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ABSTRACT Monitoring of human activities can provide clinically

relevant information pertaining to disease diagnostics, preventive
medicine, care for patients with chronic diseases, rehabilitation, and
prosthetics. The recognition of strains on human skin, induced by
subtle movements of muscles in the internal organs, such as the
esophagus and trachea, and the motion of joints, was demonstrated

using a self-powered patchable strain sensor platform, composed on
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multifunctional nanocomposites of low-density silver nanowires

with a conductive elastomer of poly(3,4-ethylenedioxythiophene):polystyrenesulfonate/polyurethane, with high sensitivity, stretchability, and optical
transparency. The ultra-low-power consumption of the sensor, integrated with both a supercapacitor and a triboelectric nanogenerator into a single
transparent stretchable platform based on the same nanocomposites, results in a self-powered monitoring system for skin strain. The capability of the
sensor to recognize a wide range of strain on skin has the potential for use in new areas of invisible stretchable electronics for human monitoring. A new
type of transparent, stretchable, and ultrasensitive strain sensor based on a AgNW/PEDOT:PSS/PU nanocomposite was developed. The concept of a self-

powered patchable sensor system integrated with a supercapacitor and a triboelectric nanogenerator that can be used universally as an autonomous

invisible sensor system was used to detect the wide range of strain on human skin.
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human activity

s a simple approach for monitoring

human activities, body-attachable

sensors can be applied to measure
the strain induced on the human body by
muscle movements during body motions
and the functions of the internal organs.
Stretchable strain sensors attached to the
joint areas' ' or on the skin near the
moving joints'> can detect large body mo-
tions by measuring a few percent strain
or larger. To detect these large strains, the
required strain sensitivity does not need to
be high; however, such strain sensors must
have high stretchability. Conversely, to de-
tect very small strains on the skin induced
by muscle movements during the function-
ing of internal organs, in the range of a few
tenths of a percent and lower, high strain
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sensitivity in a small strain range is critical.
Even though internal organs have been
monitored by measuring pulse rate,'®?’
respiration, %213 or speaking’~®?%% using
flexible strain sensors attached to the wrist
or neck,'®? only a few stretchable strain
sensors able to be placed in contact with
human skin and capable of recording high
signal quality have been investigated. For
strain sensors on visible parts of the human
body, such as the face or neck, that are
intended for long-term use, optical trans-
parency is preferred for aesthetic reasons.
Furthermore, it is essential that the sensors
in wearable smart electronics have ultra-
low-power consumption to allow for pro-
longed operation with minimal battery
exchange. Therefore, strain sensors should
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have wide dynamic strain ranges, ultrahigh sensitivity,
optical transparency, large stretchability, stability, and
ultra-low-power consumption. In addition, they should
demonstrate stable contact with human skin and
be capable of high signal quality. Improving strain-
sensing devices so that they have all of the aforemen-
tioned characteristics is a challenging task, as there is a
lack of materials that can be used to fulfill the multitude
of requirements.

One approach for creating strain sensors that meet
the aforementioned requirements of high stretchabil-
ity, ultra-low-power consumption, ultrahigh sensitivity,
optical transparency, and a large dynamic range is
to use elastomeric piezoresistive nanocomposites
with conducting nanofillers. These fillers can be used
to control electrical conductivity, strain sensitivity,
and optical properties due to the fact that networked
nanofillers with percolation transport between adja-
cent nanofillers under mechanical deformation show
strong resistance modulation. Previously, stretchable
nanocomposite strain sensors, such as carbon nano-
tubes (CNTs),>'%2*% silver nanowires (AgNWs),® gra-
phene nanosheets,>® and metal nanoparticles,® were
shown to produce a gauge factor (GF), ranging up to
35. The GF is defined as (AR/Ro)/e, where AR/R, is the
relative change in resistance of the strain sensor and
¢ is the applied strain. However, the sensitivity of such
sensors at low strain has not yet been investigated, and
the sensors are not often optically transparent due to
the high loading of nanofillers. There is also a distinct
lack of research focusing on strain sensors with ultra-
low-power consumption (see Table S1 in Supporting
Information).

In this research, we focused on self-powered, trans-
parent, stretchable, ultrasensitive, and patchable
strain sensors composed on multifunctional nanocom-
posite materials for the detection of various human
activities. The devices were enabled using a multi-
functional and solution-processable nanocomposite
of low-density AQNWs with a conductive elastomer of

poly(3,4-ethylenedioxythiophene):polystyrenesulfonate
(PEDOT:PSS)/polyurethane (PU), providing high stretch-
ability, optical transmittance, and high strain-responsive
electrical properties. Conductive composite elastomers
of PEDOT:PSS/PU were readily formed using environ-
mentally benign solution processing based on water-
based solutions of two components. In addition, the
resistance level was controlled to facilitate ultra-low-
power consumption. In this research, we tested a con-
formable strain sensor with a stretchability up to 100%,
optical transparency with a transmittance of 75.3%,
responsivity with a GF as high as 12.4 at a low strain
range, and good linearity, high stability, a wide sensing
range, and a power consumption as low as 5 uWem ™2,
The sensor device also exhibited good reproducibility
after cyclic stretching at 60% of the strain. The low-
power consumption allowed the strain sensors to be
driven by a supercapacitor (SC), whose electrodes
were made of the same nanocomposite as the one used
for the strain sensor that was charged using a tribo-
electric nanogenerator (TENG) made of the same elec-
trode materials. The detection of human activities
(breathing, coughing, drinking, swallowing, and eating)
that induce small strains and body motions that cause
large strains were demonstrated using the SC charged
by the TENG. We developed a novel transparent,
stretchable, self-powered, all-in-one, integrated, patch-
able sensor platform based on a single multifunctional
material system.

RESULTS AND DISCUSSION

A schematic illustration of the patchable integrated
devices at various locations on human body such as
neck, forearm, and fingers is shown in Figure 1a. The
devices stacked into an integrated platform can be
conformally attached to the joint, neck, or any other
areas on which strains are induced by daily activities.
The TENG can be operated by tapping by hand or joint
motion. The schematics of the transparent stretch-
able TENG, SC, and strain sensor are illustrated in
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Figure 1. Schematic descriptions of the TENG, SC, and strain sensor. (a) Schematic illustration of patchable integrated devices
on the neck, forearm, and finger joint. Schematic illustrations of individual components: (b) TENG, (c) SC, and (d) strain sensor.
Images of the materials and integrated devices: (e) FE-SEM image of the AQNW/PEDOT:PSS/PU nanocomposite film on PDMS
substrate. (f) Photograph of the vertically integrated devices of strain sensor (bottom), SC (middle), and TENG (top).
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Figures 1b—d, respectively. The transparent stretch-
able strain sensor was formed by spin-coating a water-
soluble solution of PEDOT:PSS/PU on AgNWs that are
then spin-coated on oxygen plasma-pretreated poly-
dimethylsiloxane (PDMS) substrate. The top surface
is then encapsulated with another PDMS layer. The
transparent and stretchable nanocomposite films of
AgNWs/PEDOT:PSS/PU were used as one of the elec-
trodes in the TENG and both of the electrodes in the SC.
The TENG electrodes were formed by spin-coating the
same nanocomposites of AQNWs/PEDOT:PSS/PU onto
PDMS and poly(ether sulfone) (PES) substrates. A de-
tailed fabrication process of the AQNW/PEDOT:PSS/PU
nanocomposite layers of the substrates is illustrated in
Figure S1a and is explained in the Experimental Section.
A typical top-view field-emission scanning electron
microscopy (FE-SEM) image (Figure 1e) of the AgNW/
PEDOT:PSS (14%)/PU (86%) nanocomposite film shows
a network of low-density AQNWs in random orientation.
When water-soluble PEDOT:PSS/PU is spin-coated
onto the AgNW film, the PEDOT:PSS/PU penetrates
the AgNW network, due to its low viscosity and low
surface energy. When the PEDOT:PSS/PU layer is cured,
it links with the embedded AgNWs, resulting in three-
component nanocomposites. However, the AgNWs
inside the elastic conductive PEDOT:PSS/PU layer are
weakly connected and slightly overlap. These features
allow the AgNWs to slide over one another, producing
a change in electrical conductance due to the strain
induced by stretching or bending. Figure S1b shows
photographs of the transparent stretchable sensor
with an optical transmittance of 75.3% and a stretch
of 100%. Figure 1f shows a photograph of the vertically
integrated transparent devices of strain sensor, SC, and
TENG.

To determine the effects of PEDOT:PSS/PU concen-
tration ratio on the electrical and optical properties of
the nanocomposites, we measured the sheet resis-
tance and optical transmittance of the formed nano-
composite layers. For the sake of comparison, the sheet
resistance values of the two-component (PEDOT:PSS/
PU) and three-component (AgNW/PEDOT:PSS/PU)
nanocomposite films were measured in the absence
of strain (Figure 2a). The data indicate that the initial
sheet resistance of the two-component film can be
significantly reduced by adding AgQNW nanofillers and
increased by adding PU. To evaluate the optical trans-
mittance, we measured the total optical transmission
through the nanocomposite film including the PDMS
substrate. As shown in Figure 2b, the optical transmit-
tance of the nanocomposite films ranged from 71.2 to
75.3% at a wavelength of 550 nm, depending on the
PEDOT:PSS/PU concentration ratio. The transmittance
increased with increasing PU concentration. The inset
in Figure 2b shows a photograph of a nanocomposite
film on the PDMS substrate (red-dashed line), where
the nanocomposite layer was sufficiently transparent
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Figure 2. Characterization of nanocomposite films. (a) Sheet
resistance (€2/sq) of the PEDOT:PSS/PU film and AgNW/
PEDOT:PSS/PU nanocomposite film as a function of PU con-
centration. (b) Transmission spectra of the AGQNW/PEDOT:
PSS/PU nanocomposite film with different proportions of PU.
Inset: Photographs of the nanocomposite film on the PDMS
substrate (red-dashed line). (c) Relative resistance change
(AR/Ry) versus strain of the AQNW/PEDOT:PSS/PU nanocom-
posite film with different PEDOT:PSS/PU concentrations.

to allow clear visualization of the logo below the strain
sensor.

Next, we analyzed the use of the three-component
nanocomposite as a sensing layer in a strain sensor,
in addition to its use as electrodes in TENG and SC.
To do this, we examined the electrical properties of the
three-component nanocomposite at different concen-
trations of PEDOT:PSS/PU (40/60, 28/72, and 14/86%)
under mechanical strain. Figure 2c shows the resis-
tance change in the nanocomposite layers with differ-
ent PEDOT:PSS/PU concentrations, which increased
with increased stretching (from 10 to 240% strain).
The strain response increased in a nonlinear fashion
as the PU concentration decreased. Plotting the data in
Figure 2c in a linear scale (see Supporting Information
Figure S2a—c) clearly indicates that the resistance
of the nanocomposite films with concentrations of
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PEDOT:PSS/PU at 40/60 and 28/72% increases at 80
and 110% of strain, respectively, but that of the nano-
composite film with a concentration of PEDOT:PSS/PU
at 14/86% is more stable with two distinct regimes
at 0—130 and 130—240% (Figure S2c). The response
of the nanocomposite film with a concentration of
PEDOT:PSS/PU at 14/86% to low strain range (<20%) is
slightly higher than that of the nanocomposite films
with a concentration of PEDOT:PSS/PU at 40/60 and
28/72% (Figure S2d). The nonlinear and different
changes in strain responses of the nanocomposite films
with different concentrations are presumably attributed
to difference in behavior of PEDOT:PSS polymer chains
under large straining, even though the mechanism is
not clearly understood. In addition, measurements of
multiple nanocomposite samples with the same PEDOT:
PSS/PU concentration at 14/86% under applied strain of
0—240% show similar trends in electrical responses
(Figure S2e). Considering high-performance strain sen-
sors and electrodes with high stability and stretchability
for TENG and SC, we chose the AgNW/PEDOT:PSS/PU
(14/86%) nanocomposite for device fabrication.

The electrical and optical properties of strain sensors
with different density of AQNWs are shown in Figure S3.
The device with a high density of AQNWs (spin-coating
condition of 200 rpm) showed higher responsivity
in comparison with that of the devices with a medium
and low density of AgNWs (spin-coating condition of
250 and 300 rpm, respectively) (Figure S3a). However,
the optical transmittance decreased at higher density
of AgNWs (Figure S3b). In addition, the power con-
sumption increased with higher density of AgNWs.
For performance optimization of a self-powered trans-
parent sensor platform, therefore, three parameters
of responsivity, transparency, and power consump-
tion need to be compromised. In the experiment,
the medium density of AgQNW:s for fabrication of strain
sensors was chosen.

To demonstrate the advantages of the three-
component nanocomposite compared to those of the
two-component (PEDOT:PSS/PU) composite for strain
sensing, we examined the hysteresis, responsivity, and
stability of each of the devices under mechanical
deformation. Figure S4 shows the resistance variation
of the two-component and three-component compo-
sites during cyclic stretching—releasing tests (10000
cycles) at a tensile strain of 40%. The baseline drift in the
resistance in the two-component composite (S4a) was
higher than that in the three-component nanocompo-
site (Figure S4b). The results demonstrate that the
three-component nanocomposite strain sensor showed
high responsivity, high stability, and low hysteresis in
comparison with the two-component composite strain
sensor. For a better understanding of the hysteresis and
stability of the two-component and three-component
composites, the surfaces of these films were analyzed
using FE-SEM and atomic force microscopy (AFM), the
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results of which are shown in Figure S5. Some cracks
were revealed in the three-component nanocomposite
film after being cyclically stretched 10000 times at
a 40% strain; these cracks were believed to be the cause
of the observed baseline drift. The FE-SEM and AFM
images of the PEDOT:PSS/PU film shown in Figure S5a,c
demonstrated much more severe cracking than did the
AgNW/PEDOT:PSS/PU film shown in Figure S5b,d.

The physical phenomenon responsible for the
electromechanical differences between the two-
component and three-component composites can be
explained by the interactions between PEDOT:PSS and
PU and between the AgNWs and PEDOT:PSS/PU com-
posites. In the two-component composite, the weak
interactions between PU and PEDOT:PSS suggest that
the PEDOT:PSS polymer chains slip or break, as shown
in Figure S5a,c, and do not recover or re-form, respec-
tively, during the unloading cycle.?’” This leads to high
hysteresis, low responsivity, and poor stability. Because
of the much higher Young's modulus of AgNWs?42°
compared to that of the PEDOT:PSS/PU composite,
the AgNWs in the three-component nanocomposite
can be regarded as rigid elements during the stretch/
release cycles, which help to reduce cracking, as shown
in Figure S5b,d. Interactions of rigid AgNWs and poly-
mer chains inside the matrix can possibly reduce the
crack propagation by pinning, bridging, or deflecting
cracks.3® Moreover, the sensing mechanism of the
three-component nanocomposites was mainly attribu-
ted to percolation transport between adjacent AGQNWs,
resulting in strong modulation in the resistance of
networked AgNWs under mechanical deformation. In
the longitudinal direction of stretch/release, the gaps
between the ends of the AgNWs increased/decreased,
leading to a decrease/increase in the number of elec-
trical pathways. Subsequently, the electrical resistance
of the networked AgNWs increased/decreased. These
features lead to high responsivity, good stability, and
low hysteresis in three-component nanocomposite
devices.

To further investigate the strain-sensing perfor-
mance of the nanocomposite sensor, we studied
the sensing characteristics during repetitive straining
conditions by measuring the time-dependent changes
in the normalized resistance (AR/Ro) under various
strains. The sensors were strained using two different
mechanical modes: a bending mode for low tensile
and compressive strains and a stretching mode for
high tensile strain. Figure 3 shows the typical responses
and GFs of the strain sensor based on the AgNW/
PEDOT:PSS/PU (14/86%) nanocomposite according
to the systematic straining tests. Figure 3a,c shows
the AR/Rqy versus time curves under low strain tests
(1.5—6%) in the tensile and compressive cyclic bending
modes (50 cycles per pulse), respectively. The GF
values under low tensile and compressive strains,
extracted from Figure 3a,c, respectively, are presented
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Figure 3. Systematic straining tests of the AgNW/PEDOT:PSS/PU (14/86%) nanocomposite resistive strain sensors. (a,c,e,g)
Resistance change (AR/R,) of the nanocomposite strain sensor versus time under progressively increasing strain from 1.5 to 6%
(low strain) in tensile and compressive cyclic bending modes with 50 cycles per pulse before (a,c) and after (e,g) 1000 cycles of
stretching. (b,d,f,h) Resistance change (AR/R,) versus low strain under tensile and compressive bending before (b,d) and after

(f,h) 1000 cycles of stretching.

in Figures 3b,d. The AR/R, decreased under the low
tensile strain and increased under the low compressive
strain, which enabled us to discern the contractional
and expansional movements of the skin. The opposite
AR/Rq variation under tensile and compressive strain is
caused by the multistage stacking of the AQNW net-
work, where the number of electrical interconnections
or current paths can be modulated under mechanical
deformation. Under the bending mode, the three-
component film can be deformed in the y-direction
(in-plane direction) and the z-direction (out-of-plane
direction). However, at low strain (large bending radius),
the deformation in the z-direction is more dominant
than that in the y-direction. Therefore, tensile strain
may reduce the thickness of the three-component film,
leading to a decrease in the contact resistance (R,)
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between the networked AgNWSs and, thus, a decrease
in the resistance of the nanocomposite. These results
are illustrated in Figure 3a,b. Conversely, the resistance
increased as the compressive strain increased, as shown
in Figure 3¢,d, as a result of the decrease in R. between
the AgNWs, presumably due to an increase in the
thickness of the three-component nanocomposite.

In order to evaluate the reliability of the sensor device
after repetitive mechanical deformations, we examined
the responsivity, repeatability, response time, and re-
laxation time after cyclic stretching. Figure 3e,g shows
the resistance response curves versus time from the low
strain tests (1.5—6%) in tensile and compressive cyclic
bending modes after 1000 stretching cycles at a strain
of 30%. The repeatability, response time, and relaxation
time of the device after cyclic stretching were nearly
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unchanged. However, the GF of the device decreased
from 12 to 8 in tensile bending mode and from 11 to 8
in compressive bending mode after cyclic stretching
(Figure 3fh). This phenomenon is, in part, due to the
interaction between the AgNW filler and the PEDOT:
PSS/PU composite matrix. After cyclic stretching, the
deformation of the three-component nanocomposite
increases the friction force between the AgNWs and
the PEDOT:PSS/PU matrix so that the AgNWSs buckle
above a certain threshold frictional force. As a result,
the AgNWs cannot return to their initial positions. This
increases the gaps between the ends of the AgNWs,
leading to a reduction in the continuity of the AgNW
network and subsequently decreasing the number of
electrical pathways.® The decreased pathway number
leads to a decrease in the responsivity or GF of the
sensing layer of the device.

To demonstrate that the sensor device can function
under high strain levels, we analyzed the responsivity
of the device to strain ranging from 10 to 60%.
Supporting Information Figure S6a shows resistance
response versus time curves under high tensile strain in
stretching mode. The resistance change versus strain
with GF is shown in Figure S6b, which indicates that the
resistance continued to increase under high tensile
strain. During stretching, the gaps between the ends
of the AQNWs increased, resulting in a decrease in the
number of electrical pathways; therefore, the electrical
resistance of the three-component nanocomposite
increased. We also examined the responsivity and
repeatability of the device after cyclic stretching.
Figure S6c,d presents the resistance change under
strain ranging from 10 to 60% and the GF of the nano-
composite sensor after 500 cycles of stretching.
Neither the strain responsivity nor GF of the sensor
was significantly changed after cyclic stretching.
Furthermore, the GF of the sensor at high strain was
slightly greater than 1, thus demonstrating the stability
of our strain sensor.

To compare the sensing responses of the three-
component and two-component composites, we fab-
ricated two types of two-component composite strain
sensors (PEDOT:PSS/PU (14/86%) and AgNW/PU).
Figure S7 shows typical responses and GF values
of the two-component composite strain sensors. The
PEDOT:PSS/PU strain sensor presented low responsiv-
ities at both low strain (GF = 2.6—2.9) and high strain
(GF = 1.07), as shown in Figure S7a—c. The AgNW/PU
strain sensor also showed low responsivity and in-
stability at high strain, as demonstrated in Figure S7d.
These results demonstrate that strain sensors based
on three-component nanocomposites are more ad-
vantageous than those based on two-component
composites.

In order to determine the capabilities of our highly
transparent, stretchable, and sensitive nanocomposite
strain sensor for monitoring human activities by detecting
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strains caused by muscle motions, the sensor was
attached to the neck of a healthy subject in an attempt
to noninvasively monitor the muscle movements of
the trachea (breathing and coughing) and esophagus
(drinking, swallowing, and eating) (Figure 4a). As shown
in Figure 4b—f, the strain sensor exhibited high sensi-
tivity and distinct patterns, allowing us to differentiate
between the signals generated by the trachea and
esophagus when breathing, coughing, drinking water,
swallowing saliva, and eating. There were, in particular,
significant differences between the signals generated
during saliva swallowing versus the gathering of saliva,
as shown in Figure 4e.

In addition, to monitor the strain modulation on
human skin caused by muscle movement, we attached
the device to one subject's forearm (Figure S8a). This
allowed us to detect and distinguish muscle move-
ments for different motions. The device was able to
easily detect and discriminate various human motions.
Different signal patterns were generated for instances
where the subject repeatedly clenched a fist, with
holding times of 2 and 0.5 s, respectively (Figure S8b,c)
or moved the wrist up and down (Figure S8d) or in a
circle (Figure S8e).

To further investigate the responsivity of the strain
sensor to large-scale human motions, strain sensors
were placed on the index finger of a subject. The highly
stretchable sensor showed a good responsivity to the
movements of the index finger (Figure S8f).

The results in Figure 4 and Figure S8 indicate the
high sensitivity and good repeatability of devices
to strain variation caused by muscle movements. The
sensor was able to distinguish between the various
motions, showing distinct signal patterns for each
of the motions. These results show that skin strain
monitoring is an effective method for monitoring body
motions and the functions of internal organs. Our
results showed that the sensor accurately measured
the deformation of the epidermis and muscles around
the throat during breathing, coughing, drinking,
swallowing, and eating, as well as various movements
of index finger. Future applications might expand to
include sophisticated activity recognition in biomedi-
cal fields and remote control of human—machine
interfaces.

To demonstrate that the strain sensor can be oper-
ated using a power source of the SC that is charged by
the TENG, we developed a transparent and stretchable
SC and TENG (Figure 4g) and analyzed their perfor-
mances (Figures S9—S12). The performance of the
TENG was determined as a function of load resistance,
and the maximum output peak power was observed at
aload resistance of 50 MQ (Figure S9). The performance
of the SC was characterized using a capacitance—
voltage (C—V) curve and a charge—discharge curve at
different scan rates and current densities, respectively.
The areal capacitance of the SC was 190 uF/cm? at a
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Figure 4. Monitoring of strain caused by muscle movement for functions of the trachea and esophagus. (a) Stretchable and
transparent strain sensor attached to the neck. (b—f) Resistance change (AR/R,) of the nanocomposite strain sensor versus
time, measured by a source measurement unit, during breathing, coughing, drinking, saliva swallowing, and eating,
respectively. (g) Circuit diagram of strain according to the sensor with SC charged by TENG. (h—I) Resistance change
(AR/Ry) of the nanocomposite strain sensor versus time, measured by SC charged by TENG, during breathing, coughing,

drinking, saliva swallowing, and eating, respectively.

scan rate of 50 mV/s and a current density of 369 uF/cm?
at 4 uA/cm? (Figure S10). The stretchability of the SC
was confirmed by measuring the C—V curve before and
after 5000 cycles of stretching at 30% strain (Figure S11).
The charging property of the SC determined using
the rectified output from the TENG is presented in
Figure S12. Figure 4h—| shows modulation of the strain
sensor for the various muscle movements of the human
esophagus (drinking and swallowing) and trachea
(breathing and coughing), which were measured using
the SC charged by the TENG. The strain sensor showed
high responsivity, and the sensor responses had the
same patterns and tendencies as when using an external
power source (Figure 4b—f). Electrical performances
of the integrated devices measured under mechanical
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stretching are shown in Figure S13. The integrated
device platform was stretched to 10% of strain, and then
cyclic pushing was applied on the TENG to generate
the power (Figure S13a) and store the generated power
into SC (Figure S13b). Then, we used the stored power to
measure the responsivity of the strain sensor to cyclic
straining (Figure S13c). These results demonstrate that
our integrated devices also work well under the condi-
tion of mechanical stretching.

In general, our results indicate the multifunctionality
of three-component nanocomposites of AQNW/PEDOT:
PSS/PU as a self-powered, patchable strain sensor
system. The composites of nonconductive elastomeric
matrix and high-density AgNWs lead to high-power
consumption, large hysteresis, low responsivity and
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stability, and no optical transparency due to the de-
creased tunability of the electrical and optical pro-
perties. Furthermore, a two-component conductive
elastomeric composite of the nonconductive elastomer
and conductive polymer resulted in low sensitivity to
strain due to a lack of change in the percolating charge
transport of the composite under straining; therefore,
it is necessary to consider a new approach for strain-
sensing materials based on low-density AgNWs em-
bedded in an elastomeric conductive polymer matrix
with the goal of high sensitivity, low-power consump-
tion, high stretchability, and high optical transparency.
The three-component nanocomposites demonstrated
increased networking of AgNWs and the PEDOT:PSS
phase. The greater responses to the various strains
can be attributed to the larger changes in percolating
carrier transport due to the additional modulation of
the AgNW-PEDOT:PSS junction contact resistance. Our
results clearly indicate that combining low-density
AgNWs and the conductive elastomer of PEDOT:PSS/
PU composite resulted in tunability of electrical con-
ductivity, sensitivity, and optical transmittance that
can be used as a three-component nanocomposite
sensor system.

The sensing mechanism of the strain sensor based
on a three-component nanocomposite relies on the
change in contact resistance between AgNWs and
AgNW-PEDOT:PSS junctions under mechanical defor-
mation. Under bending mode, the deformation of the
three-component nanocomposite in the out-of plane
direction was larger than that in the in-plane direction.
The opposite was true for the stretching mode char-
acteristics. The device outlined in this research is
capable of effectively measuring both small and large
strains. Based upon the different electrical modulations
for the various straining modes, the sensor was able to
distinguish between tensile and compressive strains
induced on the skin by muscle movements. In addition,
we devised stretchable nanocomposite devices
with the addition of a very simple, low-cost fabrication
process and biocompatible components (PDMS, PED-
OT:PSS, and PU) that can be used to develop human
monitoring devices with realistic functions.

The majority of the current stretchable strain sensors
rely on external power sources, which often limits their
use in practical applications in wearable electronics.
Furthermore, the characteristics of power consump-
tion in strain sensors have not been fully explored.

EXPERIMENTAL SECTION

Materials. AgNWs dispersed in isopropyl alcohol (IPA) were
purchased from Sigma-Aldrich. The mean length and diameter
of the supplied AGQNWs were 30 um and 100 nm, respectively.
The AgNWs were well-dispersed by the polar groups without a
surfactant coating of polyvinylpyrrolidone. In order to minimize
the agglomeration of nanowires and deposit them uniformly
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Since body-attachable sensors should be integrated
into wireless environments, such as the Internet of
Everything (IoE), low-power consumption and auton-
omous self-powered sensing systems integrated with
energy harvesting and storage functions are essential
for autonomous monitoring of human activities. There-
fore, there is a pressing need for the development of
an integrated sensor system with power generation
and storage devices that can be readily incorporated
into either a wearable or body-attachable platform.
Recently, there have been reports on self-powered
sensor systems integrated with sensors, energy harvest-
ers, and charge storage devices3'>° In these ap-
proaches, a variety of materials were used for the
different components of the integrated systems. Our
self-powered, all-in-one, integrated sensor system,
developed using multifunctional materials to show
strain responsivity, intrinsic stretchability, optical trans-
parency, and electrochemical activity, demonstrates
the potential for such systems. Such a single, multi-
functional material to be used for strain sensing, power
generation, and storage is highly advantageous, as
demonstrated in this research.

CONCLUSION

In summary, we developed a new kind of transpar-
ent, stretchable, highly sensitive, solution-processable,
low-power strain sensor based on the multifunctional
AgNW/PEDOT:PSS/PU nanocomposite, which can also
be used for electrodes in TENG and SC in all-in-one,
self-powered integrated systems. Systematic and ela-
borate strain tests for sensor and energy devices based
on the developed multifunctional nanocomposite
showed high performance, good stability, and reliability.
Our study suggests that integrated sensor systems can
be easily extended for integration into other sensors,
such as physical, chemical, or biological sensors, and
can act as a new class of patchable systems. They can,
therefore, be used universally as autonomous invisible
conformal sensor systems capable of subsequent
integration with other components, such as signal
processing and data transmission. We expect that the
integrated transparent and stretchable electronic strain
sensor system, with its ability to conform to deformable
and arbitrarily shaped objects, can be used in a variety of
applications in a multitude of fields, including personal
health monitoring, soft robotics, artificial skins, and
human-friendly human—machine interfaces.

onto elastic substrates, the dispersion was diluted to a concen-
tration of 0.5 wt % in IPA. A PDMS elastomer kit (Sylgard 184
from Dow Corning), PEDOT:PSS solution (1—1.3 wt %, CLEVIOS
PH1000 from Heraues), PU (39—41 wt % Alberdingk U3251,
Alberdingk Boley), DMSO, Zonyl FS-300 (Sigma-Aldrich), and
Au—Ni woven conductive textile (Solueta Co. Ltd., silverized
nylon/spandex knit SMP 130) were all used as purchased.
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Preparation of a Conductive Elastomer Solution Blend. We chose
polyurethane dispersions (PUDs) (Alberdingk U3251) for higher
stretchability and uniform coating due to their dispersion of
sub-micrometer-sized PU particles in water. Before blending the
polymer solution, the PUD was diluted with deionized water to
4 wt %, and the PEDOT:PSS was premixed with 5—8 wt % DMSO
and 1 wt % Zonyl.

During blending, the diluted PUD was stirred at a speed
greater than 400 rpm while PEDOT:PSS (14, 27, or 40 wt %,
premixed with DMSO and Zonyl) was added using a syringe
pump. Polymer blends were filtered through a 0.45 um syringe
filter before use.

Fabrication, Characterization, and Demonstration of Strain Sensors.
The transparent and stretchable strain sensor was fabricated
using the following procedure. The AGNW suspension was spin-
coated onto a PDMS substrate. The AQNWSs were then dried to
form a uniform and conductive film. Next, the PEDOT:PSS/PU
nanocomposite solution was spin-coated onto the AgNW filler
to prepare a three-component incorporation. Then, the nano-
component conductive film was dried on a hot plate at 150 °C
for 1 h. To minimize the ambient effects from the air atmo-
sphere during the stretching test, the fabricated devices were
encapsulated with a PDMS layer and dried on a hot plate at 120 °C
for 1 h. To measure the resistance of the AgQNW/PEDOT:PSS/PU
nanocomposite strain sensor during the repetitive mechanical
deformation caused by stretching and bending, the Au textiles as
electrodes were used between the electrical contact tips and the
film surface. Copper wires were subsequently attached to the two
ends of the nanocomposite thin film using a silver paste, and the
film was attached to various parts of the human body, includ-
ing the neck, arm, wrist, and index finger using double-sided
adhesive tape. To measure the stand-alone strain sensor on the
human body, a source measurement unit (HP 4145B) was used.
To monitor the signal modulation in the strain sensor integrated
with TENG and SC, a low-noise current preamplifier (SR570,
Stanford Research Systems, Inc.) was used to measure the current
change during various human activities.

Preparation of TENG and SC. The TENG was fabricated using
the following procedure: AQNW/PEDOT:PSS/PU nanocomposite-
coated PDMS and AgNW/PEDOT:PSS/PU nanocomposite-coated
PES were used for the TENG. An arch-shaped nanocomposite-
coated PES was positioned on the top of the TENG. The PES
surface and the side of the nanocomposite on the PDMS were
placed into contact and then separated to generate electricity.
A digital phosphor oscilloscope (DPO 3052, Tektronix) and a
low-noise current preamplifier were used to measure the output
voltage and current for characterization of the TENG while
compressing the unit with 1 kgf force.

The SC was fabricated using two AgNW/PEDOT:PSS/PU
nanocomposite-coated PDMS layers as electrodes for SC.
To prepare the gel electrolyte, 10 g of PVA (molecular weight
89 000—98 000, 99% hydrolyzed, Aldrich) was diluted in 100 mL
of DI water, and 10 g of concentrated H3PO, was then added.
This solution was stirred for 3 h at 90 °C to obtain a clear
solution. The solution was cooled to room temperature, poured
onto the clean surface of a PTFE film, and left to dry overnight.
The resulting film was easily peeled off of the PTFE film surface.
The PVA/H3PO, film was sandwiched between the electrodes.
The capacitive performance of the fabricated SC was character-
ized using a capacitance—voltage (C—V) measurement system
(Biologic VMP3, France). Fabricated strain sensor, SC, and TENG
devices were vertically stacked by attaching the PDMS sub-
strates after oxygen plasma treatments. For demonstration of
the strain sensor integrated with the TENG and SC, the SC was
charged by the TENG by tapping.
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