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ABSTRACT: The development of wearable electronic devices for human health
monitoring requires materials with high mechanical performance and sensitivity. In this

study, we present a novel transparent tissue-like ionogel-based wearable sensor based on o = =g -_— <
silver nanowire-reinforced ionogel nanocomposites, P(AAm-co-AA) ionogel-Ag NWs el i

composite. The composite exhibits a high stretchability of 605% strain and a moderate - . ;\\' !
fracture stress of about 377 kPa. The sensor also demonstrates a sensitive response to Re — - —
temperature changes and electrostatic adsorption. By encapsulating the nanocomposite in a e <

polyurethane transparent film dressing, we address issues such as skin irritation and enable
multidirectional stretching. Measuring resistive changes of the ionogel nanocomposite in
response to corresponding strain changes enables its utility as a highly stretchable wearable
sensor with excellent performance in sensitivity, stability, and repeatability. The fabricated
pressure sensor array exhibits great proficiency in stress distribution, capacitance sensing,
and discernment of fluctuations in both external electric fields and stress. Our findings
suggest that this material holds promise for applications in wearable and flexible strain sensors, temperature sensors, pressure sensors,
and actuators.
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I INTRODUCTION applications in wearable and stretchable devices with excellent
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The development of wearable electronic devices with high
mechanical performance and outstanding sensitivity is driven
by the need to address human health monitoring and
environmental concerns.'? Such devices in the form of flexible
sensors,®>~¢ soft electronic skins,”® and textile electronics’—12
offer comfortable skin-interfaced compatibility. The practical
applications of wearable electronic devices demand the designs
to explore both unique structures (such as wavy structures,'>!4
kirigami structures,'>-17 serpentine meshes'®-2’) and materi-
als, including nanomesh,??? conductive or semiconductive
polymers or composites, -2 and liquid metals.?”?8 Recently
developed strategies for structural engineering and materials
development have yielded significant benefits for advancing
wearable performance, but significant limitations remain. For
instance, thin-film circuits made of highly conductive metals
have Young’s modulus often over the MPa level, which is
significantly higher than that of human tissues.?’ Also,
conductive polymers and composites often face significant
challenges related to poor solubility, biointerface compatibility,
and poor dispersion and percolation,® which restrict their
application in stretchable and wearable electronic devices.
Responsive gels with 3D polymeric networks solvated by
small molecules are widely regarded as promising materials for

sensing and actuation capabilities.’ -3 Traditional responsive
gels use water as the solvent to form hydrogels, which,
however, often exhibit low conductivity,?23* decreased
mechanical property upon water evaporation in ambient
environments,®>% limitations in modulatingYoung’s modulus,
and fabrication complexity.?”*® Recently developed ionogels
use ionic liquids (ILs) as the solvent, forming a composite
system with high ionic conductivity, remarkable thermal
stability, and a wide electrochemical window into the
polymeric structure.’** For example, a photo-cross-linked
ionogel based on dimethyl acrylamide-2-hydroxyethyl acrylate
(DMA-HEA) network with IL, 3-hydroxyethyl-1-methylimida-
zolium dicyanamide, ((HMIm][DCA]) showed remarkable
thermal stability (from —108 to 300 °C) with little change in
the electrical and mechanical properties, as they are configured
into wearable sensors.*
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Figure 1. Synthesis of Ag NW-P(AAm-co-AA) ionogel composites. (a) Schematic illustration of the fabrication process of the highly stretchable,
tissue-like strain sensor based on compositing P(AAm-co-AA) ionogel with Ag NWs. (b) Schematic illustration showing the composite network,
where Ag NWs uniformly distribute among both hydrogen-bonded PAAm domains and highly solvated, soft PAA domains.

However, existing challenges for utilizing ionogels as skin-
interface sensing materials include leakage of ILs*!~* or
absorption of moisture from the surrounding environment,*
possible skin irritation and toxicity of some ILs,*4® and
mismatched Young's modulus (usually below 50 kPa or over
100 kPa for ionogels, whereas skin has Young’s modulus
ranging from 5 kPa to over 100 kPa).#~43 To overcome the
modulus mismatch, one effective way is to introduce
nanofillers, such as nanoparticles, nanowires, and graphene
into ionogels. For example, Zhang et al. developed an ionogel
nanocomposite with high stretchability (2000%) and low
Young's modulus that reaches 6.7-35.8 kPa, by doping with
Fe3O4 nanoparticles into a loosely cross-linked ionogel
network.”# Lj et al. prepared a halloysite nanotube-enhanced
ionogel nanocomposite that exhibits a high modulus of up to
26.7 MPa.*8 Lu et al. reported a graphene-enhanced double-

network ionogel electrolyte for strain sensing, with a modulus
of 3.64 MPa and a breaking elongation of 217%.4 However,

further enhancement of the sensitivity and detection range of
the sensing signals through conductive fillers is seldom
investigated for inherently conductive hydrogels or ionic gels.
Herein, we report a transparent tissue-like wearable sensor
based on a nanocomposite of silver nanowires (Ag NW) and
poly(acrylamide-co-acrylic acid) (P(AAm-co-AA)) ionogel to
enable high stretchability (605% strain, ca. 300% increase
compared with that of the pristine ionogel), moderate stress

(377 kPa), a sensitive response to changes of mechanical strain

(up to 200 %, AR/Ry =~ 12%) and temperature (up to 60 °C,
AR/Ro = 30%), and a pronounced electrostatic attraction. We
show an easily accessible commercial polyurethane (PU)
transparent film dressing applied to encapsulate the ionogel
nanocomposite provides both excellent insulation performance
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to prevent the skin irritation caused by the IL and strong
adhesion between them to prolong the stability of the
composite material over multidirectional stretching. All of
these unique properties make it a promising material for
wearable and flexible strain sensors, temperature sensors, and
pressure sensors, as demonstrated through benchtop and on-
body tests. The ionogel-Ag NW composite holds great promise
in advanced wearable sensors that can accommodate both high
stretchability and tissue-like softness.

I RESULTS AND DISCUSSION

Figure 1a shows the schematic process for the synthesis and
fabrication of ionogel-nanowire composites. First, a mixture
containing acrylic acid (AA) and acrylamide (AAm)
monomers, N,N'-methylenebis(acrylamide) (MBAA) as a
cross-linker, irgacure 2959 (12959) photoinitiator, 1-ethyl-3-
methylimidazolium ethyl sulfate ((EMIM][ESO4]) as the ionic
liquid (IL), and Ag NWs (0.2%v/v) was poured into a 3D-
printed mold. Next, nickel (Ni) foam electrodes were placed
on both sides of the mold, respectively, and covered with a
polydimethylsiloxane (PDMS) film to ensure a smooth surface
and uniform thickness. The mixture was then cured under an
ultraviolet (UV) lamp. After curing, the PDMS film was
removed and copper cables were soldered onto the two Ni
foam electrodes. Finally, the ionogel nanocomposite strain
sensor was packaged with PU transparent dressings. The
preparation of ionogel matrix follows a previously reported
method to ensure optimized toughness and stretchability.*

The ionogel-gold nanowires (Au NWs) composite and the
ionogel-graphene oxide (GO) composite follow a similar
fabrication process, except the Ag NWs are replaced with Au
NWs and GO, respectively. More details are given in the
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Figure 2. Mechanical and electrical properties of ionogel nanocomposites. (a) Optical images of P(AAm-co-AA) ionogel (i) without the addition of
nanofillers, with the addition of (ii) 0.2% Ag NWs, (iii) 0.2% AuNWs, and (iv) 0.2% GO. (b) Measured stress—strain curves of pure P(AAm-co-
AA) ionogel and P(AAm-co-AA) ionogel nanocomposites with various nanofillers. (c) Measured resistive change (AR/R) of a slab (47.5 mm X 15
mm X 0.4 mm, length X width X thickness) of P(AAm-co-AA) ionogel nanocomposite as a function of strain. (d) Measured resistive change (AR/
Ro) of aslab (47.5 mm X 15 mm X 0.4 mm, length X width X thickness) of Ag NWs ionogel composite as a function of small strains (1, 2, 5, and
10%). (e) Measured resistive change (AR/Ro) of P(AAm-co-AA) ionogel nanocomposites as a function of time during 5 stretch-release cycles
under 10% strain. (f) Measured resistive change (AR/Ro) of a slab (47.5 mm X 15 mm X 0.4 mm, length X width X thickness) of Ag NWs ionogel

composite as a function of various weight loads (up to 39 g).

Supporting Information. Figure 1b illustrates the structural
arrangement of the ionogel nanocomposites, where the acrylic
acid-rich (AA-rich) segments and acrylamide-rich (AAm-rich)
segments are highly cross-linked and entangled with the silver
nanowires.’>! The scanning electron microscopy (SEM)
images depicting the morphology of the individual nanofillers
(Ag NWs, Au NWs, and GO) prior to their incorporation into
the ionogel matrix are shown in Figure S13a—c. The
transmittance spectra for the P(AAm-co-AA) ionogel and its
nanocomposites with various nanofillers, covering wavelengths
from 300 to 1000 nm, are presented in Figure S14. Notably,
even upon the introduction of nanofillers, the nanocomposites
with Ag NWs and Au NWs as fillers exhibit a similar level of
transparency to that of the intrinsic ionogel. This can be
attributed to the effective dispersion of the nanofillers within
the ionogel matrix, resulting in the formation of nanoscale
networks that facilitate the passage of light.>

The optical image of the Ag NW ionogel nanocomposites in
Figure 2a shows good optical transparency, confirming the
homogeneous dispersion and entanglements of the Ag NW
with the P(AAm-co-AA) polymer networks. The Ag NW
ionogel nanocomposites exhibit a distinct enhancement in
stretchability and tensile strength. Figure 2b shows the stress—
strain curves of three different ionogel nanocomposites as well
as the pure ionogel as a reference. After adding nanofillers,
both stress and strain show a significant increase. Particularly,
the P(AAm-co-AA) ionogel with the addition of Ag NWs
(0.2%v/v) shows an increase in strain at failure from 320 to
605%, compared with that of the pure ionogel without any
additives. It suggests that the Ag NWs fillers can enable
enhanced mechanics in conductive ionogels with a very small
amount of filling, featuring low-cost scalability. The fracture
strength of the Ag NWs ionogel composite reaches 377 kPa,

which is approximately 2.8 times in comparison to the pure
ionogel. Additionally, its Young’s modulus of approximately
103.2 kPa is comparable to that of human tissues and lower
than 193.1 kPa of the intrinsic ionogel.> Similarly, the Au
NWs ionogel composite achieves a strain of up to 610%,
fracture strength at 244 kPa, and Young's modulus of 92.3 kPa
(Figure 2b). The GO ionogel composite exhibits a fracture
strain, tensile strength, and Young's modulus of 538%, 306
kPa, and approximately 200.5 kPa, respectively (Figure 2b).
The improvement of mechanical properties of ionogel
nanocomposites may be attributed to (i) the strong interaction
between highly cross-linked polymer networks and entangled
nanowires or nanofillers, and (ii) dipole interactions between
nanofillers and ILs, along with the hydrogen bonds, and ion-
dipole interactions between the functional groups on the
polymer matrix and ILs.54%

Figure 2c—~f provides a systematic evaluation of the P(AAm-
co-AA) ionogel nanocomposites as resistive strain sensors,
indicating that the Ag NWs ionogel composite exhibits the
highest sensitivity compared with the other three. The gauge
factor (GF), represented by the AR/Ry to strain ratio, is
trougee ihelRsiibs S gPUPBIRSHIMAN S ands (B 7%
for the P(AAm-co 0

-AA) ionogel nanocomposites as a function
of strain. The Ag NWs ionogel composite exhibits GF around
0.13 for the strain ranging from 0% to approximately 75%
strain and GF around 0.019 for the strain greater than 75% to
fracture, which shows significant improvement in comparison
with those of the pure ionogel (the GF values for the two strain
regimes are 0.077 and 8.6 X 10-3, respectively, Figure S5a,b,
Supporting Information). Figure 2d shows the resistive change
of a slab of the Ag NW ionogel composite during cyclic testing
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Figure 3. Thermal property and adhesive characterization of ionogel nanocomposites. (a) Measured stress by pulling a polyurethane slab (48 mm
X 27 mm X 0.2 mm, length X width X thickness) from an adhered slab (38 mm X 15 mm X 0.4 mm, length X width X thickness) of Ag NWs
ionogel composite as a function of pulling displacement. The initial adhesion area is 570 mm?2 (b, c¢) Optical images showing the brightness change
of a green LED light caused by stretching the fabricated ionogel-Ag NWs composite strain sensor along the longitudinal (b) and transverse (c)
directions, respectively. (d) Measured resistive change of R/ Ry of ionogel nanocomposites as a function of temperature. (e, f) Optical images of the
brightness change of a green LED lamp due to the temperature change of the strain sensor achieved by transferring it from an icebag (e) to a 100

°C hot plate (f).

under a series of small strains (1, 2, 5, and 10%), indicating
good sensing stability and accuracy.

Figure 2e shows the performance of the Ag NWs ionogel
composite in comparison with the Au NWs ionogel composite,
GO ionogel composite, and pure ionogel under repeated
stretching to 10% strain. The Ag NWs ionogel composite
exhibits higher sensitivity compared with that of the other
ionogel composites and the pure ionogel. The improvement of
the electrical properties using a very small amount of Ag NWs
again demonstrates the feasibility of a strategy to further
improve the sensing properties of conductive ionogels through
conductive fillers. The increased sensitivity can be attributed to
the superior conductivity of Ag NWs, which significantly
augments the electron transmission capabilities of the sensor.
During the stretching of the sensor, the originally staggered
nanowires within the ionogel polymer network are compelled
to disengage from their initial contact positions or stacked
configurations due to elongation of the polymer chains, which
further results in an associated increase in resistance. Figure 2f
shows the experimental results on a strain sensor based on the
Ag NWs ionogel composite in response to various loading
weights. The results reveal that increasing the loading weight
led to a consistent linear increase of both the deformation
(from 0 to 12 mm) and relative resistance (from 0 to 2.4 kQ)
of the sensor, indicating its promising potential to serve as a
wearable strain sensor.

To leverage the advantageous properties of the Ag NWs
ionogel composite in constituting wearable strain sensors, we
use two layers of PU films (Houseables) (Figure 54) to fully
encapsulate the Ag NWs ionogel composite. Such an

encapsulation strategy effectively prevents leakage of the ILs,
allows good adhesion between the sensor and skin, and
improves the biocompatibility of the device without com-
promising its sensing performance. Figure 3a illustrates the
good adhesion between the Ag NWs ionogel composite and
the PU film, confirming its robust integration. As shown in
Figure 3a, applying a stress of 1.15 MPa leads to a high stretch
deformation of approximately 174 mm (ca. 458% strain) but a
relatively small shift displacement (4 mm, ~10.5% of the
stretch deformation) between the two bonded layers (PU layer
and the Ag NWs ionogel composite), suggesting their good
adhesion without compromising high stretchability. Figure 3b,c
provides a visualized demonstration of the strain responsivity
of the Ag NWs ionogel composite sensor by connecting it with
a light-emitting diode (LED) powered by a battery. The sensor
is in a slab shape in which the two ends along the longitudinal
direction (defined as the x direction in Figure 3b) connect into
LED circuits (Figure S8). As shown in Figure 3b,c, stretching
along the x direction results in a significant decrease in the
brightness of the LED, while stretching along the y direction
leads to an observable increase in the brightness of the LED.
This observation on the change of LED brightness can be
explained by the following resistance equation that dictates the
resistive behavior of the Ag NWs ionogel composite sensor.

r="*L
A
where R is the resistance of the conductor, p is the resistivity of

the conductor, L is the length, and 4 is the cross-sectional area
of the slab-shaped sensor. Here, stretching along the x

https://doi.org/10.1021/acsami.4c10539
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Figure 4. Demonstrations of wearable strain sensors based on Ag NWs ionogel composite for various motion monitoring. (a) The strain sensor is
fixed on the knuckles and bent at various angles. (b) The strain sensor is attached to the elbow and repeatedly raises and lowers the forearm to
various degrees. (c, d) The strain sensors are placed at the wrist (c) and ankle (d), respectively, that continuously stretch downward and squeeze
upward at various angles. (e—g) The strain sensor is placed on the tracheal region of the neck during repeatedly (e) nodding and bending motions,
(f) speaking motions, and (g) swallow motions, respectively. (h, i) The strain sensor is attached to the knee that undergoes (h) squat motions and

(i) cycling motions, respectively.

direction leads to an increase of L and a decrease of 4, thus
increasing R, while stretching along the y direction leads to a
decrease of L and an increase of 4, thus decreasing R.
Supporting Video S1 shows the brightness change of the LED
in real time in response to the stretch-release processes on the
sensor.

Figure 3d shows the temperature-induced modulation of the
sensor resistance. Specifically, the results indicate a consistent
decrease in resistance for all of the test samples (Ag NWs
ionogel composite, Au NWs ionogel composite, GO ionogel
composite, and pure ionogel) as temperature increases. For the
clinically relevant temperature range between 25 and 40 °C,
the R/Ro values dropped below 1 for the ionogels filled with
Au NWs and GO, but remained relatively stable for the pure
ionogel and Ag NWs ionogel composite. This suggests that the
sensor can remain relatively unaffected by temperature
variations within the normal temperature range of the human
body. In addition, Figure 3e,f and Supporting Video 52 provide
a visualized demonstration of the Ag NWs ionogel composite
in response to temperature. Here, the sensor was subjected to
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extreme temperature conditions, placed on an icebag at —20
°C, and then transferred to a hot plate at 100 °C, as shown in
Figure 3e,f, respectively. The LED connected to the sensor
positioned on the hot plate exhibited a significantly higher
brightness compared to that placed on the icebag. The
temperature-dependent changes in resistance may be attrib-
uted to the synergistic effects of ILs and nanofillers. At lower
temperatures, the electrical resistance of ILs typically increases
due to reduced ion mobility caused by cooling.>® Conversely,
as the temperature rises, the electrical resistance of ILs
generally decreases owing to enhanced ion mobility and
change in dielectric constant.”” The presence of different
nanofillers further alters the charge mobility and dielectric
constant possibly through the introduction of electrons within
the nanofillers as charge carriers and their interactions with the
ions in ILs.5%5

The high stretchability, tissue-like softness, strong strain
sensitivity, and acceptable thermal stability of the Ag NWs
ionogel composite enable its utility in constructing wearable
strain sensors for monitoring human body motions. Figure 4
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Figure 5. Demonstrations of the robotic motion of the ionogel nanocomposites via electrostatic attraction. Rubbing a plastic tube against hair
generates a static charge on the surface, which leads to a strong motion of a slab of the Ag NWs ionogel nanocomposite from a resting state (a) to a
bent state (b). Measured resistive change of AR/ Ry plots of Ag NWs ionogel composites during the bending motion triggered by the electrostatic
attraction. The electrostatically charged tube undergoes (c) a fast and slow horizontal shifting and (d) a fast horizontal shifting followed by a

vertically slow shifting.

displays the relative resistance change of a strain sensor based
on Ag NWs ionogel composites in response to various
situations of body motions. As illustrated in Figure 4a, we
prepared a Ag NWs ionogel composite strain sensor (with a gel
size of 10 mm X 5 mm, length x width) and fixed it at the
second knuckle of the index finger of a latex glove using
commercial tape. the index finger was first taken straight at 0°,
and the second knuckle was set as the origin to bend 30, 60,
and 90° toward the palm. As the bending angle of the finger
became larger, the sensor resistance became larger. When the
finger was held at a certain angle, the sensor resistance
remained stable with little observable fluctuation. Moreover,
the results show no observable hysteresis of sensor resistance
during the cyclic bending and unbending movement,
indicating high sensing reproducibility and accuracy. We
further attached the sensor to the elbow with PU transparent
film dressings, as shown in Figure 4b. The starting position was
set with the arm hanging vertically, and the red line represents
the signal variation resulting from the forearm bending upward
and downward around 90°, with the elbow as the origin. The
blue line represents the sensing signal variation when the
forearm was bent upward until its bending limitation. The cyan
line represents the sensing signal variation during the
stationary state (starting position). The results indicate that
the sensor exhibits excellent real-time responsiveness without
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obvious hysteresis during practical usage. Furthermore, the
cyan line maintained a relatively constant level, showing good
stability of the strain sensor during the stationary state. We also
performed motion monitoring on highly flexible body parts
such as wrist, ankle, and neck and then demonstrated its
excellent sensing performance. In Figure 4c, the starting
position was set with the fist and forearm maintained in a
horizontal position. When the wrist bent downward, the sensor
was stretched, leading to an increase in the sensor resistance,
which decreased upon returning to the initial position.
Conversely, when the wrist bent upward, the sensor was
squeezed, and the sensor resistance decreased. In addition, the
orange line in Figure 4d represents the sensing signal variation
from the lower bending limit to the upper bending limit of the
wrist. The results further demonstrate the accurate monitoring
capability of the strain sensor based on the Ag NWs ionogel
composite. Moreover, the sensor shows excellent strain
monitoring on the ankle as demonstrated in Figure 4d. As
the foot tightened downward, the sensor resistance increased,
while it decreased when the foot was lifted upward. In Figure
4e, the sensor was placed on the neck near the tracheal region.
When the head nodded downward, the sensor experienced
compression, leading to a decrease in sensor resistance, while
the sensor resistance increased as the head tilted upward.
Furthermore, the sensor placed on the neck can monitor
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Figute 6. Flexible pressure sensor array based on the Ag NW ionogel composite. (a) Optical image of the 4 X 4 sensor pixel arrays to detect
pressure distribution. (b) Corresponding schematic illustration showing the exploded view of the pixel array. (c) Six letter blocks made by 3D
printing were placed on the sensor arrays. (d) Measured corresponding output at each pixel. The color contrast of each pixel shows local pressure
distribution that is in agreement with the respective positions of the letter blocks.

mouth movements (mouth opening and swallowing) as well
(Figure 4f,g). The results in Figure 4f show good
correspondence with the mouth movement, where the peaks
and valleys indicate mouth opening and closing, respectively.
The swallowing test, as shown in Figure 4g, monitored a
repeated process of water intake, indicating a good response of
the strain sensor to the throat movement. Furthermore, we
also attached the sensor to the knee to monitor leg lifting
movements (Figure 4h). The test similarly displayed real-time
monitoring and an excellent response speed. The minor
hysteresis of the strain sensor can be observed during the
recovery process, which is possibly due to the imperfect
adhesion of the sensor to the knee, which leads to a small shift
in the relative position. This phenomenon can be eliminated
by increasing sensor sizes and strengthening the sensor
adhesion with a clinical-grade Tegaderm. The performance
of the strain sensor during intense physical activity was
evaluated through a 2 min cycling experiment on a stationary
exercise bike. The monitoring signals of the right knee shown
in Figure 4i revealed a relatively stable variation of the sensor
resistance during exercise. From the partial zoomed-in view in
Figure 4i, the response sensitivity and reproducibility of the
strain sensor in relation to the exercise intensity were not
significantly affected, which was attributed to the improved
stability supported by the PU dressing to the Ag NWs ionogel
composite. In order to further characterize the stability, we also
conducted thorough tests simulating real-world usage con-
ditions throughout different seasons, times of the day and
using scenarios, such as water, some solvents, and other
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substances commonly encountered in daily life. We observed
no issues related to instability or malfunction in the sensors
during testing. Moreover, combined with its excellent adhesion
to skin, it ensures consistent and accurate monitoring of the
user’s movements, adding to the overall reliability of the sensor
devices.

In addition, the Ag NWs ionogel composite demonstrated a
strong response to an external electric field. One end of the
composite was fixed to a steel clamp, and one plastic tube that
had not been rubbed against hair and another that had been
rubbed against hair were approached near the lower end of the
composite as shown in Figure 5a,b. The positive charges
caused the ionogel to be attracted toward the tube. This is due
to the presence of an electric field around the plastic tube,
which was formed by the charged particles on the tube surface.
The charged tube and the ionogel experienced a charge
difference due to the ability of polarization of the ionogel,
resulting in an electrostatic force that drives the ionogel to
move toward the plastic tube (Video S3, Supporting
Information). To observe and record the effects of the external
electric field on the Ag NWs ionogel composite more clearly,
the composite was connected to an electrical circuit and the
charged plastic tube was shifted back and forth near it. As
shown in Figure 5c, during rapid shifts, there were intense and
drastic variations in the sensing signal. When the swings were
performed with almost the same amplitude but at a slow speed,
the sensing signal weakened and became more sporadic
compared to the fast shifts. To investigate the directional
dependence of the shift, the sensor resistance measured during
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vertical shifts was compared to those measured during
horizontal shifts, as shown in Figure 5d. The results exhibited
a larger response for vertical shifts. In comparison, no motions
have been observed from several conventional elastomers (e.g.,
PDMS and Eco-flex) with the same size as the slab of ionogel
nanocomposite for the same experiment (Video S3, Support-
ing Information).

To further explore the potential of the Ag NWs ionogel
nanocomposite for applications in wearable sensors, we
fabricated a 4 X 4 pressure sensor array where the incorporated
ionogel nanocomposite serves as a piezoresistive interface to
generate resistive responses to the spatial distribution of
external pressure, as shown in Figure 6a. Here, the ionogel
nanocomposites used in our pressure sensor were not
encapsulated individually due to the presence of copper
loops on the top and bottom polyimide films of the sensor
device. Figure 6b displays an exploded view of the device,
where the interdigitated electrodes are utilized to define the
vertical orientation force and limit the interference with each
resistance valve, respectively. In comparison with the pristine
resistance output, the capacitance efficacy of each sensing pixel
was also taken into consideration. Thus, the designed
impedance converter circuit (Figures S10[TC13] and S11)
was subsequently connected to the array, integrating the
capacitance and resistance for higher sensing accuracy. When
six letters were placed on the surface of the sensor arrays
(Figure 6¢), the distributions at each pixel were recorded and
measured, as shown in Figure 6d. The color contrast mapping
was consistent with that of the corresponding positions. The
contrast difference in the map can reveal the weight of varied
letters, attributed to the ionogel-Ag NWs composite interlayer.
Consequentially, the highly stretchable and tissue-like gel is
sensitive to changes in the external electric field and exogenous
stress, indicating the promising potential applications of this
material in fields such as biomedical technology and health
monitoring.

l CONCLUSIONS

In this work, we introduce the development of a highly
stretchable, tissue-like strain sensor for monitoring body
movements. The sensor is based on a composite of a
P(AAm-co-AA) ionogel and Ag NWs. It exhibits high
stretchability of up to 605% and strength at a break of 377
kPa. In addition to its excellent performance as a strain sensor
in practical tests on the human body, it also demonstrates
sensitive responses to high temperatures and electrostatic
attraction. By encapsulating it in PU transparent film dressings,
we not only solve the issue of potential irritation to the human
skin but also achieve strong adhesion between the composite
and dressings, enabling multidirectional stretching sensing and
therefore broadening its detection and application range. The
strain sensor based on the Ag NWs ionogel composite exhibits
outstanding body monitoring, stability, and repeatability
performance. Beyond this, the fabricated pressure sensor
array demonstrated its ability to distribute stress and detect
variations in external electric fields and stress. We believe that
with further research and optimization, it can have more
promising applications in wearable and flexible strain sensor
fields, among others.
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