Stretchable, Transparent,
Ultrasensitive, and Patchable Strain
Sensor for Human—Machine Interfaces
Comprising a Nanohybrid of Carbon
Nanotubes and Conductive Elastomers

Eun Roh,’ Byeong-Ung Hwang,* Doil Kim,* Bo-Yeong Kim," and Nae-Eung Lee*-**5

1SKKU Advanced Institute of Nanotechnology (SAINT), *School of Advanced Materials Science & Engineering, and >Samsung Advanced Institute for Health Sciences &
Technology (SAIHST), Sungkyunkwan University (SKKU), Suwon, Kyunggi-do 440-746, Korea

ABSTRACT Interactivity between humans and smart systems,
incdluding wearable, body-attachable, or implantable platforms, can
be enhanced by realization of multifunctional human—machine y €
interfaces, where a variety of sensors collect information about -

-

the surrounding environment, intentions, or physiological condi- Laughing |

o -

tions of the human to which they are attached. Here, we describe a
stretchable, transparent, ultrasensitive, and patchable strain

sensor that is made of a novel sandwich-like stacked piezoresisi-

tive nanohybrid film of single-wall carbon nanotubes (SWCNTs) and a conductive elastomeric composite of polyurethane (PU)-poly(3,4-
ethylenedioxythiophene) polystyrenesulfonate (PEDOT:PSS). This sensor, which can detect small strains on human skin, was created using environmentally
benign water-based solution processing. We attributed the tunability of strain sensitivity (i.e.,, gauge factor), stability, and optical transparency to
enhanced formation of percolating networks between conductive SWCNTs and PEDOT phases at interfaces in the stacked PU-PEDOT:PSS/SWCNT/PU-PEDOT:
PSS structure. The mechanical stability, high stretchability of up to 100%, optical transparency of 62%, and gauge factor of 62 suggested that when
attached to the skin of the face, this sensor would be able to detect small strains induced by emotional expressions such as laughing and crying, as well as
eye movement, and we confirmed this experimentally.
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mans and smart systems in pervasive

computing environments, human—
machine interfaces that can detect the sur-
rounding environment, physical activities,
health status, intentions, and emotions
of humans and send the monitored data
are required.””” This can be achieved by
human—machine interfaces integrated in
smart systems such as smart home appli-
ances, robots, drones, phones, tablets,
watches, bands, contact lenses, glasses,
patches, and pacemakers as stand-alone,
mobile, portable, wearable, patchable, or
implantable platforms. The requirement
for future smart human—machine inter-
faces to have interactivity capabilities re-
sembling human modalities necessitates a

F or effective interactions between hu-
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myriad of sensors with functions optimized
for specific platforms and applications. The
advent of new wearable, patchable, or im-
plantable platforms, in particular, requires
functionalities such as flexibility, stretchabil-
ity, stability, and/or optical transparency.
Detection of strains induced on human
skin using patchable conformal strain sen-
sors is one approach to monitor human
emotions,® intentions, and activities.>*'°
Even though stand-alone vision sensors
are generally used to detect movement of
the human body’""? and analyze facial ex-
pression changes due to emotion,'* vision
systems have low mobility and high com-
plexity, are expensive, and are difficult to
adapt to wearable, patchable, or implant-
able electronics. As an alternative approach,
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on-body patchable strain sensors can be used to detect
various ranges of strain induced on human skin in an
unobtrusive way. Stretchable conformal strain sensors
attached to the skin near the joints of fingers,''422
hands,"'%?3726 and knees'?** can detect large
strains induced by movements such as walking, run-
ning, and grasping. To detect large strains, the strain
sensor should have large stretchability, similar to a
goniometer. In addition to large strain, detection of
small strains on the skin of the face,*?® eyes,?® or
neck'?2?>2% can also be used to monitor the normal
daily activities of a human. In this case, the strain sensor
needs to have sufficiently high sensitivity to detect
variations in strain of a few percentage points or below,
in contrast to strain sensors for detecting large strains,
and needs to be stretchable to make conformal contact
with the skin with high signal quality.

Stretchable conformal strain sensors have been
developed from highly stretchable piezoresistive ma-
terials because of simplicity of design, low cost, ease of
fabrication, and high sensitivity (i.e., gauge factor).>%°
The gauge factor, GF, is defined as GF = (AR/Ry)/e,
where AR is the resistance change with straining, Ry
the resistance before straining, and ¢ the applied strain.
Most stretchable strain sensors based on metallic
conductors'*'®?> or the nanomaterials of carbon
nanotubes (CNTs)'?'2%3! and graphene’>"732*3 have
a GF value less than 15 (see Table S1 in the Supporting
Information). One of the common approaches to ob-
tain high piezoresitivity as well as stretchability in
piezoresistive elastomeric materials is to fill the elasto-
meric matrix with conductive nanofillers to obtain
a percolating network that serves as a conduction
path.'®2° For example, stretchable strain sensors based
on elastomeric composites of CNTs,?”**33 silver nano-
wires (AgNWs), '€ graphene,'® and carbon black?%2#3637
showed improved GF values and stretchability (Sup-
porting Table S1). To detect very small skin strains,
however, elastomeric piezoresisitve materials with both
high GF and stretchability are required.

An important feature for widespread user accep-
tance of conformal strain sensors on areas of the
human body such as the face and neck is optical
transparency so that the sensor is invisible during daily
activities. Most reported conformal stretchable strain
sensors are nontransparent because of high loading of
nontransparent inorganic nanofillers (see also Table S1).
Optical transparency of stretchable sensors also enables
the integration of optical components.>*® However, few
transparent and stretchable strain sensors with high
strain sensitivity have been reported.

Herein, we report transparent, stretchable, ultrasen-
sitive, and tunable strain sensors made of a novel
stacked nanohybrid structure of single-wall CNTs
(SWCNTs) and a conductive elastomer of poly(3,4-
ethylenedioxythiophene) (PEDOT:PSS) and a polyure-
thane (PU) dispersion. The three-layer stacked and
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sandwich-like nanohybrid of PU-PEDOT:PSS/SWCNT/
PU-PEDOT:PSS in sequence provides tunability of
stretchability, optical transparency, strain sensitivity,
and stability. Stacking of the organic-based layers was
possible using an environmentally friendly, water-
soluble solution. The low concentration of SWCNTs
resulted in high optical transparency, while the con-
ductivity and sensitivity of the sensor were easily tuned
by using a conductive elastomer instead of a noncon-
ductive elastomer, resulting in increased percolation
between SWCNTs and PEDQOT phases at the interfaces
between layers. A transparent and stretchable strain
sensor with an optical transparency of 63%, GF of 62.3,
and stretchability above 100% was tested for stable
detection of skin strains. This sensor still worked well
even after 1000 stretching cycles at 20% strain. We
demonstrated that this strain sensor could detect small
strains on the skin of a human face induced by minute
movements of muscles related to facial expressions
caused by emotions and eyeball movements. We
attributed the detectability of emotional expressions
by the stretchable and transparent strain sensor to the
ultrahigh sensitivity of the sensor. The transparent and
stretchable sensor described here has great potential
and will add value to wearable or patchable smart
systems.

RESULTS AND DISCUSSION

A schematic illustration of stretchable, transparent,
and ultrasensitive strain sensors attached to the fore-
head, near the mouth, under the eye, and on the neck
to sense skin strains induced by muscle movements
during expression of emotion and daily activities is
presented in Figure 1a. A cross-sectional schematic of
the strain sensor showing the stacked sandwich-like
structure of SWCNTs and conductive PU-PEDOT:PSS
composite elastomer on a PDMS substrate is shown in
Figure 1b. The three-layer stacked nanohybrid strain
sensor had improved stability in sensor responses
compared to that of single-layer (SWCNT or conduc-
tive composite elastomer) or two-layer (SWCNT(top)/
PU-PEDOT:PSS (bottom) and vice versa) sensors. Differ-
ent layer designs are discussed later. Details of the
materials and processes used to fabricate the sensors
are provided in the Methods section and Supporting
Information (Figure S1). Briefly, a thin and stretchable
polydimethylsiloxane (PDMS) substrate treated by oxy-
gen plasma was spin-coated with a water-soluble PU-
PEDOT:PSS composite solution. It is important to use a
water dispersion of PU for uniform distribution of the
conductive polymer phase in the elastomeric compo-
site conductor based on a water-based PEDOT:PSS
solution. After spin-coating of the bottom conduc-
tive PU-PEDOT:PSS composite elastomer (~100 nm in
thickness) on the PDMS substrate, the surface of the
bottom composite layer was functionalized with
3-aminopropyltriethoxysilane (APTES) solution to form
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Figure 1. (a) Schematic illustration of stretchable transparent ultrasensitive strain sensors attached to the forehead, near the
mouth, under the eye, and on the neck to sense skin strains induced by muscle movements during expression of emotions
and daily activities. (b) Schematic illustration of the cross-section of the strain sensor consisting of the three-layer stacked
nanohybrid structure of PU-PEDOT:PSS/SWCNT/PU-PEDOT:PSS on a PDMS substrate. (c) Top-view FE-SEM image of the three-
layer stacked nanohybrid sensor. (d) Transmittance spectra of the three-layer stacked nanohybrid sensor in the visible
wavelength range from 350 to 700 nm. A photograph of the sensor is shown as an inset.

amino groups for good adhesion with the SWCNT
layer. A water-based solution with different concentra-
tions of SWCNTs was dropped over the functionalized
PU-PEDOT:PSS surface, followed by a 10 min incuba-
tion, and then droplets were spread out uniformly by
spin coating. After annealing the SWCNT layer for 1 h at
100 °C, SWCNTs at the bottom PU-PEDOT:PSS layer
surface were functionalized using APTES solution, and
then the top PU-PEDOT:PSS solution was spin-coated.

Before verifying the sensing characteristics of the
fabricated sensors, the surface morphologies of coated
conducting elastomeric composite and SWCNTs were
investigated. Figure 1c shows a top-view FE-SEM image
of a three-layer stacked nanohybrid sensor (PU-PEDOT:
PSS (top)/SWCNT/PU-PEDOT:PSS (bottom)) and surface
morphologies of the PU-PEDOT:PSS layer. Here, the
composition and thickness of the PU-PEDOT:PSS com-
posite elastomer was 60—40% and 100 nm, respec-
tively. The layer coated with a 5 mg/mL SWCNT
solution was sandwiched between the two conductive
elastomers. The image in Figure 1c shows that the
surface of the sensor structure appeared porous due to
interaction with SWCNTs and both sides of the bottom
and top conductive elastomer layers. To gain further
insight into the observed surface morphology of the
different stacked structures, PU-PEDOT:PSS, SWCNT,
and SWCNT/PU-PEDOT:PSS layers were coated on a
Si wafer, and top-view FE-SEM images of them were
taken (Supporting Figure S2a,b,c, respectively). The

ROH ET AL.

composition and thickness of the elastomeric compo-
site and conditions used to coat the SWCNTSs were the
same as those used to fabricate the sensor shown in
Figure 1c. The surface morphology of PU-PEDOT:PSS
indicated that the solution of PU-PEDOT:PSS was com-
posited well with no aggregation (Figure S2a). The
surface morphology of the water-based SWCNT film
on the Si wafer indicated the formation of fibrils of
SWCNTs (Figure S2b). The FE-SEM image of SWCNTs
coated on the bottom PU-PEDOT:PSS composite layer
(Figure S2c) showed that the SWCNTs were embedded
slightly in the bottom PU-PEDOT:PSS layer after coat-
ing and thermal annealing. When the SWCNT layer
coated on the elastomer composite layer is annealed at
an elevated temperature of 100 °C near or above the
glass transition temperature (T,) of PU (60—120 °C),**
interaction between SWCNTs and highly viscoelastic
PU may cause embedding of SWCNTs. SWCNTs were
therefore slightly embedded and fixed at the soft
bottom layer of PU-PEDOT:PSS during annealing at
an elevated temperature. To fabricate a sandwich-like
structure, PU-PEDOT:PSS was coated on the surface of
SWCNTs as a top layer. The top PU-PEDOT:PSS layer
covering the SWCNTs embedded in the bottom PU-
PEDOT:PSS layer had a porous-like surface morphol-
ogy, presumably because the top PU-PEDOT:PSS layer
followed the topographic features of the SWCNT layer
surface. The top of the sandwich-like sensor structure
(PU-PEDOT:PSS/SWCNT/PU-PEDQT:PSS), therefore, had

A N N
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a porous surface. On the basis of the surface morphol-
ogies of the different film structures (Figure S2a,b,c),
we attributed the porous-like surface of the sensor
observed in Figure 1c to embedding of SWCNTs into
the bottom PU-PEDOT:PSS layer caused by a decrease
in the T, of PU and removal of water as a solvent during
annealing of the top PU-PEDOT:PSS layer. The fabri-
cated sensor with a sandwich-like stacked structure
prepared with 5 mg/mL SWCNT solution showed the
optical transmittance of 62% in the visible range, which
provides optical transparency enough for an aesthetic
view of the human body (Figure 1d).

To investigate the role of SWCNTs in electrical
transport, we measured the current with an applied
voltage of 0 to 1 V. The data in Supporting Figure S2d
show electrical currents through the different films of
PU-PEDOT:PSS, SWCNT, and stacked PU-PEDOT:PSS
(bottom)/SWCNT (top). As seen in Figure S2d, the
current that flowed through SWCNTs embedded in
the PU-PEDOT:PSS layer was much higher than the
current that flowed through only the PU-PEDOT:PSS or
SWCNT layers. These data indicate that interaction of
SWCNTs and PU-PEDOT:PSS in the stacked structure
resulted in more effective electrical transport. When
SWCNTs are slightly embedded in the PU-PEDOT:PSS
layer, SWCNTs and PEDOT:PSS are electrically con-
nected because PEDOT:PSS, which is composed of
PEDOT phases (conducting area) in the PSS gel state
(insulating area), forms junctions with the SWCNT
nanofillers.*® Therefore, enhanced connectivity be-
tween PEDOT phases and SWCNTs induced much
higher electrical conductivity in the stacked PU-PED-
OT:PSS/SWCNT layer.

To optimize the performance of the sensor with the
sandwich structure of PU-PEDOT:PSS/SWCNT/PU-PED-
OT:PSS, we compared other configurations using PU,
PEDOT:PSS, and SWCNT in Figure S3 in the Supporting
Information. The responses of each layer coated on the
PDMS substrate to strain under cyclic bending tests
were tested and compared. The AR/R, responses of
PU-PEDOT:PSS, SWCNT, and SWCNT layers with PU
encapsulation measured under cyclic bending are
shown in Figure S3a,b,c, respectively. The PU-PEDOT:
PSS layer with a ratio of 60—40 (wt %) that is composed
of a PU matrix and uniformly distributed PEDOT:PSS
showed very similar response signals at the different
strains (Figure S3a). In contrast, the SWCNT single
layer had a much higher sensitivity, but its electrical
response showed poor stability (Figure S3b). When
the SWCNT layer was covered with a PU layer, the
sensitivity was decreased due to suppression of the
movement of SWCNTs, but the stability of the signal
response was much higher (Figure S3c). Figure S3d
and e show the strain responses of the stacked
layers of PU-PEDOT:PSS (bottom)/SWCNT/PU (top) and
PU (bottom)/SWCNT/PU-PEDOT:PSS (top), respectively.
Higher sensitivity with good stability was observed
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for the sandwich-like PU (bottom)/SWCNT/PU-PEDOT:
PSS (top) structure than the PU-PEDOT:PSS (bottom)/
SWCNT/PU (top) structure. In the case of the
PU-PEDOT:PSS (bottom)/SWCNT/PU (top) structure,
the electrical path though slightly embedded SWCNTs
into the bottom PU-PEDOT:PSS elastomeric conducting
layer under strain was less strongly affected, which
increased the stability of the PEDOT:PSS (bottom)/
SWCNT/PU (top) to strain. Sensitivity, which is deter-
mined by the contact area of PEDOT:PSS with SWCNTSs,
was low because a smaller number of embedded
SWCNTs contacted the conductive PEDOT phases in
the PU-PEDOT:PSS layer; the rest of the SWCNTs were
in contact with the insulating top PU layer (Figure S3d).
In the PU (bottom)/SWCNT/PU-PEDOT:PSS (top) struc-
ture, SWCNTSs were slightly embedded and fixed at the
bottom PU layer, and the top PU-PEDOT:PSS layer
covered the surface of the stacked SWCNTs. Even
though the electrical current flowed through the
SWCNTs with PEDOT:PSS due to connection of PEDOT
phases as a conducting area by SWCNTSs before strain
was applied, the current path was broken, and it was
hard for the current to flow due to movement of
SWCNTs under applied strain. In other words, a large
change in the resistance resulted in high sensitivity
(Figure S3e). Figure S3f shows the GF values obtained
for different films at different strains. The highest GF of
109 was obtained at the strain of 2.5% for the SWCNT
layer, but the stability of the response signal was very
poor. On the basis of the data shown in Figure S3, we
concluded that the stability of sensor responses was
affected mainly by SWCNTs embedded in the bottom
layer due to a decrease in T, of the underlayer and the
top conductive elastomer layer, while the sensitivity of
the stacked nanohybrid strain sensor was primarily
determined by the formation of electrical junctions
between SWCNTs and PEDOT phases in the PU-PEDOT:
PSS composite. Use of the sandwich-like stacked struc-
ture of SWCNTs and conductive elastomeric compo-
sites provides a viable strategy for obtaining a large
strain sensitivity by the large modulation of percolation
electrical transport through electrical junctions be-
tween SWCNTs and PEDOT phases and at the same
time an improved stability in the sensing signal due to
mechanical holding of SWCNTs by the bottom and
upper elastomeric conductors. On the basis of the
results obtained from comparative studies, we chose
the PU-PEDOT:PSS (bottom)/SWNCT/PU-PEDOT:PSS
(top) structure with the highest sensitivity and stability
for the sensor structure.

We next evaluated different SWCNT concentrations
for SWCNT layer formation in PU-PEDOT:PSS (bottom)/
SWCNT/PU-PEDOT:PSS (top) to fabricate a sensor
with optical transparency. Figure 2a, b, and ¢ show
the measured time-dependent normalized resistance
change (AR/Ro) of three-layer stacked nanohybrid sen-
sors with SWCNT concentrations of 1, 3, and 5 mg/mL,
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Figure 2. Time-dependent normalized resistance changes (AR/R,) of the three-layer stacked nanohybrid strain sensor with
SWCNT concentrations of (a) 1, (b) 3, and (c) 5 mg/mL under strains of 1.6%, 2.1%, 2.5%, and 3.6% in response to repetitive
bending cycles (50 cycles per strain). The ratio of PU-PEDOT:PSS was 60:40 (wt %). (d) Optical transmittance of three-layer
stacked sensors with SWCNT concentrations of 1,3, and 5 mg/mL in the visible range from 350 to 700 nm. (e) Gauge factor of the
sensors based on SWCNT concentrations of 1, 3,and 5 mg/mL and the bottom PU-PEDOT:PSS layer according to strain. (f) Strain-
dependent AR/R, of the sensor at stretching strains ranging from 10% to 100%. (g) Time-dependent AR/R, of the sensor in
response to strains of 1.6%, 2.1%, 2.5%, and 3.6% with repetitive bending cycles (50 cycles per strain) after 1000 repetitive
stretching cycles up to 20% strain. (h) Gauge factor of the sensors before and after cyclic stretching versus bending strain.

respectively, under cyclic bending in a small strain
range. Each sensor was subjected to strains of 1.6%,
2.1%, 2.5%, and 3.6% with 50 bending cycles at each
strain. The SWCNT concentration significantly affected
the electrical responses toward different bending
strains. The sensor based on 1 mg/mL SWCNTs had
an extremely high sensitivity but poor stability
(Figure 2a). The sensitivity of the sensor based on
3 mg/mL SWCNTs was slightly decreased relative
to that of the 1 mg/mL SWCNT sensor, but its response
stability was poor (Figure 2b). The sensor based on
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5 mg/mL SWCNTs had outstanding stability, but
slightly lower sensitivity in the higher strain range than
the other sensors evaluated (Figure 2c). The increase in
stability and decrease in sensitivity with increasing
concentration of SWNCTs is due to changes in the level
of electrical transport depending on the average dis-
tance between SWCNTs and the number of SWCNTs
connected with the PEDOT phases in the composite
elastomer. Increasing the concentration of SWCNTSs
resulted in increased contact with PEDOT:PSS, which
increased current flow. Therefore, increased contact

ACN AN
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area between SWCNTs and PEDOT:PSS increased con-
ductance and, in turn, relative resistance; that is, the
sensitivity decreased with higher SWCNT loading.
However, more junctions between SWCNTs and PU-
PEDOT:PSS were maintained under straining during
bending, which enhanced the stability of those sensors
with higher concentrations of SWCNTs. Sensors fabri-
cated with 1, 3, and 5 mg/mL of SWCNTs had optical
transmittance values of 72%, 67%, and 63%, respec-
tively, in the visible range from 350 to 700 nm
(Figure 2d). At higher concentrations of SWCNTs, a
high loading of SWCNTs made the sensors less trans-
parent. Figure 2e shows the GF values of sensors with
different concentrations of SWCNTSs obtained from the
data in Figure 2a,b,c. The GF value of the sensor with
1 mg/mL SWCNTs was much higher than those of
sensors with other concentrations of SWCNTs. Even
though the 1 mg/mL SWCNT sensor had high sensitiv-
ity and a GF value up to 837.1 under the 3.5% strain, the
5 mg/mL SWCNT sensor had a GF as high as 62.3 under
the 2.5% strain. The time-dependent AR/R, responses
of the stretchable sensor fabricated with 5 mg/mL
SWCNTs under stretching in the strain range from
10% to 100% were measured, and the data are shown
in Figure 2f. We confirmed the operation capability of
the sensor up to 100%. For comparison, stretchability
of the PU-PEDOT:PSS layer and SWCNT (top)/PU-PED-
OT:PSS (bottom) structure was also measured in the
stretched state under strains ranging from 10% to
100%; these data are shown in Figure S4. The three-
layer stacked structure had a higher sensitivity under
increased strain during the stretching test than the
other structures evaluated. In the case of the PU-
PEDOT:PSS single layer with no nanofillers, the film
shows low responsivity to strain due to the absence of
movement of nanofillers. The sensitivity of the PU-
PEDOT:PSS (bottom)/SWCNT (top) structure was high-
er than that of the PU-PEDOT:PSS single layer due to
SWCNTs embedded into the bottom layer, but lower
than that of the stacked PU-PEDOT:PSS (bottom)/
SWCNT/PU-PEDOT:PSS (top) structure because of the
smaller contact area between SWCNTs and PEDOT:PSS.
In addition, the time-dependent AR/R, responses of
the three different structures were also measured at
repetitive stretching cycles under strains ranging from
10% to 30% (Figure S4b,c,d). Larger responsitivity was
observed for the sensor with the PU-PEDOT:PSS
(bottom)/SWCNT/PU-PEDOT:PSS (top) structure than
the PU-PEDOT:PSS single layer and PU-PEDOT:PSS
(bottom)/SWCNT (top) structure. These results indicate
that the stretchable and transparent strain sensor with
a novel three-layer stacked PU-PEDOT:PSS (bottom)/
SWCNT/PU-PEDOT:PSS (top) structure described in this
study can detect large-scale strains in the stretching
mode. However, comparing the data in Figures 2c
and S4b, obtained from the same sensor structure, a
large difference was observed in the AR/R, data, for
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example, ~150% under 2.5% bending strain (Figure 2c)
and ~10% under 10% stretching strain (Figure S4b),
because under a large strain fractured and deformed
SWCNTs make the sensor response hard to recover.
This phenomenon can be explained by an increased
baseline signal observed in Figure S4b. In addi-
tion, strain-dependent AR/R, data of PU-PEDOT:PSS
layers with the different ratios of 80:20, 60:40, and
20:80 (wt %) were obtained and compared under
stretching modes (Figure S4e). The PU-PEDOT:PSS
layer with the ratio of 60:40 shows higher strain
responsivity compared to the other layers with other
composition ratios.

To verify the durability and reproducibility of the
strain sensor after repetitive cyclic stretching, sensor
responses to small bending strains were measured
after repetitive stretching of 1000 cycles up to 20%.
The sensor after cyclical stretching still maintained an
electrical performance (high stability and high
sensitivity) similar to that before the cyclic stretching
tests (Figure 2g). Even though the GF value decreased
slightly compared to the initial value before cyclic
stretching, the GF values of the cyclically stretched
sensor were 9.2, 13.7, 35.3, and 49.7 under strains of
1.6%, 2.1%, 2.5%, and 3.6%, respectively (Figure 2e).

We next evaluated the ability of the sensor to detect
human activities. Recognition of human emotions is
critical in the human monitoring field.*' Eye move-
ments, wrinkling of the forehead, and many other
expressions can indicate intentions and the physiolo-
gical state of humans.* To investigate the ability of the
sensor to function as an emotion detector, sensors
were attached to the forehead and skin near the mouth
of a subject, and sensor responses were monitored
(Figure 1a). Time-dependent AR/R, responses of the
sensors attached to the forehead and skin near the
mouth when the subject was laughing are shown in
Figure 3a and b, respectively. While the highest peak of
the AR/R, from the sensor on the forehead was 0.6%
(Figure 3a), the highest peak of the AR/R, from the
sensor on the skin near the mouth was 40% (Figure 3b).
The difference in peak AR/R, values is due to differ-
ences in the degree of muscle movements. In general,
when a person smiles or laughs, the muscles around
the mouth and cheekbone make larger movement
than in other facial areas. Muscles around the forehead,
frontalis, or temporoparietalis move only slightly. Ex-
pression of sadness, in contrast, results in larger move-
ments of muscles around the forehead.** Figure 3c and
d show the AR/R, responses of a sensor attached to the
forehead and near the mouth, respectively, when the
subject was crying. The highest peak in the AR/R,
response of the sensor on the forehead was almost
200% (Figure 3c), while the highest peak in the AR/R,
response of the sensor on the skin near the mouth was
slightly over 0% (Figure 3d). The different responses of
the sensors on the forehead and skin near the mouth
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Figure 3. Time-dependent AR/R, responses of the sensor attached to the (a) forehead and (b) skin near the mouth when the
subject was laughing and of the sensor attached on the (c) forehead and (d) skin near the mouth when the subject was crying.

enable differentiation between the emotions of joy
and sadness. Figure S5 shows the AR/R, responses of
the sensor attached to the skin around the temporal
muscle and the skin under the eye when the subject
was laughing or crying. The AR/R, signal peaks were
not markedly different (~1% difference) because the
temporal muscles and those under the eyes are not
involved in laughing or crying. For detection of a small-
scale strain distribution on the skin induced by simul-
taneous movements of multiple muscles, a strain
sensor array with much improved conformal contact
with the skin may distinguish subtle differences in the
distributed strains. For improved conformal contact of
the stretchable sensor with human skin, dry adhesive
structures on the surface of thinner substrates, such as
microhairy patterns,* need to be employed.

To obtain more detailed sensor responses, we mea-
sured the ability of sensors attached to the skin under
the eye to detect emotion or intention (Figure 1a). The
ability of the sensors to detect eye blinking and move-
ments was monitored. Detection of eye movements
refers to the ability to sense sizing, vibrating, blinking,
or rolling of the eyeballs. Even though facial muscle
movement can be detected by visual methods, eye
movement is too difficult to detect using a camera or
by eye due to the minuteness of the movements.
However, blinking and eyeball rolling could potentially
be measured by a stretchable, transparent, ultrasensi-
tive strain sensor attached to the skin under the eye.
Figure 4a shows the AR/R, responses of a sensor
attached to the skin under the left eye when the
subject was blinking. The peak AR/R, signal increased
up to 2% with good stability. Figure 4b and ¢ show the
AR/R, responses of the sensor when the subject looked
right and left, respectively. When the eyeballs moved
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from the center to the right and then to the center, the
AR/Ry response decreased and then increased again
(Figure 4b). In contrast, when the eyeballs moved
from the center to the left and then to the center, the
AR/R, response increased and then decreased again
(Figure 4c). The observed opposite tendency in the
AR/R, response was caused by opposite movement of
eye muscles. Each eye is surrounded by six muscles—
the lateral rectus, medial rectus, superior rectus, infer-
ior rectus, inferior oblique, and superior oblique—and
these muscles move differently depending on the
direction of the gaze. When a person looks right, the
lateral rectus surrounding the right side section of the
eye contracts, but the medial rectus surrounding the
left section of the eye stretches. In contrast, when a
person looks left, the medial rectus surrounding the left
section of the eye contracts, but the lateral rectus at
the opposite side stretches. Figure 4d and e show
the AR/R, responses of the sensor when the subject
looked up and down, respectively. When the eyeball
moved upward from the center, the AR/R, increased
(Figure 4d). When the eyeball moved downward from
the center, the AR/R, decreased (Figure 4e). This
phenomenon can also be explained by opposite
movement of muscles: the superior rectus stretched
when the subject looked down and contracted when
the person looked up, while the inferior rectus con-
tracted when the person looked down and stretched
when the person looked up. Strains induced by eye
movements were detected and distinguished easily
using a stretchable conformal strain sensor attached
to the face, indicating that these sensors are ap-
propriate for application in emotion analysis and
human—machine interface technology. Multiple
strain sensors attached to various areas near the eye
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Figure 4. Time-dependent AR/R, responses of a sensor attached under the eye (b) when a subject was blinking and when the

subject was looking (c) right, (d) left, (e) up, and (f) down.

may provide distinctive and simultaneous detection
of the different eye movements.

We also evaluated the ability of the sensor to
respond to other motions such as breathing, swallow-
ing, and speaking by attaching the sensor to the neck.
Measured sensor responses are shown in Figure S6. We
also identified high responsivity of the sensor with high
stability to muscle movements of the trachea and
esophagus in the neck. Additionally, we repetitively
measured the AR/Ry using the same sensor attached to
and detached from the same forehead three times to
confirm the repeatability of the sensor in repetitive
measurements (Figure S7). The data in Figure S7
indicate that the sensor signals were nearly unchanged
after repetitive attachment and detachment.

To verify the durability and reproducibility of the
sensor after repetitive stretching cycles at strains of
20% and 30%, we evaluated the responsivity of the
sensor to human skin strains caused by muscle move-
ments during laughing and crying; the data are shown
in Figures S8 and S9, respectively. In the case of
laughing, the highest peak in the AR/R, from the
sensor attached to the forehead was almost 10%
(Figure S8a), whereas the highest peak in the AR/R,
response from the sensor attached to the skin near
the mouth was almost 80% (Figure S8b). When the
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subject was crying, the highest peak of AR/R, from the
sensor attached to the forehead was almost 40%
(Figure S8c), while the highest peak of the AR/R,
response from the sensor attached to the skin near
the mouth was 15% (Figure S8d). Figure S8e, f,g,and h
show the AR/R, responses from the sensor attached
to the skin under the left eye when the subject looked
right, left, up, and down, respectively; the peaks of the
AR/Rg responses were almost 1%. When the eyeball
moved from the center to the right and then to the
center, the AR/R, response decreased and then in-
creased again (Figure S8e). In contrast, when the
eyeball moved from the center to left and then to
the center, the AR/R, response increased and then
decreased again (Figure S8f). When the eyeball
moved upward from the center, the AR/R, increased
(Figure S89), and when the eyeball moved downward
from the center, the AR/R, decreased (Figure S8h).
The results shown in Figure S8 indicate that the sensors
had sufficient durability under cyclic stretching at 20%
strain. Even though the electrical responses of the
sensor after 1000 repetitive stretching cycles at a strain
of 30% showed low stability, the responsivity of
the sensor to laughing and crying and eye move-
ments remained outstanding (see details in Support-
ing Figure S9).
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CONCLUSIONS

In summary, we fabricated a transparent, stretch-
able, and highly sensitive strain sensor with the novel
stacked nanohybrid structure of PU-PEDOT:PSS/
SWCNT/PU-PEDOT:PSS and tunable electrical and op-
tical properties. All materials were based on water as
the solvent, which made the fabrication process envi-
ronment friendly and easy to control. The electrical
responses of the sensor to bending and stretching
strains were assessed using a cyclic and static straining
measurement system because a stretchable conformal
strain sensor has to have high stability and sensitivity.
The application of 1000 cyclic stretching tests under
strains of 20% to 30% did not change the intrinsic
properties of the sensor. We attribute the high stability
of the sensor to the top and bottom conducting
elastomer layers in the sandwich-like structure, where
movements of SWCNTs embedded into the bottom
PU-PEDOT:PSS layer are mechanically stable. We as-
cribe the high sensitivity of the sensor to the interac-
tion of SWNCTs with the PU-PEDOT:PSS elastomeric

METHODS

Materials. Single-walled carbon nanotube powder functio-
nalized with carboxylic groups (—COOH) was purchased from
UniNanoTech Co,, Ltd. The mean length and diameter of COOH-
functionalized SWCNTs was 18 um and 2 nm, respectively.
To fabricate water-based SWCNT solutions with different con-
centrations, 10, 30, and 50 mg of SWCNT powder was mixed
with 10 mL of deionized water with 0.1 mL of polystyrenesulfo-
nate (PSS) solution followed by sonication for 30 min.

Preparation of Polymer Solution Blend. A 40 wt % PU dispersion
solution (Alberdingk U3251 from Alberdingk Boley) was diluted
with distilled water to 1 and 4 wt % PEDOT:PSS solutions
(CLEVIOS PH1000 from Heraues) and mixed with 5—8 wt %
dimethyl sulfoxide (Sigma-Aldrich) and 1 wt % Zonyl FS-300
(Sigma-Aldrich). After that, 4 mL of PEDOT:PSS solution was
dropped by syringe pump into the 6 mL PU solution.

Fabrication of Stretchable and Transparent Strain Sensors. Stretch-
able and transparent strain sensors were fabricated as follows.
Using a PDMS elastomer kit (Sylgard 184 from Dow Corning),
500 um thick PDMS 2 x 4 cm? in size was fabricated as a
substrate for the sensor. After treatment of the PDMS surface
with O, plasma to make the surface hydrophilic, a 100 nm
thick PU-PEDOT:PSS composite elastomer layer comprising PU
(60 wt %) and PEDOT:PSS (40 wt %) was deposited on the
substrate by spin-coating for 5 s. After annealing at 150 °C for
1 h, the composite film surface was treated as a self-assembled
monolayer (SAM) by a (3-aminopropyl)triethoxysilane solution
(741442 from Sigma-Aldrich) for 30 min to obtain a water-based
SWCNT solution coated on the plasma-treated PDMS substrate.
After SAM treatment, the water-based SWCNT solution was
dropped on the surface for 10 min and the solution was coated
uniformly (1.2 um thickness) using a spin-coater at a spinning
speed of 1000 rpm. For thermal annealing, the sample was
heated at 100 °C for 1 h and water was removed. After
annealing, the PU/PEDOT:PSS solution was coated on the
SWCNT surface again after SAM treatment. Then, the device
was annealed at 100 °C for 1 h.

Characterization of the Stretchable and Transparent Strain Sensor.
Repetitive bending and stretching tests were carried out using
Au—Ni woven conductive textiles (Silverized Nylon/Spandex
Knit SMP 130, Solueta Co. Ltd.) as electrodes for electrical
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conductor in a sandwich-like structure where the
SWCNTSs function as a bridge that connect the con-
ductive PEDOT to the PEDOT phases. Insertion of a
SWCNT layer between the PU-PEDOT:PSS layers makes
electrical transport more effective and increases strain
responsivity.

We also demonstrated that the transparent, stretch-
able, and highly sensitive sensors could detect emo-
tional expressions and eye movements; in particular,
the sensors could detect and distinguish between the
emotions of laughing and crying. Moreover, the sen-
sors could distinguish between eye movements in
different directions, which the human eye or a visual
camera cannot do. Therefore, the patchable strain
sensor presented here can be applied to not only
sensing various emotions but also various fields such
as personal health care and human—machine inter-
faces. In addition, integration of the arrayed strain
sensors with various other sensors that detect skin
temperature, sweat, heartbeat, etc., will provide more
detailed emotion detection and be an important re-
search subject in the future.

contact without damage to the sensor in a custom-made
bending/stretching system. To detect the emotion of a subject
and eye movements, the fabricated sensors were attached to
the face skin using double-sided tape. Copper wires were used
to connect the sensor attached to the human face with silver
paste to an analyzer (HP4145B, Agilent Technologies) to detect
facial expressions.
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