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Hydrogels are three-dimensional polymer networks that are considered a promising option for developing

strain sensors due to their stretchability, mechanical robustness, and high water content. These attributes

make hydrogel-based sensors suitable for various applications, such as wearable electronics, human–

machine interfaces, health monitoring, and soft robotics. Small biomolecules, which are biologically

derived and possess attributes such as renewability, eco-friendliness, and multifunctionality, have been

consistently explored for use in hydrogel-based strain sensors to improve their multifunctional properties

and strain-sensing performance. This review offers a comprehensive overview of incorporating small

biomolecules in developing hydrogel-based strain sensors, with a focus on enhancing their

multifunctional properties and strain-sensing performance. Firstly, the representative applications and

strain-sensing mechanisms of hydrogel-based strain sensors are introduced. Subsequently, the status of

the functional properties of the hydrogels and the performance indicators of their strain-sensing abilities

are outlined. Finally, multifunctional small biomolecules are described, followed by a comprehensive

discussion concerning recent developments regarding their role in enhancing various functional

properties and the performance of hydrogel-based strain sensors. Furthermore, the latest trends and

perspectives on the future of hydrogel-based strain sensors are also reported.
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Introduction

Strain sensors are used in various applications such as human–
machine interfaces, robotic smart skins, health care moni-
toring, and bio-integrated devices.1,2 Paper-based strain sensors
can be classied into three types based on their working modes:
bending,3,4 pressure,5,6 and tensile7,8 sensors. However, only
bending and pressure sensors are typically considered for ex-
ible paper-based strain sensors due to the limited stretchable
properties of paper,4,9,10 which limit the potential of sensing to
only small strain ranges.

Stretchable hydrogels are currently in the spotlight as strain
sensors for exible and wearable electronic devices, showing
promise for detecting a wide range of strains, which increases
the versatility of sensors for various applications.11–13 Typically,
hydrogels are formed by two different methods: three-dimen-
sional polymerization (in which hydrophilic monomers are
polymerized with cross-linking polyfunctional reagents) and
cross-linking with water-soluble polymers.14–17 However, these
methods oen produce a signicant amount of residual
monomers, resulting in toxicity issues of hydrogels.18,19 Notably,
the residual monomers were puried by extraction in excess
water for several weeks.14 Moreover, imparting multiple func-
tions to hydrogels typically involves complex and multistep
procedures, which can impede the practical adoption of
hydrogels as platforms for strain sensors.20–23 In addition, most
ingredient molecules are synthetic and non-renewable and do
not support green fabrication technology as a sustainable
development approach.24–27 Therefore, to support sustainable
development, alternative molecules must be used to suppress
toxicity and provide green fabrication processes for hydrogel
strain sensors. Small biomolecules are a favored choice in this
regard.

Small biomolecules are organic molecules produced in living
organisms. They are essential because they are crucial in
maintaining important physical and biological functions in
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living organisms.28–30 For example, tannic acid (TA) is a poly-
phenolic compound containing multiple hydroxyl (–OH) and
carboxyl (–COOH) groups that confer polyacid properties.31 It is
found in various plant sources, including tea, wine, and oak
wood, and is commonly used as a food additive in various
industrial applications.32 It participates in defense mechanisms
against parasites and oxidative stress33,34 and regulates the
reproductive system35 and nutrient storage36 in plants. The
fascinating inuence of small biomolecules has spurred the
need to review their role in producing hydrogel strain sensors
with various advantageous characteristics. This review focuses
on various biomolecules and highlights how they impart
important functional properties to hydrogels for strain sensors,
such as mechanical toughness, stretchability, self-healing, self-
adhesion, reusability, freezing tolerance, dehydration resis-
tance, ultraviolet (UV) blocking, electrical conductivity, anti-
bacterial properties, and biocompatibility. The latest trends and
perspectives on the future of this eld are also presented.
Advantages of small biomolecules in
hydrogels

In particular, small biomolecules have critical advantages for
hydrogel strain sensors, such as biocompatibility, functionality,
and ease of fabrication. This may lead to the development of
advanced hydrogels with excellent functionality for hydrogel
strain sensors.37 For example, several studies have shown that as
a natural source, TA tunes the biological behavior of hydrogels
in various elds, including strain sensors, enhancing their
biocompatibility, biodegradability, and antibacterial and
adhesion properties (Fig. 1). Sahiner et al. reported a TA-based
hydrogel lm that exhibited biocompatibility and biodegrad-
ability as a potential wound-healing dressing38 (see Fig. 1(a) and
(b)). In addition, TA helps form supramolecular hydrogels
through complexation with trivalent cations, such as ferric ions
(Fe3+) (see Fig. 1(c)). Fan et al. demonstrated a supramolecular
Jung Heon Lee is an Associate
Professor at the School of
Advanced Materials Science and
Engineering at SKKU. He
received his BS, MS, and PhD
degrees in Materials Science and
Engineering from Yonsei
University, Seoul National
University, and University of
Illinois at Urbana-Champaign.
Dr Lee's research is focused on
developing nanoscale materials
or devices that can be applied to

diverse levels of biological systems for diagnostics or therapeutics.
He also investigates strategies for exploiting the tunable properties
of bio-derived materials toward the fabrication of smart materials
or advanced nanoscale devices, including multifunctional hydro-
gel-based materials and sensors.

J. Mater. Chem. A, 2023, 11, 13844–13875 | 13845

https://doi.org/10.1039/d3ta01627g


Fig. 1 (a) Cell viability of a tannic acid (TA)-based hydrogel with different concentrations of hydrogel extracts ranging from 6.25 to 200 mg mL−1

and (b) biodegradability of the TA-based hydrogel in various pH media over time.38 Copyright 2015, Elsevier. (c) TA as a building block of
a supramolecular hydrogel.39 Copyright 2017, American Chemical Society. (d) Self-healing properties of a TA-containing 4-formylbenzoic acid
hydrogel.40 Copyright 2021, John Wiley and Sons. (e) Antibacterial properties of a silk fibroin (SF)-based hydrogel against S. aureus and E. coli
bacteria with different contents of TA.41 Copyright 2019, American Chemical Society.
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TA-based hydrogel with multiple properties such as mechanical
stability, quick self-repair, pH-stimuli responsiveness, and free
radical scavenging capacity.39 TA also exhibits self-healing
properties in hydrogels owing to its dynamic chemical interac-
tions with polymer networks40 (see Fig. 1(d)). Furthermore, the
addition of TA effectively induced the gelation of silk broin,
creating a hybrid hydrogel with good antibacterial properties.41

The increased TA content in the hydrogel improved antibacte-
rial properties, increasing the inhibition zone of bacterial
growth (see Fig. 1(e)). Finally, biomolecules are considered
renewable and environmentally friendly because they can be
produced through biological processes, such as fermentation or
extraction from natural sources. They support green production
technology because they can be manufactured on a large scale
without needing nonrenewable resources or toxic chemicals,
which can reduce production costs.24
13846 | J. Mater. Chem. A, 2023, 11, 13844–13875
Multifunctionality of small
biomolecules in hydrogel-based strain
sensors

The integration of small biomolecules provides several benets
for the advancement of hydrogel-based strain sensors with
multiple functionalities. Hydrogel networks are primarily
composed of either natural or synthetic polymers, which have
limited ability to provide multifunctionality in their native
form. Conversely, multifunctionalities are essential for
expanding the practical applications of hydrogel-based strain
sensors. For example, hydrogels must exhibit electrical
conductivity to be effective as piezoresistive strain sensors.
Polyelectrolytes such as sodium alginate can help create
hydrogel networks and provide electrical conductivity. However,
This journal is © The Royal Society of Chemistry 2023
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they lack important characteristics such as resistance to dehy-
dration and freezing.42,43 Small ionizable biomolecules, such as
phytic acid (PA), can be introduced into hydrogel networks
based on polyelectrolytes to address these shortcomings. These
biomolecules offer good electrical conductivity and can with-
stand freezing and dehydration.44,45 Although natural polymers
such as gelatin lack self-healing properties,46–50 introducing TA
facilitates excellent multifunctionality, including tunable
mechanical strength and self-healing, in gelatin hydrogels.51–53

Similarly, although alginate and chitosan (CS) are excellent
natural polymers for hydrogel formation, they lack self-healing
and adhesive capabilities in their native form. Inducing self-
healing and adhesive properties requires laborious and time-
consuming procedures,20–22 which can impede the practical
adoption of hydrogels for fabricating strain sensors. However,
sodium alginate- and CS-based hydrogels prepared via a simple
one-pot method with the addition of TA provide a much more
accessible approach for adaptable structures, as TA is rich in
functional groups, which can provide crosslinking to form
hydrogels with self-healing and adhesion properties.42,54 Addi-
tionally, while the polymer networks of hydrogels are not
inherently UV-blocking, the integration of TA can provide
multifunctionalities, such as tunable mechanical strength, self-
healing, adhesion, bacterial resistance, and UV-blocking capa-
bilities.55,56 Furthermore, incorporating small biomolecules
such as zwitterionic osmolytes,57 sorbitol,58 and PA44,45 can offer
a great opportunity to provide hydrogels with multifunctional
properties, including the ability to withstand freezing temper-
atures and the capacity to adjust their mechanical properties.
Based on this discussion and the general benets of using small
biomolecules in hydrogels, the merits of using small biomole-
cules to develop hydrogel-based strain sensors are summarized
in Fig. 2.
Fig. 2 Benefits of small biomolecules in developing hydrogel-based
strain sensors.

This journal is © The Royal Society of Chemistry 2023
Applications and sensing mechanisms
of hydrogel-based strain sensors
Applications

Hydrogels have attracted attention as strain sensors in human
health and physiological signal monitoring,59,60 so
robotics,61,62 and human–machine interfaces.63–65 Hydrogel
strain sensors have recently been applied as wearable sensors in
wrist pulse or heart rhythmmonitors,66,67 visual sensors,68,69 and
human interaction70 and motion monitors.71,72 Furthermore,
hydrogel-based implantable sensors have been used to monitor
organ movements73 and activity74 (Fig. 3).

Hydrogel-based strain sensors, such as electronic skins, are
a type of articial intelligent skin that offers various benets,
including soness, high stretch/toughness, and high water
content.78,79 These sensors can be used in articial skin for
automation and human–machine interaction, which involves
the development of soware, hardware, and systems to improve
communication between humans and computers. This can
include features such as graphical user interfaces, voice recog-
nition, and gesture-based input, enhancing the user experience
and productivity (Fig. 4).
Mechanisms of strain sensing

Strain sensors can be classied into different types based on
their sensing mechanism: piezoresistive, capacitive, piezoelec-
tric, triboelectric, or dual mode,76,82–84 as shown in Fig. 5. Each
type converts the physical deformation into a change in the
electronic signal.

Piezoresistive hydrogel strain sensors. When a hydrogel
strain sensor is subjected to mechanical stress, the hydrogel
deforms, causing a change in the distance and orientation of
the conductive particles or ions. This change resulted in a vari-
ation in the electrical resistance (R), as shown in Fig. 5(a),
indicated by the glow of the blue LED in Fig. 6(B). A piezor-
esistive strain-sensing mechanism was demonstrated using the
conductive hydrogels. The conductivity of the hydrogels can be
categorized into: (1) polymer-based conductivity, which is ob-
tained from hydrogel networks made of conducting polymers
such as polyaniline86 and polypyrrole;87,88 (2) conductivity based
on llers, such as carbon nanotubes,89 graphene,90 MXene
sheets,91 liquid metal,71,92 Ag nanoparticles (AgNPs),93 and
wires;48 (3) conductivity based on ions including inorganic salt
ions (sodium citrate46 and sodium chloride94,95) and organic salt
ions (lignosulfonate96), as shown in Fig. 6(A). The percentage of
relative change in the electrical resistance was plotted against
the percentage of mechanical strain, and the resulting slope of
the plot provides the strain sensitivity, also known as the Gauge
Factor (GF), of the piezoresistive strain sensor (see Fig. 6(C)).

Capacitive hydrogel strain sensors. The capacitive hydrogel
strain sensor converts the mechanical strain on its surface into
a change in capacitance (C), as shown in Fig. 5(b) and 7(a). The
capacitive strain sensor comprised two electrodes made of
a conductive hydrogel sandwiched between dielectric materials.
When the sensor is subjected to strain, the distance between the
electrodes changes, resulting in a variation in the
J. Mater. Chem. A, 2023, 11, 13844–13875 | 13847
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Fig. 3 Application of hydrogel-based strain sensors in real-time human motion and physiological signal monitoring. (A) Monitoring of small-
scale motions such as laughing, speaking, breathing, and pulse detection (based on ref. 75). Copyright 2019, Royal Society of Chemistry. (B)
Monitoring of large-scale motions of body parts, including finger compression, knee, wrist and elbow movements, and distinguishing the
weights. Adapted with permission from ref. 76. Copyright 2022, American Chemical Society. (C) Detection of human emotions, including delight
and sadness. With permission from ref. 70. Copyright 2020, American Chemical Society. (D) Implantable hydrogel-based strain sensor tomonitor
the activity of the bladder. Reproduced with permission from ref. 77. Copyright 2023, Elsevier.
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capacitance.99,100 The sensitivity of the capacitive hydrogel strain
sensor was determined from the slope of the percentage change
in the capacitive reactance versus the percentage mechanical
strain plot.

Piezoelectric hydrogel strain sensors. Piezoelectric hydrogel
strain sensors can directly convert mechanical energy, strain, or
stress into electrical voltage (V) signals, making them useful as
both strain sensors and generators,85 as shown in Fig. 5(c). This
conversion occurs because of the separation of charged centers
within the piezoelectric material, such as lead zirconate titanate
(PZT),101 barium titanate (BaTiO3 or BTO),76 and poly(vinylidene
uoride-co-triuoroethylene) or PVDF-TrFE83 upon undergoing
deformation, which generates an electrostatic potential that
produces positive and negative charges on the surface of the
device or electrodes. This process is illustrated in Fig. 8(a) and
(b). The magnitude of the strain or force is directly correlated
with the quantity of accumulated charges (Fig. 8(c) and (d)).
Consequently, the mechanical signals are transformed into
electrical signals, as shown in Fig. 8(e). The piezoelectric
hydrogel can monitor low pressure, distinguish weight, and
13848 | J. Mater. Chem. A, 2023, 11, 13844–13875
identify walking posture in real-time. The sensor can measure
the open-circuit voltage between the human body and the
ground to detect nger sliding on mobile phones and knee
movement, distinguishing the different weights of student
volunteers (Fig. 8(f–h)).

Triboelectric hydrogel strain sensors. Triboelectric hydrogel
strain sensors utilize the triboelectric effect to convert mechan-
ical strain or pressure into electrical signals. The sensor
comprises two thin layers of different materials separated by
a small gap, generating an electric charge when subjected to
a strain or pressure,102–105 as shown in Fig. 5(d), 9(a) and (c). The
electrodes on the sensor surface detect the charge and produce
an electrical signal in response to the magnitude of the strain,
which can be amplied and processed (see Fig. 9(g)). The tribo-
electric generator made of Ecoex and polyvinyl alcohol (PVA)/
poly(acrylamide-co-acrylic acid)-Fe3+ double-network hydrogel
electrodes exhibited high adhesive stability under deformation
(Fig. 9(b)), ensuring continuous electrical output. The device
generates electricity through the contact and separation motions
of the friction layers, resulting in the transfer of excess cations
This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Application of hydrogel-based strain sensors in artificial skins and human–machine interaction. (A) Gesture-based intelligent recognition
system utilizing object-machine interaction (based on ref. 65). Copyright 2023, American Chemical Society. (B) Real-time monitoring of voice
commands and motion signals via human–machine interaction. Adapted with permission from ref. 80. Copyright 2023, Elsevier. (C) Dialing on
a cell phone and touching the phone screen using artificial skin. With permission from ref. 81. Copyright 2022, Elsevier.

Fig. 5 Various operating principles of flexible strain sensors. (a) Piezoresistive strain sensor. (b) Capacitive strain sensor. (c) Piezoelectric strain
sensor. (d) Triboelectric strain sensor (based on ref. 85). Copyright 2022, Elsevier.
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and negative ions (Fig. 9(c)). The triboelectric hydrogel-based
generator had a maximum open-circuit voltage (Voc) of 238 V
(Fig. 9(d)), short-circuit current (Isc) of 1.2 mA (Fig. 9(e)), and short-
circuit transferred charge (Qsc) of 37 nC (Fig. 9(f)). Increasing the
strain from 0 to 160% led to a signicant increase in the Voc of the
triboelectric hydrogel-based generator (Fig. 9(g)), indicating the
potential of the device as a strain sensor. A triboelectric generator
device can monitor human motion (Fig. 9(h)).

Dual mode hydrogel strain sensors. Recent progress in the
design of hydrogel-based strain sensors has enabled the devel-
opment of dual-mode strain-sensing mechanisms for multiple
This journal is © The Royal Society of Chemistry 2023
applications, such as combining piezoresistive and piezoelec-
tric properties,83,106 piezoresistive and triboelectric proper-
ties,82,100 or piezoresistive and capacitive properties.69,100,107 For
example, a dual-mode mechanism comprising piezoresistive
and piezoelectric properties can be achieved by incorporating
the piezoelectric material PVDF-TrFE into a conductive hydrogel
network.83,106 Similarly, other combinations of sensing mecha-
nisms can be realized by altering the device assembly while
preparing the application-mechanism-oriented hydrogel
composition.
J. Mater. Chem. A, 2023, 11, 13844–13875 | 13849
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Fig. 6 (A) Various modes of electrical conductivity in conductive hydrogels.97 Copyright 2020, American Chemical Society. (B) The figure depicts
the effect of stretching and relaxing a hydrogel-based strain sensor, with resistance changes visualized under blue LED illumination (adapted
from ref. 51). Copyright 2022, Elsevier. (C) Performance of a piezoresistive hydrogel strain sensor.98 Relative change of resistance (DR/R0) under
cyclic stretching–releasing at (a) low mechanical strains and (b) high mechanical strains. (c) DR/R0 with various strains applied up to 1000% and
resulting GFs. (d) Strain change and DR/R0 curves of the strain sensor under instantaneous stretching–relaxing for 10% strain. (e) The durability of
hydrogel strain sensors at a strain of 100% for 300 cycles. Adapted with permission from ref. 98. Copyright 2020, American Chemical Society.

Fig. 7 Performance of the capacitive hydrogel strain sensor.99 (a) Picture of the stretch/release cycle. (b) Change in capacitive reactance (DXC/
XC0) upon stretching/releasing at various strain magnitudes from 50 to 400%. DXC/XC0 of the sensor in (c) the low strain range from 20 to 130%
and (d) the high strain range from 130 to 500%. Adapted with permission from ref. 99. Copyright 2020, Royal Society of Chemistry.

13850 | J. Mater. Chem. A, 2023, 11, 13844–13875 This journal is © The Royal Society of Chemistry 2023

Journal of Materials Chemistry A Review

Pu
bl

is
he

d 
on

 1
7 

M
ay

 2
02

3.
 D

ow
nl

oa
de

d 
by

 Y
un

na
n 

U
ni

ve
rs

ity
 o

n 
8/

20
/2

02
5 

7:
55

:4
1 

PM
. 

View Article Online

https://doi.org/10.1039/d3ta01627g


Fig. 8 Performance of the piezoelectric hydrogel strain sensor. (a) Sandwich-like single-electrode piezoelectric barium titanate (BTO)
composite hydrogel. (b) Working principle of the hydrogel as a piezoelectric strain sensor. (c) Force-dependent outputs of a BTO composite
hydrogel, including open-circuit voltage and (d) short-circuit current and (e) the voltage change of the BTO composite hydrogel as a sensor.
Voltage output of the piezoelectric hydrogel sensor attached to different body parts, used for detecting finger pressure on (f) a mobile phone, (g)
knee motion, and (h) distinguishing different weights of volunteer students through heel pressure. Adapted with permission from ref. 76.
Copyright 2022, American Chemical Society.
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Functional properties of hydrogels
used in strain sensors

The important functional properties of the hydrogels used in
strain sensors are summarized in Fig. 10. To satisfy the require-
ments for human motion and safe contact with the skin, certain
properties such as stretchability, modulus and toughness,
recoverability, adhesion, biodegradability, and biocompatibility
are primarily required for hydrogel strain sensors.108,109 Further-
more, antibacterial properties, freeze tolerance, dehydration
resistance, and healing properties enhance the adaptability of
hydrogel strain sensors from human motion monitoring to other
application areas, including so robotics and human–computer
interactions.110–113 Although previous studies have presented
extensive analyses of the functional properties of hydrogels,
improvements in one property may negatively affect another. To
improve the practical adaptability of strain sensors based on
This journal is © The Royal Society of Chemistry 2023
hydrogels, it would be benecial for a single hydrogel to have
multiple properties.
Robust mechanical properties

Mechanical properties, including mechanical strength, tough-
ness, stretching, self-recovery, and fatigue resistance, are
essential for hydrogels because they affect the durability and
lifetime of hydrogel-based strain sensors. Stronger hydrogels
are more resistant to mechanical damage, which improves their
overall performance and longevity.114–117
Self-healing ability and reusability

Self-healing is a property that allows hydrogels to repair them-
selves aer damage. This feature can be benecial for strain
sensors and wearable devices because it can extend their life-
span.118,119 In addition, reversible interactions in hydrogels
J. Mater. Chem. A, 2023, 11, 13844–13875 | 13851
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Fig. 9 Performance of the triboelectric hydrogel strain sensor. (a) The structure of a triboelectric generator device, along with digital photos of
the sensor in its original, stretched, warped, and twisted states (b). The schematic diagram illustrates the power generation mechanism of the
sensor (c). The Voc, Isc, andQsc of the triboelectric device are plotted in (d), (e), and (f), respectively. (g) The open-circuit voltage of the stretchable
triboelectric generator under different strains. Adapted with permission from ref. 105. Copyright 2022, Elsevier. (h) A triboelectric generator
device capable of human motion monitoring (adapted from ref. 104). Copyright 2021, Royal Society of Chemistry.
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upon heating can provide reusability through reshaping or
recycling of hydrogel-based strain sensors to minimize the
wastage of hydrogel electronics.120,121

Adhesion

Adhesion is important in hydrogels because it affects their ability
to function effectively as wearable strain sensors in their intended
application. For instance, the hydrogel should adhere consis-
tently and conform to the skin or device surface in human
motion monitoring to effectively transfer motion signals.63,122

Freezing tolerance and dehydration resistance

The ability of hydrogels to resist freezing at low temperatures,
also known as their anti-freezing properties, is an essential
property. It is vital in hydrogel-based strain sensors because it
retains its sensing performance and functionality in cold
13852 | J. Mater. Chem. A, 2023, 11, 13844–13875
environments. Simultaneously, anti-dehydration is the ability of
a hydrogel to resist the loss of moisture or water for long-term
performance. This is crucial in hydrogel-based strain sensors
because they can maintain sensing stability and performance in
low-humidity environments.123,124
Ultraviolet (UV) radiation blocking properties

Blocking UV radiation can enhance the performance and lifespan
of hydrogel-based strain sensors, playing a vital role in protecting
hydrogels against discoloration or fading. When used as a wear-
able strain sensor, it can safeguard skin from UV radiation.56,125
Flame retardancy

Flame retardancy in hydrogel-based strain sensors is crucial for
resisting ignition and preventing re spread, especially if
This journal is © The Royal Society of Chemistry 2023
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Fig. 10 Important functional properties of hydrogels for strain sensors.
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hydrogel-based strain sensors are used in devices or systems
prone to overheating.126,127
Antibacterial properties

Antibacterial activity is vital for enhancing the safety and
performance of hydrogel-based strain sensors in medical
applications. It reduces the risk of hydrogel damage due to
bacterial growth, improves durability and lifespan, and is
a potent solution for wearable hydrogel-based strain
sensors.93,128
Biocompatibility

Biocompatibility is crucial for developing hydrogel-based strain
sensors, which are oen used in wearable or implantable
biomedical applications and encounter living tissues. For
example, hydrogel-based strain sensors have been used on the
skin for human motion detection. Therefore, hydrogels should
be skin-friendly and not cause adverse effects, such as toxicity or
allergic reactions, affecting the tissue or an individual's overall
health.129–131
Strain sensing

Although electrical conductivity is not essential in all strain-
sensing mechanisms, it is necessary in piezoresistive hydrogel-
based strain sensors because it allows the detection of changes
in strain by measuring the changes in electrical resistance.
This journal is © The Royal Society of Chemistry 2023
When a hydrogel is stretched or compressed, its electrical
resistance changes, which can be measured and used to deter-
mine the amount of strain.47,132,133

Status of performance indicators of
strain sensors based on hydrogels

Hydrogel-based strain sensors have made signicant progress
in recent years in terms of their performance indicators, such as
a wide working range, linearity of the working range, sensitivity,
response/recovery time, and hysteresis.

Wide working range

The working range indicates the maximum and minimum
strain values that could be accurately measured using a hydro-
gel-based strain sensor. This range is closely related to the type
of application in which the strain sensors are used. For
example, a strain sensor with a broad working range can detect
signals when a large strain value is involved. However, a small
working range is sufficient to detect small strain values. More-
over, the wide working range makes hydrogel-based strain
sensors versatile, facilitating their usage in various applica-
tions, including wearable devices, so robotics, biomedical
engineering, and human–machine interfaces. The working
range directly relates to safe stretchable limits without any
fracture or discrepancy in the hydrogel, which could negatively
affect the structure of the hydrogel and its strain-sensing ability.
J. Mater. Chem. A, 2023, 11, 13844–13875 | 13853
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Linearity of the working range

The linear working range of the hydrogel-based strain sensor
indicates that the sensor exhibits uniform strain sensing across
its entire working range. This enables more accurate and
precise strain measurements, simplicity in interpreting and
processing the data, and easier calibration of hydrogel-based
strain sensors.
Sensitivity

Sensitivity refers to the ability of a hydrogel-based strain sensor
to detect and convert strain signals into electrical signals within
a suitable working range. Highly sensitive sensors can effi-
ciently capture even minor uctuations in strain.
Response/recovery time

The response time of a hydrogel-based strain sensor is
a measure of how quickly it responds to strain changes. A
shorter response time implies that the sensor can perform real-
Fig. 11 Performance indicators of strain sensors based on hydrogels. (a) A
its internal interactions. (b) Various strains applied for 10 cycles (the inset d
resistance across a wide strain range of 0–750%with the linearity of the w
The response time of the strain sensor when the wrist is bent quickly. (e)
as-prepared state. (f) The DR/R0 of the strain sensor when subjected to 10
per minute. Adapted with permission from ref. 134. Copyright 2023, Joh

13854 | J. Mater. Chem. A, 2023, 11, 13844–13875
time monitoring tasks and precisely track dynamic variations in
strain. In contrast, the recovery time of a hydrogel-based strain
sensor is the interval between the removal of the external
deformation and the return of the sensor to its initial or base-
line state. This characteristic reects the capability of the sensor
to recover from the deformation and prepare for further
measurements promptly. The shorter recovery period indicated
that the sensor could promptly revert to its initial state,
enabling it to perform multiple strain measurements shortly
with maximum efficiency.

Hysteresis

In hydrogel-based strain sensors, hysteresis refers to the
inability of the sensor output to revert to its initial state, causing
irregularities in the response. This inconsistency in real-time
sensing data acquisition can lead to inaccurate strain moni-
toring. A low hysteresis is preferable for an excellent strain
sensor, resulting in accuracy, consistency, repeatability, and
a linear range of strain sensing.
diagrammatic representation of the fabrication process for PLBOH and
isplays the energy dissipation and hysteresis). (c) The change in relative
orking range and the associated GF (sensitivity) for the strain sensor. (d)
The DR/R0 of the gel when subjected to stepwise strain (0–100%) in its
0% strain for 200 cycles without any resting time, at a speed of 20 mm
n Wiley and Sons.

This journal is © The Royal Society of Chemistry 2023
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According to the latest research trends, an optimal hydrogel-
based strain sensor should display all these performance indi-
cators at the best possible level.134–136 Zhou et al. presented
a strain sensor composed of a polyacrylamide (PAM)/LAPON-
ITE®/boric acid/ethylene glycol (Eg) organohydrogel (PLBOH),
as shown in Fig. 11. This sensor demonstrated exceptionally low
hysteresis (1.38% at a tensile strain of 100%), ultrafast response
time (approximately 10 ms), and high linearity throughout
a wide strain range (R2 = 0.996), along with sensitivity (GF of
2.68 in the 0–750% strain range).

The minimal hysteresis was ascribed to the rapid disinte-
gration and reformation of the hydrogen (H) and B3+ complex
coordination bonds. This process guaranteed that the internal
structure remained synchronized with the external deformation
on an equivalent timescale. This is in accordance with the
relaxation rate and supports the high-linearity working range of
Fig. 12 (a) Antibacterial properties of hydrogel strain sensors at various
curves depicting ionic conductivity as a function of CA concentration fr
2020, Royal Society of Chemistry. (d) Crosslinking capacity of CA with
esterification and (e) shape memory effects.153 Copyright 2021, Elsevier. (
Copyright 2020, Royal Society of Chemistry. (g) Conduction mechanism
permission from ref. 154. Copyright 2020, American Chemical Society.

This journal is © The Royal Society of Chemistry 2023
strain sensing, which further supports the high strain sensi-
tivity, fast response/recovery, stability, and repeatable strain-
sensing attributes.

Small biomolecules for hydrogel-based
strain sensors
Citric acid (CA)

Citric acid (chemical formula: C6H8O7$H2O, molecular weight:
192.1 g mol−1) is a tricarboxylic acid and a natural compound
that can be produced biologically by the fermentation of plant
biomass, citrus fruits, and pineapples.137–139 The industrial-scale
production of CA from biological sources by chemical methods
involves several steps. In a typical procedure, orange, grape,
lemon, or pineapple juices are rst neutralized to pH 10 using
an alkali solution such as calcium oxide, calcium carbonate, or
concentrations of CA.151 Copyright 2020, Springer Nature BV. (b) EIS
om 0.1 to 0.5 wt% and (c) its potential as a strain sensor.152 Copyright
sisal microcrystals and peach gum polysaccharide polymer chains via
f) CA as a promoter of adhesive properties in hydrogel strain sensors.152

of CA-based sensors for human motion monitoring.154 Adapted with

J. Mater. Chem. A, 2023, 11, 13844–13875 | 13855

https://doi.org/10.1039/d3ta01627g


Journal of Materials Chemistry A Review

Pu
bl

is
he

d 
on

 1
7 

M
ay

 2
02

3.
 D

ow
nl

oa
de

d 
by

 Y
un

na
n 

U
ni

ve
rs

ity
 o

n 
8/

20
/2

02
5 

7:
55

:4
1 

PM
. 

View Article Online
sodium hydroxide. Calcium citrate was precipitated using
calcium chloride and subsequently acidied with dilute sulfuric
acid to yield calcium sulfate and crystallized CA.140 CA is also
a byproduct of various biological and chemical reactions.141–143

More recently, CA has been produced by microbes, such as the
lamentous fungus Aspergillus niger. In a typical study,
Aspergillus niger was isolated from spoiled coconuts at pH 3.5
and 30 °C, producing approximately 80 g L−1 of CA.144

The conjugation of functionalized NPs with CA showed
cytocompatibility, having a cell viability above 110% for MCF7
cells aer 24 h and for MC3T3-E1 cells.145,146 The copolymeri-
zation and modication of CA with other synthetic monomers
have also demonstrated biodegradability and biocompati-
bility.147,148 These studies indicated that using CA in hydrogel
strain sensors is biologically safe.

CA has been reported to have antibacterial and cross-linking
effects in hydrogels;149,150 thus, the same is expected in hydrogel
strain sensors. For example, Baumgartner et al. developed
a degradable gelatin-based gel for measuring strain, pressure,
and other sensors using CA.151 Increasing the CA concentration
to 4 wt% improved the antibacterial properties in the diffusion
disc test, resulting in an enlargement of the bacterial inhibition
zone, as shown in Fig. 12(a).

Z. Li et al. demonstrated that CA endows a hydrogel with
improved ionic conductivity, as indicated by a reduction in the
semicircle size in the electrochemical impedance spectroscopy
(EIS) curves (Fig. 12(b)) for human motion monitoring
(Fig. 12(c)).152 Furthermore, CA endows hydrogels with a shape-
memory effect. For instance, Zhang et al. reported that CA cross-
linked sisal cellulose microcrystals and peach gum poly-
saccharide molecules through an esterication reaction in
smart lms, as shown in Fig. 12(d).153 Cross-linking with CA
provided a moisture-induced shape-memory effect owing to
changes in the polymer network under different pH conditions
(Fig. 12(e)). Although CA has demonstrated various properties
of conductive hydrogels, little attention has been paid to ne-
tuning their mechanical properties. In fact, mechanical tough-
ness has been reported to decrease with increasing CA
concentration.151

Furthermore, at a CA concentration of 0.1%, CA molecular
interactions can impart adhesive properties to hydrogels for
various substrates such as glass, skin, and wood, as shown in
Fig. 12(f). Chuanhui et al. reported that CA could reduce the Ag
ions (Ag+) produced from the ionization of AgCl salt in strain
sensor systems to introduce various functions such as electrical
conductivity and antibacterial effects.154,155 Ultimately, the
AgNPs imparted conductive properties to the hydrogel for pie-
zoresistive strain sensing when stretched and released, as
shown in Fig. 12(g). Fruit-derived malic acid has similar func-
tions in hydrogels for strain sensors.156
Zwitterionic osmolytes

Zwitterionic osmolytes, such as betaine (molecular weight:
117.1 g mol−1) and proline (molecular weight: 115.1 g mol−1),
are naturally derived compounds that play a crucial role in
regulating the balance of water and solutes in living
13856 | J. Mater. Chem. A, 2023, 11, 13844–13875
organisms.157 For instance, betaine can be extracted from beet
molasses using the cloud-point extraction technique, which is
a fast, simple, and environmentally friendly process with yields
of up to 80%.158 Betaine can also be isolated from various B.
vulgaris varieties using accelerated solvent extraction combined
with solid-phase extraction with up to 90% efficiency.159 Proline
is a water-soluble amino acid containing an a-imino group and
possesses a unique ring structure. It is abundant in collagen-
rich compounds, such as cheese, soybeans, and collagen.
However, milk, eggs, seeds, and legumes contain low levels of
proline. Proline also accumulates in plants in response to
stress.160–162 These molecules are called “zwitterionic” because
they have both positive and negative charges in the same
molecule.

Betaine and proline are both biocompatible molecules. In
a clinical study, betaine exhibited 85% cell viability aer two
days in an assay of live/dead cell chondrocytes, NIH-3T3 bro-
blasts, and human umbilical vein endothelial cells (HUVECs)
with a normal spindle-like morphology.163,164 High resistance to
nonspecic protein absorption supports biocompatibility
owing to the high hydrophilicity of the betaine moieties.165

Similarly, proline exhibited biocompatibility and antifouling
properties in hydrogel strain sensors. For example, a hydrogel
strain sensor composed of gellan gum (GG) and PAM exhibited
more than 80% cell viability aer two days in the CCK-8 assay,
as shown in Fig. 13(a). In addition, the proline-containing
hydrogel strain sensor showed a 94.4% decrease in protein
absorption compared with the control sample, suggesting
excellent antifouling properties, as shown in Fig. 13(b).57 Xinyu
et al. reported a hydrogel strain sensor for tissue-attached
sensing applications using proline166 (Fig. 13(c)).

Furthermore, the betaine and proline molecules interact
perfectly with water molecules, making them resistant to ice
formation at subzero temperatures. This property of freezing
tolerance performs useful biological functions in plants, such
as reducing fruit damage from the cold and providing plants
with osmotic protection to endure abiotic stress for
survival.167–170 In particular, barley increases the production of
these molecules during winter to provide freezing tolerance and
to withstand environmental stress.171

Inspired by their freeze-tolerance effect on water, researchers
have used betaine172–174 and proline57,175–177 to achieve freeze
tolerance in hydrogel strain sensors and maintain their func-
tions at sub-zero temperatures. For instance, Jiao et al. devel-
oped a hydrogel composed of GG/PAM/proline strain sensor,
which successfully preserved the electrochemical functions at
−40 °C, demonstrating the interaction of the –NH2

+ and –COO−

groups of proline with water to provide freeze tolerance, as
shown in Fig. 13(d).57 Similarly, Feng et al. reported that betaine
improved the freeze tolerance of hydrogel strain sensors
composed of a polyacrylic acid (PAA)-Al3+/poly(3,4-ethyl-
enedioxythiophene) polystyrene sulfonate (PEDOT:PSS)
network, allowing the hydrogel strain sensors to remain exible
under harsh climatic conditions of −35 °C.178

Moreover, the ionic sites on proline enhance its mechanical
properties and adhesion to the skin.57,179 Mechanical properties
such as stretchability (∼1800%), elastic moduli, and toughness
This journal is © The Royal Society of Chemistry 2023
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Fig. 13 (a) The role of zwitterionic proline (ZP) in the cell viability of the gellan gum (GG)/PAM hydrogel strain sensor for biocompatibility and (b)
the effect of ZP on protein adsorption in the GG/PAM hydrogel strain sensor for antifouling properties.57 Adapted with permission from ref. 57.
Copyright 2021, American Chemical Society. (c) ZP improves the wound healing rate in mice using the proposed bilayer hydrogel for strain
sensor.166 Copyright 2021, Elsevier. (d) Differential scanning calorimetry curves of the GG/PAM hydrogel strain sensor demonstrating freezing
tolerance behavior, (e) the effect of ZP on the tensile stress–strain behavior of the hydrogel strain sensor, (f) densification of the microporous
structure in GG/PAM hydrogels in the presence of ZP, and (g) illustration of the role of ZP for the adhesion characteristics between the GG/PAM
hydrogel and various substrates.57 Adapted with permission from ref. 57. Copyright 2021 American Chemical Society.
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are improved owing to the –NH2
+ site of proline, which forms H

bonds with the –COO− groups of GG polymer chains (Fig. 13(e)),
which densies into a microporous structure of the hydrogels
studied under scanning electron microscopy (Fig. 13(f)).
Furthermore, zwitterionic molecules impart adhesion proper-
ties to hydrogels for attachment to various substrates
(Fig. 13(g)).
Tannic acid (TA)

TA, a natural polyphenol with a high molecular weight of
1701.19 g mol−1, is a water-soluble amphiphilic compound
This journal is © The Royal Society of Chemistry 2023
commonly found in plants, red wine, grapes, and tea extracts.
The general chemical structure of TA is (C76H52O46) with
multiple pyrogallol and catechol groups.31,180,181 It contains
many –OH and –COOH groups that confer polyacid proper-
ties.182,183 Tannin extraction is performed using several
methods, such as the following extractions: solid–liquid,
supercritical uid, pressurized water, microwave-assisted,
supercritical uid, and ultrasound-assisted.184,185

As a cross-linking molecule, TA can form H bonds with
functional groups on other polymers such as silk, gelatin, CS,
and PVA to enhance the mechanical properties of conductive
J. Mater. Chem. A, 2023, 11, 13844–13875 | 13857
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Fig. 14 (a) The role of TA in hydrogen (H) bonding and hydrophobic interactions with gelatin (Gel) polymer chains in platforms for hydrogel strain
sensors and (b) tensile stress–strain behavior of Gel-TA hydrogels at various TA concentrations for strain sensors.52 Adaptedwith permission from
ref. 52. Copyright 2020, American Chemical Society. (c) TA-coated hemicellulose improves mechanical properties in PAA/TA@hemicellulose/
Al3+ hydrogels as a function of TA content for strain sensors.196 Copyright 2021, Elsevier. (d) Effect of TA on the radical polymerization rate for
enhanced gelation rates forming conductive PAA/TA@hemicellulose/Fe3+ hydrogels for strain sensors.197 Adapted with permission from ref. 197.
Copyright 2022, American Chemical Society. (e) Effect of TA concentration on the UV-blocking properties in PAM/CS/TA (PCT) hydrogel strain
sensors.55 Copyright 2021, John Wiley and Sons. (f) Mechanism of adhesive properties in hydrogel strain sensors as a function of TA.123 Adapted
with permission from ref. 123. Copyright 2021, American Chemical Society. (g) Antibacterial activity as a function of TA in PCT hydrogel strain
sensors.55 Copyright 2021, John Wiley and Sons. (h) Reversible non-covalent interactions in the presence of TA for self-healing characteristics in
hydrogel strain sensors.186 Adapted with permission from ref. 186. Copyright 2021 American Chemical Society.
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hydrogels for strain sensors.186–192 The –OH groups and benzene
rings in the polyphenolic moieties can cross-link the gelatin
polymer chains through H bonds and hydrophobic interactions
(Fig. 14(a)), thereby improving the mechanical properties with
increasing TA content in the hydrogel (Fig. 14(b)). The proposed
hydrogel exhibited an excellent stretchability of 1600% as
a platform for fabricating strain sensors incorporating
13858 | J. Mater. Chem. A, 2023, 11, 13844–13875
conductive nanomaterials.52 TA has also been used to coat
nanomaterials to improve the mechanical properties of hydro-
gel strain sensors.193–195

Gong et al. coated hemicellulose NPs with TA and applied
them to a polyacrylic-acid-based hydrogel. The catechol groups
on the TA-modied hemicellulose NPs enhanced mechanical
properties such as tensile strength, which increased from 7.5 to
This journal is © The Royal Society of Chemistry 2023
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27.5 kPa (Fig. 14(c)). They provided dynamic linking bridges
through the aluminum cation (Al3+) with PAA chains or among
TA-modied NPs, resulting in high compression strength,
stretchability up to 1060%, toughness up to 1.52 MJ m−3, and
self-recovery with an efficiency of 87%.196 An extended study
using Fe3+ and Ag+ ions instead of Al3+ has been reported,197,198

which showed a rapid gelation process in acrylic acid mono-
mers to form PAA/TA@hemicellulose/Fe3+ hydrogels, as shown
in Fig. 14(d). Furthermore, TA-Fe3+ complexes provide hydrogel
strain sensors with excellent adhesion to the skin for use as
wearable strain sensors.199 Comparable studies have reported
similar ndings for hydrogel strain sensors using TA-coated
cellulose nanobers/cellulose nanocrystals, graphene oxide,
carbon nanotubes, and talc.200–204

Furthermore, TA imparts UV-blocking, adhesion, and anti-
bacterial properties to hydrogel strain sensors because of its
polyphenolic groups.55,56,123,205 Sun et al. fabricated a hydrogel
strain sensor from a PAM/CS/TA hydrogel. The hydrogel
exhibited over 96% UV blocking by absorbing UV radiation in
the 350–390 nm range (Fig. 14(e)).55,206 Additionally, the hydro-
gel showed over 97% antibacterial activity against E. coli and S.
aureus bacteria, as measured from optical density (OD) aer 12
and 24 h (Fig. 14(g)).55 The catechol properties of TA make
hydrogel adhesives useful for hydrogel strain sensor applica-
tions on the skin, and the adhesion increases with increasing
TA content (wt%) (Fig. 14(f)).122,123

TA can endow hydrogel-based strain sensors with the self-
healing properties of hydrogels composed of protein polymer
chains such as silk, gelatin, and copolymerized synthetic
networks.110,186–188 For example, Zheng et al. reported that the
polyphenolic catechol groups on TA molecules improved their
self-healing properties by forming dynamic H bonds to
Fig. 15 (a) CCK8-cell proliferation assay of PVA/borax/silk fibroin/TA (PB
confocal laser microscope images of mouse fibroblasts on the surface o
from ref. 186. Copyright 2021 American Chemical Society. (c) Biocomp
growth rate).55 Copyright 2021, John Wiley and Sons.

This journal is © The Royal Society of Chemistry 2023
reconnect the broken bonds of –COOH and –NH2 groups on silk
broin polymer chains, –OH groups on PVA, and coordination
with borate ions. The resultant hydrogels exhibited excellent
stretchability (above 1000%) and self-healing efficiency (above
85%) within 30 s without any external stimulus (Fig. 14(h)).186 A
similar self-healing mechanism through TA-coated cellulose
nanocrystals can form dynamic H bonds with PAA polymer
chains in a chemically cross-linked network.207

TA ensures biocompatibility in hydrogel strain sensors
because it is naturally derived from plants and is of biological
origin.200,208 Zheng et al. reported that TA in conductive
hydrogels composed of PVA, borax, and silk broin (PBST
hydrogel) exhibited biocompatibility. Biocompatibility was
evaluated by a cytotoxicity test (CCK-8 analysis) using mouse
broblast cells and by observing the cell morphology using
a confocal laser microscope. The results showed that the cells
adhered well to the surface of the hydrogel (Fig. 15(b)) and
grew, showing cell proliferation during the 7 d of culture
(Fig. 15(a)). Cell proliferation and adhesion were observed with
increasing concentrations of TA, suggesting good biocompat-
ibility.186,187 In another study, the TA-based PAM/CS hydrogel
was biocompatible, exhibiting over 100% viability of L920 cells
in the CCK-8 assay (Fig. 15(c)). The cells exhibited a high-
density spindle-like morphology.55 However, the concentration
of TA in the hydrogel strain sensors should be carefully opti-
mized; otherwise, cytotoxicity may occur at much higher
concentrations. For example, Zhao et al. reported the minor
cytotoxic effects of PVA/sodium alginate/borax hydrogels and
PAM/sodium alginate hydrogels for strain sensors, exhibiting
a cell viability of over 80% aer 72 h.42,209

TA has been reported to modify the electrical conductivity
and strain sensitivity of hydrogel strain sensors. Zaidi et al.
ST) hydrogels for strain sensors at various concentrations of TA and (b)
f the PBST-4 hydrogel for 1, 4, and 7 days.186 Adapted with permission
atibility results of PAM/CS/TA hydrogel strain sensors (RGR = relative
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proposed a TA-modied ion-conducting gelatin organohydrogel
using sodium citrate and sodium chloride salts (GEL/Gel(30)/
TA), as shown in Fig. 16(a). Themodication provided a unique,
interconnected hierarchical porous structure of the gels that
exhibited a simultaneous increase in pore size and pore wall
thickness, resulting in low modulus and high toughness values,
considering the wearability of the strain sensors. Moreover, the
microstructural details of the gels suggested an improvement in
ionic conductivity (up to 0.8 S m−1) and tunability of strain
sensitivity (maximum up to GF = 6.5). The proposed organo-
hydrogel showed the potential to monitor human motion from
large to small scales (Fig. 16(b)).51
Fig. 16 GEL/Gly(30)/TA organohydrogel as a strain sensor for monitoring
morphology, mechanical properties, ionic conductivity, and strain sensitiv
from large to small scales. Copyright 2022, Elsevier.

13860 | J. Mater. Chem. A, 2023, 11, 13844–13875
Phytic acid (PA)

PA contains a high phosphorus and carbon content, making it
a biogenic and non-toxic compound. PA is naturally derived from
oilseeds, legumes, cereals, nuts, fruits, vegetables, pollen, seeds,
roots, and plant stems. Themolecular formula of PA is C6H18O24P6
(molecular weight: 660.04 g mol−1), also known as myo-inositol
(1,2,3,4,5,6) hexakisphosphoric acid.210–212 It is considered a poly-
acid because it contains six phosphate groups that can ionize in
aqueous solutions and release multiple H ions (H+).213,214

PA extraction includes PA solubilization and acid dissocia-
tion. Various methods of PA extraction have been explored using
human motion (adapted from ref. 51). (a) Scheme of the tunable pore
ity of the organohydrogel. (b) The potential to monitor humanmotions

This journal is © The Royal Society of Chemistry 2023
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different acidic solutions. For example, hydrochloric acid (HCl)
extracted 182.7 mg g−1 dry PA from peanuts. The response
surface methodology was used to optimize the extraction
conditions, in which an HCl concentration of 0.02 mol L−1,
a solid-to-liquid ratio of 1 : 16 (g : mL), an extraction temperature
of 30 °C, and an extraction time of 105 min were optimized.212,215
Fig. 17 (a) Cross-linking ability of PA in polyacrylic acid (PAA)/carboxymet
behavior in PAA/CMC/PA (PCP) hydrogels at various concentrations o
hydrogels.219 Copyright 2021, Springer Nature B.V. (d) PA function for fre
sensors.44 Copyright 2021, Royal Society of Chemistry. (f) Cross-linking
anti-drying, wide linear strain sensing range, and fast sensing response.4

This journal is © The Royal Society of Chemistry 2023
PA acts bifunctionally as a cross-linker and a source of ionic
conduction in hydrogel strain sensors.69,216,217 PA formed H
bonds with the polymer chains in the hydrogels that contrib-
uted to physical cross-linking, ultimately leading to improved
mechanical properties, as shown in Fig. 17(a). Cross-linking
improves mechanical properties. For example, the tensile
hyl cellulose (CMC) hydrogels for strain sensors, (b) tensile stress–strain
f PA, and (c) ionic conductivity as a function of PA content in PCP
ezing tolerance and (e) dehydration resistance in hydrogels for strain
of PVA/CS hydrogels with PA, resulting in toughness, thermoplasticity,
5 Copyright 2023, Royal Society of Chemistry.
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strength increases from 0.07 to ∼0.9 MPa (Fig. 17(b)). Simul-
taneously, PA can provide hydrogels with ionic conductivities
up to 6 S m−1 (Fig. 17(c)). Furthermore, PA imparts excellent
freeze-tolerance and anti-drying properties to hydrogel strain
sensors.44,218 In a report, PA also endowed the hydrogel with
excellent freezing tolerance at −20 °C, demonstrating an ionic
conductivity of 0.04 S cm−1 without loss of mechanical exi-
bility of the hydrogel. Moreover, PA imparts dehydration resis-
tance to the hydrogels (82% weight retention aer 15 days in
a 75% relative humidity environment), maintaining a conduc-
tivity of 0.01 S cm−1 on the 15th day of the dehydration exper-
iment (Fig. 17(e)). Furthermore, Liu et al. reported a PA-
Fig. 18 (a) Antibacterial properties of PAM/CS hydrogels as a function of
Self-healing properties in poly(diallyldimethylammonium chloride) (PDDA
for strain sensors.218 Copyright 2022, Elsevier. (c) Biocompatibility of PA h
(i) 12 h, (ii) 24 h, (iii) 72 h, and (iv) 96 h.216 Adapted with permission from re
properties due to PA.127 Copyright 2019, Elsevier.

13862 | J. Mater. Chem. A, 2023, 11, 13844–13875
containing PVA/CS hydrogel strain sensor that showed a wide
linear operating range of up to 900% strain, a fast response time
of 50 ms, and thermoplastic behavior for reusability combined
with improved toughness and ductility, as shown in Fig. 17(f).
Additionally, the hydrogel strain sensor retained more than
90% of the water aer 30 days due to PA.45

PA also imparts antibacterial properties to hydrogel strain
sensors. Fig. 18(a) depicts the antibacterial properties of the PA-
containing hydrogels against E. coli and S. aureus bacteria using
the diffusion disc test, which exhibited a large zone of bacterial
growth inhibition. Furthermore, strong reversible noncovalent
interactions with the polar functional groups in the hydrogel
PA for strain sensors.44 Copyright 2021, Royal Society of Chemistry. (b)
) grafted onto a cellulose nanocrystals (CNCs)/PVA hydrogel using PA

ydrogels containing PVA/NH2-POSS for strain sensors, cell-cultured for
f. 216. Copyright 2020, American Chemical Society. (d) Flame retardant

This journal is © The Royal Society of Chemistry 2023
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networks endowed the hydrogel strain sensors with self-healing
properties (Fig. 18(b)).218 Similarly, conductive hydrogels con-
taining PA composed of PVA and amino-polyhedral oligomeric
silsesquioxane (NH2-POSS) showed no apparent cytotoxicity to
MDA-MB-231 cells, as shown in Fig. 18(c), suggesting the
biocompatibility of PA in the hydrogels. In an in vitro cytotox-
icity examination, the cells exhibited a spindle-like shape and
increased cell number and growth rate on the surface of the
hydrogels aer 24, 72, and 96 h. No dead cells were observed.216
Fig. 19 (a) Effect of sorbitol on tensile stress–strain behavior and mec
sorbitol (PCS) conductive hydrogel for strain sensors, (b) water retenti
temperature (left) and 50 °C (right), (c) anti-freezing properties as a func
Copyright 2022, Elsevier.

This journal is © The Royal Society of Chemistry 2023
Moreover, PA is an environmentally friendly ame retardant.
Zhang et al. developed PA-doped strain sensors that exhibited
ame retardancy by self-extinguishing ame action within 20 s.127
Sorbitol

Sorbitol is a natural and important sugar alcohol, polyol-
C6H14O6 (molecular weight: 182.1 g mol−1), comprising two
primary and four secondary hydroxyl groups. It is commonly
hanical properties (elastic moduli and toughness) of the PAM/CS/D-
on properties of the PCS hydrogel as a function of sorbitol at room
tion of sorbitol, and (d) self-healing properties (adapted from ref. 58).
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found in fruit, corn, wheat starch, and cellulose. Sorbitol is
extracted through polysaccharide decomposition and reduc-
tion. Sorbitol can be directly extracted using heterogeneous
catalysts and hydrogenation reactions.220,221 Sorbitol has been
used in various biomedical applications, such as drug delivery
vesicles,222 bio-friendly carbon quantum dots for ther-
agnostic,223 and copolymerized network-based composites
carrying biomaterials for bone regeneration.224 In these appli-
cations, sorbitol exhibited no cytotoxic effects. Thus, sorbitol
may be a better choice for developing hydrogel strain sensors.

Sorbitol performs various functions as a strain sensor in
conductive hydrogels. For instance, Huang et al.58 reported that
sorbitol could have a plasticizing effect on hydrogels, exhibiting
a decrease in the elastic modulus from 37 to 27 kPa, an increase
in stretchability up to 2500%, and an increase in toughness up
to 1.75 MJ m−3 (Fig. 19(a)). It was due to sorbitol that the
hydrogels were moisturized for a long time, comparable at room
temperature and 50 °C (Fig. 19(b)). Moreover, they were tolerant
to freezing at subzero (−25 °C) temperatures, maintaining
mechanical exibility (Fig. 19(c)). Furthermore, sorbitol
endowed the hydrogel with self-healing properties (Fig. 19(d)).
Similar to sorbitol, other polyols, such as glycerol94,95,225 and
Eg,125,226 in the presence of inorganic salts (such as sodium
chloride, magnesium chloride, and aluminum chloride) are
utilized in hydrogel-based strain sensors because of their
excellent freezing resistance. Glycerol, a natural compound,
comes from animal and plant sources and is commonly
produced during the making of soap227,228 and biodiesel229,230 as
a by-product, and thus has been considered a biomolecule.231,232

The synthetic compound Eg is primarily produced through
petrochemical processes, but attempts are being made to derive
it from renewable resources such as biomass.233–235
Glycyrrhizic acid (GA)

Glycyrrhizic acid (GA), also known as glycyrrhizin (molecular
weight: 822.9 g mol−1), is a natural sweetener having an
amphiphilic structure. It comprises two molecular parts: (i) the
hydrophobic side of GA and (ii) the hydrophilic side of the
diglucuronic unit with –OH and –COOH groups. Both the parts
are connected by a glycosidic bond.236,237 It is found in the roots
and rhizomes of licorice plants.238,239 Various methods for GA
include solid phase extraction, microwave-assisted micellar
extraction, microwave-assisted extraction, supercritical CO2

extraction, and ultrasound-assisted extraction.240,241

GA can improve the mechanical properties of hydrogels.
Zhang et al. described a hydrogel strain sensor composed of
PVA/GA/AgNPs242 (Fig. 20(a)), improving the mechanical prop-
erties of hydrogels for strain sensors. An improvement in the
modulus of elasticity from 28 to 130 kPa, tensile strain from 300
to 500%, and toughness from 0.3 to 1.4 MJm−3 was observed, as
shown in Fig. 20(b). Moreover, GA in situ reduced Ag+ ions to
AgNPs (transparent appearance transformed into brownish
color appearance) on the surface of hydrogels under UV light
exposure for well-known antibacterial and UV-blocking effects,
as shown in Fig. 20(c) and (d). However, it should be noted that
GA itself was neither a UV-blocker nor a good antibacterial
13864 | J. Mater. Chem. A, 2023, 11, 13844–13875
agent. The thickness of the AgNP layer on the surface increased
with increasing UV exposure time to reduce the number of Ag+

ions in the presence of GA, which improved the UV-blocking
properties. Furthermore, the presence of GA in the hydrogel
showed no cytotoxic effects, exhibiting a cell viability of 98% for
HUVECs aer 24 h and a favorable spindle cell morphology, as
shown in Fig. 20(e).

Deoxyribose nucleic acid (DNA)-inspired molecules

Deoxyribose nucleic acid (DNA) is a long, complex molecule that
stores and transmits genetic information.243 It serves as a blue-
print for life and provides instructions for the development and
functioning of all living organisms.244,245 The DNA molecule
comprises two complementary strands that run in opposite
directions and are held together by H bonds between nitroge-
nous bases. It consists of repeating units of four nitrogenous
bases: adenine (A), guanine (G), cytosine (C), and thymine (T),
and a sugar-phosphate backbone.246,247 DNA acts as a polyacid
over a wide pH range.248

DNA can be obtained from various sources, including cells
such as blood cells, skin cells, hair follicles, tissues such as the
liver or muscle tissue, microorganisms such as bacteria or
viruses, and non-living sources such as bones, teeth, or hair.249

There are 8–10 commonly used DNA extraction protocols.250 The
choice of the DNA extraction method depends on the state of
the target DNA.251 In terms of concentration, the Chelex method
yielded the lowest amount of DNA, while the DNA IQ™ system,
QIAGEN QIA cube, and QIAsymphony® DNA Investigator® Kit
helped obtain the highest concentration of DNA.252

DNA is a macromolecule with a molecular weight greater
than 5 Da. However, its building blocks, deoxyribose nucleo-
tides, are small molecules with molecular weights less than 1
kDa.253 DNA-inspired molecules such as deoxyribonucleotides
(molecular weight < 1 kDa), including cytosine methacryloyl
chloride,254 acrylate adenine, thymine,255,256 and adenosine
monophosphate,257 have been reported to improve the
mechanical properties and adhesion of hydrogels to the skin.
Zhang et al. reported that the H-forming ability of adenosine
monophosphate molecules can increase the stretchability of
hydrogels (Fig. 21(a) and (b)).257 Furthermore, Kang et al. re-
ported that adenine and thymine produced PAM/glycerol
hydrogels with excellent self-healing properties (Fig. 21(c)).255

The self-healing hydrogel showed excellent extensibility with
a healing efficiency of 96.3% aer 60 min of contact between cut
halves of the hydrogel. In addition, the hydrogel strongly
adhered to various substrates, including nonpolar polymers,
polar polymers, metals, skin, and ceramics, as indicated in
Fig. 21(d). Moreover, the presence of DNA-inspired nucleobases
promoted biocompatibility in quaternized CS/PAM hydrogels
(Fig. 21(e)).

Discussions

Citric acid (CA) in hydrogel-based strain sensors. The anti-
bacterial effect of CA is due to the disruptive effect of the
carboxyl groups on the bacterial cell membrane, which inhibits
bacterial growth. CA ionizes by the transformation of the
This journal is © The Royal Society of Chemistry 2023
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Fig. 20 (a) Schematic representation of the PVA/GA/Ag nanoparticle (AgNP) conductive hydrogel for strain sensors, (b) tensile stress–strain
behavior and mechanical properties of hydrogels at various concentrations of GA, (c) in situ formation of the AgNP layer on the surface of
hydrogels under the influence of UV radiation in the presence of GA, (d) UV-blocking properties of the PVA/GA/AgNP hydrogel, and (e) cell
viability of the PVA/GA/AgNP hydrogel andmorphology of cells on the surface of the hydrogels. Adaptedwith permission from ref 242. Copyright
© 2021. Reprinted with permission from Elsevier B.V.
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carboxyl groups (–COOH) into carboxylate groups (–COO−) by
losing H+ (proton), which provides ionic conductivity in
hydrogels for application as a piezoresistive strain sensor.
Furthermore, the three carboxyl groups in CA can interact with
functional groups in other hydrogel molecules through physical
interactions, such as the formation of H bonds, electrostatic
interactions, and covalent bonds, which provide hydrogels with
a shape memory effect. The reported decrease in mechanical
This journal is © The Royal Society of Chemistry 2023
toughness with increasing CA concentration in the hydrogels
may limit their applicability in strain sensors that require high
mechanical stability. To harness the full potential of CA in
strain sensing applications, future studies should focus on
balancing its mechanical properties with other benets. CA can
impart adhesive properties to hydrogels owing to the interac-
tions between the carboxyl groups of CA and the functional
groups of various substrates. However, the optimal
J. Mater. Chem. A, 2023, 11, 13844–13875 | 13865
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Fig. 21 (a) Schematic illustration of adenosine's ability to physically interact with polymer chains in a hydrogel network, forming a quaternized
CS/PAM hydrogel for strain sensors and (b) tensile stress–strain behavior of quaternized CS/PAM hydrogels at various concentrations of
adenosine.257 Copyright 2021, Royal Society of Chemistry. Thymine and adenosine promote (c) self-healing and (d) adhesive properties in
hydrogel strain sensors.255 Adapted with permission from ref 255. Copyright 2022, American Chemical Society. (e) Biocompatibility of the
quaternized CS/PAM hydrogel to strain sensors by increasing cell viability over various time periods.257 Copyright 2021, Royal Society of
Chemistry.
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concentration must be identied to ensure adequate adhesion
without compromising mechanical strength and exibility. The
reduction of Ag+ to AgNPs in the hydrogels was due to the ability
of ionized CA molecules with negatively charged carboxylate
ions (–COO−) to donate electrons to reduce Ag+ to AgNPs. The
strain-sensing mechanism can be explained by the fact that the
presence of CA ensured uniform dispersion of AgNPs in the
matrix of the hydrogel strain sensor, forming conductive paths.
When stretched and released, the conductive paths are broken
and rebuilt, thereby supporting the conduction mechanism of
piezoresistive-type strain sensing. Although the mechanism of
strain sensing using CA is well understood, understanding how
the CA content variation can tune the performance indicators of
hydrogel strain sensors, such as their sensitivity, linearity, and
response time, requires further studies. The effect of CA on
13866 | J. Mater. Chem. A, 2023, 11, 13844–13875
long-term stability in terms of the retention of mechanical
properties should also be determined using a proper study plan.

Zwitterionic osmolytes in hydrogel-based strain sensors. The
high resistance to non-specic protein absorption supports
biocompatibility owing to the high hydrophilicity of betaine
moieties. The antifouling properties were attributed to the
improved retention of water molecules on the surface of the
hydrogel due to the excellent hydrophilicity of proline mole-
cules that resist the non-specic absorption of proteins.
Biocompatible proline promotes wound healing, attributed to
the intrinsic ability of proline to accelerate collagen formation
in the skin aer attaching to wounded tissues. Freezing toler-
ance is attributed to the ability of betaine and proline molecules
to interact with water molecules at subzero temperatures,
resisting in H bonding among water molecules, which prevents
This journal is © The Royal Society of Chemistry 2023
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ice formation. Mechanical properties such as stretchability
(∼1800%), elastic moduli, and toughness are improved due to
the –NH2

+ site of proline that forms H bonds with the –COO−

groups of GG polymer chains. Improvement in the adhesive
properties of the hydrogel was observed for skin and other
substrates due to the zwitterionic nature of these molecules that
causes the hydrogels to interact with both negatively and posi-
tively charged functional groups on the skin and other
substrates. Despite the potential benets of using zwitterionic
osmolytes as hydrogel strain sensors, some gaps remain to be
addressed. A critical challenge is that zwitterionic osmolytes
can have a plasticizing effect on hydrogel mechanics, and
detailed studies to understand such behavior are lacking.
Additionally, the effects of zwitterionic osmolytes on the
sensitivity and sensing behavior have not been thoroughly
investigated beyond their use in piezoresistive hydrogel-based
strain sensors. It would be valuable to explore the potential of
zwitterionic osmolytes in other types of strain sensors, such as
capacitive strain sensors, which rely on their dielectric proper-
ties.258 Furthermore, zwitterionic osmolytes and salt electrolytes
have been used together in hydrogel strain sensors. However,
there is a gap in determining how their interactions can impact
the sensing properties.259

Tannic acid (TA) in hydrogel-based strain sensors. TA
improves the mechanical properties of gelatin hydrogels
because the –OH groups and benzene rings in the polyphenolic
moieties of TA can crosslink gelatin polymer chains through H
bonds and hydrophobic interactions. TA improves the gelation
rate via radical polymerization because the catechol groups on
TA and the Fe3+ ions in the hydrogel monomer system quickly
activate sodium persulfate for free-radical polymerization,
forming PAA/TA@hemicellulose/Fe3+ hydrogels. TA endows
hydrogels with UV-blocking properties because TA contains
several aromatic rings in its chemical structure, which can
absorb UV radiation, making it an effective blocker of UV light.
Therefore TA is used in wearable hydrogel strain sensors to
protect the skin from the harmful effects of UV radiation. The
antibacterial activity of TA in hydrogels is attributed to the
affinity of the phenolic sites of TA for the bacterial surface,
including protein sites, which destabilize the bacterial cell
membrane and inhibit further bacterial growth.260,261 Poly-
phenolic catechol groups on TA molecules induce self-healing
properties in hydrogels by forming dynamic H bonds that
reconnect the broken bonds of –COOH and –NH2 groups on silk
broin polymer chains, –OH groups on PVA, and coordination
with borate ions. The moderate TA content in hydrogels
provides biocompatibility, which is attributed to the potent
antioxidant properties of TA that enable it to counteract reactive
oxygen species and other free radicals that initiate oxidative
stress, leading to harm to cells and tissues.38,262 Therefore, TA
can protect cells and tissues from oxidative injury, highlighting
its biocompatibility. The tunability of conductivity and sensi-
tivity can be attributed to the release of Cl− ions from the gelatin
polymer chains and the partial de-crosslinking of citrate ions
within the gel network upon crosslinking with TA. This expla-
nation also accounts for the observed microstructural changes,
which involve a concurrent increase in both the pore size and
This journal is © The Royal Society of Chemistry 2023
pore wall thickness, ultimately resulting in a reduced modulus
and enhanced toughness. TA has enabled researchers to adjust
strain sensitivity. However, certain limitations and challenges
must be considered, such as difficulties in scaling up the use of
high TA content owing to the limited solubility and rapid
crosslinking of TA in aqueous systems with polymers.192 The
long-term stability of hydrogels and their strain-sensing
performance may be affected by the interactions between TA
and salt electrolytes, which should be studied in detail.263 Most
TA-based hydrogel strain sensors operate via piezoresistive
mechanisms. The potential of TA in other types of strain-
sensing mechanisms should also be determined.

Phytic acid (PA) in hydrogel-based strain sensors. Lu et al.
reported that the oxygen in the dihydrogen phosphate moieties
of PA forms H bonds with the H in the –OH groups of PVA,217,264

the –COOH groups of PAA,219 or the –NH2 groups of PAM and
polyaniline121,265–267 contributing to physical cross-linking in the
hydrogel networks. The ability of PA to provide hydrogels with
ionic conductivity is attributed to its acidic nature, which
donates H+ ions to the aqueous phase of the hydrogels. The
freezing tolerance of PA-containing hydrogels is attributed to
the formation of H bonds between a large number of electro-
negative oxygen sites on the PAmolecule and the electropositive
H atoms on water molecules at subzero temperatures. The same
phenomenon accounts for the dehydration resistance of PA-
containing hydrogels, which decreases the vapor pressure of
water from hydrogels, but in relatively high humidity environ-
ments (75%) at room temperature.44,268 PA combines toughness
and reusability through thermoplasticity owing to the physical
cross-linking forces of PA with polymer chains in the hydrogel
network. The excellent PA-based physical crosslinking provided
a uniform and fast transfer of the load across the polymer
network in the hydrogel, which resulted in a wide linear
working range and a fast response for strain sensing. The
antibacterial activity of PA-containing hydrogels is attributed to
the chelating properties of PA with Ca2+ and Mg2+ ions or the
release of H+ ions that damage the bacterial membrane.44,268

Although no cytotoxicity was found in the PA-based hydrogels,
which might be due to their inherent natural origin, more
studies are required to conrm the biocompatibility of hydro-
gels containing PA. The ame retardancy of PA-containing
hydrogels is due to the phosphorus-rich groups of PA, which
produce POc radicals that have a quenching effect on the
combustion reactions.126,127

Sorbitol in hydrogel-based strain sensors. Sorbitol has
a plasticizing effect on hydrogels owing to the interaction of the
–OH groups of sorbitol with the hydrogel constituents. The
dehydration resistance and freezing tolerance of the hydrogel
are attributed to the –OH groups of sorbitol, which form strong
H bonds with water molecules. Furthermore, the –OH groups of
sorbitol can interact with the polar functional groups of the
hydrogel constituents, forming reversible noncovalent interac-
tions for self-healing properties. The mechanisms underlying
the roles of sorbitol are well explained. However, conducting
further research to conrm these ndings across various
hydrogel compositions and in practical applications is
essential.
J. Mater. Chem. A, 2023, 11, 13844–13875 | 13867
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Glycyrrhizic acid (GA) in hydrogel-based strain sensors. The
improvement in the mechanical properties of the hydrogel was
attributed to the ability of GA to self-assemble in a glycerol/
water binary solvent and form H bonds with other polar func-
tional groups (–OH groups) on PVA. Although we concluded that
GA could suppress the cytotoxic effects of AgNPs, the underlying
mechanism was not discussed. Further studies are required to
conrm these ndings.

Deoxyribose nucleic acid (DNA)-inspired molecules. The
building blocks of DNA, deoxyribose nucleotides, improve the
mechanical properties, self-healing properties, and adhesion of
hydrogels to the skin. These improvements were attributed to the
strong H bond-forming ability of the nucleobases. The mecha-
nisms underlying these characteristics are well established.
Furthermore, these nucleobases promote biocompatibility in
hydrogels because of their inherent biocompatibility257 and
capacity to modulate cellular interactions through ligand
binding.269,270 Although incorporating DNA-inspiredmolecules into
hydrogels has shown promising results, further research is
required to optimize their use in different hydrogel compositions,
investigate their long-term stability, and improve their mechanical
toughness without compromising their adhesion properties.

Conclusion and perspectives
Conclusion

In recent years, various functional properties have been incor-
porated into hydrogels to facilitate their practical implementa-
tion as strain sensors in various applications, such as human
health monitoring, robotic smart skins, and human–machine
interfaces, considering the longevity of the functionality and the
quality of the strain-sensing performance. Notably, rapid
advancements have been made in the operational quality of
hydrogel-based strain sensors through the extensive assessment
of performance indicators, including a wide linear working
range, sensitivity, response/recovery time, and reduced hyster-
esis. Although the four fundamental strain-sensing mecha-
nisms—piezoresistivity, capacitance, piezoelectricity, and
triboelectricity—are well established, sensors that employ
multiple mechanisms are now available, broadening the range
of potential applications for strain sensors. Furthermore, we
examined the incorporation of small biomolecules to enhance
the functional properties of the hydrogels used in strain
sensors. Small biomolecules offer numerous advantages for
developing hydrogel-based strain sensors with multifunctional
capabilities that cannot be achieved solely by employing poly-
mer networks in their native states within hydrogels. This
strategy also eliminates the reliance on less accessible methods
to induce multiple functionalities. Polyacids, such as TA, PA,
and DNA-inspired molecules, possess functional groups that
signicantly improve the mechanical properties of hydrogels by
reinforcing physical interactions such as H bonding, ionic
interactions, and hydrophobic interactions within the hydrogel
network. The functional groups of polyacids and sorbitol
enhance self-healing capabilities and increase adhesion to
various substrates, including the skin, making these hydrogels
suitable for wearable devices. TA accelerates the gelation rate by
13868 | J. Mater. Chem. A, 2023, 11, 13844–13875
promoting radical polymerization and forming synthetic poly-
mer networks in hydrogels. GA converts metal ions into metallic
NPs, such as transforming Ag+ into AgNPs, endowing the
hydrogels with additional functionalities. The robust coordi-
nation of PA and zwitterionic osmolytes with water contributes
to exceptional freezing tolerance and preserves the hydrogel
function at subzero temperatures. The highly hydrophilic
nature of zwitterionic osmolytes also imparts antifouling
properties to hydrogel surfaces. PA further reduced the dehy-
dration rate of the hydrogels, extending their functional life-
span and providing ame retardancy. The ionizable nature of
CA and PA allows the modulation of ionic conductivity in
hydrogels and imparts remarkable antibacterial properties. The
discussed biomolecules ensured the biocompatibility of the
hydrogels. From the perspective of the performance indicators
of the hydrogel-based strain sensor, only TA and PA were found
to affect the strain-sensing performance.
Perspectives

It is expected that the use of small biomolecules will continue to
be of great interest in developing hydrogel-based strain sensors.
However, several challenges must be addressed in the eld of
hydrogel-based strain sensors and small biomolecules.

Developing hydrogel-based strain sensors for multiple
applications with multifunctional properties. The application-
specic functionality and strain-sensing performance of
hydrogel-based strain sensors are well documented in the
existing literature. However, the eld has reached a saturation
point. To foster further growth, future research should
concentrate on creating hydrogel compositions that exhibit
multifunctional properties for various applications. For
example, recent studies have reported the achievement of dual-
sensing modes for multiple applications, such as piezoresistive
and piezoelectric modes.83,106 However, these sensors oen lack
essential multifunctional properties for long-lasting operation,
including freezing tolerance and dehydration resistance.
Therefore, the incorporation of multifunctional small biomol-
ecules into the development of hydrogel-based dual-mode
strain sensors should be attempted in the future to achieve
longevity and multifunctional properties, which would increase
the practical adaptability of hydrogel-based strain sensors.

Focusing on improving the performance indicators of
multifunctional hydrogel-based strain sensors. Enhancing the
key performance indicators of hydrogel-based strain sensors,
including broad strain range, linearity, high sensitivity, rapid
response/recovery time, and low hysteresis, is essential for
practical adaptation to a wide range of applications. While most
studies on hydrogel strain sensors have optimized the hydrogel
conditions based on mechanical and functional properties,
there has been less emphasis on gaining insights into ne-
tuning these performance indicators for hydrogel strain
sensors.51,271,272 Future research should address this aspect by
providing more comprehensive experimental details and strat-
egies to optimize these crucial performance indicators.

Recent studies have demonstrated that incorporating small
biomolecules into hydrogels can successfully impart
This journal is © The Royal Society of Chemistry 2023
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multifunctional properties such as mechanical robustness, self-
healing, freezing tolerance, and dehydration resistance.
However, the majority of small biomolecule-integrated hydro-
gel-based strain sensors operate primarily via piezoresistive
sensing mechanisms, which may signicantly limit their range
of applications. In this regard, a potential future research
direction should focus on broadening the scope of their use to
multiple applications. For instance, introducing piezoelectric
nanomaterials into hydrogel networks incorporating small
biomolecules using a composite hydrogel approach can
produce a dual-sensing mode, thus enhancing their scope of
application.

Addressing the tradeoff between multifunctional properties
in small biomolecule-integrated hydrogel-based strain sensors.
Stretchability, toughness, and self-adhesion are attractive
features of hydrogels for use in mechanically stable wearable
strain sensors. Polyacids, including TA and DNA, regulate the
cohesive and adhesive properties. However, close optimization
is required to achieve a balance between cohesion and adhe-
sion, limiting the simultaneous improvement of both cohesion
and adhesion. In this scenario, the challenge is to achieve high
cohesion and adhesion simultaneously to extend the practical
applications of tough and adhesive strain sensors.

Optimizing the electrochemical properties of small biomol-
ecule-integrated hydrogels for enhanced piezoresistive strain
sensing performance across wide temperature ranges. In pie-
zoresistive strain sensors, small biomolecules such as sorbitol
and zwitterionic osmolytes have been shown to enhance the
freezing tolerance of hydrogels, allowing them to maintain
functionality at subzero temperatures. Hydrogels are selected
for strain-sensing applications based on optimizing their
mechanical properties. However, the large molecular size and
polar nature of these small biomolecules may inuence the
mobility of free ions, potentially reducing ionic conductivity in
certain cases.172,178 Therefore, it is crucial to investigate this
potential effect on the electrochemical properties of hydrogels
intended for strain sensing across a wide temperature range,
from room temperature to subzero temperatures, to understand
the underlying mechanisms better and bolster their practical
adaptability. Moreover, future research should focus on select-
ing hydrogels for strain-sensing applications by optimizing
their electrochemical properties in detail, considering the
performance indicators of hydrogel-based strain sensors and
mechanical considerations.

Expanding dehydration resistance in small biomolecule-
based hydrogel strain sensors for diverse humidity environ-
ments. On a broader scale, small biomolecules, such as PA and
sorbitol, impart dehydration resistance to hydrogels and
prolong their functional lifespan. Resistance to dehydration is
highly dependent on the relative humidity of the surrounding
environment. Researchers have reported the dehydration
resistance of biomolecule-based hydrogel strain sensors in
environments with relative humidity above 50%.44,45 However,
these humidity conditions are not universal. Therefore, dehy-
dration resistance should be reported over a wide range of
humidity environments.
This journal is © The Royal Society of Chemistry 2023
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