the developmental
history of hydrogel sensors, and illustrates some typ-
ical examples of hydrogel sensor development at that
time.

In the past two decades, the increasing focus
on personal health and lifestyle has spurred ex-
tensive research dedicated to the development of
hydrogel-based sensors. Figure S2 illustrates the
significant growth in the number of publications and
citations on hydrogel sensors in recent years. The
total number of publications on hydrogel sensors has
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quadrupled, while citations have increased 5-fold
from 2017 to 2022, signifying the growing traction
and momentum of hydrogel research.

The 3D network of hydrogels imparts solid-like
properties while also allowing for quick transport of
substances due to the presence of aqueous phases.
Toughened hydrogels including double-network
(DN) [22], hydrophobic associated [9], and com-
posite hydrogels [23], are reinforced through physi-
cal or chemical cross-linking, resulting in enhanced
ductility and toughness. This makes them well-
suited for integration into electronic devices that
can conform to the self-supporting and repetitive
stretching of human skin or joints. The introduction
of electronic conductors or ions into hydrogels leads
to the formation of conductive hydrogels (CHs).
Commonly utilized conductive materials such as
carbon-based materials [22], conductive polymers
[24,25], and metal ions [26-29] enhance both
conductivity and contribute to the formation of
the matrix network structure. The hydrogel elastic
matrix and conductive component are both vital
elements in CHs.

Herein, we present a comprehensive discussion
on the toughening and conductive networks of wear-
able hydrogels, highlighting various strategies and
representative methods for enhancing their mechan-
ical and electrical properties. These two proper-
ties will be critical for sensors with integrated per-
formance in future applications, and our summary
may serve as a valuable complement to previous re-
views. Furthermore, an overview of recent advance-
ments in wearable hydrogel sensors is presented,
encompassing their composition, mechanisms, de-
sign strategies, and future development prospects

(Fig. 1).

TOUGHENING NETWORKS

The properties of hydrogel, including tensile
strength, toughness, self-healing, adhesion, and
anti-freezing, significantly impact in the sensing
performance, stability, and lifespan of hydro-
gel sensors. Hydrogels possessing strength and
toughness exhibit superior shape recovery, crack
resistance, and fatigue resistance. The develop-
ment of high-strength and tough hydrogels has
become a focus of research. The main strategies
for developing high-strength and tough hydrogels
include: double-network [30], cross-linking [22],
ion coordination [31], engineering methods [11],
nanomaterial introduction [32], etc. Table S1 sum-
marizes the experimental results of the mechanical
properties of hydrogels produced by these various
methods.
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Double-network

Traditional hydrogels, composed solely of a hy-
drophilic polymer such as polyacrylamide (PAM)
hydrogels, have inadequate strength and toughness
and do not meet the mechanical performance re-
quirements of flexible wearable sensors. To address
this, double-network hydrogels have emerged, com-
prising a brittle and rigid first network alongside a
flexible and ductile second network. The first net-
work is formed by physical interactions such as hy-
drogen bonding, cross-linking, and hydrophobic in-
teractions, mainly serving a supportive function.
The second network forms the primary gel ma-
trix component, consisting of chemically bonded
long chains of polymers. In double-network hydro-
gels, the toughening mechanism involves the dis-
sipation of significant energy through cracking in
the brittle first network. Meanwhile, the flexible sec-
ond network ensures the hydrogel’s integrity through
stretching, enabling high water uptake and swelling.

Traditional pure chemically cross-linked hydro-
gels have poor shape recovery due to their non-
reversible covalent bond, which negatively impacts
their anti-fatigue performance and recyclability. To
overcome this challenge, the concept of incorporat-
ing reversible dynamic bonds has been proposed.
This encompasses hydrogen bonding [33], elec-
trostatic interactions [34], hydrophobic association
[34], and other physical cross-linking methods [25]
for the creation of physical chemistry hybrid hydro-
gels or fully physically cross-linking hydrogels. Dy-
namic bonds breaking under external force can dissi-
pate alarge amount of energy and delay crack forma-
tion, thus enhancing the toughness of hydrogels. For
instance, Sun et al. developed stretchable and con-
ductive hydrogels via a hybrid double-network ap-
proach by combining rigid, physically cross-linked
gelatin with tough, chemically cross-linked PAM and
poly (3,4-ethylene dioxythiophene): poly (styrene
sulfonate) (PEDOT: PSS) as a conducting com-
ponent [35]. The double-network can be further
interlocked by using physical entanglements and
abundant dynamic hydrogen bonds, contributing
to their improved mechanical properties and self-
recovery abilities. The reversibility of these bonds
also grants hydrogels the ability to rapidly recover
and self-repair. For example, Yu et al. reported
hydrophobicity-assisted multiple hydrogen bonding
interactions among phenylalanine derivatives, in-
creasing the elasticity and fatigue resistance of PAM

hydrogel [36].

lon coordination

The ion coordination toughening strategy entails the
incorporation of metal ions into the hydrogel matrix,
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Figure 1. Schematic diagram of the enhancement of performance and the utilization
of hydrogels. Adapted with permissions from refs [11,12,14,15,17-19,25-29].

forming coordination bonds with polymer chain
groups like carboxyl groups. These ions act as phys-
ical cross-linking points within the network [31].
Li et al. utilized acrylic acid (AAC) and created DN
Agar/AAC-Fe*" physically cross-linked hydrogels
by adjusting the amount of Fe*" penetration [37].
The ion-coordination relationship of AAC-Fe’"
and the hydrogen-linked double helix of Agar can
both be temporarily sacrificed during high deforma-
tion, allowing for faster energy release. However, the
reverse AAC-Fe® " contact can be regained after stiff-
ness degradation, resulting in increased toughness.
The remarkable mechanical properties of the hydro-
gen (elongation at break: 3174.3%) are derived from
the multiple cross-linking and physical cross-linking
through coordination between acids and groups on
the molecular chain [37]. By employing ion coor-
dination to fine-tune the interactions of hydrogel
fillers, it becomes possible to enhance the mechan-
ical properties of sensors. For instance, Li et al.
achieved remarkable self-healing ability in the MX-
ene PAA-Fe’" hydrogel by facilitating a multitude of
dynamic interactions between MXene nanosheets,
PAA, and Fe’', resulting in enhanced mechan-
ical properties [32]. A comparison between the
double-network and ion coordination in Table S1
reveals that the strength of DN hydrogel enhances
upon the inclusion of an ion group. Consequently,
by employing a well-designed coordination charac-
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teristics and dual-network structure, hydrogels can
find applications across a wide range of scenarios.

Hydrophobic association

Hydrophobic associative hydrogels can not only
provide toughness to hydrogels but also exhibit
exceptional mechanical, self-healing, and adhesion
capabilities [38,39]. The hydrophobic domain is a
physically cross-linked region where the hydropho-
bic groups on the polymer chain aggregate with
each other in a water environment, resulting in the
intramolecular or intermolecular association of the
macromolecular chain. Hydrogels’ capability to
dissipate external energy is enhanced by generating
hydrophobic association domains that link two
or more hydrophobic groups of polymer chains,
serving as physical cross-linking points within the
hydrogel network. The competition between the hy-
drogen bond formed by the solvent molecule and the
polymer chain results in a decrease in the thickness
of the hydrogel network chain and may even lead
to the disruption of physical cross-linking. As a re-
sult, the hydrophobic region effectively prevents the
hydrogel from undergoing excessive expansion [34].
Hydrophobic associative hydrogels can form
micelles and facilitate the creation of polar mi-
crodomains along with bifunctional ionic surfactant.
Adding emulsifiers or latex particles can stabilize
the hydrophobic segments, further improving the
mechanical properties of the hydrophobic hydro-
gels. For instance, xanthan gum, with its strong and
highly branched structure, combined with sodium
lauryl sulfate, can effectively stabilize the hydropho-
bic side of the hydrophobic hydrogel and enhance
its strength and toughness [40]. However, hydro-
gen bonding between water molecules and the sen-
sor surface can hinder the interaction between the
sensor and the surface of the substrate and reduce
or eliminate the hydrogel’s adhesion in the case of
underwater wearable hydrogel sensors. Although the
hydrophobic effect can remove the hydration film
from the hydrogel’s surface and grant the sensor wet
adhesion and self-healing abilities [41], hydropho-
bic hydrogels need to improve their adhesion while
maintaining their hydrophobic microstructure.

Topology

Due to the inherent plasticity of hydrogels, the
design of topological structures can enhance their
mechanical properties while also allowing for their
utilization in unique scenarios. Management of the
topological structure between polymer networks
is a crucial method for enhancing the mechanical
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Figure 2. (A) A topological polymer network with hard blocks topologically entangled on a soft matrix. Adapted with per-
mission from ref [25]. Copyright 2022 Springer Nature. (B) Mechanical principles of topological polymer networks with high
toughness and elasticity. Adapted with permission from ref [25]. Copyright 2022 Springer Nature. (C) High toughness organic

hydrogels obtained through freeze-casting. Adapted with permission from ref [11]. Copyright 2022 Wiley-VCH Verlag.

characteristics of hydrogels [42]. The topological
microstructure refers to a cross-linked region that
arises from the interaction between small molecules
and large molecule chains, or between guest and
host molecules. Liu and colleagues achieved the
creation of a hydrogel resembling a tendon by
strategically breaking the topological structure of a
rigid block with a flexible substrate. This approach
led to a hydrogel with a high elastic limit strain
and increased strength capabilities (Fig. 2A) [25].
The hydrogel was developed based on the structure
of the Achilles tendon, which contained parallel
muscle bundles composed of interwoven collagen
fibers in a proteoglycan matrix. Unlike a typical
homogeneous interpenetrating polymer network,
the topological polymer network in this hydrogel
was heterogeneous, leading to stronger adhesion
through topological entanglement. When the hard
block broke, the stored elastic energy was released,
causing the network to become stiffer and enhanc-
ing the hydrogel’s elastic properties (Fig. 2B) [25].
The topology design can regulate both physical
and chemical properties to customize hydrogels for
different scenarios. For instance, hydrogels with a
porous or highly branched network structure can
offer a greater surface area and more binding sites for
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detecting analytes, leading to improved sensitivity
and selectivity [43]. However, the current under-
standing of the relationship between different topo-
logical structures and hydrogel properties is limited,
necessitating further research and exploration.

Introduction of nanostructures

Incorporating nanostructures into hydrogels can
adjust their physical and chemical properties,
including porosity, mechanical strength, ther-
mal stability, biocompatibility, and surface area.
There are various types of nanofillers that can
be introduced into hydrogels, including metallic
nanoparticles [44], carbon-based nanoparticles
[45], core-shell nanoparticles [46], silica nanopar-
ticles [47], nanosheets [32], and nanofibers [48].
These fillers can be incorporated into the hy-
drogel network through a variety of methods,
such as physical mixing [45] and electrostatic
interactions [46].

The selection of nanofiller type for hydrogels
depends on the intended application of the sensor.
For example, incorporation of metallic nanopar-
ticles can enhance the electrical conductivity of
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hydrogels, thereby making them well-suited for
application in bio-sensors and electronic skin [44].
By incorporating specific response nanoparticles
into hydrogels, they can exhibit responsiveness
to various stimuli, such as temperature [45] and
light [46]. Additionally, the introduction of fluo-
rescent nanoparticles can render hydrogels capable
of fluorescent color-changing properties [47]. The
addition of carbon-based nanoparticles can augment
the mechanical strength and toughness of hydrogels,
thereby enhancing their suitability for load-bearing
applications [45]. Nanofillers can also be employed
to alter the surface properties of hydrogels. For ex-
ample, the incorporation of silica nanoparticles can
increase the surface area of the hydrogel, resulting in
improved adsorption and release of drugs or other
molecules [47].

Rigid nanosheets frequently act as physical cross-
linking points and effective stress transfer centers
within the network, thereby enhancing the tough-
ness and ductility of hydrogels [32]. The arrange-
ment of nanofibers during the strain process can
effectively inhibit crack propagation [48]. These
excellent mechanical properties are important to en-
hance the environmental tolerance and longevity.
The structure of the self-healing nanofiber net-
work is like the interwoven structure of repairable
nanofibers found in human skin. This similarity gives
the hydrogel an exceptionally high fatigue threshold
of 2950 ] m~2, and the sensor a remarkable strain
sensing measurement factor of 66.8, setting a record
[49].

Functionalized modification

Hydrogels can be modified in various ways to up-
grade their physicochemical properties for specific
applications. These modifications can significantly
enhance the selectivity, sensitivity, and stability of
hydrogel sensors. An example of functionalization
involves the utilization of carrageenan and Fe’™
to modify PAM through electrochemical methods.
This process significantly enhances the mechanical
strength, adhesion, and self-healing efficiency of hy-
drogels [50]. By introducing functional groups such
as carboxyl [32] and amine [46] groups onto poly-
mer chains, hydrogels can be utilized for the attach-
ment of bio-molecules [ 51]. Ultraviolet-induced sur-
face grafting is an effective strategy for increasing
the toughness of hydrogels [52]. Under ultraviolet
light, parts of the hydrogel network generate free rad-
icals that trigger polymer polymerization. It plays the
role of welding different networks and increasing the
unity and mechanical properties of multiple groups
of hydrogels [52].
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Engineering methods

Engineering methods can also be employed to tailor
hydrogels with specific properties, and effective
engineering approaches can optimize their per-
formance. Various engineering techniques, such
as freeze casting [11], electrospinning [48], and
mechanical stretching [16], are employed to mimic
the micro- and nano-anisotropic structures found
in natural bio-materials, resulting in the production
of hydrogels with high strength, toughness, tensile
strength, and fatigue resistance. Dong et al. incor-
porated a frozen block of polyvinyl alcohol (PVA)
in an iron chloride solution in ethanol (Fig. 2C)
[11]. The dissolution of ice crystals in PVA confined
within an ethanol solution gives rise to several char-
acteristic phenomena, such as micro-gelatinization,
the formation of stable, anisotropic honeycomb-
like structures, the submicroscopic aggregation of
hydrophobic amorphous PVA on the honeycomb
walls, and the nanoscale ionic enhancement of PVA
chains. The organic hydrogel possesses high strength
(6.5 MPa), high tensile strength (1710% strain), and
ultra-high toughness (58.9 MJ m™3) [11]. Hua et al.
combined directed freezing and Hoffmeister effect
techniques to modify the structure of PVA hydro-
gels on a multi-scale level, resulting in the combined
strength and wear resistance of natural hamstrings
[53]. Directed freezing can produce an anisotropic
structure on a larger scale (micron-millimeter).
Ni et al. were inspired by the soft membrane in the
lobster belly. They utilized electrospinning tech-
nology to imitate its spiral structure, producing a
nanofiber hydrogel with high strength (8.4 MPa)
and a low fatigue threshold (770 J] m~%) [48].
Engineering methods provide a powerful toolbox
for the design and optimization of hydrogel sensors,
enabling their integration into a wide range of appli-
cations. In order to make the application of hydrogel
sensors a reality more quickly, it is important to de-
velop a more advanced and convenient engineering
technology.

CONDUCTIVE NETWORKS

Hydrogel-based sensors necessitate components
with suitable electrical conductivity. Since the hy-
drogel matrix itself is non-conductive, it becomes
essential to introduce conductive materials into the
hydrogel. These conductive fillers can be classified
into two categories: ionic and electronic conductors,
each of which will be discussed in detail below. The
dispersibility, stability, and transmission of these
conductive materials within the hydrogel matrix
have a substantial impact on the sensing perfor-
mance, stability, accuracy, and lifespan of hydrogel
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sensors. Table S2 presents a comparison of the
conductivity of conductive hydrogels created from
different combinations of substances.

Electronic conductors

In electronic conductors, electrons possess a high
degree of freedom and can flow through matter,
creating an electric current. Common examples of
electronic conductors incorporated into hydrogels
include metal conductors, semiconductors, conduc-
tive polymers, and carbon materials.

Gogurla et al. incorporated silver nanowire
(AgNW) electrodes into polydimethylsiloxane
elastomer films to facilitate carrier collection, and
changes in resistance occurred upon stretching [26].
Liquid metals (LMs), which are alloys known for
their high conductivity and fluidity, have garnered
significant attention. The notable advantages of lig-
uid metals include their high conductivity, excellent
plasticity, and versatility in being shaped into various
forms. However, the high cohesive energy of LMs
presents challenges in reducing them to nanopar-
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ticles, and the weak interfacial cohesion results in
macroscopic phase separation and inferior mechani-
cal properties in conductive hydrogels based on LMs
[38,12]. Combining it with the hydrogel strategy
proves to be an effective method for addressing
the problem. Recently, Ye and Jiang et al. used an
interface engineering approach to alter the average
diameter of LMs to liquid metals nanoparticles
(LMNPs), ranging from 270 to 475 nm, by utilizing
TO-Cellulose nanofibers (CNFs) as an interface
stabilizer [12]. Polyacrylic acid (PAA)-CNFs-
LMNPs hydrogels exhibited outstanding tensile
characteristics (up to 2950%), solvent-independent
conductivity (up to 045 S m™'), and high strain
sensing sensitivity (GF = 12.5) [12]. The presence
of CNFs at the interface prevented adjacent particles
from coalescing. In addition, the plentiful surface
polar hydroxyl or carboxyl groups on CNFs can
engage in favorable interactions with the hydrophilic
polymer matrix of hydrogels through hydrogen
bonding (Fig. 3A) [12]. This interaction promotes
energy dissipation and enhances the mechanical
properties of hydrogels.
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The electrical conduction mechanism of con-
ductive polymers involves the transfer of electrons
between conducting groups. They offer advantages
such as good biocompatibility and processabil-
ity, but their electrical conductivity and stability
require improvement in hydrogel. PEDOT: PSS
hydrogels are attracting significant attention due
to their excellent biocompatibility with cells. The
common method of preparation involves creating an
interpenetrating polymer network (IPN) within a
non-conductive gelatin template through stirring or
in situ polymerization. Other synthetic methods,
such as dry annealing and rehydration, can also
be employed to create hydrogels with specific
properties. Lu et al. successfully developed a pure
PEDOT: PSS hydrogel with controlled isotropic or
anisotropic expansion, achieved through mechan-
ical constraint. This approach allowed for precise
control of swelling characteristics and resulted in
hydrogels with improved mechanical, electrical,
and electrochemical stability [$4]. This high-
performance pure PEDOT: PSS hydrogel (Fig. 3B)
utilizes an interconnected network of PEDOT: PSS
nanofibers [24]. They developed a straightforward
one-step synthesis approach, combining 3D printing
and freeze-thaw methods, to create a unique semi-
separation network using PEDOT: PSS nanofibers
and PVA (Fig. 3C) [55]. The application of toughen-
ing methods enhances the mechanical properties of
conductive polymers, making them suitable for use
in sensors. Lee et al. achieved a uniform and conduc-
tive PEDOT: PSS gel with good ductility by effec-
tively distributing PEDOT: PSS with PAM [56]. Xu
et al. developed non-invasive glucose sensors for in
vivo monitoring by constructing a composite hydro-
gel electrode using conductive PEDOT: PSS and Pb
nanoparticles [9]. Like PEDOT: PSS, polyaniline
and polydopamine (PDA) are well-known conduc-
tive polymers. Ge et al. incorporated polyaniline
fibers into the PAA hydrogel network to develop a
fiber-enhanced antifreeze self-healing hydrogel sen-
sor. This design was inspired by the fiber-reinforced
microstructure and mechanical conduction system
found in human muscle (Fig. 3D) [57]. Conduc-
tive polymer fillers hold great promise for various
applications. PDA, a substance secreted by Mytilus
edulis, exhibits the potential to enhance the hy-
drophilicity of hydrophobic substrates. Polyaniline
and PDA offer similar conductivity to PEDOT: PSS
but at alower cost. However, they exhibit weaker sta-
bility in water and lower solubility. To address these
limitations, nanoparticles or additives that promote
solubility can be incorporated into the system.

Carbon-based materials, such as graphene and
carbon nanotubes (CNTs), offer a remarkable ca-
pability to enhance the conductivity of hydrogels
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[45,58]. They increase the effective contact area
within hydrogels and allow for customized adjust-
ment of their conductivity.

Graphene has high electrical and thermal con-
ductivities, zero effective mass, and desirable me-
chanical properties [9,59]. Yet the problem of non-
specific adsorption of non-target molecules on the
graphene surface needs to be solved. Wang et al. over-
came this limitation by integrating a hydrogel layer
and an adapter layer to modify the graphene conduc-
tive channels. The resulting hydrogel-adapter hybrid
layer (H-AHL) structure was combined with a 3D
bio-sensor that self-assembled through a graphene
field-effect transistor (Fig. 4A) [60]. The aptamers
in the H-AHL structure can specifically interact with
the target biomarkers, while the hydrogel can filter
out nonspecific molecules in whole blood. Thisleads
to efficient and comprehensive screening of acute
myocardial infarction biomarkers in patient samples
(Fig. 4B) [60]. The presence of epoxy, hydroxyl,
and carboxyl groups on the surface and edges of re-
duced graphene oxide (rGO) facilitates easy mod-
ification, making it an ideal connecting center for
the formation of polymeric composites [61]. Ac-
cording to Yue et al, free radical polymerization
was employed to synthesize hydrogels with a con-
ductivity of 272 S m™!, utilizing modified rGO
and acrylate monomers that incorporated abundant
ionic groups (Fig. 4C) [62]. The high cost associ-
ated with traditional graphene fabrication processes
hinders its widespread application in sensor prepara-
tion. We employed a laser-induced method to fabri-
cate a three-dimensional porous graphene network
on a polymer film, which not only has low cost but
also exhibits excellent dispersibility. This property
mabkes it highly suitable for dispersion and electrode
preparation in hydrogels [4].

Lin et al. achieved an even dispersion of CNTs
without the use of additional artificial additives by
modifying them with hydrophilic sericin (SS) and
carboxyl styrene butadiene rubber (XSBR) [63].
The integrated properties of the XSBR/SSCNT
sensor were achieved due to the formation of a
hydrogen-bonded crosslink network between the
sericin-modified CNTs and the polar carboxyl
group of the XSBR. The nano-structure of the
XSBR/SSCNT sensor was schematically depicted
before and after the application of tensile force
(Fig. 4D) [63]. During the stretching process, the
interfacial hydrogen bonds between SSCNT and
XSBR promoted the orientation of chain segments
and resulted in strain-induced self-reinforcement.
Besides, the fabrication of complicated microstruc-
tures and nanostructures need high costs. Start-
ing from the changes in material properties and
contact geometry, Tai et al. developed a simply
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Copyright 2022 Wiley-VCH Verlag. (E) The SWCNT/SA-based hydrogel ball sensor. Adapted with permission from ref [64]. Copyright 2015 Royal Society
of Chemistry.

designed, low-cost bio-based sensors. The sensor  leading to a more uniform distribution. Additionally,
was a conductive single-walled carbon nanotube  the use of suitable mixing methods, such as sonica-
(SWCNT)/sodium alginate hydrogel ball with a  tion or high-shear mixing, can aid in achieving better
ball-electrode contact mode wherein the CNTs  dispersion. Furthermore, careful control of the con-
enhanced its sensitivity (Fig. 4E) [64]. centration and loading of carbon-based materials is
However, achieving high conductivity in hy-  essential to maintain the desired conductivity while
drogels filled with electronic conductors such as  minimizing any adverse effects on the mechanical or
nanowires, CNTs, and graphene can be challeng-  functional properties of the hydrogel.
ing due to factors such as the random distribution
of nanofillers, gaps between them, or insufficient .
contact between the nanoconductors. Moreover, in- lonic conductors
creasing the concentration of conductive fillers may ~ The way ions transport through the hydrogel net-
adversely affect the mechanical or functional prop-  work is comparable to the movement of ions within
erties of the hydrogel at low concentrations [63].  the human body [65]. Three common types of ionic
Therefore, achieving an even distribution of carbon-  conductors are commonly employed to enhance the
based material throughout the hydrogel network is electrical properties of hydrogels: electrolytes, ionic
crucial. These materials are more hydrophilic com-  liquids, and ionic polymers.
pared to other fillers, and uneven distribution could An effective and widely used approach to create
have a negative impact on the stability and reactivity ~ conductive hydrogels involves the incorporation of
of the sensor. Enhancing the dispersion of carbon-  electrolyte solutions because of their low cost and
based materials within the hydrogel matrix can be  high ionic conductivity. These solutions typically
achieved through the utilization of surface modi-  contain metal cations such as Na* [39,66], Ca*"
fications or functionalization techniques. This can  [23], Fe’* [67], and NH, " [68]. When the hydro-
improve the compatibility between the hydrophilic  gel is immersed in an electrolyte solution, the ionic
carbon-based materials and the hydrogel matrix,  groups present in the electrolyte solution penetrate
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the hydrogel and undergo an ion exchange reaction.
This process leads to an increase in the ionic con-
ductivity of the hydrogel. However, the stability of
the electrolyte-based conductive hydrogels is often
compromised as they are susceptible to environmen-
tal influences. Additionally, the ions tend to aggre-
gate on the electrode surface, leading to a reduced
lifespan. Moreover, ion leakage and imbalanced dis-
tribution can negatively impact the mechanical and
electrical properties of hydrogels. Despite these chal-
lenges, the concentration distribution resulting from
ion movement can still elicit an electrical response.
Di et al. incorporated sodium chloride into PVA hy-
drogel to enhance its conductivity. They further ma-
nipulated the structure, mechanical properties, and
sensitivity by adjusting the crystallization time and
in-situ soaking time. Additionally, the entanglement
of the polymer chain network was influenced by the
hydrogen bond network and salting-out effect [66].
Adequate mechanical properties are essential to sup-
port good electrical conductivity.

Tonic liquids, also known as molten salts, exhibit
strong conductivity, thermal stability, low volatility,
and chemical stability at room temperature [69].
Similarly, when the hydrogel is immersed in an
ionic liquid, it undergoes an ion exchange reaction,
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leading to an increase in the jonic conductivity of
the hydrogel. The combination of ionic liquids and
nanomaterials can result in unique properties. In
composite hydrogel systems formed by mixing ionic
liquids with piezoelectric nanoparticles like BaTiO3,
a distinct electrical response to low-frequency tactile
stimuli can be observed (Fig. SA) [70]. The com-
bination of these two piezoelectric effects results
in an output voltage of up to 8 mV and exhibits an
anisotropic response. Ionic liquids continue to en-
counter challenges related to high costs, partial toxic-
ity, and electrostatic interference. We believe that the
development of deep eutectic systems can provide
turther advancements in conjunction with ionic lig-
uids. In addition, zwitterions enhance the transmis-
sion of ionic signals through electrostatic interaction
between electrolyte ions and amphoteric ion groups,
while also retaining the advantageous properties of
ionic liquids [71]. Due to the nature of zwitterions,
the cations and anions of the electrolyte can be easily
separated without requiring a strong electrostatic
attraction during ion migration. They can readily
transfer onto the electrode surface [72]. In addi-
tion, the charged groups of amphoteric hydrogels
exhibit a strong electrostatic interaction with water
molecules, resulting in a high degree of hydration
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for these charged groups. Ion migration channels are
formed between hydration layers of polyzwitterion
chains, which significantly improve the efficiency of
electrolyte transfer. The anti-swelling properties of
DN-FT-HCl hydrogels, developed by Ren et al. were
attributed to the protonation of amphoteric ionic
polymers (Fig. SB) [73]. These hydrogels can be
utilized for underwater motion detection (Fig. SC)
[73].

Ionic polymers have excellent ionic conductivity,
chemical stability, favorable mechanical and pro-
cessing properties, making them highly suitable for
fabricating complex sensors and devices. The ionic
conductivity of hydrogels can be enhanced through
the ion exchange reaction between the hydrogel and
ionic polymers. In comparison to the two meth-
ods, achieving high ionic conductivity with ionic
polymers requires the introduction of a significant
number of ionic groups. However, it should be noted
that certain ionic polymers may be prone to dissolu-
tion or degradation, which can adversely affect their
stability and lifespan. Recently, Shen ef al. reported a
hydrogel ionic skin prepared by one-step free radical
polymerization of n-acryloyl Phenylalanine (APA)
and acrylic acid (AA) in ferric chloride solution
(Fig. SD) [74]. APA is utilized to facilitate the for-
mation of multiple hydrogen bond interactions. The
coordination interaction between Fe3* and carboxyl
groups imparts adjustable mechanical properties to
the hydrogels, including high toughness, excellent
elasticity, and fatigue resistance. The ionic skin had
a reliable signal output for both large movements,
such as wrist flexion and walking, as well as delicate
movements, such as speech and eye rotation [74].
However, the ion-gel exhibits high transfer resistance
and a low diffusion coeflicient due to its polymer
structure, which hinders ion mobility. Researchers
are still in the process of exploring the interaction
mechanism between ion-based conductors and
hydrogels, as well as the relationship between the
structure and properties of ion-based conduc-
tors. Additionally, there is a need to develop more
innovative hydrogels inspired by various organisms.

The toughening network and conductive net-
work are crucial for the performance of hydrogel
sensors. In the field of stretchable electronics, it is
vital to achieve high levels of stretchability, while
maintaining electrical performance and reliability
[75]. The toughening network directly influences
the sensor’s stretchability, resilience, fatigue re-
sistance, shear resistance, adhesion, self-healing
capabilities, environmental tolerance, and sensing
specificity. On the other hand, the conductive net-
work enables hydrogels to convert various stimuli
into detectable electrical signals. Different conduc-
tive mechanisms and materials have a direct impact
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on the sensor’s sensing speed, accuracy, and stability.
Therefore, the toughening network and conductive
network are the two key aspects to consider when
developing and designing hydrogel sensors with
exceptional sensing capabilities.

The toughening network, conductive network,
and sensor are interdependent and synergistic in
nature. The structural design and interplay of the
toughening network have a direct impact on the
transport dynamics of ions or electrons within the
conductive network. The performance of a toughen-
ing network, including deformation recovery, shear
resistance, and self-healing, is closely linked to fac-
tors such as the concentration gradient of conduc-
tive materials, reversible transmission, and even the
reconstruction of the conductive network. These
aspects directly impact the overall performance of
the sensor. The ion coordination-based toughening
network not only facilitates the formation of a mi-
crophase separation structure for energy dissipation
but also imparts electrical conductivity to the hy-
drogel. Additionally, the incorporation of filling ma-
terials not only establishes the conductive network
within the hydrogel but also alters its mechanical
properties. Achieving a balance between the me-
chanical and electrical properties of hydrogels is cru-
cial for attaining excellent sensing performance.

SENSORS

Hydrogels are extensively employed in the develop-
ment of soft, smart, and wearable sensors owing to
their unique attributes of flexibility, stretchability,
toughness, self-healing, adhesion, and biocompati-
bility. These sensors play a pivotal role in monitor-
ing human movement signals, diseases, and envi-
ronmental conditions, driving us toward a healthier,
more informed, and intelligent era. The mechanical
properties, electronic properties, and functional de-
sign of hydrogels are instrumental in achieving these
goals. The diverse applications of hydrogels as sen-
sors can be categorized based on their sensing prin-
ciples. These include their utilization as mechanical
sensors [76], electrochemical bio-sensors [10,27],
fluorescent color sensors [77], photoelectric sensors
[78], and temperature sensors [79]. Each of these
applications highlights the versatility of hydrogels
in various sensing domains. A comprehensive list of
hydrogel-based sensors can be found in Table S3.
The design of sensors plays a crucial role in their
functionality. Initially, researchers achieved stretch-
ability with low stiffness by implementing various
deformable designs, such as a buckled structure in a
neutral mechanical plane or a rigid active cell island
with wavy interconnects [80]. In current hydrogel
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sensor designs, there is a focus on incorporating
functional fillers or cross-linking agents directly
onto the hydrogel substrate. This approach aims to
improve the bio-compatibility of the sensor and is
crucial for achieving outstanding mechanical and
electrical properties of the hydrogel substrate. The
thickness and size of sensors also play a crucial
role in their performance. With the trend toward
miniaturization, sensors are being developed on a
micro-scale, aiming for portability and user-friendly
capabilities. If the sensors are too thick, they may
hinder skin and air contact, increasing the risk of
infection. Therefore, achieving optimal thickness
is essential, requiring a meticulous preparation
process. Furthermore, in an era of rapid intelligence
development, integrating hydrogel sensors with
smart devices is a key challenge.

In future hydrogel sensor designs, it will be cru-
cial to perform qualitative and quantitative analyses
of both the mechanical and conductive properties. If
the mechanical and conductive properties are inap-
propriate, the sensitivity of the sensor will be greatly
reduced. Excessive mechanical properties can result
in slow response to external stimuli and low sensitiv-
ity, while high conductive properties can be easily af-
tected by the environment, leading to poor stability
and low sensitivity. Therefore, it is essential to strike
a balance between the mechanical and conductive
properties to achieve optimal sensitivity in hydrogel
sensors. Similarly, an increase in the elastic modulus
corresponds to higher stiffness, but it also resultsin a
weaker response to external stimuli and lower sensi-
tivity. These principles apply to all of the sensors de-
scribed below, which, despite their different sensing
mechanisms, aim to possess similar integrated elec-
trical and mechanical properties.

Mechanical sensors

Mechanical sensors operate on different physical
principles, such as piezoresistance, piezoelectricity,
and capacitive sensing, to detect changes in the phys-
ical properties of their environment. Piezoresistive
materials alter their electrical resistance when sub-
jected to mechanical stress or strain, while piezo-
electric materials generate an electrical charge in re-
sponse to mechanical stress or strain [ 81]. Capacitive
sensors use two conductive surfaces separated by a
dielectric material; the capacitance changes when an
applied force or pressure alters the distance between
the conductive surfaces. These changes can be mea-
sured to determine the applied force, pressure, or dis-
placement. For instance, of a capacitive sensor, the
capacitance is related to the area of the electrode, the
distance among electrodes, the thickness of the hy-
drogel, and the dielectric constant of the hydrogel.
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C=ceA/d

The relationship between capacitance (C) and di-
electric constant (&), electrode area (A), and elec-
trode spacing (d) is shown above. The capacitive sen-
sor consists of two parallel plates, typically made of
conductive materials as the electrodes, coated with a
thin layer of hydrogel as the dielectric material sep-
arating the plates. The capacitance of the sensor is
proportional to the dielectric constant of the hydro-
gel layer and the surface area of the plates. When
a hydrogel-based capacitive sensor is exposed to a
change in its environment (e.g. humidity, tempera-
ture, pH, pressure), the water content in the hydro-
gel changes, leading to a corresponding change in
its dielectric constant and capacitance. A fully re-
paired capacitive strain sensor with a high tensile
rate of 1080% was recently built by Jiang et al., us-
ing a dual-dynamic network technique [45]. Strong
tolerance and quick healing for severe knotting and
distortion were provided by combining the conduc-
tive nanowire assembly with a dual dynamic net-
work based on w-7 attraction and Ag-S coordi-
nated bonding. Additionally, achieving a perfect fit
between the sensor and non-flat human skin poses
a challenge in accurately detecting human micro-
motions, such as pulse beats and changes in facial
expression [80].

For wearable hydrogel electronic skin to accu-
rately detect human movement and physiological
signals, it is crucial to consider the following fac-
tors pertaining to the hydrogel sensor: mechanical
strength, tensile force detection range, minimum de-
tection limit, self-healing properties, biocompatibil-
ity, and adhesion. Wang et al. created a composite hy-
drogel (PVA/SS/Na;Cit) employing SS (-COO-,
-NH,, and -OH) with alot of binding sites (Fig. 6A)
[17]. This hydrogel exhibits numerous physical in-
teractions, such as hydrogen bonds, ionic coordina-
tion, and hydrophobic interactions, contributing to
its high tensile strength (4.42 & 0.32 MPa) and elas-
tic modulus (3.14 & 0.26 MPa). The hydrogel dis-
played excellent ionic conductivity, a broad opera-
tional range, high sensitivity, and stability due to the
coordinating effects of Na* and Cit>~ ions. Human
motion can be instantly recognized in any direction
based on the change in relative resistance. After iden-
tifying the relaxation phase of the human body’s sig-
nificant deformation work, the self-healing property
can swiftly return. To increase self-adhesion, prevent
ice formation, and reduce water loss, Sun et al. added
basic water-glycol (EG) to organic hydrogels. The
capacity of the organic hydrogels to perform in harsh
environments was enabled by the formation of nu-
merous intermolecular hydrogen bonds between EG
and water molecules (Fig. 6B) [82].
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The mechanical hydrogel sensor also requires
robust anti-interference capability and stability
to minimize the influence of external factors
on the detection results. As reported by Zhang
et al, a PAM/sodium alginate/carbon nanotube
(PAM/SA/CNTs)  double-network  hydrogel
demonstrated remarkable strength and tough-
ness. The incorporation of CNTs into the PAM/SA
DN hydrogel network enabled the development
of hydrogels with adjustable photomechanical de-
formations, such as object gripping and bending
(Fig. 6C) [83]. The hydrogel strain sensor exhibited
good low temperature sensing capability after ad-
ditional CaCl, addition. To explore hydrogels with
higher sensitivity, it is crucial to conduct further
research on various mechanical sensing materials
and explore different combination approaches.

Electrochemical bio-sensors

The sensing mechanism of electrochemical bio-
sensors relies on the electrochemical properties of
the sensing elements and their interactions with the
analytes. When the analyte interacts with the sensing
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elements, it has the potential to initiate or catalyze
an electrochemical reaction. This reaction can be de-
tected using various electrochemical techniques, in-
cluding amperometry, potentiometry, or voltamme-
try. To enhance their electrochemical properties and
sensitivity, electrochemical bio-sensors employ a va-
riety of sensing elements and transducer surfaces,
commonly known as ‘signal amplification strategies’
Electrochemical bio-sensors have been widely ap-
plied in various fields, including clinical diagnosis,
environmental monitoring, and food safety.

Electrochemical sensors employ electrochemical
reactions for analyte detection. To ensure their sta-
bility, durability, and convenience, the sensors re-
quire an appropriate substrate with suitable materi-
als and dimensions. The mechanical and electronic
properties of hydrogel significantly affect the accu-
racy of the sensor’s signal. Electrochemical sensors
are suitable for detecting bio-molecules, ion concen-
trations, and gaseous substances. For example, Das
et al. synthesized a novel phenazine-based sensory
receptor by multiple inter- and intramolecular car-
bon nitrogen bond fusions. This receptor was uti-
lized for the detection of ammonia as well as vari-
ous levels of aliphatic amines (primary, secondary, or
tertiary) [84]. In the field of supramolecular chem-
istry, Bej et al. developed an MOF-based hydrogel
membrane to detect formaldehyde gas phase using
two kinds of luminescent porous networks, offer-
ing a novel application for supramolecular hydrogel
technology [85].

The creation of microdevices for exceptionally
accurate molecular detection is crucial given the
increasing demand for environmental and health
monitoring [86]. To enable precise electrochemi-
cal monitoring of environment-specific chemicals,
the 3D network of hydrogels can accommodate a
large quantity of ligands specifically designed for
analytes. Sun et al. introduced a simple yet versa-
tile sensing platform utilizing hydrogel interferom-
eters. Ligands are integrated into the hydrogel net-
works, leading to a local enrichment effect when the
analyte binds to the ligand. Subsequently, the op-
tical signal is amplified, enhancing the overall de-
tection capabilities (Fig. 7A) [18]. Monitoring the
24-hour urine copper excretion, with levels exceed-
ing 100 pug per 24 hours, can aid in the diagnosis
and management of Wilson’s disease [18]. In a re-
cent study conducted by Das et al,, they developed
the first azophenine-based chemical sensor capable
of non-invasive diagnostic monitoring of Wilson’s
disease [87]. Azophenine and its various cyclized
and uncyclized organic derivatives, as well as coor-
dination complexes, exhibit exceptional redox prop-
erties. This sensor enables the measurement of ex-
changeable copper levels in serum and urine samples
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that aids in the detection and assessment of Wilson’s
disease [87].

The advantages of non-invasive glucose monitor-
ing for individuals with diabetes are increasingly be-
ing acknowledged by the general population. Kim
et al. developed a smart contact lens using hydrogel
for the purpose of monitoring glucose levels in tears.
To achieve this, they immobilized gold-platinum
bimetallic nanocatalysts within nanoporous hydro-
gels (Fig. 7B) [88]. These nanocatalysts facilitate the
rapid decomposition of hydrogen peroxide gener-
ated by the redox reaction of glucose oxidase and
nanoparticle-mediated charge transfer. The glucose
levels measured by the contact lens were consistent
with those measured by a glucometer, demonstrating
the potential for continuous, rapid, and non-invasive
detection of blood glucose levels.

Fluorescent color sensors

Fluorescent color-changing hydrogel sensors detect
target analytes through the fluorescence properties
of the sensing molecules, the volume changes of
the hydrogel, and the specific interactions between
the sensing molecules and the target analyte. Typi-
cally, the sensing molecules are integrated into the
hydrogel matrix, which serves as a scaffold to keep
them in place. When illuminated by light of a spe-
cific wavelength, the sensing molecules become ex-
cited and emit light at distinct wavelengths. When
these sensing molecules come into contact with the
target analyte, their fluorescence properties undergo
changes, resulting in alterations in the intensity or
wavelength of the emitted light. The swelling or
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shrinking of the hydrogel can modify the spacing be-
tween the sensing molecules, consequently influenc-
ing their fluorescence properties. This change in the
hydrogel’s dimensions is brought about by its inter-
action with the target analyte. The fluorescent color-
changing hydrogel sensors find wide-ranging appli-
cations in environmental monitoring, food safety,
and bio-medical engineering,

The sensitivity of fluorescent sensors is also influ-
enced by the mechanical and electrical properties in-
herent in the fluorescent hydrogels. Specifically, the
high conductivity of fluorescent molecules can result
in a shorter excitation lifetime, highlighting the need
for meticulous design considerations. Zhang et al.
have successfully developed a flexible paper/textile
film chemical sensor that is specifically sensitive to
Hg*" [7]. This sensor overcomes the limitation of
conventional Hg2+ sensors, which are often insensi-
tive, by utilizing a hydrophobic, dense, and rigid ma-
terial that effectively prevents the flow of aqueous so-
lutions. (Fig. 8A) [7]. The grafted thiourea molecule
reacts chemically with Hg*", resulting in a notice-
able color transition of the hydrogel from green to
blue. The porous structure of the paper/textile fiber
stack promoted Hg?" diffusion into the hydrophilic
hydrogel matrix, enabling detection of Hg*" as small
as a nanometer in aqueous solutions.

There are three common methods for produc-
ing color-changing polymer compounds. The first
method involves incorporating chromophores that
alter their structure or state in response to stim-
uli [7]. The second method is creating ‘structural’
color through manipulation of ordered nanostruc-
tures to influence photon propagation [89]. The
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third method revolves around generating intense lu-
minescence using metal centers of luminous lan-
thanide metals (such as Eu and Tb) that exhibit dy-
namic coordination with polymers [90].

For example, Wang et al. developed a hybrid
color film inspired by chameleons’ color-changing
ability and mussels” adhesion. The capacity of the
chameleon to quickly change color depends on the
presence of guanine nanocrystalline lattice struc-
tures that are not densely packed. The color film
was fabricated by filling a polyurethane (PU) in-
verse opal scaffold with a carbon nanotube PDA
hydrogel (Fig. 8B) [89]. The film acquired reliable
tensile properties due to the presence of the PU
layer, while the reverse opal structure contributed
to the vibrant structural color exhibited by the
film. The film’s color can be modified in response
to various stimuli, including temperature, pressure,
and tension, by manipulating the volume or in-
ternal nanostructure of the composite liquid crys-
tal hydrogels composed of hydroxypropyl cellulose
(HPC), poly (acrylamide-co-acrylic acid) (PACA),
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and CNTs (Fig. 8C) [91]. Weng et al. used a hy-
drophilic poly (N,N-dimethylacrylamide) matrix to
create a tunable luminous hydrogel through iminodi-
acetate (IDA) coordination to europium (Fig. 8D)
[90].

The dynamic Lanthanide complexes in the hy-
drogel allow for switchable luminescence and sol-gel
transitions in response to stimuli such as pH, tem-
perature, metal ions, sound waves, and forces, due to
their reversible synthesis and dissociation [19]. Liu
et al. recently assembled a supramolecular polymer
network by arranging different fluorophores, such as
blue (B) aggregation-induced emission fluorophores
and red/green (R/G) lanthanide coordination fluo-
rophores, into various polymer chains (Fig. 8E) [19].
The fluorescence intensity of each of the Band R/G
fluorophores could be separately modulated by vari-
ous external stimuli, resulting in a multicolor fluores-
cence response with multiple responses. Moreover,
inkjet printing technology can facilitate the practical
application of these luminescent materials, paving
the way for the development of commercially viable
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products in the near future [92,93]. This encom-
passes supramolecular materials with a wide array of
potential societal applications.

Hydrogel photodetectors

Hydrogel photodetectors are devices that utilize hy-
drogel materials to detect and convert light into elec-
trical signals. Light incident on the hydrogel mate-
rial induces changes in its optical properties, such as
absorption or scattering. These changes are then
transduced into electrical signals through various
mechanisms, such as photoconductive [23], or pho-
toelectric effects [28]. Hydrogel photodetectors
have a wide range of applications in bio-medical
imaging, environmental monitoring, and optical
computing. Tsai et al. reported a self-powered, self-
healing, and wearable UV photodetector created by
integrating agarose and PVA double-network hydro-
gel (Fig. 9A) [28]. The photodetector utilized Ag-
NWs as both the top and bottom electrodes, while
the photoactive layers consisted of a combination of
PEDOT: PSS and ZnO nanocomposites. Under high
illumination intensities, the Coulomb’s interaction
between high-density photoexcited carriers mani-
fest themselves in reducing the internal electric field
built at PEDOT: PSS/ZnO interface. As a result, the
carriers were recombined before being collected by
the electrodes, resulting in photocurrent generation.
The UV viability of this ‘E-skin’ was demonstrated
through simulations of both indoor and outdoor UV
tests (Fig. 9B) [28].

Doping special functional materials presents
another strategy for controlling the photoelectric
properties of hydrogels. By incorporating these
materials, the mechanical and electrical properties
of hydrogels can be enhanced, while simultaneously
allowing for the adjustment of light response and
photoelectric characteristics. Gogurla et al. cre-
ated an artificial photoelectric skin by dispersing
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melanin nanoparticles (MNPs) in a protein
hydrogel-elastomer hybrid (Fig. 9C) [26]. This
hybrid material was subsequently utilized for appli-
cations in a dopamine sensor and a UV index meter,
demonstrating the versatility of the artificial pho-
toelectric skin. As n-type semiconductors, MNPs
generated more charge carriers when illuminated,
which made the orbital hybridization hydrogel pho-
toelectrically sensitive (Fig. 9D and E) [26]. The
artificial photoelectric skin interacted with both the
small molecules in the environment and the light
passing through the transparent silk protein hydro-
gel window. Ding et al. achieved the development
of a transparent and optically anisotropic hydrogel
by embedding a two-dimensional paramagnetic
material, specifically cobalt-doped titanium oxide,
into a polymer matrix [94].

Despite their advantages, hydrogel photodetec-
tors still face challenges related to sensitivity and
signal-to-noise ratio. Enhancing the detection sen-
sitivity and minimizing noise sources, such as dark
current or interference, are critical aspects that need
to be addressed in order to improve the overall
performance and reliability of hydrogel photode-
tectors. Hydrogel photodetectors hold potential for
integration with other functionalities, such as energy
harvesting or biosensing capabilities, creating multi-
functional devices with enhanced versatility and util-
ity. These devices can enable self-powered sensing
systems or facilitate simultaneous detection of multi-
ple analytes in complex biological or environmental
samples.

Temperature sensors

Temperature-sensitive hydrogel-based sensors find
a wide range of applications in areas such as smart
textiles, food packaging, and bio-medical engineer-
ing. The sensing mechanism of such sensors relies
on the temperature-responsive characteristics of the
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Figure 10. Hydrogel temperature sensors. (A) The relationship between transparency of UCST hydrogel (D4A,M,) and tem-
perature. Here, x and y represent the molar ratio of DMAPS to AA, and z represents the concentration of metal ions.
(B) Photos of the transparency of D1A,Algqs and D;A; at different temperatures. (C) The relationship between resistance
and temperature of D;A;Alg 15 and D1A; in the range of 0-50°C. (A—C) Adapted with permission from ref [29]. Copyright
2020 American Chemical Society. (D) The chemical structure of zwitterionic hydrogel (PMAA-co-DMAPS). The relationship
between transparency and temperature of (E) UCST-type hydrogels and (F) LCST-type hydrogels with different monomer mass
ratios (MAA/DMAPS). During heating at 25-55°C, the 2D synchronous and asynchronous spectrum of (G) UCST-type hydrogel
(MAA/DMAPS = 2:5) and (H) LCST-type hydrogel (MAA/DMAPS = 5:2). Red is defined as positive intensity, and blue is
defined as negative intensity. (D—H) Adapted with permission from ref [95]. Copyright 2018 American Chemical Society.

hydrogel, which undergoes volume and property
changes in response to temperature fluctuations. In
order to overcome the limitations of traditional mer-
cury and infrared thermometers, such as stiffness and
safety concerns, it is favorable to prioritize the devel-
opment of flexible, affordable, and bio-compatible
wearable temperature sensors. A three-dimensional
internal percolation network exists within the ther-
mosensitive hydrogel, and its volume change can
be reversed by water absorption or dehydration in
response to temperature changes [95]. The hydrogel
exhibits a phase transition at either the lower critical
solution temperature (LCST) or the upper critical
solution temperature (UCST), triggered by changes
in its internal nanostructure or microstructure. This
transition manifests as alterations in transparency,
opacity, and conductivity. Hydrogels of the UCST
and LCST types display contrasting sol-gel trans-
formation behaviors. 3-Dimethyl (methacryloy-
loxyethyl) ammonium propanesulfonate (DMAPS),
as a derivative of betaine is known for antimicrobial
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and nonfouling properties [95]. A P (DMAPS-
co-AA)/APP hydrogel with thermosensitivity was
created by Tan et al. to illustrate the relationship
between hydrogel transparency and temperature,
and the UCST behavior of hydrogels was conse-
quently related to the temperature-dependent ionic
bonds generated between quaternary ammonium
salts and sulfate or carboxylate salts (Fig. 10A) [29].
Temperature-dependent hydrogel transparency
appeared to vary, which made it possible to visualize
temperature sensors (Fig. 10B) [29]. The hydrogel’s
transition from transparent to opaque could be
indirectly observed through the change in resistance
due to temperature (Fig. 10C) [29]. Near UCST,
the electrostatic interaction between polyanions and
polycations weakens, causing significant changes in
the optical transparency, conductivity, and stretch-
ability of hydrogels. These unique properties allow
for the development of digital visual wearable tem-
perature sensors that can also monitor human stress
and strain signals such as electrocardiogram [29].
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Lei et al. prepared an amphoteric ionic hydro-
gel that could switch between UCST and LCST
behaviors based on temperature changes [95].
Methacrylic acid (MAA) and DMAPS were copoly-
merized using a free radical polymerization process
(Fig. 10D) [95]. Amphoteric ionic hydrogels with
various MAA/DMAPS mass ratios displayed con-
trollable critical transition behavior (Fig. 10E and F)
[95]. A two-dimensional correlation spectroscopy
study was conducted to comprehend the dynamic
interaction mechanism behind various phase tran-
sition patterns (Fig. 10G and H) [95]. The findings
revealed that the dynamic process of the UCST
phase change was driven by the separation of SO;~
groups and the disruption of hydrogen bonds be-
tween the SO3 ™ group and water. Additionally, there
was a decrease in the ion interaction between SOz~
and the quaternary ammonium group. The LCST
phase behavior was driven by the breakage of hy-
drogen bonds and the loss of the C=0 group from
the ion phase, leading to the gradual dissociation
of the SO; ™ group. In addition to their response to
thermal stimulation, UCST and LCST hydrogels
also exhibit dynamic internal interactions that en-
able them to respond to mechanical stimulation.
For instance, a sandwich-structured ionic skin based
on zwitterionic hydrogel shows sensitive capacitive
signals that accurately monitor the movements of
robotic fingers [95].

The two most common responses of hydrogel
temperature sensors are the resistance-temperature
(39]
response [96].

TCR = [(R, — Ro) /Ro] /AT

The temperature resistance coefficient (TCR) is

response and  capacitance-temperature

widely used to evaluate the sensitivity of temperature
sensors, where R, is the transient resistance, Ry is the
primary resistance, and AT is the change in temper-
ature. A silk protein-based hydrogel E-skin assem-
bled with a Pt nanofibers network as a temperature
sensor, for example, has a high temperature sensitiv-
ity (TCR = 0.205%°C ") and a fast response time
(<25s) [97].

In the future, visual hydrogel temperature sen-
sors will hold significant practical value due to
their unique characteristics. These sensors uti-
lize the local surface plasmon resonance, which
involves the collective oscillation of conducting
electrons in metal nanoparticles, resulting in visually
appealing colors in plasma nanostructures. Addi-
tionally, temperature-sensitive fluorescent materials
can be employed as temperature sensors to accu-
rately detect organism temperatures. These sensors
offer numerous advantages, including a high tissue
penetration rate, minimal light-induced damage,
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exceptional precision, high sensitivity, and excellent

stability.

CONCLUSION AND PERSPECTIVE

In electronic skin applications, the mechanical and
electrical properties of hydrogels are critical factors
to consider. Developing a hydrogel sensor with su-
perior sensing performance hinges on two key as-
pects: the toughening network and the conductive
network. A thorough analysis was performed on the
toughening and conductive networks of hydrogels,
and an assessment was made on the structure, func-
tion, design methodology, and future potential of hy-
drogel sensors, considering the most recent progress
in this domain. This summary of the available tough-
ening methods and conductive networks can pro-
vide valuable guidance for designing and developing
hydrogel sensors with diverse functionalities. There
can be trade-offs between the mechanical strength
and conductivity of hydrogels, and optimizing both
properties simultaneously can be challenging.

First, hydrogels can be sensitive to environmen-
tal factors such as temperature, pH, and moisture
content, which can impact their mechanical proper-
ties. It is important to carefully control these envi-
ronmental factors when designing and using hydro-
gels in various applications, particularly those that
require consistent and predictable mechanical prop-
erties. Developing new materials and techniques are
required for creating hydrogels with high toughness,
such as self-healing hydrogels or hydrogels with en-
hanced interpenetrating networks. In addition, ex-
ploring fabrication techniques, such as 3D printing
or microfluidics, can lead to improved topology of
hydrogels. These techniques can allow for precise
control over the hydrogel structure and the incorpo-
ration of reinforcing agents or other materials to en-
hance its topology.

Second, to ensure accurate and immediate mon-
itoring of external stimuli, it is crucial to consider
the charge transfer, dispersion, and stability of the
conductive network within the hydrogel matrix. The
construction of conductive networks in conductive
hydrogels often involves the use of ionic and elec-
tronic conductors. Both ionic and electron conduc-
tive hydrogels have their own advantages and disad-
vantages, and the choice between the two depends
on the specific application. Ionic conductive hydro-
gels typically have lower conductivity than electron
conductive hydrogels, but they are often more bio-
compatible and less toxic. Electron conductive hy-
drogels, on the other hand, can have higher conduc-
tivity but may be more difficult to fabricate and may
have lower biocompatibility. Depending on the spe-
cific sensing requirements, researchers may opt for
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an appropriate toughening process and conductive
network, undertaking extensive testing of conduc-
tive hydrogels to ensure their properties meet the re-
quirements for specific applications, such as sensitiv-
ity and stability in biosensing.

An ideally high-quality hydrogel sensor must be
resistant to the environment (especially hostile en-
vironments), has good moisture retention and anti-
swelling properties, soft and human skin affinity, and
exceptional mechanical and electrical performance.
In application, there can be intelligent data process-
ing to meet the needs of life, convenient and pow-
erful data storage space, and a security guarantee. In
addition, these sensors should be as inexpensive and
pollution-free as possible. In the future, sensors will
be systematized, innovative, micro-scale, integrated,
intelligent, and industrialized. Hydrogel sensors still
face other several challenges and obstacles.

First, owing to the unique properties of hydrogel
materials, they are susceptible to environmental fac-
tors like humidity, temperature, light, ion strength,
and pH. In hostile conditions, this can result in un-
stable performance, poor selectivity, low repeatabil-
ity, and high costs. While addressing these issues, re-
searchers often encounter a decline in the hydrogel’s
moisture retention, swelling, or integration perfor-
mance. Different toughening or conducting methods
can be explored to address the limitations of each
method and enhance the overall properties of the
hydrogel. For example, adjusting the ratios of cross-
linking agents, water-absorbing agents, and moistur-
izing agents can help control the water absorption
and swelling resistance of the hydrogel when high
conductivity is not required.

Second, maintaining close contact between the
hydrogel electrode and the skin can be challenging
due to the skin’s tendency to stretch, wrinkle, and
bend with movement. Achieving a balance between
adhesion and skin comfort is crucial to ensure that
the hydrogel stays in place without obstructing sweat
and air exchange. Making sensors thinner and more
comfortable is another challenge. In order to meet
the same requirements, further research is needed to
ensure the sensitivity and accuracy of sensors. This
involves developing new materials, designing and se-
lecting suitable topology structures, and making sur-
face modifications, among other things. Using bio-
compatible and biodegradable materials is a good
option, but it can be less flexible. To improve flexi-
bility, long-chain polymers can be a choice.

In addition to the challenges of achieving sensitiv-
ity, accuracy, and comfortability, there is also the is-
sue of connecting hydrogels and wiring them to the
integrated circuit that collects and processes signals
at the back end. With the development of artificial in-
telligence, real-time wireless sensing has become an
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important trend in hydrogel-based sensor research.
The integration of hydrogel sensors with flexible cir-
cuits and wireless communication modules is crucial
to enable real-time monitoring and data transmis-
sion. Due to the softness and expandability of hydro-
gels, connecting and wiring becomes more compli-
cated. Additionally, most integrated circuits are rigid,
so developing flexible circuits that are compatible
with hydrogel-based sensors is essential.

Solving these challenges will improve the perfor-
mance of hydrogel-based sensors and expand their
applications in various fields such as healthcare,
robotics, and environmental monitoring. In the era
of Internet of Things, information technology, and
artificial intelligence, the use of wearable electronic
skin made of hydrogel sensors is becoming increas-
ingly important. However, in order to make these
sensors a practical reality for everyday use, it is cru-
cial to continue research and development toward
effective integration, packaging, and other neces-
sary technologies. Adding a wireless sensing mod-
ule to the back end while maintaining user comfort
requires further research and development. In addi-
tion, the packaging of hydrogel sensors in a biocom-
patible and durable material is essential to ensure
their stability and reliability in various environmen-
tal conditions.
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