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Recent advances in hydrogel-based flexible strain
sensors for harsh environment applications

Miaoyu Li,?® Jie Pu,® Qinghe Cao, ©° Wenbo Zhao,® Yong Gao,© Ting Meng,®
Jipeng Chen® and Cao Guan [ *a¢

Flexible strain sensors are broadly investigated in electronic skins and human—machine interaction due to
their light weight, high sensitivity, and wide sensing range. Hydrogels with unique three-dimensional
network structures are widely used in flexible strain sensors for their exceptional flexibility and
adaptability to mechanical deformation. However, hydrogels often suffer from damage, hardening, and
collapse under harsh conditions, such as extreme temperatures and humidity levels, which lead to
sensor performance degradation or even failure. In addition, the failure mechanism in extreme
environments remains unclear. In this review, the performance degradation and failure mechanism of
hydrogel flexible strain sensors under various harsh conditions are examined. Subsequently, strategies
towards the environmental tolerance of hydrogel flexible strain sensors are summarized. Finally, the
current challenges of hydrogel flexible strain sensors in harsh environments are discussed, along with

rsc.li/chemical-science

1. Introduction

Flexible electronics technology holds revolutionary significance
across various eras, including the information and artificial
intelligence era.*® In particular, wearable sensors converting
physical stimuli into electrical signals to monitor human states
and surrounding information, play a crucial role in developing
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potential directions for future development and applications.

the medical monitoring equipment, soft robotics, electronic
skins, and human-machine interaction.** Among them, flex-
ible strain sensors have garnered significant attention due to
their high sensitivity, wide strain sensing range, and fast
response time.”** Unlike conventional sensors that incorporate
rigid semiconductor chips and circuit boards, flexible strain
sensors can be bent, twisted, stretched, and compressed while
maintaining conductive paths under large and small deforma-
tions.">** Furthermore, flexible strain sensors address the
limitations of slow response times and non-portability associ-
ated with conventional rigid sensors. Additionally, they facili-
tate the detection of glucose™ and sweat," deoxyribonucleic
acid (DNA) analysis,'® etc., thereby driving a technological
revolution in next-generation sensors.'”**

Jie Pu is pursuing her PhD
degree at the Institute of Flexible
Electronics, Northwestern Poly-
technical University. She
received her BS in mineral pro-
cessing engineering from Chan-
gan University in 2017 and her
MS in materials science from
Northwestern Polytechnical
University in 2020. Her research
focuses  on  multifunctional
y fibrous devices, including Zn-ion
batteries, supercapacitors, and
sensors.

Jie Pu

Chem. Sci., 2024, 15, 17799-17822 | 17799


http://crossmark.crossref.org/dialog/?doi=10.1039/d4sc05295a&domain=pdf&date_stamp=2024-11-02
http://orcid.org/0000-0002-1926-3025
http://orcid.org/0000-0002-4468-7970
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc05295a
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC015043

Open Access Article. Published on 08 Okthoba 2024. Downloaded on 2/14/2026 7:41:11 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

Currently, research on flexible strain sensors focuses on
constructing efficient and stable conductive networks to
produce significant responses under minor external deforma-
tions." In recent years, conductive composite elastomers and
metal percolation networks have been commonly used to
fabricate flexible strain sensors.”?®** However, these sensors
often compromise wearing comfort due to their high mechan-
ical stiffness. Conductive hydrogels, as a typical wet-soft mate-
rial, exhibit significant potential for flexible electronics due to
their biomimetic structures, favorable mechanical properties,
and excellent biocompatibility.?»** Most conductive hydrogels
are fabricated by incorporating conductive fillers (such as
carbon nanotubes,* graphene,**> polymers, natural
fibers,**** and metal particles,****) into cross linked non-
conductive polymer matrices. The polymer matrix provides
stable three-dimension support, while conductive fillers
construct a conductive pathway.* When stretched, this pathway
converts mechanical deformations into electrical signals,
resulting in variations in resistance and conductivity. Therefore,
by altering the conductive fillers, cross-linkers, and intermo-
lecular interactions, the network structure, electrical properties,
and mechanical properties of hydrogels can be effectively tuned
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over a wide range.*>* Furthermore, designing and optimizing
a three dimensional network structure hydrogel sensor with
self-healing and adhesive properties can closely conform to the
skin surface, detecting subtle physiological signals and
enabling real-time monitoring of human conditions.*®
Although significant progress has been made in enhancing
the performance of hydrogel-based flexible strain sensors, their
practical application in extreme environments such as polar
regions, deserts, and deep seas is severely limited by the water
states within the hydrogel (Fig. 1). A comprehensive under-
standing of the challenges faced by hydrogel flexible strain
sensors under harsh conditions is crucial for developing
sensors capable of withstanding various extreme environmental
conditions (Fig. 2). For example, at extremely low temperatures,
the free water molecules within the hydrogel freeze and solidify,
causing a loss of flexibility and resulting in brittle deformation,
which degrades performance or leads to failure.*® In extremely
high-temperature environments, thermal expansion, deforma-
tion, and leakage of conductive fillers reduce sensing sensitivity
and cause signal drift.** Furthermore, rapid transitions between
high and low temperatures require exceptional environmental
adaptability to maintain performance. Additionally, high
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Fig.1 Schematic overview of hydrogel-based flexible strain sensorsin
harsh environment applications.

humidity causes strong interactions between water molecules
and hydrogen bonds, leading to swelling, short-circuiting of the
conductive network, and a reduction or loss of sensing perfor-
mance.** Conversely, in extremely dry environments, hydrogels

can experience structural collapse and damage due to water
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Fig.2 Schematic illustration of the challenges faced by hydrogel flexible strain sensors under harsh conditions, including (a
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loss. Finally, extreme mechanical stress and corrosive environ-
ments can severely impact the integrity and functionality of
hydrogel-based flexible strain sensors.*>**

This review focuses on the key challenges, current research
status, and future prospects of hydrogel flexible strain sensors
under harsh environmental conditions. First, we summarize the
key challenges faced by these sensors in extreme environments,
including freezing, water loss, swelling, cracking, and corrosion
due to extreme temperatures and humidity levels. Then, we
systematically discuss and review modification strategies, such
as improvement of hydrogel network structure, introduction of
functional additives, and interfacial modification. Finally, we
propose potential perspectives to accelerate the widespread use
of hydrogel-based flexible strain sensors. We hope this review
will provide valuable insights for researchers looking for novel
approaches to enhance the long-term stability and application
of hydrogel-based flexible strain sensors under harsh
conditions.

2. Extreme temperature conditions
2.1 Extremely low-temperature conditions

One principal concern for the extensive deployment of hydrogel
flexible strain sensors is their temperature tolerance. In
a previous study, the researchers proposed three different states
of water within a flexible strain sensor hydrogel. They are free
water, weakly bound water, and strongly bound water.*> Among
these, free water is the main component of the hydrogel
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network, whereas weakly bound water and strongly bound water
are present in much smaller quantities. At low temperatures,
free water primarily engages in hydrogen bonding and hardly
interacts with the polymer network of the hydrogel. Although
weakly bound and strongly bound water exhibit stronger
interactions with the hydrogel network that can effectively
inhibit ice crystal formation, their concentrations are too low to
prevent freezing.*® Consequently, the hydrogel network often
freezes at extremely low temperatures. As the quantity of free
water molecules decreases sharply, the rate of electron/ion
mobility within the hydrogel network is reduced, leading to
variations in resistance and slower reconstruction of reversible
dynamic bonds.”” Furthermore, the tunnelling effect is
constantly weakened due to the disruption of electron/ion
transport channels caused by the crystallization or phase tran-
sition of free water molecules. This leads to a reduction in the
number of conductive pathways and an increase in the spacing
between conduction particles, thereby causing a continuous
increase in resistance and degradation of the sensing
performance.***55*

To reduce or eliminate the impact of low-temperature
conditions and enhance the anti-freeze performance of the
hydrogel-based flexible strain sensor, various strategies have
been explored. Based on previous studies, researchers have
introduced soluble salts, polyol solutions, and ionic liquids into
the hydrogel network. These additives stabilize hydrogel
sensors at low temperatures by disrupting the hydrogen bonds
between water molecules within the hydrogel network and
enhancing the interactions between hydrogel networks.

2.1.1 Soluble salt modification strategies. Through intro-
ducing soluble salts, the hydrogen bonds between free water
molecules in the hydrogel network are reduced and replaced by
interactions between water and hydrated ions in the salt solu-
tion.* It can lower the freezing point by inhibiting the forma-
tion of ice crystals, ensuring the sensor is stable at low
temperatures. In addition, the introduction of soluble salts can
effectively enhance the electron/ion conductivity in the hydrogel
conductive network.”* Inspired by this, a hydrogel flexible
strain sensor that exhibits excellent conductivity and
outstanding anti-freezing properties has been developed by the
same strategy.>®>”

It is well-known that the Arctic and Antarctic ocean waters do
not freeze at extremely low temperatures.®® That should be
attributed mainly to the strong hydration effects caused by
complex media containing high concentrations of salt (NaCl)
and polyionic substrates.**® Inspired by this phenomen-
on,Wang and co-authors prepared a dual-network hydrophobic
association hydrogel (PAMD-NaCl) by suit thermally initiated
polymerization of sodium dodecyl sulfate (SDS), acrylamide
(AM), and divinylbenzene (DVB) in saturated sodium chloride
(NaCl) solution by using a one-step method (Fig. 3a).®* The
hydrogel shows excellent anti-freeze properties due to the
strong hydration effect between free water and NaCl
(Fig. 3b).*»** Furthermore, the NaCl environments inhibit
hydrophobic cross-linking and improve ionic conductivity
during hydrogel polymerization, resulting in soft hydrogels with
excellent feature resistance, and high sensor performance
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compared to a nonsaline environment at low temperatures
(Fig. 3c). The hydrogels exhibit excellent flexibility, stretch-
ability (10 200%), and desirable ion conductivity (106 mS cm ™)
even at extremely low temperatures. Based on their flexibility,
the hydrogels exhibit high sensitivity even in tiny motions.
Moreover, excellent freeze resistance can effectively reduce the
impact of low-temperature freezing on the adhesion of hydrogel
flexible strain sensors. Furthermore, the ionic conductivity of
the hydrogel sensor was effectively improved by adding FeCl; to
the hydrogel network. Meanwhile, the hydrogen bonding
between water molecules inhibits the formation of ice crystals
and promotes the application of hydrogel strain sensors at low
temperatures.**

Compared to the traditional method of adding salt to the
pre-gel precursor solution, the salt percolation strategy allows
high concentrations of salt to penetrate into the interior of the
hydrogel network through a concentration gradient and does
not hinder the polymerization of the hydrogel.** Based on this,
the hydrogel with a hybrid network structure (PAC-CGO)
consists of polyacrylamide and chitosan. The incorporation of
a high concentration of NaCl provides the (PAC-CGO-Na)
hydrogel with strong hydration, and the Na' and Cl~ ions not
only effectively enhanced the polymer structure and improved
conductivity but also endowed hydrogel networks with excellent
anti-freezing properties (Fig. 3g).**> Compared to hydrogel
networks without the introduction of NaCl, the PAC-CGO-Na
hydrogel can achieve no freezing at —56.8 °C (Fig. 3d).
Furthermore, sensing performance and flexibility are essential
indicators of hydrogel flexible strain sensors. The PAC-CGO-Na
hydrogel as a flexible strain sensor can be twisted and bent. In
a low-temperature environment, it has the advantages of high
sensitivity (gauge factor ~ 6.67), fast response (=120 ms), and
awide strain sensing range (0-1216%) (Fig. 3e and f). Moreover,
the strain sensor also exhibited excellent stability in cyclic
tensile measurements with a strain of 200%. Surprisingly, the
gauge factor (GF) of hydrogel-based flexible strain sensors
remains at a high retention value of over 90.0% with small or
large strains.

Moreover, Wu and co-authors obtained DN hydrogels with
carrageenan and polyacrylamide and soaked them in LiBr
solutions. The higher content of LiBr (10-50 wt%) lowers the
freezing point.*® In contrast to the previous studies, Li* and Br~
tend to form a stable cluster with several free water molecules to
reduce the number of hydrogen bonds to suppress ice crystal-
lization.*® Even at extremely low temperatures (—78.5 °C), the
hydrogel retains excellent softness and sensor performance.
The authors have introduced other salts (LiCl, MgCl,, and KCI)
that show a low freezing point, although higher than that of
LiBr. These results proved the correctness of the strategy to
improve the anti-freeze performance of the hydrogel by adding
soluble salts. Based on the above, the hydrogel flexible strain
sensors can detect a wide strain sensing range from 0.1 to 180%
at low temperatures. The low limit of detection enables
extremely high sensitivity at tiny stretches.

2.1.2 Polyol solvent modification strategies. With the
exception of lowering the freezing point of hydrogels by the
introduction of soluble salt solutions, polyol alcohol solvents

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Soluble salt modification strategies under extremely low temperature conditions. (a) Schematic diagram showing the manufacturing
process of the salt-containing PAMD—-NaCl anti-freeze hydrogel. (b) DSC trace of PAMD—-NaCl hydrogels. (c) Sensing properties of the PAMD -
NaCl anti-freeze hydrogel at 25 °C and —20 °C. Reproduced from ref. 61. Copyright 2023, The American Chemical Society. (d) DSC curve of the
PAC-CGOq>—Nagp 360 hydrogel (0.2 is the weight percentage of CGO (wt%), 90 is the incubation time (min) of the hydrogel immersed in the
NaCl solution, and 360 is the concentration of the NaCl solution (g L™, respectively). (€) Gauge factor of PAC-CGOq »—Nagg 360 hydrogels under
different strains. (f) Cyclic tensile tests (200%). (g) Schematic illustration of the fabrication process of the anti-freezing PAC-CGO-Na nano-
composite hydrogel. Reproduced from ref. 62. Copyright 2022, Elsevier.

have the same effect. The abundant hydrogen bonds between
polyol solvents and free water molecules in the hydrogel
network disrupt the formation of ice crystal lattices, thereby
lowering the freezing point at low temperature.*”*”"7° At present,
modification strategies involving the introduction of polyhydric
solvent (e.g., glycerol, ethylene glycol, etc.) have been success-
fully applied to prepare anti-freezing hydrogel flexible strain
sensors by direct addition or solvent replacement.”

For example, Sun and co-authors were inspired by catechol
to prepare organohydrogels (Ls—-Cu@WG-PHEAA) for use as
skin strain sensors. The polymerization of HEAA (N-hydrox-
yethyl acrylamide) in the glycerol-water binary phase was ach-
ieved by establishing an autocatalytic system with sodium
lignosulfonate and copper(un) ions (Ls-Cu®") (Fig. 4a),”* by
controlling the ratios of water (W,) to glycerol (G,) to improve
anti-freeze properties. By introducing non-crystallized glycerol
into the hydrogel network with water as the cosolvent, the
hydrogel exhibited no freezing point even at extremely low
temperatures (Fig. 4b and c). Additionally, a higher content of
glycerol creates a unique polyhydroxy structure that tends to
form intermolecular hydrogen bonds with water molecules and
the PHEAA chain, which disrupts the formation of crystal
lattices of ice crystals and inhibits the growth of ice crystals.
Furthermore, the increased intermolecular sacrificial bonds
between Ls-Cu®>*~-PHEAA chain glycerol form a strong physical
cross-linking. This can realize effective energy dissipation

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

during stretching and provide outstanding tolerance to high
compressive deformation.””® At low temperature (—20 °C), Ls-
Cu@WG-PHEAA hydrogel flexible strain sensors have relatively
high sensitivity, especially at large strains. The flexible strain
sensor exhibits highly sensitive sensing performance (a value of
AR/R, from 0 to 112%), when the different bending angles
increase from 0° to 90° (Fig. 4d). With a similar strategy, Liu and
co-authors proposed an interfacial engineering strategy in
which tannic acid (TA, containing a high density of hydroxyl
groups), encapsulated MXene to form a stable TA@MXene
nanostructure.” They introduced TA@MZXene into the poly
network (hydroxyethyl acrylate) (PHEA) in glycerol/water binary
solvent to obtain a hydrogel with excellent properties. The
introduction of glycine (Gly) contributed to the mechanical and
anti-freeze performances. The weaker hydrogen bond cross-
links with the polymer chain due to the introduction of glyc-
erol to adapt to large strains. This inhibited the formation of ice
crystals by forming hydrogen with water molecules. Even at low
temperatures (—40 °C), the hydrogel used for the strain sensor
exhibited large stretchability (>500%) with low hysteresis (<3%).
Other researchers have similarly enabled strain sensing under
extreme conditions (70 °C and —80 °C) by making hydrogels
electrically conductive and mechanically stable via water/
glycerol binary solvents.”

Compared to the direct-addition method, the solvent
replacement method does not require consideration of the

Chem. Sci., 2024, 15,17799-17822 | 17803
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Reproduced from ref. 67. Copyright 2019, Wiley-VCH.

impact of the added amount on the polymerization of hydro-
gels. The anti-freeze MXene nanocomposite hydrogel (MNOH)
was prepared by immersing the MXene nanocomposite hydro-
gel in an ethylene glycol (EG) solution to displace a portion of
the water molecules (Fig. 4e).*” The formation of hydrogen
bonds between water molecules and EG after solvent replace-
ment inhibits the formation of ice crystal lattices and enables
conductivity at low temperatures. Besides, the hydrogen bonds
endowed the hydrogel with excellent stretching (=980%, —40 °
C) (Fig. 4f and g). Surprisingly, the kinetic cross-linking between
PVA and tetrahydroxyboronic acid ions offers a dual effect that
the supramolecular interactions between EG, PVA, and MXene
provide them with excellent self-healing capabilities at sub-zero
temperatures. The flexible strain sensor was prepared by using
an MNOH hydrogel to monitor human activities with remark-
able sensitivity (GF ~ 44.85) and environmental tolerance over
awide strain sensing range (50-350% strain at —40 °C) (Fig. 4h).

2.1.3 Ionic liquid modification strategies. In previous
studies, an ionic liquid with excellent mobility and conductivity
consisting of organic cations and inorganic anions has received
much attention.”®*® Hydrogel flexible strain sensors have shown
that anion-cation pairs in ionic liquids can interact with
hydroxyl groups and water molecules of the hydrogel network,
respectively. The interaction between the cation and the
hydroxyl group is a non-covalent or m-electron interaction, and

17804 | Chem. Sci., 2024, 15, 17799-17822

the cation and hydroxyl hydrogen form a strong hydrogen bond.
With the introduction of ionic liquids into the hydrogel sensing
network, the formation of ice crystals is inhibited by the
formation of hydrogen bonds with free water molecules.
Meanwhile, ionic liquids composed of anions and cations can
construct an ion-rich hydrogel environment, which can
contribute to the improvement of ionic conductivity as well as
sensing properties of the hydrogel.**

To widen the application of ionic liquid modification strat-
egies in the direction of the anti-freeze hydrogel flexible strain
sensor, researchers have taken several measures. Dual network
hydrogels were prepared by using starch and polyvinyl alcohol
(PVA). The ratio of ionic liquid (JAMim]Cl)/glycol/water ternary
solvent system regulated the comprehensive performance of the
hydrogels (Fig. 5a).*' The hydrogel exhibits excellent tensile
mechanical and anti-freeze properties because the [AMim]" and
hydroxyl groups interact with non-covalent bonding, and strong
hydrogen bonds are formed between Cl- and hydroxyl
hydrogen. Due to the synergistic action of ionic liquids and EG,
hydrogen bonds are formed with water molecules to prevent ice
crystallization and lower the freezing point to —128.9 °C
(Fig. 5b). Besides, ionic liquids create an ion-rich environment
that enhances the ionic conductivity of the hydrogel at low
temperature (Fig. 5c) and disrupt bacterial cell membranes
through electrostatic interactions, endowing the hydrogel with

© 2024 The Author(s). Published by the Royal Society of Chemistry
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lonic liquid modification strategies under extremely low temperature conditions. (a) Schematic of the SAEP hydrogel (with starch, [AMim]

Cl, EG (ethylene glycol), and (PVA) polyvinyl alcohol). (b) DSC curves of hydrogels and the anti-freeze mechanism. (c) Conductivity of the SAEP
hydrogel at —80 °C (d) Relative resistance of the hydrogel under 0-1000% strain. (e) Sensing relative resistance changes of the SAEP hydrogel (at
a strain of 100%) at different temperatures (25 °C, 25 °C after 24 h, —20 °C, and —80 °C). Reproduced from ref. 81. Copyright 2023, Elsevier. (f)
Conductivity of the ionic hydrogel at —20, 0, and 25 °C. (g) Gauge factor of the anti-freezing ionic hydrogel strain sensor. (h) Schematic illus-
tration of the preparation process of the ionic hydrogel. (i) Resistance signal changes to elbow bending at —20 °C and 25 °C. (j) Monitoring the
relative resistance variations of swallowing using an anti-freezing hydrogel strain sensor. Reproduced from ref. 84. Copyright 2024, The

American Chemical Society.

antibacterial properties.®>** The excellent anti-freezing proper-
ties and sensitivity of these hydrogels enable them to be used as
flexible strain sensors for detecting body signals. The strain
sensor demonstrates exceptional sensitivity (GF ~ 0.99 to 3.28)
across a wide strain sensing range (below 55% to 650%-1000%)
(Fig. 5d). Moreover, the sensing performance is still stable at
extremely low temperatures compared to room temperature
(Fig. 5e). The hydrogels prepared by using an ionic liquid
modification strategy exhibit excellent performance when used
as flexible strain sensors due to the properties of ionic liquids.
Recently, Liu and co-authors prepared a hydrogel with a binary
solvent system of ionic liquid (1-ethyl-3-methylimidazolium
chloride, [EMIm]|Cl) and water (Fig. 5h).** First, the binary
solvent system exhibits the electrochemical properties of an
ionic liquid to ensure the ionic conductivity (0.28 S m ™" at 25 ©
C) of the hydrogel flexible strain sensor (Fig. 5f).*> Furthermore,
the hydrogen bonds between the polymer chain, water, and
ionic liquid could improve the comprehensive mechanical
properties of strain sensors. They exhibited excellent tensile
properties (strain > 1800%), durability (1000 times at 100%
strain), and satisfactory sensitivity (gauge factor ~ 2.15 at 200%
strain) (Fig. 5g). Finally, the hydrogen bonds between the ionic

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

liquid and water molecules hinder the formation of ice to lower
the freezing point, which ensured the stability of the sensor at
low temperatures (—20 °C). Furthermore, the sensor can accu-
rately recognize small deformations such as swallowing, and
has a wide application prospect (Fig. 5i and j).

2.1.4 Other modification strategies. The aforementioned
reports have demonstrated both the anti-freeze properties of
hydrogels and the environmental tolerance of hydrogel flexible
strain sensors. Other methods can also effectively prevent
freezing within the hydrogel network, enabling flexible strain
sensors to operate stably in extremely low-temperature envi-
ronments. For example, the anti-freezing performance of
hydrogel flexible strain sensors can be further enhanced
through the introduction of anti-freeze cross-linking agents.

Recently, Liu and co-authors developed a poly(hydroxyethyl-
L-glycol)-based polymer cross-linker (MC) and used it to improve
the properties of the hydrogel (Fig. 6a).*® Compared to tradi-
tional short-chain cross-linkers, MC features a long chain that
may change the network. When used in hydrogel based flexible
strain sensors, the polar groups (hydroxyl and amide groups) in
MC can form strong hydrogen bonds with water molecules,
thereby lowering the freezing point.*” An increased content of

Chem. Sci., 2024, 15,17799-17822 | 17805


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc05295a

Open Access Article. Published on 08 Okthoba 2024. Downloaded on 2/14/2026 7:41:11 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

PVA chains P(AAm/MAANa) «="% AFPs

e
¢ Chemical crosslinking \“

Hydrogen bonding

View Article Online

Review

b 7AsN8isisx C
[— AsNaMCq 50,
|— AsNoMC1e,

|—AsN2MC1 5%

|— AsNaMC2, A
<

100 200 300
Strain(%)

E E
low =

rapid

400 5

300 600 900
Time (s)

0 15 30 45 60

Time (s)
g h1oooo
| GF=2.1
8000 (0-40%)
s \
E \-161°c =
: 0y P
% P -é”'.' c g — GF=12.9
H 5 P — 4000 Moo (600-1000%)
——12.5 wi% AFPs
——sgx”"' 2000 GF=9.1
AFPs-PAM/PVA 205wk “‘" v: (200-600%)
(50wt%) )
— — 60 40 20 0 20 200 400 600 800 1000
. Sample temperature (*C) Strain (%)
1 10] —Bending wrist J 38 —eending finger 90°
£5(  upward =29 60°
S0 £18) 30
€5 Downward &3
= 10 20 30 40 50 g 36 9 12 15 18 21

Fig. 6 Other modification strategies under extremely low temperature conditions. (a) The fabrication process of the MC cross-linked hydrogel.
(b) DSC curve of anti-freeze hydrogels. (c) Gauge factor of the anti-freezing hydrogel at different strains. (d) Relative resistance change of the
hydrogel during consecutive loading—unloading tests at different strains (5, 20, 50, 100, and 200%). (e) Hydrogel strain sensors are used to
monitor finger binding at different speeds. Reproduced from ref. 86. Copyright 2021, The American Chemical Society. (f) Schematic illustration of
the preparation process of the MC-cross-linked hydrogels. (g) DSC curves of hydrogels with different AFPs contents. (h) AR/Rq and GF of
a hydrogel sensor over a wide range of 0-1000%. Resistance variations of the hydrogel: (i) bending the wrist and (j) bending a finger. Reproduced

from ref. 88. Copyright 2021, Elsevier.

MC (0.5-2 wt%) results in a lower freezing point (—25.9 to
~—75.9 °C) (Fig. 6b). Furthermore, the hydrogel exhibits high
sensitivity (GF ~ 1.81-2.55) in a wide range of strain (5-200%)
(Fig. 6c and d). When the finger bends at the same angle with
different rates, the sensor consistently obtains almost the same
value for AR/R,, confirming its stability (Fig. 6e).

In nature, many kinds of biocompatible materials can
effectively reduce hydrogel freezing points. Biocompatible anti-
freeze hydrogel strain sensors were constructed by integrating
natural fish anti-freeze proteins (AFPs) in a hydrogel network
consisting of a chemical cross-linker (acrylamide/sodium
methacrylate) and a physical cross-linker (polyvinyl alcohol)
(Fig. 6f).%® The anti-freeze proteins can adjust the ice crystalli-
zation process by selectively bonding to the surface of ice crys-
tals and can also interact with the hydrogel network or various
materials through non-covalent bonds benefiting from the
multiple amino acid groups.**® Overall, the ice growth pre-
vented by AFPs provided the anti-freeze properties of hydrogel
strain sensors, and the freezing point decreased with the
increased content of APFs (Fig. 6g). Surprisingly, the hydrogel
strain sensors with AFPs provide excellent sensitivity (GF ~ 2.1-
12.9) and fast response (0.17 s) in the field of wide strain
sensing (0.3-1000%) (Fig. 6h). The advantages of low hysteresis

17806 | Chem. Sci, 2024, 15, 17799-17822

and high durability enable monitoring of different human
movement states (Fig. 6i and j). Inspired by plants, Liu and co-
authors utilized amphoteric betaine hydrochloride (BH) with
hydrated lithium chloride (LiCl) to prepare an ionic co-hybrid
hydrogel (PBLL), which is used as a flexible strain sensor.”*
Due to the strong hydrophilicity of BH, the strong interaction
between BH and water prevents water molecules from arranging
in an orderly manner at low temperatures, thus preventing the
formation of ice crystals. At extremely low temperatures (—80 °
C), the PBLL flexible strain sensor exhibited high conductivity
(1.9 S m™') and rapid response and recovery times.

2.2 Extremely high-temperature conditions

In equatorial regions, maximum temperatures can reach 55 °C.
Although some of the issues faced by hydrogel flexible strain
sensors at low temperatures may be mitigated or solved at high
temperatures, new problems emerge. High temperatures can
alter the lattice structure and tunnelling distance, affecting the
sensor's resistance and potentially causing signal shifts or
instability.>**>** Additionally, elevated temperature affects
electron/ion mobility within the hydrogel network. The
increased collision frequency of electrons and ions in the
conductive network at high temperatures leads to higher

© 2024 The Author(s). Published by the Royal Society of Chemistry
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thermal kinetic energy, which in turn alters electron energy
levels and affects electron transitions.®

2.2.1 Salt and polyol solvent and hydrogel network modi-
fication strategies. Dehydration and thermal shock present
significant challenges for hydrogels at high temperatures. Using
soluble salt and polyol solutions, and modifying the hydrogel
networks, are effective strategies to reduce water loss. Similar to
the low-temperature modification strategy, the strong hydrogen
bonds formed between the polyol solvents and the water
molecules inhibit the evaporation of water molecules.”®
Additionally, the interaction between salt and water molecules
within the hydrogel network can further reduce water dissipa-
tion. Moreover, the dual-network structure of the hydrogel
limits the volatilization of free water molecules, enabling the
hydrogel-based flexible strain sensors to operate effectively at
high temperatures.

Most recently, Li and co-authors prepared an organic
hydrogel with excellent properties for flexible strain sensors by
mixing cellulose nanofibers (CNFs), tannic acid (TA), polyvinyl
alcohol (PVA), and NacCl in a water-glycerol (Gly) binary solvent
(Fig. 7a).® In the hydrogel network, improved mechanical
properties are attributed to the salting-out effect of NaCl on
chain entanglement. Under extreme temperature conditions,
the synergistic effect of sodium chloride (salt) and glycerol
effectively inhibits the evaporation and freezing of water
molecules within the hydrogel network. As a result, the hydrogel
retains its soft and moist characteristics when twisted at high
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temperatures, thereby significantly enhancing its sensing
performance (Fig. 7b). For practical applications, hydrogel
sensors exhibit excellent electrical conductivity (0.86 S m™'),
strain sensitivity (GF ~ 8.54), and stability under different
deformations (Fig. 7c and d). The sensor accurately detects
minor/major deformations, enabling the monitoring and
sensing of the human movement status, especially at extremely
high temperatures (60 °C) (Fig. 7e). Slightly differently, cross-
linked poly(acrylic acid-co-acrylamide) hydrogels (P(AA-co-Am))
with silica nanoparticles were prepared by photo-
polymerization.® The hydrogel achieved excellent comprehen-
sive performance after being immersed in calcium chloride
(CacCl,) solutions. This is attributed to the capability of Ca** ions
to bind with water, resulting in the formation of hydrated ions
that prevent the evaporation of water molecules at elevated
temperatures, consequently enhancing the ionic conductivity of
the hydrogel network.'® The strain sensor exhibits low hyster-
esis (<7% at 400% strain), high durability, and cycle stability (10
000 cycles at 100% strain). Additionally, the sensor exhibits
a remarkable ability to precisely recognize and categorize 15
sign language gestures, thereby enabling their integration and
utilization within the advanced domain of human-computer
interaction technologies. A dual-network organohydrogel was
prepared based on hyaluronic acid and polyacrylic acid-acryl-
amide for multifunctional strain sensors by introducing glyc-
erol into the organohydrogel network via a solvent substitution
strategy.'* Due to the water-locking effect of glycerol and the
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Fig. 7 Salt and polyol solvent and hydrogel network modification strategies under extremely high temperature conditions. (a) Schematic
illustration of the fabrication process of the PVA/CNF/TA/Gly/NaCl hydrogels. (b) Organic-hydrogels in different environments (24 h). (c) Relative
resistance of the sensor at different tensile strains. (d) Relative resistance changes at different strains. (e) Monitoring the relative resistance
changes of finger movement signals after 12 h at 60 °C. Reproduced from ref. 98. Copyright 2022, Springer. (f) Schematic diagram of the DN
organic hydrogels. (g) Resistance changes of the hydrogel of the flexible strain sensor under 100% strain at different temperatures (-18 °C, 25 °C,
40 °C, and 80 °C). (h) Resistance changes in the hydrogel during cyclic stretch-flexion of the wrist joint. Reproduced from ref. 102. Copyright

2021, Elsevier.
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tough polymer backbone, the resulting organohydrogel exhibits
stable stretchability and temperature tolerance, enabling stable
operation over the range of —30 to 60 °C. In addition, it has
excellent flexibility and stable electrical conductivity.

Apart from the established methods, stable operation of
hydrogel flexible strain sensors at high temperatures can also be
achieved via dual-network (DN) hydrogel construction. A binary
solvent of potassium chloride and glycerol-water was intro-
duced into the DN hydrogels polymerized using glutaraldehyde
cross-linked polyvinyl alcohol (PVA-GA) and poly(acrylic acid-
co-acrylamide) (P(AA-co-Am)) (Fig. 7f)."*> During the cross-
linking process of the dual network, glycerol easily forms
hydrogen bonds with the polymer chains, thereby inducing
physical cross-linking.'*® Glycerol can form hydrogen bonds
with water molecules, effectively inhibiting the evaporation of
water molecules at high temperatures.’* Furthermore, the
interactions between physical and chemical cross-linking in DN
networks exhibit a stabilized storage modulus (G') across a wide
range of temperatures (from —20 °C to 100 °C). The flexible
strain sensor utilizing the DN hydrogel has outstanding
temperature tolerance (from —18 to 80 °C), high stretchability
(>2000%), stability (in different temperature environments),
and sensitivity, making it ideal for applications in monitoring
human motions. Stable sensing performance and high sensi-
tivity enable accurate feedback on movements such as wrist
bending, thereby contributing to the widespread application of
sensors under high-temperature conditions (Fig. 7g and h).

2.2.2 Other modification strategies. Complete surface
exposure and weak interactions within hydrogel networks
primarily contribute to water loss at high temperatures. Due to
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the lack of interaction between the free water molecules and the
polymers in the hydrogel network, the water molecules are
released into the environment unprotected at high temperatures.

From this perspective, the coating strategy effectively
prevents direct exposure of the hydrogel to air and mitigates the
rate of moisture loss. Lu and co-authors prepared a multilayer
structured flexible strain sensor with an inner layer of ionic
hydrogel (S-PAM). This layer was composed of a semi-
interpenetrating network created with sodium carboxymethyl
cellulose (CMC), lithium chloride (LiCl), and polyacrylamide
(PAM) (Fig. 8a). In the inner layer of the hydrogel network,
strong bonds between water molecules and Li* and Cl~ ions are
difficult to disrupt, effectively inhibiting water evaporation at
elevated temperatures. The outer layer was fully encapsulated
with polydimethylsiloxane (PDMS).'* The sialon groups on the
silane coupling agent condense between the inner hydrogel and
the outer elastomer to form a siloxane bond. This bond
enhances the adhesion between the inner and outer interfaces
while also providing the sensors with excellent mechanical
properties and water retention at high temperatures. The strain
sensors constructed from a hybrid of hydrogels and elastomers
demonstrate high sensitivity (gauge factor ~ 3.8) over a wide
temperature range (—20 °C to 60 °C) (Fig. 8b and c). Similarly,
an encapsulated hydrogel with superior water retention prop-
erties was developed through a double-layer hydrophobic
coating. This coating incorporates (3-aminopropyl)triethox-
ysilane as a chemical binder, thereby facilitating the stable
operation of hydrogel strain sensors at elevated temperatures.*®

In addition to the aforementioned modification strategies,
doping can effectively alter the internal network structure of the
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Monitoring the relative resistance changes of leg movement. Reproduced from ref. 107. Copyright 2021, Royal Society of Chemistry.
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hydrogel, thereby enhancing its temperature tolerance.
Reduced graphene oxide (RGO) and graphene oxide (GO)
nanosheets were incorporated into porous, physically cross-
linked polyvinyl alcohol (PVA) hydrogel networks using
a dimethyl sulfoxide (DMSO)/water binary solvent system
(Fig. 8d).*” The interaction of DMSO with polymer chains in the
hydrogel network and the strong interaction between GO and
PVA chains established a more intact hydrogel network to
confer long-term environmental stability. The honeycomb-like
micro-network structure and the uniformly dispersed conduc-
tive fillers (GO/RGO), which are rich in functional groups,
confer the hydrogel network with exceptional stretchability
(3.1 MPa at 600% strain) and excellent conductivity. Hydrogels
as multifunctional sensors exhibit excellent sensitivity in a wide
temperature range (from —30 °C to 60 °C) to monitor physio-
logical signals (Fig. 8e).

3. Extreme humidity conditions
3.1 Extremely high humidity conditions

In high humidity areas, the hydrophilic groups of the polymer
in the hydrogel network absorb water from the environment
and swell. Swelling phenomena compromise the integrity of the
network structure, degrade mechanical properties, and lead to
distortion or interruption of sensor signals.'*®*''* Moreover,
a concentration gradient develops between the conductive
network of the hydrogel sensor and the high-humidity envi-
ronment. In a high humidity environment, the electrons/ions in
the hydrogel network can leak by diffusion across the interface,
which leads to short-circuiting of the conductive network in the
sensor. !>

3.1.1 Hydrophobic network modification strategies. By
introducing hydrophobic chains and grafting hydrophobic
groups onto the hydrophilic backbone, hydrophobic networks
are formed through electrostatic synergy facilitated by hydro-
phobic interactions."*'* By this means, the interfacial migra-
tion of water molecules between the internal network of
hydrogel flexible strain sensors and the external high humidity
environment can be effectively blocked. Consequently, it
enhances the swelling resistance and mechanical properties of
the hydrogel under high humidity conditions."*

For example, hydrogels with a dense hydrophobic network
structure were developed through hydrophobic and electro-
static interactions between the cationic surfactant N-hexa-
decyltrimethylammonium chloride (CTAC) and poly(acrylate-
methacrylate octadecyl ester) [P(AA-SMA)], as well as double
cross-linking and incorporation of CMC-Na (Fig. 9a)."° In the
hydrogel network, the hydrophobic long-chain alkyl groups in
CTAC interact electrostatically with the -COO groups on the
P(AA-SMA) chain, serving as cross-linking points that effectively
enhance the anti-swelling properties.””*** Additionally, the
hydrophobic SMA was grafted onto the hydrophilic PAA chain to
form a double cross-linked network, thereby increasing the
cross-link density and enhancing resistance to swelling.
Notably, the mechanical properties remained exceptional after
immersion in water for 7 days (Fig. 9b). Furthermore, the
hydrogel exhibited outstanding anti-swelling properties across

© 2024 The Author(s). Published by the Royal Society of Chemistry
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various liquid environments (Fig. 9c). The hydrogel was fabri-
cated into flexible strain sensors that exhibit high sensitivity in
the wide range of 0-400% (GF ~ 1.55-5.03). Moreover, hydro-
phobic interfaces can disrupt the hydrated layer on the surface
of hydrogels, facilitating the formation of strong connections
between the target interfaces. Thus, hydrogels are well-suited
for real-time underwater sensing applications (Fig. 9d and e).
Similarly, based on the principle that myristyl methacrylate
forms hydrophobic chain segments through electrostatic
interactions  within  cetyltrimethylammonium  bromide
micelles, Du and co-authors fabricated hydrogels exhibiting
enhanced anti-swelling properties (Fig. 9f)."** Additionally, the
entanglement of chitosan chains within the hydrogel network,
combined with electrostatic interactions, endows excellent anti-
swelling and mechanical properties to the hydrogels by forming
robust hydrogen bonds with phytic acid. In hydrogel networks,
hydrophilic-hydrophobic copolymers with non-uniform hydro-
phobic structures can locally adsorb water. Meanwhile,
dynamic hydrophobic association (HA) induced by electrostatic
interactions can effectively modulate the hydrophobic struc-
tural domains, thereby inhibiting water penetration."* The
hydrogel exhibited negligible swelling after 15 days of immer-
sion in water (Fig. 9g). The well-ordered hydrophobic structure,
achieved through electrostatic interactions, afforded hydrogel
high elongation (1500%) and exceptional elastic recovery
behavior (elastic recovery up to 95%). Underwater, the hydrogel-
based flexible strain sensors exhibit excellent sensitivity (gauge
factor ~ 1.45) over a strain range of 0-500% (Fig. 9h and i).
These sensors, prepared from the hydrogel, are employed for
monitoring human signals. The distinct step signals corre-
sponding to finger bending, as illustrated in Fig. 9j, enable
practical applications in underwater signaling and sensing.

Hydrogels with fully hydrophobic structures can be achieved
for flexible strain sensing by polymerizing hydrophobic mono-
mers (tert-butyl acrylate, t-BuA) within hydrophobic ionic
liquids  (1-butyl-3-methylimidazolium bis(trifluoromethane
sulfonyl)imide, [BMIm]TFSI).*”* In liquid environments, a dense
hydrophobic interface is formed by the aggregation of hydro-
phobic polymers within the hydrogel network. This structure
effectively blocks the cross-interface diffusion of water mole-
cules, thereby realizing the anti-swelling function of ionic liquid
gels. Consequently, these hydrogels enhance the range of
applications for flexible strain sensors, particularly for high-
humidity sensing.

3.1.2 Other modification strategies. In order to improve the
stability of hydrogel-based sensors working in high humidity
environments, the cross-linking density of the hydrogel can be
increased by incorporating additional cross-linking interac-
tions. In addition, the cross-linking density and underwater
stability of hydrogels are similarly improved through other
interactions, such as metal coordination, chain entanglement,
and the formation of microcrystalline domains. These strate-
gies enable the stable operation of hydrogel-based flexible
strain sensors in high-humidity or water environments.

To resist the swelling behavior of hydrogels used as flexible
strain sensors in high humidity environments, Sun and co-
authors developed an excellent anti-swelling hydrogel (PAM-
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ALG-PPy) by incorporating hydrogen, coordination bonds, and
cation-7 interactions (Fig. 10a)."** The multi-network hydrogel
was synthesized via a two-step polymerization process,
comprising the free radical polymerization of a pristine solution
of acrylamide (AM) and sodium alginate (ALG), followed by the
in situ polymerization of pyrrole (Py) within the hydrogel
network. Hydrogels with significant tensile strength properties
(1.63 MPa) and elongation at break (453%) were synthesized
using a supramolecular strategy. As a flexible strain sensor, the
hydrogel exhibits high conductivity (2.16 S m™"), a wide strain
sensing range (0-400%), and exceptional sensitivity (gauge
factor ~ 4.1). The flexible strain sensors exhibit outstanding
resistance to swelling, with the hydrogels maintaining virtually
unchanged dimensions after 20 days of immersion in deionized
water and seawater. These properties enable the sensor to
facilitate real-time monitoring of underwater motion and
communication (Fig. 10b and c).

In addition to exploiting the metal ion coordination within
the hydrogel network to achieve anti-swelling properties, an
anti-swelling hydrogel flexible strain sensor was fabricated by
polymerizing [2-(methacryloyloxy)ethyl]dimethyl-(3-sulfo-
propyl)Jammonium hydroxide (SBMA) and 2-hydroxyethyl
methacrylate (HEMA) copolymer networks into polyvinyl
alcohol (PVA) microcrystalline domains (Fig. 10d).”** The
formation of PVA microcrystalline domains was promoted by
a freezing/thawing treatment, which provided cross-linking
bonds for the amorphous hydrogel network, thereby
enhancing the mechanical strength of the hydrogel.*** The
incorporation of the amphiphilic ion SBMA creates ion migra-
tion channels that facilitate bulk ion transport, enhancing
conductivity. Specifically, hydrochloric acid protonates the
negatively charged SO;~ groups in SBMA, resulting in electro-
static repulsion between cations and the elimination of water
molecules. This reduction in osmotic pressure improves the
anti-swelling properties of the hydrogel. As an underwater
strain sensor, the hydrogel exhibits negligible swelling even
when immersed in water or seawater. The sensitivity (gauge
factors ~ 1.434, 2.448, and 3.356) remains satisfactory over
a wide strain sensing range (0-100%, 100-200%, and 200-
300%), even during immersion in water or seawater (Fig. 10e).
Moreover, when subjected to loading and unloading, the sensor
exhibits notably short response (130 ms) and recovery times
(200 ms).

After 1000 cycles under 50% strain, the hydrogel sensor
exhibited zero degradation. Based on the above properties, the
sensor is used to recognize different ranges of strain, including
head raising, arm swinging, and finger bending, facilitating
real-time motion monitoring in underwater environments

(Fig. 10f).

3.2 Extremely dry conditions

The water molecules can easily evaporate from the hydrogel
network under extremely dry conditions. The hydrogel network
does not retain enough strongly bound water to sustain its wet-
soft properties, resulting in diminished flexibility of the strain

sensor.'*® Furthermore, the evaporation of water molecules

© 2024 The Author(s). Published by the Royal Society of Chemistry
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results in a depletion of charge carriers within the hydrogel
network>*® The deterioration in the conductivity of the
hydrogel network leads to a subsequent degradation in sensing
performance.

In order to solve the above problems, the content of free
water in the hydrogel network can be reduced or locked. An anti-
drying hydrogel (SPGLH) was developed by using the synergistic
water retention effect of glycerol and lithium chloride
(Fig. 11a)."* In the hydrogel network, Li* ions formed hydrated
complexes, while glycerol established hydrogen bonds with
water molecules, resulting in physical entanglement of the
polymer.°”**>73 In addition, the introduction of LiCl contrib-
uted to the conductivity of SPGLH (Fig. 11b). Compared to the
unmodified hydrogel sensors, the SPGLH sensor retained
stretchability and adhesion due to excellent anti-drying prop-
erties when left at 22 °C/11% RH for 1 h (Fig. 11c). It can operate
continuously for 40 hours at 20% relative humidity and main-
tains stable sensing capability at different humidity levels (10-
70% RH) as a flexible strain sensor. Flexible strain sensors are
capable of monitoring daily human body movements and
enabling human-computer interactions to address real-time
sensing requirements. Similarly, the hydrogels with anti-
swelling properties were synthesized by homogeneously
dispersing the nanofillers TA@HAP NWS, AICI; and PVA in
a binary solvent of ethylene glycol (EG) and water (W)."** The
binary system of EG and water mitigates the evaporation of
water in dry environments. The fabrication of flexible strain
sensors with a wide linear sensing range (350%) and high
sensitivity (GF ~ 2.84) by using hydrogels is an essential
contribution to the future of multifunctional ionic hydrogel
sensors.

Furthermore, coatings as protection layers on the hydrogel
surface can prevent water evaporation from the hydrogel
network, thereby physically mitigating water loss and
enhancing water retention properties.’** The hydrophobic
hydrogels (C-PAM) were fabricated by coating the surface of
micelle-crosslinked polyacrylamide (PAM) hydrogels with a pol-
y(butyl acrylate) emulsion (Fig. 11d).**” The coatings formed
a dense hydrophobic layer on the surface of the hydrogel, which
largely hindered the diffusion of water molecules in the porous
structure of the hydrogel (Fig. 11e)."**'*° Excellent anti-drying
properties are evidenced by a weight retention of 84 £ 0.45%
even after 7 days at room temperature. A highly stable AR/R, was
observed at 100% tensile strain before drying and after 7 days of
drying under 100 cycles of continuous cyclic loading, which
shows the potential for long-term applications (Fig. 11f).
Surprisingly, the dynamic micellar cross-linking in hydrogel
networks provided an extremely high working range (elongation
at break over 5000%). In practical applications, the sensor
exhibits high application potential with the advantages of rapid,
accurate, and repeatable detection of human motion.

4. Other extreme conditions
4.1 Extreme mechanical strength conditions

One principal factor for the extensive deployment of hydrogel
flexible strain sensors is their mechanical strength. High
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mechanical stress can cause deformation and cracking of the
flexible substrate of the sensor, as well as insufficient bonding
at the interface between the flexible substrate and the conduc-
tive material, leading to slippage.**®*** Under high mechanical
stretch conditions, hydrogel strain sensors suffer from hyster-
esis due to the irreversible energy dissipation of viscoelastic
elastomers.”**'* The resistance change dominated by the
tunnelling effect leads to a signal drift hysteresis. As the tensile
strain increases, the conductive particles become more widely
separated, thereby reducing the number of effective conductive
pathways and ultimately leading to sensor failure.*** In addi-
tion, continuous loading-unloading of the stresses applied to
the flexible strain sensors and cracks along the perpendicular
direction of stretching lead to irreversible cracking of the
interconnections between the conductive lamellae, which
results in a complete disruption of the conductive pathway.**>'4¢

4.1.1 DN hydrogel modification strategies. DN (dual
network) hydrogels exhibit higher toughness and strength
compared to traditional single network hydrogels. DN hydro-
gels can effectively transfer stress and dissipate capacity within
their network. Typically, the first network is rigid, tough, and
strong, comprising long chains with high covalent cross-
linking, while the second network is soft and flexible, consist-
ing of short chains with physical cross-links.**”*** Such struc-
tures are able to reduce the effect of mechanical stress on the
sensing performance of hydrogels by internal network synergies
during external stress.

17812 | Chem. Sci., 2024, 15, 17799-17822

Most recently, a dual-network hydrogel was constructed by
introducing a rigid cellulose/Zn>*/Ca®>" network into a flexible
polyvinyl alcohol (PVA)/borax network (Fig. 12a).'* Among
them, PVA/borax hydrogels are synthesized by the formation of
dynamic borate bonds between borate ions and two diol units,
which have high stretchability.’****> The entanglement of flex-
ible and rigid networks is achieved by adjusting the cross-link
density of the hydrogel network. The interaction between the
rigid and flexible networks generates an additional energy
dissipation mechanism to improve the stretching resistance of
the hydrogel further (Fig. 12b).****** Furthermore, the coordi-
nation of metal ions with tetrahedral borate ions, B(OH)*",
provides the hydrogel with conductivity.” The hydrogel was
assembled as a strain sensor, and demonstrates high sensor
sensitivity (GF ~ 0.7-1.04) over a wide strain sensing range (0-
600%) and stability under multiple tensile cycling conditions
(Fig. 12d). Moreover, it demonstrated a reasonable corre-
sponding response time (124 ms) and recovery time (187 ms)
during the sensing process. The assembled hydrogel sensors
can be used for long-term real-time signal monitoring of
different human motions. For example, the electrical signals are
regularly reproducible at different angles of knee bending
(Fig. 12¢).

Similarly, highly stretchable MXene composite dual-network
hydrogels were synthesized by introducing electrically conduc-
tive MXene nanosheets into polyacrylamide (PAM) and sodium
alginate (SA) hydrogel networks (Fig. 12e).**® The high electrical
conductivity and sensitivity of hydrogels are attributed to the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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formation of a three-dimensional conductive network structure,
which is facilitated by the uniform distribution of hydrophilic
MXene nanosheets. Meanwhile, the supramolecular interac-
tions between the dual-network matrices improved the
mechanical properties of the hydrogels effectively, which
resulted in excellent tensile properties (2000%) and tensile
cycling stability. In a high mechanical stretching environment,
chemical bonds within the brittle network fall victim to energy
depletion. The interpenetrating ductile network imparts excel-
lent tensile properties to the hydrogel, which overcomes the
lack of tensile properties of single network hydrogels
(Fig. 12f)."*” The hydrogel was assembled as a flexible strain
sensor, and the GF values are 0.81 and 1.4 when the strain is in
the range of 0-100% and 100-2000%, respectively. Moreover,
the relative resistance of the hydrogel sensor increased signifi-
cantly with strain and immediately decreased upon release.
This provided fast response (0.75 s) and recovery (0.81 s)
performance. The excellent durability of the strain sensor is
exhibited by loading and unloading 300 times at 50% tensile
strain with the relative resistance value remaining stable. The
flexible strain sensors based on double-network structure
hydrogels are enabled to monitor the human body movement in
real-time, thereby significantly enhancing the potential for
these sensing devices in health monitoring applications.

Dual network (DN) hydrogels consisting of (sodium alginate-
Zn) SA-Zn and P(AA-AM) (acroleic acid-acrylamide) were
prepared by a one-step redox reaction method to improve the
mechanical properties, and graphene oxide (GO) was modified

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

by using polydopamine@silver nanoparticles (PDA@Ag) to
improve the sensitivity.**®**® In addition, the construction of the
dual network has endowed the hydrogel network with high
stretchability for continuous strain sensing. The GO/PDA@Ag/
SA-Zn hydrogel strain sensor was prepared with an ultra-low
strain detection limit (0.1%), a good gauge factor (GF ~ 8.29),
and high stretchability (600%). Based on the above character-
istics, hydrogel strain sensors can be used for continuous
monitoring of full-size human body movements, and can be
used as a speech interface to recognize the ten types of
commonly used words (with 100% accuracy).

4.1.2 Metal ion modification strategies. Stable coordina-
tion bonds form due to the coordination interaction between
metal ions (Ca**, Cu®', Fe*', etc.) and functional groups (-
COOH, -OH, etc.) in the hydrogel network.'® Compared to
hydrogen bonds, metal ion coordination typically exhibits
greater binding strength. Hydrogels modified through metal
ion coordination have enhanced mechanical strength, while
stretching properties are not affected.’® Meanwhile, the
concentration of metal ions significantly affects the conduc-
tivity of the hydrogel, thereby enhancing the performance of
flexible strain sensors.

Compared to dual network hydrogels, the acid-induced
cross-linking of metal ions within the hydrogel network gener-
ates sacrificial ionic bonds that possess energy-dissipating
capabilities. Additionally, the acid facilitates the uniform
release and distribution of calcium ions, which endows the
hydrogel with enhanced mechanical tensile properties. Besides,

Chem. Sci., 2024, 15, 17799-17822 | 17813
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Fig. 13 Metal ion modification strategies under extreme mechanical strength conditions. (a) Schematic diagram of acid-triggered Ca®* release
and SA network cross-linking. (b) Relative resistance changes to tensile strain in Ca®*/SA/PAM—-DN hydrogels. Reproduced from ref. 162.
Copyright 2023, Royal Society of Chemistry. (c) Schematic illustration of the fabrication of the PSM—-DN hydrogels. (d) Relative resistance change
of the PSM-Ca?* hydrogel based on minor strain. (e) Resistance changes of the PSM—Ca?* hydrogel strain sensor for swallowing movements. (f)
Relative resistance change of the PSM—Ca?* hydrogel based on large strain and GF. Reproduced from ref. 163. Copyright 2023, The American

Chemical Society.

with optimum calcium ion concentration, larger cross-link
density and smaller pores can effectively avoid stress concen-
tration and crack extension. Thus, hydrogels with strong
mechanical properties were obtained by introducing Ca>* into
sodium alginate/polyacrylamide hydrogels and using acid-
induced homogeneous release of calcium ions (Fig. 13a).'*
The utilization of hydrogels for flexible sensors provided a wide
strain sensing range (0.03-1800%), fast response time (~0.02 s),
high sensitivity (GF ~ 8.9), and durability (500 cycles at a strain
of 50%) (Fig. 13b). Hydrogel-based flexible strain sensors can be
utilized to monitor both human movement and mouse
activities.

In order to develop hydrogels with higher sensitivity and
excellent mechanical properties, a strategy to improve the
mechanical strength of MXene-based dual-network hydrogels
through metal ion coordination effects was proposed. In the
dual-network hydrogel, MXene nanosheets provide high
conductivity, while the strong coordination bonds between
metal ions (Ca**) and sodium alginate (SA) construct the
secondary network (Fig. 13c).'*® During the process of stretch-
ing, the metal ionic ligand bonds act as energy dissipating
sacrificial bonds and the metal-ligand covalent bonds and
MXene nanosheets work together to inhibit the inter-sliding
between the entangled molecular chains in the hydrogel.
Furthermore, the hydrogen-bonded coordination and covalent
bonding in the hydrogel network contribute to the molecules
recovering to their original state, which significantly improves
the durability of the hydrogel. The hydrogel was utilized to

17814 | Chem. Sci, 2024, 15, 17799-17822

fabricate multifunctional sensors, which demonstrated high
sensitivity to minor and major strains. Within small strain
ranges, the sensor maintains stable signals even under repeated
stretching, thereby enabling precise detection and monitoring
of human swallowing movements (Fig. 13d and e). Moreover,
the resistance value of hydrogel strain sensors exhibited almost
no variation during the continuous tensile cycle test (400 cycles)
at 90% strain, which indicated the stability and durability of the
sensor (Fig. 13f). Wu and co-authors designed a bilayer-
structured polyacrylamide-acrylic acid/Zr** (P(AAm-co-AAc)/
Zr*") hydrogel with a sandwich pattern made of liquid metal
(LM). The moderate water content of the hydrogel matrix is
controlled by using carboxyl-Zr** coordination bonds. It makes
the flexible strain sensor highly sensitive and adaptable to high
mechanical stretching.'**

4.1.3 Other modification strategies. The aforementioned
modification strategies effectively enhance the strength and
toughness of the hydrogel network, thereby significantly
widening their application in flexible strain sensors. Further-
more, the mechanical and sensing properties of hydrogel flex-
ible strain sensors can be improved through the construction of
semi/interpenetrating networks, nanocomposite hydrogels, and
research leveraging the Hofmeister effect, which enable better
adaptation to external stimuli and more timely responses.

Conventional  hydrogels  typically  exhibit = mono-
functionalization and fragile mechanical properties. The semi-
interpenetrating network structure of a hydrogel with multiple
cross-linking points was constructed by using carboxymethyl

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

cellulose (CMC) with rigid chains and polyacrylic acid (PAA)
with flexible chains, which conferred the hydrogel with excel-
lent mechanical stretching properties (Fig. 14a).'*® The chem-
ical cross-linking of the polyacrylic acid molecular chain with
AI*" leads to metal coordination interaction, which forms
multiple cross-linking points. This synergy enhances the
conductivity of both electrons and ions, endowing the hydrogel
with excellent conductivity (40.1 mS cm™ '), sensitivity (GF ~
3.81), and mechanical stretchability (Fig. 14b). During the
stretching process, the carboxymethylcellulose network with
rigid chains may undergo internal fracturing, thereby shielding
the polyacrylic acid flexible network from damage by reducing
stress concentration. This mechanism provides the hydrogel
with remarkable tensile properties (1904%) and toughness
(1109.8 k] m?). The interaction fatigue test was performed with
200 loading-unloading cycles at 50% strain. After the cycles,
AR/R, remained almost unchanged, demonstrating the excel-
lent stability and durability of the hydrogel sensor (Fig. 14d). In
addition, non-covalent interactions such as hydrogen bonding,
metal coordination, hydrophobic interactions, and -7 stack-
ing exist between the hydrogel and the object surfaces, ensuring
excellent adhesion of the flexible strain sensors under high

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

mechanical stretching conditions. Based on the above proper-
ties, hydrogels used to prepare the strain sensors can be used
for real-time monitoring of small muscle changes, information
recognition, and transmission. Based on the above character-
istics, the strain sensors prepared by using hydrogels can be
used not only for real-time monitoring of small changes in
muscles, but also for information identification and trans-
mission. Wearable devices for personalized health monitoring
and information encryption have a wide range of applications
(Fig. 14c).

Compared to biomaterials, achieving a balance between
strength and fatigue resistance is challenging due to the rela-
tively low mechanical properties of hydrogels. To address this
challenge, mechanically tunable hydrogels with excellent
mechanical properties and electrical conductivity were fabri-
cated by synergistically inducing the conformational modifica-
tion of the molecular chains using solvent exchange and the
Hofmeister effect (Fig. 14e).’*® In the hydrogel network, the
Hofmeister effect (salting-out effect) can trigger aggregation
and rearrangement of PVA chains. In addition, the cooperative
action of the salting-out effect through the entanglement of
polymer chains induces increased crystallinity, which leads to

Chem. Sci., 2024, 15, 17799-17822 | 17815
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the formation of a dense polymer network with a physically
cross-linked microcrystalline structure to improve the
mechanical stretching properties of hydrogels.”” The applica-
tion of hydrogels in flexible strain sensors leads to excellent
overall mechanical properties with a superior stretchability of
1252.3 + 116%, an extraordinarily high strength of 26.4 +
1.6 MPa, and high sensitivity (GF ~ 0.95) under 150% strain
(Fig. 14f and g). The sensors enable real-time monitoring of
human motion (nodding, lifting, bending of the wrist, etc.) and
can also serve as sensing elements for human-computer
interaction.

Nanocomposites are a typical functional material. The
formation of hydrogels has the function of physical or chemical
cross-linking agent, which endows the hydrogel with excellent
mechanical as well as electrical conductivity.***'*® Under high
tensile strain, the nanomaterials efficiently transfer and relieve
the loads, which endows the hydrogel with higher fracture
strength, elongation, and compressive strain. The core-shell
hybridized nanoparticle SiO,-g-PAAM (PAAc (polymer acrylic
acid) matrix and the PAAm (polymer acrylamide) chains grafted
onto the SiO, core were used as physical cross-linking agent
centers. The dense dynamic hydrogen bonding between the
PAAm ectodomain and the PAAc matrix can enable reversible
destruction and reconstruction, de-dissipating large amounts of
energy, and can also confer hydrogel flexibility and self-healing
properties (Fig. 14h). Due to these unique properties, hydrogels
exhibit excellent stretchability (1600%) and self-healing capa-
bilities. The sensors fabricated with the prepared hydrogels
exhibited high sensitivity (GF ~ 5.86) in the strain range of 50%
to 500%. Based on the excellent performance, the sensors can
be used to monitor a wide range of strains in human movement
(e.g., basketball shooting).'”® This research provides a reference
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for hydrogel sensors with excellent tensile and sensing prop-
erties (Fig. 14i).

4.2 Strong corrosion conditions

Hydrogel flexible strain sensors often fail to maintain structural
integrity in strongly corrosive environments, as highly corrosive
solvents typically cause swelling of the polymer matrix and
weaken the interactions between molecular chains.'”"'”> For
example, strong acidic solvents can break the hydrogen bonds
in hydrogels that rely on physical cross-linking leading to the
decomposition of the matrix material."”* This degradation can
erode the conductive network, potentially affecting or altering
the electron/ion transport process.””* Furthermore, the perfor-
mance of flexible strain sensing is compromised due to
increased swelling and loss of mechanical properties in such
corrosive environments.'”®

To address this issue, the swelling resistance of hydrogels in
strong corrosive solutions was effectively improved by intro-
ducing strong chemical bonds and graphene oxide (GO) nano-
layers. In addition, the chemical functionalization was
effectively promoted by GO surface functional groups, which
further improved the corrosion inhibition and mechanical
stretching properties of the hydrogel (Fig. 15a).'7¢'”® The
hydrogels were immersed in different polar liquids and
exhibited excellent anti-swelling behavior in most solutions
(Fig. 15b)."” Flexible strain sensors prepared from hydrogels
maintain structural integrity even after 400 days of immersion
in strongly acidic solutions. Remarkably, the sensor even
succeeds in enabling accurate and stable sensitivity for tensile
strains in a variety of solvents such as water, strongly alkaline
solutions, isopropanol, dimethyl sulfoxide, and cyclohexane.
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Fig.15 Modification strategies under strong corrosion conditions. (a) Preparation process of corrosion-resistant hydrogels. (b) Swelling behavior
of hydrogels in solutions of different polarities. Reproduced from ref. 179. Copyright 2021, Royal Society of Chemistry. (c) Relative resistance
changes of hydrogel strain sensors in solution (pH = 1, pH = 14). (d) Preparation of corrosion-resistant (PMATMx) hydrogels. Reproduced from

ref. 180. Copyright 2022, Royal Society of Chemistry.
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Nevertheless, hydrogel sensors combine high stretchability
(800%), wide sensing range (0.5-800%), fast response time,
high sensitivity (GF ~ 2.17-4.96), and excellent durability (4000
cycles at 30% strain). The sensors can be used directly to detect
human motion signals, including joint movements and facial
expressions.

Encapsulation is one of the most important strategies to
ensure that electronic devices are protected from damage
caused by corrosive environments. By incorporating MXenes
into the hydrogel network, conductivity is enhanced through
their role as a conductive filler, and mechanical properties are
improved by increasing the physical cross-linking points within
the network.'®® Moreover, the hydrophobic fluorine groups in
MXenes modulate the hydrophobicity and increase the bonding
strength of the hydrogel to the encapsulation layer (PDMS)
(Fig. 15d). Encapsulated hydrogel-elastomer hybrid materials
with core-shell structures were developed for use as flexible
strain sensors with the advantages of high sensitivity (GF is
2.21, 4.38, and 2.15 in the strain range of 0-60%, 60-120%, and
120-150%, respectively), fast response/recovery (125 ms/140
ms), and stable sensing performance in harsh environments
such as acids (pH = 1), alkali (pH = 14), salt solutions (1 M
NacCl), and alcohols (Fig. 15c).

5. Summary and outlook

Hydrogels with a unique three-dimensional conductive network
have been widely used in the field of flexible strain sensors.
However, the applications of hydrogel-based flexible strain
sensors under extreme environmental conditions are still in the
early stages, with numerous challenges remaining unresolved.
In this review, we summarize the main challenges associated
with the performance of hydrogel-based flexible strain sensors
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under various extreme environmental conditions, including
extreme temperature, extreme humidity, high mechanical
stretching, and high corrosion. Correspondingly, we discuss the
improvement strategies proposed to address these challenges
in different extreme environments and evaluate their current
applications, which remain unsatisfactory. Based on this anal-
ysis, we propose the following potential future research direc-
tions (Fig. 16):

(1) The depth and prevalence of hydrogel-based strain sensor
applications have not yet been thoroughly investigated. Current
hydrogel flexible strain sensors are still at the laboratory level
and have not been commercialized. The challenges faced in
practical applications in various extreme environments are
complex. The physical and chemical changes that occur within
hydrogel networks in such extreme environments are not well
understood and require further exploration, while most
research has focused on extreme conditions such as tempera-
ture, humidity, and high mechanical stretching; other extreme
environments, such as high radiation, also impact hydrogel
networks and sensor performance, which needs further inves-
tigation. In the future, the application of hydrogel-based flexible
strain sensors in various harsh environments can be achieved
through material selection and optimization (utilizing high
radiation-resistant materials and polymer-based composites
with high pressure tolerance), advanced packaging technologies
(incorporating metallic materials and composite shielding to
ensure sensor integrity), sensor structural design (integrating
smart algorithms, self-calibration functions, and compensation
mechanisms), and the integration of multiple sensors.

(2) Enhancing the adaptability of strain sensors in extreme
environments requires the integration of advanced technolo-
gies. The performance of hydrogel flexible strain sensors can be
precisely tuned by combining frontier technologies such as 3D
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Fig. 16 Proposed future research directions for hydrogel-based flexible strain sensors operating under harsh environmental conditions.
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printing and lithography. Additionally, combining these
sensors with machine learning and human-computer interac-
tion can enable more efficient and versatile sensing capabilities.

(3) The current form factor of hydrogel-based flexible sensors
limits their application in smart wearables. Most existing
hydrogel-based flexible sensors are in the form of 2D films or 3D
foams, limiting the application of smart wearables. Future
research should focus on fabricating fibrous sensors through
spinning techniques and integrating them into textiles using
weaving technologies such as plain weave and twill weave. This
approach would enable sensors to be worn on the body for all-
weather, real-time monitoring of physiological conditions.

(4) Exploration of extreme environments not only increases
the demand for hydrogel flexible strain sensors but also poses
challenges to their reuse and recycling. To enhance the
performance of hydrogels in extreme environments, toxic
solvents (dimethyl sulfoxide, etc.) are often used, which can be
hazardous to the human body when used for long periods. In
addition, the degrading and recycling of some existing hydrogel
materials for flexible strain sensors present significant
challenges.

(5) Hydrogels for flexible sensors offer excellent conductivity,
enabling integrated applications with other devices. Hydrogels
with ionic conductivity not only endow flexible strain sensors
with excellent flexibility and sensing properties but also serve as
electric and energy storage devices (batteries, nanofriction
generators, ionic skin, solar cells, etc.). They also have applica-
tions in the medical field (drug delivery, tissue engineering
scaffolds, etc.), etc. Therefore, the self-powering of flexible
sensors can be realized by integrating sensors and solar cells
through conductive hydrogels.
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