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ABSTRACT: The demands for transparent, flexible electronic
devices are continuously increasing due to their potential
applications to the human body. In particular, skin-like,
transparent, flexible strain sensors have been developed to
realize multifunctional human—machine interfaces. Here, we
report a sandwich-like structured strain sensor with excellent
optical transparency based on highly purified, solution-
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processed, 99% metallic CNT—polydimethylsiloxane (PDMS) composite thin films. Our CNT—PDMS composite strain
sensors are mechanically compliant, physically robust, and easily fabricated. The fabricated strain sensors exhibit a high optical
transparency of over 92% in the visible range with acceptable sensing performances in terms of sensitivity, hysteresis, linearity,
and drift. We also found that the sensitivity and linearity of the strain sensors can be controlled by the number of CNT sprays;
hence, our sensor can be applied and controlled based on the need of individual applications. Finally, we investigated the
detections of human activities and emotions by mounting our transparent strain sensor on various spots of human skins.

KEYWORDS: carbon nanotube, strain sensor, transparent, polydimethylsiloxane (PDMS), solution-processed, network,

sandwich-like structure

B INTRODUCTION

Strain sensors respond to mechanical deformations via a change
in electrical signals such as capacitance or resistance. Many
fundamental properties are required to fabricate high-perform-
ance strain sensors with high sensitivity and stretchability, fast
response, excellent stability, low fabrication cost, and simplicity;
however, conventional strain sensors composed of metal foils
and semiconductors generally exhibit poor stretchability and
sensitivity due to the brittle sensing materials.' > In addition,
these types of sensors are generally opaque; hence, the
development of skin-like sensors® that stretch reversibly, that
integrate with collapsible, stretchable, and mechanically robust
displays” and solar cells,” and that can wrap around nonplanar
and biologicalg_11 surfaces, such as skin'” and organs,13 without
wrinkling, are limited. Therefore, as alternatives to conventional
strain sensors, many high-performance strain sensors have been
actively developed by using nanomaterials and/or nano-
composites for high stretchability, sensitivity, and stabil-
ity."”"*7'% Recently, silver nanowires (AgNW) have actively
been used as candidate material for future transparent, flexible
electronics, particularly for high-performance strain sensors
with great electrical and mechanical properties.l’19 However, it
has remained difficult to achieve high optical transparency with
satisfactory electrical characteristics in AgNW-based strain
sensors due to the high haze,”® which results in low
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transmittance,21
strates.”*
Carbon nanotubes (CNTs) have been widely used in flexible
electronic devices, sensors, actuators, and biomaterials due to
their excellent mechanical, electrical, and thermal proper-
ties.">'®>*7*° Numerous types of strain sensors based on a
percolated network of CNTs coupled with elastomer
polymers,'®*’~* such as polydimethylsiloxane (PDMS), have
been intensively explored."””>***" During the past several
decades, in the field of CNT-based electronic devices, the
difficulty in achieving high-purity carbon nanotubes (CNTs)
during synthesis has led to extensive efforts in solution-
processed purification, which has allowed CNTs to be rapidly
and inexpensively separated based on their electronic types,
such as semiconducting and metallic CN'Ts.”*™** In particular,
by using solution-processed CNTs, electronic devices with high
breaking performances have been demonstrated by many
research groups, including our own.*** Hence, to combine
excellent transparency and flexibility in strain sensors, highly
purified, solution-processed metallic CNTs would be a good
choice for use in high-performance strain sensors to achieve
both high electrical performances and optical transparency.

and the poor adhesion to flexible sub-

Received: March 5, 2017
Accepted: July 13, 2017
Published: July 13, 2017

DOI: 10.1021/acsami.7b03184
ACS Appl. Mater. Interfaces XXXX, XXX, XXX—XXX


www.acsami.org
http://dx.doi.org/10.1021/acsami.7b03184

ACS Applied Materials & Interfaces

Research Article

100 ‘
_ - Bare PDMS
KB [~ 50times
[} .
§ 06 |- 100 t!mes
d s - 150 times
o Soa b
\Tw|st|n§ % W
o F 9 i~ Solution-processed
%0 99% metallicCNT

350 380 410 440 470 500
Wavelength (nm)

Figure 1. (a) Schematic illustration of the transparent CNT—PDMS composite strain sensor in the form of a sandwich structure (ie., a solution-
processed metallic CNT percolated network embedded between two layers of PDMS). (b) Image of the fabricated transparent CNT—PDMS strain
sensor when it was bent, stretched, and twisted. (c) Optical transparency of the CNT—PDMS strain sensors with different number of sprays (S0,
100, and 150 times) in the visible range. Bare PDMS film was also measured as a control sample.

This can be achieved by using a transparent percolated network
of solution-processed metallic CNTs produced from a density-
gradient ultracentrifugation (DGU) process®’ because the
poorly conducting, strongly absorbing carbonaceous impurities
and semiconducting CNTs can be eliminated to enhance
optical transparency.**'

In this paper, we demonstrate a transparent strain sensor
based on composites of solution-processed metallic 99% CNTs
and PDMS, i.e., metallic CNTs act as fillers and PDMS is used
as a flexible substrate. We produced highly conductive,
transparent, and stretchable CNT films with a high optical
transparency of over 92% in visible ranges using a simple spray-
coating method directly onto a PDMS substrate. There have
been numerous reports on CNT—PDMS composite strain
sensors; *>2%3! however, to the best of our knowledge, no
study has used highly purified, solution-processed metallic
CNTs in a strain sensor with high transparency. Using our
CNT-PDMS composite strain sensors, we comparatively
explored the electromechanical properties in the transparent
percolated network of solution-processed metallic CNTs by
varying an important parameter of the sensor, i.e., the number
of sprays of the solution-processed CNTs, which can be used to
control and optimize the densities of the metallic CNTs in the
CNT-PDMS composite. Our transparent CNT-PDMS
composite strain sensors possess high sensitivity, linearity,
and stability with a small hysteresis and drifts under controlled
fabrication conditions. Finally, to illustrate the applicability of
our transparent, flexible strain sensor as epidermal devices, we
explored the detections of human activities and emotions by
mounting the strain sensors on various spots of skins.

B RESULTS AND DISCUSSION

A highly purified, solution-processed, and preseparated 99%
metallic CNT solution (provided by Nanointegris, Inc.) was
used to create the randomly networked CNT transparent film
(for details of the metallicity of our CNTs, see the RBM in the
Raman spectra in the Supporting Information, Figure S1). The
structure of the CNT—PDMS composite strain sensor used in
this work is illustrated in Figure la. Our CNT—-PDMS
composite strain sensor was fabricated as a sandwich-like
structure by sequentially stacking PDMS layer, metallic CNT
film, and PDMS layer. It has been reported that the sandwich-
like structured strain sensor could improve the stability during
the sensor operations.”'®*""** The fabrication processes of the
sensor are as follows: First, the stretchable bottom PDMS layer

with a thickness of 0.5 mm was prepared and the surface was
then treated by O, plasma to make the surface of the PDMS
substrate hydrophilic. After that, the surface was functionalized
with an amine-terminated group to hold CNTs using a 0.1 g/
mL poly-1-lysine solution (purchased from Sigma-Aldrich).*>**
The substrate was then rinsed with deionized (DI) water.
Subsequently, the transparent CNT network film was created
by spray-coating of the 99% metallic CNT solution with a
concentration of 0.01 mg/mL directly onto the PDMS
substrate, followed by thorough rinsing with isopropanol and
DI water. An air-spray coating was used as a facile, scalable, and
low-cost method™* to deposit solution-processed metallic
CNTs. Moreover, to optimize the sensor performance, the
density of the CNTs in the network film can easily be
controlled by adjusting the number of CNT sprays. As a next
step, the CNT film that was deposited on the PDMS substrate
was annealed at 90 °C for an hour. Then, two terminals for
reading and inducing electrical signals were formed at both
ends of CNT percolated network using Ag paste and Cu wire.*”
Finally, an additional top layer of PDMS with a thickness of 0.5
mm was cured on top of the metallic CNT thin film on the top
surface of the bottom PDMS layer to form a sandwich-like
structure (i.e., three layers stacked by PDMS layer/metallic
CNT film/PDMS layer). When the liquid PDMS was casted
onto the metallic CNT film, the liquid PDMS penetrated into
the interconnected pores of the metallic CNT network. As
mentioned above, we used the sandwiched-like strain sensor to
reduce the wrinkling and plastic deformation of the networked
CNT film that occurs in the case of the CNT film placed on
top of the bottom PDMS substrate without an additional
PDMS cover layer and therefore could achieve high stability of
the sensor.

Our fabricated CNT—PDMS composite strain sensor is
clearly flexible and transparent except for the two Ag electrodes.
Figure 1b shows an image of the sandwich-structured CNT—
PDMS composite strain sensors with great bendability,
flexibility, and transparency. It is worthwhile to note that the
percolated network film formed by highly purified, solution-
processed 99% metallic CNTs in our sensor shows excellent
transparency, even with a high density of CNTs in the network
film. Note that the optical transparency of the fabricated high-
density CNT film (ie., 150 spray-coats) is greater than 92% in
the visible range, as shown in Figure lc, which is sufficient for
an aesthetic view of human applications. Whereas the
previously reported strain sensors based on a percolated
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Figure 2. (a) AFM images (2.5 ym X 2.5 ym, z-scale is 10 nm) of the percolated network films of the solution-processed 99% metallic CNTs with
different densities. Scale bar is 1 ym. (b) Monte Carlo simulation of the randomly generated CNT network films to evaluate their uniformity. The

total length of the CNTs (L,

pixel

) in each pixel of 0.1 ym X 0.1 gm was calculated, and the relative standard deviation () was calculated from the

values of L, in all pixels. Both higher densities and longer lengths of CNTs improved the uniformity of the film.
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Figure 3. Electromechanical characterization of the CNT—PDMS composite strain sensor with different densities: low, medium, and high density.
(a) Piezoresistive responses of the sensors under tensile strains applied from 0% to 30%. (b) Responses of the strain sensors to 10 cycles of
stretching/releasing from 0% to 30%. (c) Drift and overshoot performances of the strain sensors with several increasing strains from 0% to 20%.

network of CNTs coupled with elastomer polymers are
generally opaque,”” " our sensor provided a clear benefit in
terms of the excellent transparency with the aid of the highly
purified, solution-processed CNTs from the DGU process.”>*’
Therefore, the percolated network by highly purified,
preseparated metallic CNTs would be a great candidate®® for
use in strain sensors with both high electrical/mechanical
performances and excellent optical transparency.

We explored the morphology of the spray-deposited 99%
metallic CNT film on the PDMS substrate with three different
densities, as shown in Figure 2a. Images of the CNT networks
captured by AFM were found to be highly uniform throughout
the samples, which is critical for achieving a uniform

performance during sensor operation. The average CNT
densities obtained for each number of CNT sprays were
extracted as approximately 38 + 7, 63 + 6, and 83 + S tubes/
um? for 50, 100, and 150 times, respectively. Moreover, we
extracted the densities of the CNTs for the three different
numbers of spray-coats from scanning electron microscope
(SEM) images (for details of SEM images, see Figure S3).
Overall, we obtained reliable and similar CNT densities
through AFM and SEM evaluations. Note that these CNTs
with high metallic purity (99% in our work) were relatively
short compared with the CNT's with a low purity because of the
greater ultracentrifugation required for higher purity, which
results in shorter CNTs; thus, multiple CNT sprays are

DOI: 10.1021/acsami.7b03184
ACS Appl. Mater. Interfaces XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acsami.7b03184/suppl_file/am7b03184_si_001.pdf
http://dx.doi.org/10.1021/acsami.7b03184

ACS Applied Materials & Interfaces

Research Article

required to form a well-percolated CNT network film.*’

Despite the rigorous ultracentrifugation processes, the intensity
ratio of the D-band to the G-band in the Raman spectra
revealed a lack of any significant structural damage to the high
metallic purity CNTs (for details, see Figure S2). Furthermore,
it is clear that the standard deviation of the CNT densities in
the percolation network decreased as the number of spray-coats
increased, which is critical for fabricating sensors with uniform
and reliable performance, i.e., for stable sensor operation. Our
comprehensive Monte Carlo simulation also confirmed that in
the more dense CNTs the variation was reduced, i.e., the
uniformity increased, due to an averaging effect, as shown in
Figure 2b. Furthermore, it was confirmed that a longer length
of CNTs reduced the variation of the film. Therefore, for
improved uniformity of the percolated network of a CNT-
based strain sensor, high density and long CNTs are both
required.

To characterize the electromechanical behaviors of our
transparent CNT—PDMS composite strain sensors, they were
first fixed to a motorized moving controller (Micro actuator,
MA-35). Then, stretching and releasing cycles at different strain
levels were applied to the CNT—PDMS composite strain
sensor, where the currents were measured under a constant
voltage of S V using a parameter analyzer (Agilent 4156C).
Permanent changes of the CNT—CNT junctions occasionally
occurred during the measurement, which demonstrated that the
initial resistance values were altered for some of the sensors in
the first few stretching and releasing cycles; however, it was
observed that the responses of the sensors were highly
reproducible. We measured the sensitivity of the sandwich-
structured, transparent CNT—PDMS strain sensors with three
different number of sprays of the solution-processed CNT
solutions, i.e., 50, 100, and 150 times, as shown in Figure 3a.
The initial resistance of the strain sensor with the lowest
density of CNTs (S0 sprays) was relatively large (R, ~ 50 MQ)
due to the sparse percolation network consisting of fewer
CNTs, whereas the strain sensitivity was large, ie, a 194%
relative change in resistance at a 30% strain. This result is most
likely due to the fewer parallel conduction pathways that
contribute to the electrical conductivity under strain applied to
the sensor with a lower density of CNTs.*” In contrast, when
the number of sprays increased to 150 times, the initial
resistance clearly reduced down to (R, ~ S MQ); however, a
small sensitivity was obtained, i.e, an 8% relative change in
resistance at 30% strain. It was also observed that the sensitivity
has a trade-off relationship with the linearity of the sensor. The
linearity of our transparent CNT—PDMS composite strain
sensor varies depending on the CNT density, which
demonstrates that the higher the density of the CNTs is, the
better the linearity of the sensors is; i.e, R* approaches 0.9639
as the number of sprays increases to 150 times. That is,
increasing the density of the CNTs reduces the sensitivity with
high linearity. Therefore, the sensitivity and linearity of the
sensors can be tuned by simply adjusting the number of CNT
sprays based on the individual applications requirements, even
accounting for the trade-off relationship. In other words, for
low-strain applications, to detect minimal changes in strain, a
lower density of CNTs is more appropriate, whereas a higher
density of CNTs is better for high-strain applications to detect a
wide range of strains (for details of the strain sensitivity and
linearity mechanisms in the sensor, see the Monte Carlo
simulation in the Supporting Information, Figures S4—S6). It is
worth noting that our strain sensor, particularly for the sensor

with a medium density of highly purified, solution-processed
CNTs, provides acceptable sensitivity and linearity simulta-
neously in addition to noticeable optical transparency. In
addition, we found that a hysteresis was negligible in the sensor
response because of the structural robustness originated from a
sandwich-like structure.

We also demonstrated the responses of our transparent
CNT-PDMS strain sensors under cyclic stretching/releasing in
Figure 3b. Overall, relative increases in resistance with
increasing applied tensile strains were clearly observed for the
CNT—PDMS strain sensors with the three different densities of
CNTs. The strain sensors repeated under stretching/releasing
of 10 cycles with 0—30% tensile strain. It was observed that the
resistance change of the CNT—PDMS composite strain sensor
was almost recovered after releasing it from 30% tensile strain.
Note that for the sensor with a high density of CNTs, an
excellent overlap between AR/R, and applied strain was
obtained; however, for the sensor with a low density of CNTs,
there were small differences in the overlap due to the worse
linearity, as expected based on Figure 3a.

Another important feature is that the CNT densities in the
CNT—-PDMS strain sensor significantly affect the sensor
reliability or stability. Excellent stability and linearity were
achieved with the sensor with a high density of CNTs. The
increased density of CNTs resulted in an increased number of
junctions between CNTs; in turn, more junctions between
CNTs were sustained, even when a high tensile strain was
applied, which enhanced the stability of the sensor responses.*”
As a result, excellent stability and recoverability during cyclic
stretching/releasing (1000 cycles) were obtained for the sensor
with a high density of CNTs without any signal drift or
degradation. The baseline resistances in our sensors almost
maintained during cyclic tests due to great reliability of the
sensors (for details of the long-term stability, see Figure S7).

Furthermore, we investigated the dynamic performances of
our transparent CNT—PDMS strain sensors, such as drift and
overshoot behaviors, as shown in Figure 3c. The strains ranging
from 0% to 20% at 5% intervals were induced to the sensors.
Then, the sensors were held at each strain for 5 s.

The strain sensors exhibited small overshoots due to changes
in the applied strains in the increasing direction, which is most
likely due to the stress relaxation and viscoelastic nature of
polymers.*® Tensile stress develops in the elastomer (i.e., for
our case, a PDMS layer) and is then transferred to the CNT—
PDMS composite, resulting in the rearrangement and
reorientation of the CNTs. This leads to an increase in
electrical resistance in the CNT—PDMS strain sensor.
However, the tensile stress applied is becoming reduced by a
relaxation effect; hence, the arrangement and orientations of
the CNTs in the composite are moderately restored within the
process time.* As a result, the electrical resistance of the sensor
gently decreases and essentially reaches to the steady-state
value while a constant tensile strain is applied. Note that the
measured drift and overshoot performances were more clearly
observed for the sensor with a lower density of CNTs, which is
closely related to the sensitivity and stability of the sensors as
explained.

Our sandwich-structured strain sensors are transparent,
stretchable, and sensitive, which allows the fruitful implemen-
tation of skin-mountable electronic devices. To evaluate the
capability of our strain sensors for detecting human activities
and emotions, we explored the performance of the sensors for a
wearable, flexible human motion detection platform by simply
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Figure 4. Applications of the transparent CNT—PDMS composite strain sensor to the detections of human activities and emotions: (a) finger joint
motion detection, (b) wrist joint detection, (c) elbow joint motion detection, (d) swallowing motion detection on the throat, (e) frowning motion
detection on the middle of the forehead, and (f) smiling motion detection on the skin near the mouth.

attaching our transparent CNT—PDMS composite strain
sensor with a medium density of CNTs to various locations
of the human skins to sense joint motion and detect human
emotions. The strain sensor was directly mounted to the skins
using an adhesive tape attached to the electrode parts of the
strain sensor, as shown in Figure 4. Time-dependent relative
changes in resistance of our transparent three-layer stacked
CNT-PDMS composite strain sensor were measured by
multiple cyclic behaviors of bending/relaxation of the index
finger, wrist, and elbow joints, as shown in Figures 4a, 4b, and
4c, respectively. When the joints were bent, the strain sensor
accommodated the bending strain, which changed the
resistance of the sensor by the applied bending angles.
Moreover, when the joints were straightened, the strain
induced in the strain sensor relaxed, which demonstrates the
recovery of the resistance change to the baseline level
Moreover, we attached our sensors to the throat, middle of
the forehead, and skin near the mouth to investigate the ability
of the sensor to function as monitoring of swallowing and
emotion detectors, as shown in Figures 4d, 4e, and 4f
Interestingly, the AR/R, responses of the sensor on the throat
showed the observed opposite tendency due to the opposite
movements of muscles, which is different from the movements
of muscles on the middle of the forehead and skin near the
mouth. Although we did not additionally measure the sensor
array responses to detect a strain distribution on the skin
induced by simultaneous movements of multiple muscles, we
believe that the distinguishable responses of the sensor on the
different spots of skins enable emotion analysis and human—
machine interface technology.

B CONCLUSIONS

In this paper, we developed a transparent strain sensor with
acceptable sensing performances based on solution-processed
CNTs and a PDMS composite. In particular, an excellent

optical transparency of over 92% was achieved in the visible
range due to solution-processed CNT networks, where poorly
conducting impurities of unsorted CNT's were eliminated using
a DGU process. It was also found that the acceptable sensing
performances, such as sensitivity, stability, and linearity, were
obtained and controlled by the number of spraying times of the
CNTs. Therefore, our results will provide a milestone in the
pathway toward human-related applications. Though in this
work we used solution-processed metallic CNTs in the sensor,
further work is required that investigates solution-processed
semiconducting CNTs in a sensor due to their high
piezoresistive gauge factors.

B EXPERIMENTAL SECTION

Sample Preparation. First, a flexible bottom PDMS substrate was
prepared with a thickness of 0.5 mm by a mixture of PDMS
prepolymer (Sylgard 184, Dow Corning) and a thermal curing agent in
a ratio of 10:1 by weight. After that, the surface of PDMS layer was
treated using by O, plasma. Then, the surface was functionalized with
a 0.1 g/mL poly-L-lysine solution (purchased from Sigma-Aldrich),
followed by the substrate rinsed with deionized (DI) water. The CNT
network film was readily created by spray-coating (50, 100, and 150
spray-coats) of the 99% metallic CNT solution (provided from
Nanointegris, Inc.) with a concentration of 0.01 mg/mL onto the
PDMS substrate, followed by rinsing with isopropanol and DI water.
As a next step, the deposited CNT on the PDMS substrate was
annealed at 90 °C for an hour. For readout of sensor signals, Cu wire
was attached at the ends of CNT network film using Ag paste. Finally,
a top PDMS layer was casted with the liquid PDMS with a thermal
curing agent onto the CNT network film to fabricate a sandwich-like
structure.

Sample Characterization. We measure optical transparency of
the fabricated CNT—PDMS composite strain sensor using a UV/vis/
NIR spectrophotometer (Cary 5000, Agilent). The morphology of
CNT film was characterized by AFM (XE-100, Park systems) and
SEM (Teneo, FEI). To characterize the electromechanical perform-
ances of our transparent CNT—PDMS composite strain sensors, the
samples were fixed to a motorized moving stage through a Micro
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actuator (MA-3S, Physik Instrumente) while uniform stretching/
releasing cycles were induced. The electrical current signal from the
sensors were measured using a parameter analyzer (Agilent 4156C)
under a constant voltage of 5 V.
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