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To meet critical requirements on flexible electronic devices, multifunctionalized flexible sensors with excellent electromechanical
performance and temperature perception are required. Herein, lignin-reinforced thermoresponsive poly(ionic liquid) hydrogel is
prepared through an ultrasound-assisted synthesized method. Benefitting from the electrostatic interaction between lignin and
ionic liquid, the hydrogel displays high stretchability (over 1425%), excellent toughness (over 132 kPa), and impressive stress
loading-unloading cyclic stability. The hydrogel strain sensor presents excellent electromechanical performance with a high
gauge factor (1.37) and rapid response rate (198ms), which lays the foundation for human body movement detection and
smart input. Moreover, owing to the thermal-sensitive feature of poly(ionic liquid), the as-prepared hydrogel displays
remarkable thermal response sensitivity (0.217°C-1) in body temperature range and low limit of detection, which can be
applied as a body shell temperature indicator. Particularly, the hydrogel can detect dual stimuli of strain and temperature and
identify each signal individually, showing the specific application in human-machine interaction and artificial intelligence. By
integrating the hydrogel strain sensor into a wireless sensation system, remote motion capture and gesture identification is
realized in real-time.

1. Introduction

The flourishment of wearable devices has demonstrated
huge applicable potential in intelligent terminals, bionic
electronic skin, prosthetic replacement, and health monitor-
ing, which motivated extensive research interests in flexible
electronics [1–4]. The flexible sensors, with critical require-
ments to attach to the surface of various shapes and realize
multiple stimuli perception in a wide range of deformations,
are the most important components in flexible wearable
devices [5, 6]. Therefore, compared to traditional rigid sen-
sors, flexible sensors are under rigorous demands to perform
superior flexibility, stretchability, sensitivity, and conformal-
ity [7–10]. At present, many elastic substrates, such as poly-
urethane, polydimethylsiloxane, and silicone rubber, have
been commercialized with advantages of easy processing, fac-
ile preparation, and satisfying tensile properties [8, 11–13].

Specifically, by incorporating conductive fillers into the flex-
ible substrates, highly accurate and sensitive electromechan-
ical perception is achieved in the flexible strain sensors
[14–17]. However, the inherent toxicity and poor stretchabil-
ity in those commercialized flexible substrates limit their
application to organisms and restrict their precisely tactile
perception of humidity and temperature [18–21]. In general,
there lays a pressing demand for a flexible electronic device
with tunable mechanical properties, splendid biocompatibil-
ity, and multimodal response.

The hydrogel, with a unique three-dimensional (3D)
hydrophilic polymer network, performs high stretchability,
exceptional biocompatibility, and degradability, exert broad
application prospects in the fields of biological wound dress-
ings, drug delivery, sensors, actuators, and flexible energy
storage devices [22–27]. Ionic liquids are a group of organic
salts comprised of organic cations and organic or inorganic
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anions [28, 29]. They are chemical and thermally stable, bio-
compatible, and antibacterial and can maintain fluidity at or
near room temperature [30–32]. By composing the ionic liq-
uids into hydrogels (ionic gel), the low saturated vapor pres-
sure and high ionic conductivity of ionic liquids would
endow the hydrogel with a highly sensitive perception at a
wide temperature range [30, 33, 34]. Moreover, since the
numbers of the migratable ions and the ion migration rate
vary with the temperature, the ionic gel displays a distinct
thermal-sensitive feature, being feasible for multimodal sig-
nal sensation [29, 30, 33]. In a typical strategy, the ion gel
is fabricated through a solvent exchange method by soaking
the hydrogel into ionic liquids [34]. For example, Zhao et al.
synthesized poly-2-acrylamido-2-methyl-1-propanesulfonic
acid (PAMPS) ion gel by radical crosslinking polymerization
of AMPS and alpha-ketoglutaric acid under UV initiation
and following infiltration in 1-ethyl-3-methylimidazolium
dicyanamide ([EMI] [DCA]) ionic liquid [35]. PAMPS ion
gel was manifested with high transparency and stretchabil-
ity, while its elongation at break was merely 120%. Sun
et al. dissolved 3-dimethyl (methacryloyloxyethyl) ammo-
nium propane sulfonate and acrylic acid (AA) into a mixture
of [EMI] [DCA] ionic liquid and water and achieved ion gel
with high ionic conductivity (1.1mS cm−1) and antifatigue
resistance [36]. However, the ion gel displayed unsatisfac-
tory stretchability of 800%, originated from the poor interac-
tion between the polymer matrix and ionic liquids. In
addition, the direct introduction of ionic liquids into the
hydrogel 3D frameworks through a straight dipping process
or one-pot method cannot strictly prohibit the leakage of
ionic liquids and inevitably brings detrimental effects on
the tensile property of the ion gel [33, 36]. Poly(ionic liquid)
hydrogel is a sort of ion-conductive polymer network copo-
lymerized from ionic liquids and various organic monomers.
It inherits the high ionic conductivity, chemical stability, and
biocompatibility of ionic liquids and reveals high fluid reten-
tion ability to avoid ionic liquid leakage [29, 32, 35]. More-
over, incorporating specific-functionalized monomers in
poly(ionic liquid) has also been a promising candidate for
high-performance multimodal ion gel.

Lignin is a kind of complicated phenolic natural organic
polymer that exists widely in nature. The abundant phenolic
hydroxyl groups can form extensive physical and chemical
interactions, such as metal coordination, hydrogen bonding,
and ionic interaction, to greatly enhance the stretchability
and hydrophilicity of the hydrogel [8, 37–40]. For example,
Wang et al. polymerized 3,4-ethylene dioxythiophene mono-
mers on the surface of sulfonated lignin (SL) with the addition
of AA and Fe3+ to the suspension to form a strongly interact-
ing Fe-SL hydrogel [40]. The chelating coordination between
the phenolic hydroxyl group of SL and Fe3+ enabled Fe-SL
hydrogel outstanding stretchability of 1680%, while the exces-
sive physical interactions also depressed the tensile strength to
40kPa. Inspired by the biological tissues with toughness diver-
sity in different components, it is conducive to introduce lig-
nin or its derivatives as the functionalized monomers into
poly(ionic liquid) to construct a polymer network with both
“soft” and “hard” segments, achieving promotion in both
mechanical performance and perception sensitivity.

Herein, lignin-reinforced poly(ionic liquid) hydrogel was
fabricated by the ultrasound-assisted synthesized method.
Lignin in the branched chains of poly(ionic liquid) greatly
enhanced the hydrophilic property and mechanical and
electrical performance of the hydrogel. The synthesized
poly(ionic liquid) hydrogel revealed excellent stretchability
(up to 1425%), toughness (over 132 kPa), and cyclic stabil-
ity. The strain sensor based on the poly(ionic liquid)
hydrogel displayed high sensitivity (GF = 1:37) and short
response time (198ms) for human body movement detec-
tion and human-machine interaction. Furthermore, attrib-
uting to the thermal-sensitive feature of ionic liquid, the
poly(ionic liquid) hydrogel can be utilized as a body shell
temperature indicator, providing reliable assistance for
monitoring and tracking human health status. By integrat-
ing the hydrogel sensor into a wireless sensation system,
real-time human motion can be perceived, showing great
potential in the fields of motion monitoring, sports pos-
ture correction, and postinjury rehabilitation.

2. Results and Discussion

2.1. Preparing and Characterization of Poly(Ionic Liquid)
Hydrogels. Thermoresponsive lignin-reinforced poly(ionic
liquid) hydrogel with interpenetrating binary-networked
nanoarchitectures was prepared by ultrasound-assisted radi-
cal polymerization followed by double-network fabrication.
As shown in Figure 1, 1-vinyl-3-butylimidazolium bromide
([VBIM+] Br-) ionic liquid, vinyl-modified lignin (v-lignin),
acrylamide (AM), borax, ammonium persulfate (APS), and
distilled water were mixed uniformly and polymerized with
the assistance of ultrasound to obtain poly(ionic liquid).
Afterward, the poly(ionic liquid) was immersed in a solution
of acrylic acid (AA), silver nanowires (AgNWs), N,N′-
methylene bisacrylamide (MBA), and APS to crosslink
and form a second polymer matrix. The introduction of
vinyl-modified lignin with abundant catechol and pyrogallol
groups in the poly(ionic liquid) chain segment considerably
improves the mechanical and hydrophilic properties of the
hydrogel. Tremendous phenolic hydroxyl groups in lignin
form toughly covalently crosslinking with borax, and electro-
static interactions manipulated from the negatively charged
lignin and the positively charged [VBIM+] ionic liquid fur-
ther enable apparent promotion in mechanical property of
the hydrogel. Moreover, the polymeric ionic liquid copoly-
mer and the second soft and brittle polyacrylic acid (PAA)
network, establish “hard” and “soft” segments entangled
polymer matrix. The synergistic effect of the heterostructure
facilitates rapid stress conduction and energy dissipation,
which motivates crucial enhancement in the stretchability
and toughness of the hydrogel [41].

Benefitting from the interwoven “soft” and “hard” seg-
ments in the double-network hydrogel, the poly(ionic liquid)
hydrogel presents high stretchability and toughness. As shown
in Figure 2(a), it can be stretched to more than 10 times the
original length without damage and recover to its initial shape
after relaxation.With exceptional resilience, the poly(ionic liq-
uid) hydrogel can be curled, knotted, and stretched after knot-
ting without fracture (Figure S1). Figure S2 demonstrates the
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ten consecutive compression loading-unloading cycles of the
poly(ionic liquid) hydrogels under 14% compression. The
small hysteresis loops during cycles suggest effective energy
dissipation under deformation, and negligible compression
residual can be distinguished at each hysteresis loop,
showing a prominent resilience of the poly(ionic liquid)
hydrogel. The poly(ionic liquid) hydrogel also presents
excellent resistance to local stress concentration. It can easily
lift a 200 g weight with a strip and resist sharp objects
scraping or puncturing (such as knife, scissors, and tweezer)
with negligible cracks or scratches. Moreover, due to the
abundant catechol groups in lignin, the poly(ionic liquid)
hydrogel characterizes a certain degree of adhesion to tightly
anchor to various surfaces of stone, PTFE, and metals to
afford more elaborate perception (Figure S3).

With abundant chemical and physical interaction in
the polymer matrix, poly(ionic liquid) hydrogel exhibits
impressive mechanical properties. Figures 2(b) and 2(e)
demonstrate the influence of the contents of ionic liquid
and v-lignin on the poly(ionic liquid) hydrogel mechanical
properties. It appears that the compressive strength gradu-
ally increases with the increasing ionic liquid content.
When the content of the ionic liquids reaches 9.6%, the
compressive strength reaches a maximum of 27 kPa. How-
ever, the compressive strength decreases dramatically with
further enhancement of ionic liquid content. The tensile
strength experiences a similar trend in Figure 2(e), and
the poly(ionic liquid) hydrogel proceeds the maximum
toughness of 132 kPa at the weight ratio of 9.6% with a
superior stretchability of 1425%. The nanoscaled pore size

distribution, in close correlation with the crosslink density,
plays a fundamentally important role in directing energy
dissipation under deformations and shows a crucial effect
on regulating the mechanical performance of the hydrogel.
With the increase of ionic liquid content, stronger inter-
chain and intrachain electrostatic interactions are achieved
associated with higher crosslink density. And the hydrogel
average pore size and the breadth of the pore distribution
in hydrogel decrease dramatically [42]. Hence, the syner-
gistic effect from the ascended crosslink density in the
double network, the descending pore size, and narrower
pore size distribution endow the poly(ionic liquid) hydro-
gel with an optimal ion liquid content. Therefore, the
hydrogels with an ionic liquid content of 9.6% are chosen
for follow-up experiments.

Similarly, the effect of the content of modified lignin on
the mechanical properties of the poly(ionic liquid) hydrogel
is evaluated in Figure 2(d). Modified lignin is incorporated
into the long chain of poly(ionic liquid), and the abundant
phenolic hydroxyl groups from lignin establish covalent
bonds through borax and hydrogen bonds with carboxyl
to crosslink the poly(ionic liquid) and PAA long chains
into a highly interweaved polymer matrix. However, with
a sustainable increase in v-lignin content, the excessive
crosslinking will depress the hydrogel to be brittle and
fragile, deteriorating the mechanical performance of the
hydrogel. As shown in Figures 2(d) and S4, the stretchabil-
ity and toughness of the poly(ionic liquid) hydrogel strike
the optimum balance when the modified lignin content
reaches 8%.
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Figure 1: Schematic illustration for the design of poly(ionic liquid) hydrogel. (a) The copolymerization process of ionic liquid,
vinyl-modified lignin, and acrylamide. (b) Schematic illustration for the preparation mechanism of poly(ionic liquid) hydrogel.
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To elucidate the durability and mechanical stability of
the poly(ionic liquid) hydrogel, tensile and compressive
loading-unloading cycle tests are performed. As shown in
Figure 2(c), the poly(ionic liquid) hydrogel can maintain sta-
ble mechanical resistance more than 100 times at a 20%
compression ratio. Meanwhile, the poly(ionic liquid) hydro-
gel can also sustain stable mechanical reliance at a 100%
stretching ratio for more than 100 stretching-releasing
cycles. The poly(ionic liquid) hydrogel, with high stretch-
ability and excellent compression properties, provides a
promising prospect for wearable flexible electronic devices.

2.2. Electromechanical Properties of the Poly(Ionic Liquid)
Hydrogels. Electromechanical response sensitivity is a funda-
mental indicator to evaluate the performance of hydrogel
strain sensors. Gauge factor (GF), calculated from formula
GF = ðΔR/R0Þ/ε, is introduced to measure the sensitivity of
the sensor, where R0 is the initial resistance, ΔR is the rela-
tive resistance, and ε is the applied strain. The AgNW con-
tent was selected as 0.3%, based on the previous research
[23]. Figure S5 displays the SEM images of the AgNWs
which present roughly 1.5-2.5μm in length and 30-40 nm

in diameter. Figure 3(a) illustrates that AgNWs play a
crucial role in enhancing the sensitivity of the poly(ionic
liquid) hydrogel strain sensor. AgNWs are uniformly
distributed in the poly(ionic liquid) hydrogel network and
construct a highly conductive network. Moreover, the v-
lignin, interacting with ionic liquid branched chains to
architect a second ionic conductive network, plays a role in
promoting rapid ion transfer to prompt the sensing
performance. When the tensile strain is less than 200%, the
relative resistance change is linear with the GF about 1.37.
In Figure 3(b), it can be distinguished that poly(ionic
liquid) hydrogel exerts a short response time of nearly
198ms to tiny deformation, ensuring a rapid response rate
to external stimuli. Figure 3(c) shows the electrical signal
output of the poly(ionic liquid) hydrogel strain sensor to
consecutive mechanical deformations of 30% strains. The
relative resistance variations are generally synchronized
with the strains. The negligible electromechanical hysteresis
ensures excellent replicability and reliability of the
poly(ionic liquid) hydrogel strain sensor.

Figure 3(d) presents the output electrical signals of the
poly(ionic liquid) hydrogel strain sensor with different
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Figure 2: Mechanical properties of poly(ionic liquid) hydrogel. (a) Diagrams for the hydrogel at stretching, loading 200 g weight, knife
pressing, and puncturing. (b) Pressure-compression curves of the hydrogel with different ionic liquid content. (c) Compressive cycle
stability of the hydrogel at 20% compression strain. (d, e) Stress-strain curves of the hydrogel with different ionic liquid and lignin
contents, respectively. (f) Stretching cycle stability of the hydrogel at 100% tensile strain.
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frequencies under 25% tensile strain. It illustrates that the
poly(ionic liquid) hydrogel strain sensor displays different
time constants with diverse frequencies. And the relative
resistance variation is consistent at different loading rates,
exhibiting high reliability to various forms of mechanical
deformations. Figure 3(e) demonstrates the electrical
response of the sensor to various tensile strains for consec-
utive four cycles. It appears that the relative resistance var-
iations are 29.5%, 53.9%, and 108.3% at 50%, 75%, and
100% tensile strain, respectively. These results are consis-
tent with the GF values in Figure 3(a) and suggest high
feasibility for different ranges of human movement detec-
tion. Moreover, to sincerely evaluate the stability of the
poly(ionic liquid) hydrogel strain sensor, Figure 3(f) per-
forms the current response of the sensor under cyclic ten-
sion loading and releasing at 20% strain. The results show
that the relative resistance variations exhibit a delicate
response to tension loading and unloading. They remain
stable during 100 consecutive stretching-releasing cycles,
indicating impressive stability and durability of the poly(-
ionic liquid) hydrogel strain sensor. However, the hydrogel
exhibited a water loss with a ratio of 23% after being
exposed at 20°C and 66% RH for 24h (Figure S6). The
loss of water leads to an increase in the conductivity of
the hydrogel, which may be the main reason for the
drift of the electrical baseline during the cyclic stretching
process.

2.3. Application of Flexible Touch Panel andHumanMovement
Detection. The high sensitivity and rapid response rate of
poly(ionic liquid) hydrogel strain sensors have widely extended
their potential in flexible touch panels and wearable flexible
sensors. Figure 4(a) schematically demonstrates the configura-
tion of a flexible touch panel. The poly(ionic liquid) hydrogel
strain sensor is sandwiched between two pieces of flexible film,
where the top layer is a piece of sensitive tape to support and
encapsulate the hydrogel, and the bottom layer is another piece
of VHB tape serving as the flexible substrate. During the test,
letters with different strokes and writing rules are selected. In
Figure 4(b), the letter “I” displays only one stroke and one
featured peak is revealed. In comparison, the letter “A” pre-
sents three featured peaks of different intensities for three
strokes (Figure 4(c)). For the letter “M,” the response signal
(Figure 4(d)) is more complicated for distinct intensity diver-
sity in stroke writing, and continuously, featured peaks are
obtained to express consecutive movements in the second
stroke. It is clear that writing actions with diversity in direction,
speed, and intensity present differentiable electrical signals in
the flexible touch panel. Therefore, the poly(ionic liquid)
hydrogel strain sensor can accurately distinguish the handwrit-
ing of different letters and even the writing habits of different
people, showing huge application prospects in smart input
and signature anticounterfeiting. In Figure 4(e), an array of
six poly(ionic liquid) hydrogel strain sensors is assembled into
a flexible touch panel to support the braille input system, where
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each hydrogel strain sensor corresponds to a number and dif-
ferent combinations of numbers refer to different letters. The
input of letters and words can be sincerely realized according
to the signal peaks corresponding to each key (Figure 4(f)).

The poly(ionic liquid) hydrogel strain sensor, with high
stretchability and high toughness, is identified as a promis-
ing candidate for wearable flexible strain sensors to monitor
various ranges of human movement. In Figure 4(g), the
hydrogel is fixed on the corner of the mouth to judge the
opening and closing states at speaking or making facial
expressions. The relative resistance variations exhibit visible
differences on the opening amplitudes of the mouth for differ-
ent smiles owing to the distinct difference in the extent of mus-
cle movement at the corners of the mouth. Meanwhile, the
hydrogel fixed between the eyebrows can also accurately record
the frown signal peaks (Figure S8(a)), showing great applicable
potential for microexpression recognition. Figure 4(h)
demonstrates the relative current variations of the poly(ionic
liquid) hydrogel strain sensor for microinterference. When
blowing through the hydrogel sensor, a deep blowing is
accompanied by a sharp relative current change, while a
slight blowing is referred to as the gentle current signal. These
phenomena demonstrate its promising prospect to monitor
breath frequency and intensity before and after exercise.
Apart from small-scale strain detection, the poly(ionic liquid)
hydrogel strain sensors can also achieve a precise perception
of large-scale body movement. As shown in Figure S8(b), the
hydrogel is fixed at the finger joints to detect finger bending.
When the finger is bent at different amplitudes, signal peaks
of different intensities appear, providing the possibility for
gesture identification.

2.4. Thermosensitive Performance and Application of
Poly(Ionic Liquid) Hydrogels. Since the end of 2019, the

new coronavirus has swept the world, causing a huge loss
of life and property. As the epidemic continues to spread,
new requirements have been put forward for a highly sensi-
tive wearable temperature sensor that can attach to human
skin and accurately perceive real-time temperature changes.
However, most of the available hydrogel temperature sen-
sors possess limited thermal sensitivity to distinguish the
normal-fever body temperature and cannot meet the
requirements of a body shell temperature indicator. The
thermal-sensitive feature of ionic liquids enables the
poly(ionic liquid) hydrogel sensor a prospective tempera-
ture sensor. The conductivity of the ionic liquid is in
close correlation with the temperature, originating from
the changes in numbers of carries and ion mobility rate
at different temperatures. The temperature coefficient of
current (TCC) is generally used to evaluate the thermal
sensitivity of the poly(ionic liquid) hydrogel and is
defined from the formula TCC = ½ðI − I0Þ/I0Þ�/ΔT , where
I is the instant current of hydrogel under measured tem-
peratures and I0 is the initial response current of the
hydrogel. During the tests, the poly(ionic liquid) hydrogel
was encapsulated by PU medical film tape to avoid water loss
at high temperatures. The conductivity of ionic gel (σ) at dif-
ferent temperatures follows Vogel-Tamman-Fulcher (VTF)
equation, σT1/2 = A exp ð−B/ΔTÞ, where A is a prereference
factor and B is the pseudo activation energy [43]. Figure 5(a)
shows the relative current variations of poly(ionic liquid)
hydrogel at different temperatures. It is distinguished that
with the temperature increase, the relative current variations
increase sharply, showing an impressive thermal sensitivity
of the poly(ionic liquid) hydrogel temperature sensor, and
the curve shape is in great agreement with the VTF equation.
The temperature sensor displays a wide temperature sensing
range of 5-70°C. In particular, a nearly linear relationship
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between the relative current variations and temperature is
achieved in the operating range of 25-55°C, showing an
excellent thermal response sensitivity of 0.217°C-1. When a
stepwise temperature test from 5 to 70°C is applied in
Figure 5(b), distinguishable and stable relative current
changes reveal at each temperature. The current response is
in line with the fit curve in Figure 5(a) with a high signal-
to-noise ratio, demonstrating high referability and reliability
of the poly(ionic liquid) temperature sensor. Specifically,
when the poly(ionic liquid) temperature sensor is exposed
to repeated temperature variation at 35 and 45°C
(Figure 5(c)), rapid and distinct repeated signal peaks appear,
suggesting high sensitivity and excellent cycle stability to
temperature deviation.

Collective detection on the poly(ionic liquid) hydrogel
sensor has demonstrated that the poly(ionic liquid) hydrogel
sensor can separately respond to strain, compression, or
temperature; however, further studies are needed to deter-
mine its resolution to multistimuli, which to simplify its con-
figuration in the application of human-machine interface
and IntelliSense. Herein, the poly(ionic liquid) hydrogel sen-
sor is pressed with a 200 g weight with intermittent temper-
ature variation at 35 and 40°C. As shown in Figure 5(d), the
current peak reveals intensities from 0.27 to 0.35mA for
consecutive five pressing-releasing cycles at 35°C, when
the temperature rises to 40°C, the current accompanies
with sharply heightened intensities from 0.37 to 0.47mA.
With further temperature divergence, the current also dis-
plays a distinct deviation in the typical sensing range.
These ascents and descend cycles in current signals can
be repeated to identify pressure at different temperatures,

suggesting that the sensor can detect two stimuli simulta-
neously and identify each stimulus through different cur-
rent baselines. It is noteworthy that the amplitude of the
current peak shows a small deviation at each cycle, and
this difference can be an indicator of the fluctuation in
ambient temperature, showing high accuracy and reliabil-
ity of the temperature sensor.

The excellent thermal sensitivity, immediate response
rate, and high signal-noise ratio of poly(ionic liquid) hydro-
gel temperature sensor ensure it a precise indicator for body
temperature. In Figure 5(e), the forehead was pressed by a
hot towel to simulate body fever, and the hydrogel was
encapsulated with PU medical film tape and fixed on the
forehead, and a thermal imaging was applied to record
the forehead temperature in real-time. As shown in
Figures 5(e) and 5(f), within the narrow range of human
body temperature, the hydrogel temperature sensor can
accurately export distinct and stable current signals at dif-
ferent intensities, demonstrating a highly identifiable tem-
perature resolution of 3.2°C. The accurate simulation on
body fever and antipyretic process provide reliable moni-
toring for the early disease diagnosis and treatment.

2.5. Wireless Strain Sensor Based on Poly(Ionic Liquid)
Hydrogels. Taken together with our aforementioned study
data indicates that the poly(ionic liquid) hydrogels manifest
precise perception to strain, compression, and temperature,
showing prospect feasibility for the flexible wearable device.
Furthermore, to demonstrate its real-time detection on
human motion detection, a proof of concept prototype with
a highly integrated wireless sensation system, composed of a
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microcontroller unit (MCU), a Bluetooth module, and a
marked resistor (R0) is manufactured. Figure 6(b) exhibits
the fabricated device and its integration, which transmits
signals through Bluetooth wireless communication in real
time. The hydrogel strain sensor is connected in series with
a 10 kΩ standard resistance, and the resistance value of the
strain sensor (Rx) is calculated by measuring the partial volt-
age (V0) on standard resistance, which calculation formula
is as follows: Rx = ð50 − 10 ×V0Þ/V0. Compared with the
traditional wired transmission, the wireless sensation system
is compact and portable with the accurate and real-time sig-
nal acquisition (Video S1).

With high sensitivity, short response time, and reliable
mechanical properties, the poly(ionic liquid) wireless sensor
promotes a promising candidate of wearable electronics to

identify various body movements and physiological signals.
In Figure 6(a), the poly(ionic liquid) hydrogel wireless sen-
sor is fixed on the calf muscle to monitor the leg muscle
movement during walking and running. The relative resis-
tance changes vary sharply during walking and running,
suggesting repeatable and frequency-dependent muscular
activity. Compared to walking, running is accompanied by
more vigorous calf muscle activity and a faster speed. The
precise monitoring of muscle activity provides reliable data
support for sports health monitoring and sports posture cor-
rection. The poly(ionic liquid) hydrogel sensor is attached to
the knee to monitor different kinds of movement status
(Figures 6(c), 6(d), and 6(f)). As shown in Figure 6(c), two
consecutive characteristic peaks appear when jumping, cor-
responding to the first bending up to accumulate energy
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and a second bending cushioning at landing, relatively.
Furthermore, the number of steps, stride frequency, and
exercise intensity can also be accurately distinguished. As
shown in Figures 6(d) and 6(f), knee movements at run-
ning and walking are compared. It can be seen that run-
ning shows faster frequency (1.3 s per step) and higher
intensity than walking (2 s per step). Meanwhile, the num-
ber of steps, distance, and speed of the movement can be
obtained under exquisite intensity differentiation and fre-
quency calculation. Therefore, wireless strain sensors show
huge market potential in the fields of motion perception,
reduction of exercise injuries, and rehabilitation after exer-
cise injuries.

Except for real-time monitoring of leg movements, the
poly(ionic liquid) hydrogel wireless strain sensor can also
capture wrist movements and finger gestures. In Figure 6(e),
the hydrogel wireless strain sensor is attached to the wrist,
and the angle of wrist bending is recorded, which provides
technical support for remote wrist control and wrist injury
rehabilitation. Furthermore, the five-finger knuckles are,
respectively, fixed with poly(ionic liquid) hydrogel strain
sensors to assemble a data glove (Figure 6(g)). The data
glove with five independent wireless strain sensors can sep-
arately monitor the activity of each finger and realize pre-
cise recognition of gestures. As shown in Figure 6(h), data
gloves can recognize different gestures and realize the
real-time conversion of sign language letters of “N, J, T,
E, C, and H” into digital signals, which play a more deci-
sive role in human-machine interaction and artificial
intelligence.

3. Conclusion

In summary, lignin-enhanced poly(ionic liquid) double-
network hydrogel is proposed to perceive multistimuli of
strain, pressure, and temperature. The coordination of “soft”
and “hard” segments, dynamic reversible coordination,
hydrogen bonding, and electrostatic interaction endow the
poly(ionic liquid) hydrogel with impressive stretchability
(up to 1425%), toughness (over 132 kPa), and cyclic stability.
Moreover, benefitting from the high conductivity thermal-
sensitive ionic liquid, the poly(ionic liquid) hydrogel sensor
also presents a high gauge factor (GF = 1:37), the short
response time (198ms), and excellent thermal sensitivity
(0.217°C-1) in the body temperature range. Based on its
high-sensitivity performance, the hydrogel sensor can accu-
rately monitor various human movements and be assembled
into a flexible touch panel to realize smart input. By integrat-
ing the hydrogel sensor into a wireless sensation system,
body movement can be tracked and identified in real time
and remotely. The hydrogel temperature sensor can also
be assembled into a body shell temperature indicator as
an auxiliary disease diagnosis and treatment strategy. The
poly(ionic liquid) hydrogel, which can identify multisti-
muli of pressure and temperature simultaneously, presents
new application prospects for handwriting encryption,
electronic skin, human-machine interface, and remote
medical healthcare.

4. Material and Methods

4.1. Materials. 1-Vinylimidazole, acrylic acid (AA, 98%),
methacryloylchloride (95%), N,N ′-methylene bisacrylamide
(MBA, 99%), and ammonium persulfate (APS, 99%) were
purchased from Adamas-beta. Lignin alkaline (CP) was pur-
chased from Energy Chemistry. 1-Bromobutane (98%) was
purchased from Shanghai Lingfeng Chemical Reagent Co.,
Ltd. Ag nanowire suspension (AgNW, 1.5-2.5μm in length
and 30-40 nm in diameter, 10mg/mL in ethanol) was pur-
chased from Xfnano. Acrylamide (AM, 98%) was purchased
from Tokyo Chemical Industry.

4.2. Preparation of 1-Vinyl-3-Butylimidazolium Bromide
([VBIM+] Br-) Ionic Liquid and Vinyl-Modified Lignin.
1-Vinyl imidazole (5 g) and 1-bromobutane (5 g) were
added to a centrifuge tube and sealed with N2 to prevent
oxidation. Subsequently, the mixture was placed in a low-
temperature reactor at -8°C and stirred for 24 h. 1-Vinyl-3-
butylimidazolium bromide ([VBIM+] Br-) ionic liquid was
obtained. 2 g lignin alkali, 8 g sodium carbonate, and 50mL
toluene were added to a round bottom flask to dissolve and
disperse uniformly. Then, 10mL methacryloyl chloride was
added to the solution dropwise in the low-temperature reac-
tor at -8°C. Afterward, the mixed solution was placed in a
water bath at 30°C, stirred for 12 h, and desiccated by rotary
evaporation. The sample was then washed with 10% sodium
carbonate solution three times. Finally, the sample was
freeze-dried to remove the remaining solvent, and vinyl-
modified lignin powder was obtained.

4.3. Preparation of Poly(Ionic Liquid) Hydrogels. 0.02 g vinyl-
modified lignin and a certain amount of [VBIM+] Br- ionic
liquid were dispersed in 2.5ml ultrapure water evenly by
ultrasonic. Subsequently, 0.25 g AM, 2mg MBA, 4mg borax,
and 4mg APS were added to the solution successively. The
mixture was placed in an ultrasonic water bath at 70°C and
heated for 10min, and the poly (ionic liquid) single network
hydrogel was obtained. The mass ratio of ionic liquid to
ultrapure water was 2.4, 4.8, 9.6, 14.4, 19.2, and 24.0wt%,
respectively. 0.4ml acrylic acid (AA), 0.75μl Ag NWs,
2mg MBA, and 4mg APS were dissolved in 2.5mL ultrapure
water. Subsequently, the hydrogel was placed in the above
solution to swell for 10min and then taken out. The second
radical polymerization reaction was carried out at 60°C for
30min, and the double-network poly(ionic liquid) hydrogel
was obtained.

4.4. Mechanical and Electrical Performance Characterization.
The operating platform (ESM302, MARK-10) and force
gauge (M4-2) were used to operate, record, and analyze the
mechanical properties of the hydrogel samples. For the ten-
sile test, the hydrogel sample (10 × 4 × 2mm) was fixed on
the operating platform (ESM302, MARK-10) and performed
at a speed of 60mm/min. For the compression test, a cylin-
drical hydrogel sample (ϕ24 × 14mm) was prepared and
compressed at 10mm/min. A semiconductive analyzing
facility (Keithley 2602) was used to test the electrical proper-
ties of the hydrogel samples. The hydrogel samples were
inserted into copper wires and fixed on the operating
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platform (ESM302, MARK-10) as described above. The
piezoresistive performance of the hydrogel was acquired on
the testing platform, and the analyzing facility recorded the
current changes in real time. For body movements and phys-
iological activity detection, the hydrogel sensor was fixed on
the specific body position by medical tape, and the electrical
signals were tracked. To fabricate a flexible touch panel, the
hydrogel sensor was sandwiched between two pieces of flex-
ible film to collect mechanical signals and convert them into
an electric signal, a piece of sensitive tape was adhered at the
topmost to support and encapsulate the hydrogel, and the
VHB tape served as the flexible substrate.

4.5. Performance Evaluation of Water Loss. The hydrogel
samples were placed in the ambient environment for water
loss test at 20°C and RH = 66%. The water loss of the PIL
hydrogel was defined as follows:

Q =
W0 −Wt

W0
× 100%, ð1Þ

where W0 was the initial weight of the PIL hydrogel and Wt
was the weight of the hydrogel after the dehydration
experiment.

4.6. Thermosensitive Performance Assessment. Cylindrical
hydrogel (ϕ24 × 6mm) was connected with copper wires at
each end and then encapsulated with PU medical film tape
to prevent water loss and external interference. The obtained
hydrogel strain sensor was then sealed in a ziplock bag and
immersed in a water bath. A series of thermosensitive tests
were realized by changing the temperature of the water bath.
For simulated body fever and antipyretic process monitor-
ing, infrared cameras (FLIR, ARINGTON, VA) were ser-
viced to record the forehead temperatures.

Data Availability

All data needed to evaluate the conclusions in the paper are
presented in the paper and/or the Supplementary Materials.
Additional data related to this paper may be requested from
the authors.

Conflicts of Interest

The authors declare that they have no conflicts of interest
with the contents of this article.

Authors’ Contributions

Xiaochen Dong, Qian Wang, and Xinyu Qu designed the
project and experimented. Xinyu Qu, Ye Zhao, Zi’ang Chen,
Siying Wang, and Yanfang Ren prepared and characterized
the materials. Xinyu Qu wrote the manuscript supported
by Xiaochen Dong. Jinjun Shao and Wenjun Wang revised
the article. All authors contributed to the data analysis, dis-
cussed, and commented on the manuscript.

Acknowledgments

The work was supported by the Jiangsu Province Policy
Guidance Plan (BZ2019014) and “Taishan scholars” con-
struction special fund of Shandong Province.

Supplementary Materials

Supplementary 1. Figure S1: stretched picture after crossing,
knotting, and twisting. Figure S2: 10 consecutive
compression-recovery curves of poly(ionic liquid) hydrogel.
Figure S3: poly(ionic liquid) hydrogel adhered to PTFE,
stone, and metal. Figure S4: pressure-compression curves
of hydrogels with different lignin content. Figure S5: scan-
ning electron micrograph of AgNWs. Figure S6: water loss
of hydrogel in ambient environment for 24h (20°C, RH =
66%). Figure S7: circuit diagram of the flexible touch panel.
Figure S8: (a) relative current changes when frowning. (b)
Relative current changes when fingers were bent at 45° and
90°. (Supplementary Materials)

References

[1] C. Wang, K. Xia, H. Wang, X. Liang, Z. Yin, and Y. Zhang,
“Advanced Carbon for Flexible and Wearable Electronics,”
Advanced Materials, vol. 31, no. 9, article 1801072, 2019.

[2] Y. Huang, F. Yang, S. Liu, R. Wang, J. Guo, and X. Ma, “Liquid
metal-based epidermal flexible sensor for wireless breath mon-
itoring and diagnosis enabled by highly sensitive SnS2 nano-
sheets,” Research, vol. 2021, article 9847285, 2021.

[3] S. Han, C. Liu, X. Lin, J. Zheng, J. Wu, and C. Liu, “Dual
conductive network hydrogel for a highly conductive, self-
healing, anti-freezing, and non-drying strain sensor,” ACS
Applied Polymer Materials, vol. 2, no. 2, pp. 996–1005,
2020.

[4] C. Shi, Z. Zou, Z. Lei et al., “Stretchable, rehealable, recyclable,
and reconfigurable integrated strain sensor for joint motion
and respiration monitoring,” Research, vol. 2021, article
9846036, 14 pages, 2021.

[5] G. Ge, Y. Lu, X. Qu et al., “Muscle-inspired self-healing hydro-
gels for strain and temperature sensor,” ACS Nano, vol. 14,
no. 1, pp. 218–228, 2020.

[6] Y. Cai, J. Shen, G. Ge et al., “Stretchable Ti3C2TxMXene/
Carbon nanotube composite based strain sensor with ultra-
high sensitivity and tunable sensing range,” ACS Nano,
vol. 12, no. 1, pp. 56–62, 2018.

[7] S. Huang, Y. Huang, and Q. Li, “Photodeformable liquid crys-
talline polymers containing functional additives: toward
photomanipulatable intelligent soft systems,” Small Structures,
vol. 2, no. 9, article 2100038, 2021.

[8] K. Xia, X. Chen, X. Shen et al., “Carbonized chinese art paper-
based high-performance wearable strain sensor for human
activity monitoring,” ACS Applied Electronic Materials,
vol. 1, no. 11, pp. 2415–2421, 2019.

[9] X. Qu, S. Wang, Y. Zhao et al., “Skin-inspired highly stretch-
able, tough and adhesive hydrogels for tissue- attached sen-
sor,” Chemical Engineering Journal, vol. 425, article 131523,
2021.

[10] C. Wang, K. Xia, M. Jian, H. Wang, M. Zhang, and Y. Zhang,
“Carbonized silk georgette as an ultrasensitive wearable strain

10 Research

https://downloads.spj.sciencemag.org/research/2021/9845482.f1.zip


sensor for full-range human activity monitoring,” Journal of
Materials Chemistry C, vol. 5, no. 30, pp. 7604–7611, 2017.

[11] Z. Zhang, K. Yang, S. Zhao, and L. Guo, “Self-healing behavior
of ethylene propylene diene rubbers based on ionic associa-
tion,” Chinese Journal of Polymer Science, vol. 37, no. 7,
pp. 700–707, 2019.

[12] D. Zhao, Y. Zhu, W. Cheng et al., “A dynamic gel with revers-
ible and tunable topological networks and performances,”
Matter, vol. 2, no. 2, pp. 390–403, 2020.

[13] H. Yuk, C. E. Varela, C. S. Nabzdyk et al., “Dry double-sided
tape for adhesion of wet tissues and devices,” Nature,
vol. 575, no. 7781, pp. 169–174, 2019.

[14] H. Qin, T. Zhang, N. Li, H. Cong, and S. Yu, “Anisotropic
and self-healing hydrogels with multi-responsive actuating
capability,” Nature Communications, vol. 10, no. 1,
p. 2202, 2019.

[15] L. M. Zhang, Y. He, S. Cheng et al., “Self-healing, adhesive,
and highly stretchable ionogel as a strain sensor for
extremely large deformation,” Small, vol. 15, no. 21, article
1804651, 2019.

[16] Y. Deng, Q. Zhang, B. L. Feringa, H. Tian, and D. H. Qu, “Tough-
ening a self-healable supramolecular polymer by ionic cluster-
enhanced iron-carboxylate complexes,” Angewandte Chemie
International Edition, vol. 59, no. 13, pp. 5278–5283, 2020.

[17] X. Xun, Z. Zhang, X. Zhao et al., “Highly robust and self-
powered electronic skin based on tough conductive self-
healing elastomer,” ACS Nano, vol. 14, no. 7, pp. 9066–9072,
2020.

[18] K. Li, J. Wang, P. Li, and Y. Fan, “Recent progress in tactile
sensors and their applications in intelligent systems,” Journal
of Materials Chemistry B, vol. 8, no. 21, pp. 4666–4671, 2020.

[19] K. Parida, J. Xiong, X. Zhou, and P. S. Lee, “Progress on tribo-
electric nanogenerator with stretchability, self-healability and
bio-compatibility,” Nano Energy, vol. 59, no. 7, pp. 237–257,
2020.

[20] Y. Cai, J. Shen, Z. Dai et al., “Extraordinarily stretchable all-
carbon collaborative nanoarchitectures for epidermal sen-
sors,” Advanced Materials, vol. 29, no. 31, article 1606411,
2017.

[21] G. Ge, Y. Cai, Q. Dong et al., “A flexible pressure sensor based
on rGO/polyaniline wrapped sponge with tunable sensitivity
for human motion detection,” Nanoscale, vol. 10, no. 21,
pp. 10033–10040, 2018.

[22] Y. Lu, X. Qu, W. Zhao et al., “Highly stretchable, elastic, and
sensitive MXene-based hydrogel for flexible strain and pres-
sure sensors,” Research, vol. 2020, article 2038560, 2020.

[23] W. Zhao, X. Qu, Q. Xu et al., “Ultrastretchable, self-healable,
and wearable epidermal sensors based on ultralong Ag nano-
wires composited binary-networked hydrogels,” Advanced
Electronic Materials, vol. 6, no. 7, article 2000267, 2020.

[24] W. Yuan, X. Qu, Y. Lu et al., “MXene-composited highly
stretchable, sensitive and durable hydrogel for flexible strain
sensors,” Chinese Chemical Letters, vol. 32, no. 6, pp. 2021–
2026, 2021.

[25] S. Li, Y. Zhang, Y. Wang et al., “Physical sensors for skin-
inspired electronics,” InfoMat, vol. 2, no. 1, pp. 184–211,
2020.

[26] Z. Wu, H. Ding, K. Tao et al., “Ultrasensitive, stretchable, and
fast-response temperature sensors based on hydrogel films for
wearable applications,” ACS Applied Material & Interfaces,
vol. 13, no. 18, pp. 21854–21864, 2021.

[27] Q. Yu, Z. Qin, F. Ji et al., “Low-temperature tolerant strain sen-
sors based on triple crosslinked organohydrogels with ultra-
stretchability,” Chemical Engineering Journal, vol. 404, article
126559, 2021.

[28] X. Sun, Z. Qin, L. Ye et al., “Carbon nanotubes reinforced
hydrogel as flexible strain sensor with high stretchability and
mechanically toughness,” Chemical Engineering Journal,
vol. 382, article 122832, 2020.

[29] N. Jiang, X. Chang, D. Hu et al., “Flexible, transparent, and
antibacterial ionogels toward highly sensitive strain and
temperature sensors,” Chemical Engineering Journal,
vol. 424, article 130418, 2021.

[30] P. Liu, K. Jin, W.Wong et al., “Ionic liquid functionalized non-
releasing antibacterial hydrogel dressing coupled with electri-
cal stimulation for the promotion of diabetic wound healing,”
Chemical Engineering Journal, vol. 415, p. 129025, 2021.

[31] J. Sun, R. Li, G. Lu, Y. Yuan, X. Zhu, and J. Nie, “A facile strat-
egy for fabricating multifunctional ionogel based electronic
skin,” Journal of Materials Chemistry C, vol. 8, no. 25,
pp. 8368–8373, 2020.

[32] Q. Gui, Y. He, N. Gao, X. Tao, and Y. Wang, “A skin-inspired
integrated sensor for synchronous monitoring of multiparam-
eter signals,” Advanced Functional Materials, vol. 27, no. 36,
article 1702050, 2017.

[33] Z. Lei and P. Wu, “A highly transparent and ultra-stretchable
conductor with stable conductivity during large deformation,”
Nature Communications, vol. 10, no. 1, p. 3429, 2019.

[34] Y. M. Kim and H. C. Moon, “Ionoskins: nonvolatile, highly
transparent, ultrastretchable ionic sensory platforms for
wearable electronics,” Advanced Functional Materials, vol. 30,
article 1907290, 2019.

[35] G. Zhao, Y. Zhang, N. Shi et al., “Transparent and stretchable
triboelectric nanogenerator for self-powered tactile sensing,”
Nano Energy, vol. 59, pp. 302–310, 2019.

[36] L. Sun, S. Chen, Y. Guo et al., “Ionogel-based, highly stretch-
able, transparent, durable triboelectric nanogenerators for
energy harvesting andmotion sensing over a wide temperature
range,” Nano Energy, vol. 63, article 103847, 2019.

[37] D. Gan, W. Xing, L. Jiang et al., “Plant-inspired adhesive and
tough hydrogel based on Ag-Lignin nanoparticles- triggered
dynamic redox catechol chemistry,” Nature Communications,
vol. 10, no. 1, p. 1487, 2019.

[38] S. Huang, S. Shuyi, H. Gan et al., “Facile fabrication and char-
acterization of highly stretchable lignin-based hydroxyethyl
cellulose self-healing hydrogel,” Carbohydrate Polymers,
vol. 223, article 115080, 2019.

[39] Z. Peng, Y. Zou, S. Xu, W. Zhong, and W. Yang, “High-
performance biomass-based flexible solid-state supercapacitor
constructed of pressure-sensitive lignin-based and cellulose
hydrogels,” ACS Applied Material & Interfaces, vol. 10,
no. 26, pp. 22190–22200, 2018.

[40] Q. Wang, X. Pan, C. Lin, X. Ma, S. Cao, and Y. Ni, “Ultrafast
gelling using sulfonated lignin-Fe3+ chelates to produce
dynamic crosslinked hydrogel/coating with charming stretch-
able, conductive, self-healing, and ultraviolet-blocking proper-
ties,” Chemical Engineering Journal, vol. 396, article 125341,
2020.

[41] Y. Cai, J. Shen, C. Yang et al., “Mixed-dimensional MXene-
hydrogel heterostructures for electronic skin sensors with
ultrabroad working range,” Science Advances, vol. 6, no. 48,
article eabb5367, 2020.

11Research



[42] J. Wang, A. D. Gonzalez, and V. M. Ugaz, “Tailoring bulk
transport in hydrogels through control of polydispersity in
the nanoscale pore size distribution,” Advanced Materials,
vol. 20, no. 23, pp. 4482–4489, 2008.

[43] F. Wu, N. Chen, R. Chen, Q. Zhu, G. Tan, and L. Li, “Self-reg-
ulative nanogelator solid electrolyte: a new option to improve
the safety of lithium battery,” Advanced Science, vol. 3, no. 1,
article 1500306, 2016.

12 Research


	Thermoresponsive Lignin-Reinforced Poly(Ionic Liquid) Hydrogel Wireless Strain Sensor
	1. Introduction
	2. Results and Discussion
	2.1. Preparing and Characterization of Poly(Ionic Liquid) Hydrogels
	2.2. Electromechanical Properties of the Poly(Ionic Liquid) Hydrogels
	2.3. Application of Flexible Touch Panel and Human Movement Detection
	2.4. Thermosensitive Performance and Application of Poly(Ionic Liquid) Hydrogels
	2.5. Wireless Strain Sensor Based on Poly(Ionic Liquid) Hydrogels

	3. Conclusion
	4. Material and Methods
	4.1. Materials
	4.2. Preparation of 1-Vinyl-3-Butylimidazolium Bromide ([VBIM+] Br-) Ionic Liquid and Vinyl-Modified Lignin
	4.3. Preparation of Poly(Ionic Liquid) Hydrogels
	4.4. Mechanical and Electrical Performance Characterization
	4.5. Performance Evaluation of Water Loss
	4.6. Thermosensitive Performance Assessment

	Data Availability
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments
	Supplementary Materials

