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ABSTRACT We report on the facile fabrication of a stretchable array of highly sensitive pressure

—Wrist pulse

sensors. The proposed pressure sensor consists of the top layer of Au-deposited polydimethylsiloxane

(PDMS) micropillars and the bottom layer of conductive polyaniline nanofibers on a polyethylene

terephthalate substrate. The sensors are operated by the changes in contact resistance between Polvanili -

Au-coated micropillars and polyaniline according to the varying pressure. The fabricated pressure on PET Film an,
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sensor exhibits a sensitivity of 2.0 kPa™" in the pressure range below 0.22 kPa, a low detection limitof . " o ..,
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deformable substrate, which consists of PDMS islands for sensors and the mixed thin film of PDMS and Ecoflex with embedded liquid metal

15 Pa, a fast response time of 50 ms, and high stability over 10000 cycles of pressure loading/unloading
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with a low operating voltage of 1.0 V. The sensor is also capable of noninvasively detecting human-
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pulse waveforms from carotid and radial artery. A 5 x 5 array of the pressure sensors on the

interconnections, shows stable sensing of pressure under biaxial stretching by 15%. The strain distribution obtained by the finite element method confirms
that the maximum strain applied to the pressure sensor in the strain-suppressed region is less than 0.04% under a 15% biaxial strain of the unit module.
This work demonstrates the potential application of our proposed stretchable pressure sensor array for wearable and artificial electronic skin devices.
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artificial electronic skin

ecently, there has been a significant

interest in the development of body-

attachable electronic skin because el-
ectronic skin has potential applications as
tactile, temperature, and vibration sensors.' 7
To realize artificial skin, the precise measure-
ment of pressure is considered to be one
of the most basic and important require-
ments.® Pressure sensors usually operate
as transducers that convert an applied force
into an electrical signal or other recognized
output signal. There are different types of
transduction mechanisms, including pi-
ezoresistivity,'®™"7 capacitance,'®?* piezo-
electricity,® % and triboelectricity.?’—>°
Among them, pressure sensors using the
piezoresistive property have the advantage
of a simple device structure and easy read-out
mechanism when measuring the pressure
caused by the variation in the resistance.”’
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In order to enhance the sensitivity of
piezoresistive pressure sensors, i.e., increas-
ing the rate of resistance change, various
attempts have been made to optimize the
structure and the materials: Maximizing the
contact area can be achieved by performing
structural modification such as the formation
of a three-dimensional porous structure'? or
interlocked conductive array.'®' To improve
the sensitivity, the selection of suitable ma-
terials including graphene,*? carbon nano-
tubes,’® metal nanowires,'® and widely
studied conductive polymers such as poly-
pyrrole®® and PEDOT:PSS** has also been
proposed. In particular, conductive polymers
have undergone extensive research because
they can be easily synthesized and their
conductivity can be tuned by doping and
chemical treatment3® Even though the
previously reported pressure sensor using
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polypyrrole film showed a high sensitivity of 1.8 kPa™"
in the pressure range below 0.35 kPa, it could not
detect pressures above 0.35 kPa because of the satura-
tion of current.®® Moreover, the fabrication of micro-
pillar structure via photolithography of the silicon
wafer and subsequent deep reactive ion etching made
the process complicated and expensive. Recently, one-
dimensional polyaniline nanofibers with ultrahigh
surface area were reported to be easily formed using
the potentiodynamic method.*® The potentiodynamic
synthesis has some advantages with regard to the
mass production of nanofibers with uniform morphol-
ogy and conductivity at room temperature. It is also
possible to change the conductivity of the fiber film
by controlling the thickness. Also, polyaniline nano-
fiber is environmentally stable, and its monomer is cost-
effective. 3”8 Furthermore, this electrochemical poly-
merization method (i.e. potentiodynamic deposition
method) does not include any surfactant or oxidant
during the synthesis process which may contaminate
the polyaniline samples and affect their electrical prop-
erties unless these are removed properly.>®

In this study, we report on the facile fabrication of a
stretchable array of highly sensitive pressure sensors.
The proposed sensor is designed to satisfy both the
structural and materials requirements that provide
high sensitivity. The top surface of the sensor consists
of Au-deposited PDMS micropillars, leading to high
conductivity and the desired high sensitivity of the
pressure sensor via optimization of the dimensions of
micropillar array, while the bottom surface consists of
conductive polyaniline nanofibers grown on a poly-
ethylene terephthalate (PET) substrate by potentiody-
namic method. The working principle of the sensor is
related to a decrease in contact resistance between the
top and the bottom surfaces under an applied pres-
sure, and the large contact area between the interfaces
due to the nanofiber structure of the polyaniline con-
tributes to an enhancement in the sensitivity of the
sensor. Furthermore, the air gap between those two
layers enables a fast response and reduced relaxation
time. As a result, the fabricated sensor showed a high
sensitivity of 2.0 kPa—' in the pressure range below
0.22 kPa, sensitivity with high linearity up to 1 kPa, a
low detection limit of 15 Pa, and a fast response time of
50 ms at a low operating voltage of 1.0 V. In addition,
electrical response to repetitive 10000 loading/unload-
ing cycles of 1.5 kPa demonstrated the very highly
reproducible performance of our sensor.

By integrating the fabricated sensors on a stretch-
able substrate using the dry transfer method, we also
demonstrated its potential application as artificial skin.
The stretchable substrate is composed of PDMS islands
on which the individual pressure sensors are located
and a mixed thin film of PDMS and Ecoflex between the
adjacent islands. Pressure sensors are electrically con-
nected with each other through the embedded liquid
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metal, Galinstan (68.5% Ga, 21.5% In, and 10% Sn),
interconnections filling the microchannels in the
mixed film of PDMS and Ecoflex. The integrated pres-
sure sensor array showed very stable performance
under an applied biaxial strain up to 15%, and the
distribution of the strain corresponded to that esti-
mated using finite element method (FEM) analysis. In
addition to the excellent performance of the stretch-
able pressure sensor array, the whole fabrication pro-
cess could be done simply and cost-effectively due to
the use of molds for both the PDMS micropillars and
the stretchable substrate. The SU-8 molds which was
used to produce the PDMS micropillars could supply
the micropillars semipermanently. That is, it was no
longer required to perform a photolithography process
once the SU-8 mold was fabricated. Furthermore,
the stretchable pressure sensor array attached on the
palm successfully detected the pressure, demonstrat-
ing its high potential for application to electronic
artificial skin.

RESULTS AND DISCUSSION

Figure 1 illustrates the primary design concept of a
biaxially stretchable pressure sensor array on a deform-
able substrate.

(1) Structure of a pressure sensor: We fabricated the
pressure sensor by assembling the top layer of gold-
deposited PDMS micropillars and the bottom layer of
polyaniline nanofibers grown on a PET film, as shown
in Figure 1a. We employed our specially fabricated
Ag nanowire stickers as the electrodes for electrical
measurements because they guaranteed the stable
electrical performance of individual pressure sensors
on the deformable substrate under stretching. This
stable performance is attributed to the enhanced
toughness of electrodes with numerous Ag nanowires,
which reduces the concentration of stress near the
electrical contact with the embedded liquid metal
interconnections. The fabricated micropillar structure
and polyaniline nanofibers are clearly confirmed by the
scanning electron microscope (SEM images shown in
Figure 1a. The detailed illustration of the fabrication of
the pressure sensor will be discussed later.

(2) Sensing mechanism of the pressure sensor:
Figure 1b shows the simplified electrical circuit of
one row of PDMS micropillar array. In the circuit, Ri,
and R, refer to resistances of the polyaniline nano-
fiber before and after the current flow through the
Au-coated PDMS micropillars, which is located outside
the pressure applied area, and R¢, Rpani, and Ra, cor-
respond to the contact resistance, the resistance of
polyaniline nanofiber placed between two micropil-
lars, and resistance of the Au film on the PDMS top
substrate, respectively. The key operating mechanism
of the sensor lies on the change in the contact re-
sistance between the bottom surface of the PDMS
micropillar and polyaniline nanofibers according to
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Figure 1. Primary design concept of biaxially stretchable pressure-sensor array on a deformable substrate. (a) (Left)
Schematic illustration of a pressure sensor. (Right) Cross-sectional SEM image of the pressure sensor with zoomed SEM
images of PDMS micropillars and polyaniline nanofiber film. (b) (Left) Schematic illustration of the sensing mechanism of the
pressure sensor. (Right) Current changes in response to loading and unloading. (c) (Left) Optical image (top) and cross-
sectional scheme (bottom) of deformable substrate consisting of rigid PDMS islands and soft thin-mixed film of PDMS
and Ecoflex, where the electrical connection was made with embedded Galinstan interconnections. (Center) 5 x 5 array of
pressure sensors on a stretchable substrate. (Right top) Optical image of the fabricated sensor.

the varying pressure. The total resistance of the sensor
decreases as the contact resistance (Rc) decreases with
vertically applied pressure. The roughness of the poly-
aniline nanofiber contributes to enhancing the sensi-
tivity of the sensor. The higher the applied pressure to
the sensor is, the lower the contact resistance becomes
so that the most of the current would flow through
the Au film coated on PDMS micropillars which have
several orders of magnitude lower sheet resistance
(0.03 Q/sq) than that of polyaniline nanofiber film
(sheet resistance = 420 4 10 Q/sq). Figure S1 presents
cross-sectional SEM images of the sensor before and
after loading compressive strain where the PDMS
micropillars make contact with polyaniline nanofiber
surface with pressure loading. It is observed that the
pillars do not burrow into the polyaniline nanofiber
film even when a larger magnitude of compressive
pressure was applied to the sensor probably due to the
difference in Young's modulus between the polyani-
line nanofiber film and PDMS micropillars.*>*!

(3) Fabrication of the stretchable sensor array: The
fabricated pressure sensors were dry transferred onto a
5 x 5 array-structured stretchable substrate, where the
sensors are electrically connected by embedded liquid
metal interconnections, as shown in Figure 1c. The
stretchable substrate is comprised of PDMS islands, on
which the individual pressure sensors are located, and
a thin mixed film of PDMS and Ecoflex between the
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adjacent islands. The detailed fabrication of the
stretchable substrate is illustrated in Figure S2.

In Figure 2, the fabrication and characterization of
the pressure sensor are presented. To fabricate the top
layer PDMS micropillar structure of the pressure sensor,
microdot patterns were first prepared using the photo-
lithography technique with SU-8 3050 negative photo-
resist, as shown in Figure 2a, where the inset shows
the unit cell. Optical images of various dot patterns and
unit cell sizes are also shown in Figure S3. Then, the
liquid PDMS was poured into the patterned SU-8 mold
and the cured PDMS layer was peeled off from the
mold. The pillar has a diameter of 50 um and a height
of 48 um. Pillar patterns with a diameter of 50 um
and a unit cell of 80 x 80 um? are shown in Figure 2b.
The detailed fabrication process is described in the
Methods. Because the thickness of the SU-8 mold
can be controlled by varying the spin-coating speed,
the height of the PDMS micropillar can be varied
accordingly. SEM images of the PDMS micropillar with
various diameters and unit cell sizes are illustrated in
Figure S4. The uniformity of the SU-8 film was con-
firmed from those images, which showed uniform size
in diameter and height of pillars as well as straight
edges of the micropillar walls. The Ti/Au (5/50 nm)
film was deposited onto the fabricated PDMS micro-
pillar via e-beam evaporation twice while the micro-
pillar array was tilted 45° in the opposite direction to
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Figure 2. (a) Optical microscope image of SU-8 mold with dot patterns. The inset shows the unit cell. (b) Optical microscope
image taken from (left) 45° tilted angle and (right) cross-sectional PDMS micropillar with a diameter of 50 xm and unit cell size
of 80 x 80 ,umz. (c) Cross-sectional SEM images of polyaniline nanofiber film with different numbers of CV cycles. (d) Film
thickness (red) and sheet resistance (blue) of electrodeposited polyaniline nanofiber film for 100, 200, 300, and 400 CV cycles.

obtain a uniform coating including the walls of the
micropillars.

Polyaniline nanofibers were grown on a 50 nm thick
Au-deposited PET film via the potentiodynamic
method.*? After 300 cycles of charging and dischar-
ging, we obtained a 50 um thick film of polyaniline
nanofiber with a diameter of ~120 nm. Then, the Au
layer was selectively etched away from the PET film so
that only the polyaniline nanofiber film remained on a
flexible PET substrate. The cross-sectional SEM images
taken by varying the polyaniline growth cycles and
the thickness-dependent sheet resistance of the grown
film are shown in parts c and d, respectively, of Figure 2.
The optimum thickness of the polyaniline film was
chosen considering a reasonable conductivity value:
The growth was not sufficient for less than 300 cycles,
while the conductivity was too high to be used beyond
the 300 cycles considering the relative difference in
the conductivity between the polyaniline film and the
top Au-coated micropillar layer. In addition, the final
electrical conductivity of polyaniline nanofiber film
could be determined by the ending potential of cyclic
voltammetry (CV), since the electrical conductivity
of polyaniline nanofiber prepared in the potentiody-
namic method depends on its oxidation state, which is
described in detail in Figure S5.

The growth of the polyaniline nanofiber film was
also confirmed by taking the Fourier transform infrared
(FT-IR) spectrum and Raman spectrum, as shown in
parts a and b, respectively, of Figure S6. In the FT-IR
spectrum, the bands at 1558 and 1476 cm™' are
assigned to be C=C stretching vibrations of quinoid
and benzenoid rings, respectively. The bands at 1301,
1122, and 794 cm™' originate from C—N, C=N, and
C—H stretching vibrations, respectively.** The Raman
peaks at 1160, 1332, 1488, and 1588 cm ™' are attrib-
uted to the C—H bending vibrations of quinoid rings,
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C—N stretching vibrations, N—H bending vibrations,
and the C=C bending vibration of benzenoid rings,
respectively.** The cyclic voltammetry (CV) curves of
the polyaniline nanofiber film with the variation of the
deposition cycles are also shown in Figure Sé6c. With
increase of the deposition cycles, the current increased
indicating the continuous growth of polyaniline nano-
fiber film.

The electrical characteristics of the pressure sensor
are presented in Figure 3. The custom-built device,
which consisted of a computer-controlled positioning
system and a force sensor, was designed to measure
the response of the fabricated sensor to both dynamic
and repetitive pressure loadings (Figure 3a). Figure 3b
shows current—voltage curves of the pressure sensor
under different pressure loading. The linear |-V curves
exhibit Ohmic behavior. As the pressure loading in-
creased, the current increased accordingly. Figure 3c
shows the relative change in the current (Al/lo) through
the sensor with the variation of the pressure loading,
where Iy and Al are the initial current and the change of
current upon pressure loading, respectively.

According to Holm's theory,>**° the contact resis-
tance (R.) depends on the contacting area between two
different materials as well as applied pressure following
eql:

Rc(P) = k(P4 Pin)Ac) ™" M

Here, P, P;,,, and Ac are applied pressure, initial pressure
applied to the sensor due to the weight of the top PDMS
substrate, and the area of the contacting surface in the
direction of applied pressure, respectively. k and n are
variables that depend on the device characteristics.
In our pressure sensor, P, is equal to zero since the
top PDMS substrate is in a suspended state due to the
thickness of the silver sticker. According to the above
equation, the contact resistance decreases when contact
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Figure 3. (a) Schematics of electromechanical measurement setup. (b) /—V curves of the pressure sensor under different
pressure loading conditions (0, 20, 180, 470, 660, and 1160 Pa). (c) Relative current change (Al/ly) vs applied pressure. The inset
shows the zoomed pressure—response curve for values of pressure below 0.22 kPa with a sensitivity of 2.0 kPa~".
(d) Response curve of the pressure sensor with an applied pressure of 20 Pa at a response time of 50 ms.

area is increased at constant pressure. This is because
the compressive force applied onto the surface in-
creases with increased contact area (P = F/A). In sum-
mary, the sensor detects external pressure due to the
reduction in the contact resistance resulting from the
applied pressure on the contact area between polyani-
line nanofiber film and PDMS micropillars. The shape
of the pressure dependent current change in Figure 3c
exhibits the behavior following the above relationship.
Al/ly of the sensor changes rapidly with pressure in
a low pressure regime, and it reaches saturation when
the pressure is greater than a certain value (P > 3.5 kPa),
showing an insignificant change in current.

Thus, Al/ly increases linearly with the applied pres-
sure in the low pressure region. The pressure sensitivity
(S)is defined by eq 2,'® indicating the slope in the linear
region of the curve. Here, &P is the change in the
applied pressure.

S=— (2)

As shown in the inset of Figure 3¢, the sensitivity
S exhibits the highest value of 2.0 kPa™' with high
linearity of R = 0.988 with pressure of 0—0.22 kPa.
Figure S7 shows the variation of the sensitivity depend-
ing on the applied pressure: an S value of 0.87 kPa™'
with excellent linearity of R* = 0.998 is given between
0.22 and 1 kPa (Figure S7a). In Figure S7b, a reduction of
the sensitivity in the pressure between 1.0 and 3.5 kPa
appears, but Al/ly still shows the linear dependence
with pressure (R* = 0.966) even considering the error
bars. Above 3.5 kPa, however, the relative change in
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current seems to be almost saturated not to resolve
the pressure quantitatively. The error bars in the graph
represent the standard deviation obtained from averag-
ing six devices.

As expressed in eq 1, the contact resistance also
depends on the contact area between two different
materials as well as the applied pressure.3* By modify-
ing the micropillar design using different pillar di-
ameters and unit cell sizes, the sensitivity could be
varied, as shown in Figure S8. Using a pressure sensor
consisting of micropillars with a diameter of 120 um
and unit cell size of 160 x 160 um?, the highest total
contact area was estimated, and it corresponded to the
sensor with the highest sensitivity. The total contact
area between PDMS micropillars and polyaniline nano-
fiber surface was calculated in the pressure applied
regime (5 x 5 mm?), and the relationship between
the contact area and the sensitivity of the sensor is
presented in Table S1. In Figure S9, the relative change
in resistance is shown to increase with increasing
contacting area under constant pressure. The change
in resistance was saturated at contact areas of 7.9 and
12 mm?, which is related to the power law relation
between contact resistance and contact area as given
in eq 1. These results suggest that the sensitivity of the
pressure sensor be controlled by varying the dimen-
sions of PDMS micropillar array.

Figure 3d shows the relative change in the current
upon the application of a pressure of 20 Pa, and the
inset indicates a fast response time of 50 ms. We
compared the sensitivity, detection limit, and response
time of our sensor with those reported previously for
various pressure sensors in Table S2. The table shows
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Figure 4. (a) Relative current change (Al/ly) of the sensor with repetition of 10000 loading/unloading cycles by 1.5 kPa.
(b) Enlarged view of (a), exhibiting highly reproducible and stable sensor performance. (c) Repetitive measurements of
the relative current change (Al/l) of the sensor with variations of the pressure in a sequence of 40, 310, 550, and 1020 Pa.
(d) Relative current change (Al/lp) under pressure loading of 1050 Pa at frequencies of 0.5, 1.7, and 2.5 Hz. I, and Al are the

initial current and the change of current, respectively.

that the performance of our sensor is comparable to
those selected from among the world's best sensors.

The response and relaxation curves of a pressure
sensor measured for 10000 loading/unloading cycles
of 1.5 kPa are shown in Figure 4a. During the large
number of iterations, there appeared to be no differ-
ence in either the relative change of the current or the
hysteresis, as clearly seen in Figure 4b. This demon-
strates the very good reproducibility of our sensor.
To investigate the reliability of the pressure sensor
regardless of the magnitude of the applied pressure,
we applied a series of pressures of 40, 310, 550, and
1020 Pa, and the same measurements were obtained
three times. Over the wide range of applied pressures
and repeated cycles, the current change remained
almost the same as at the initial value within 3%,
indicating that the sensor had excellent reproducibility
(Figure 4c). Furthermore, we observed the stable de-
tection of pressure, as shown in Figure 4d, regardless of
the frequency of loading/unloading of pressure in the
range between 0.5 and 2.5 Hz.

To determine the detection limit of our sensor, we
repeatedly loaded and unloaded a very small grain of
rice. Here, by assuming that it has an elliptical shape,
the contact area of the 18 mg weighed rice is estimated
to be ~0.118 cm?, which corresponds to a pressure of
15 Pa, as shown in Figure S10. Upon repetitive loading
and unloading of the rice, increases and decreases of
the current were repeatedly detected, demonstrating
the high sensitivity of our sensor for a very small
pressure (Figure 5a). Next, the fabricated sensor was
attached to the carotid artery using a polyurethane film
dressing (Tegaderm Absorbent, 3M), and the blood
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pressure was measured. Time-dependent changes in the
current show waves with a periodicity of 66 beats/min,
confirming that it can detect the neck pulse of an
ordinary human being (Figure 5b). In addition, the
pressure sensor attached to the wrist of a female
graduate student detected the periodic radial artery
pulses in Figure 5c. The measured radial artery pulse
exhibits two clearly distinguishable peaks (Figure 5d):
systolic and diastolic peaks marked as “a” and “b”",
respectively. Important features such as the reflection
index (R.l) and stiffness index (S.l.) can be calculated
as follows: (1) Reflection Index (R.l.) = magnitude of
diastolic peak (b)/magnitude of systolic peak (a) x
100 (%) and (2) arterial stiffness index (S.l.) = subject
height (h)/transit time (ATpyp). The transit time (ATpyp)
is defined as the time delay between the systolic peak
and diastolic peak.***’ The R.l. and S.| are estimated to
be 51% and 4.2, respectively, indicating the healthy
state of a 169 cm tall, 26 year old female.**4°

The pressure sensors were dry-transferred onto our
specially designed stretchable substrate of a 5 x 5
array (Figure 6). In Figure 6a, the optical images of the
integrated pressure sensor array before and after the
application of biaxial stretching by 15% are shown.
The substrate consists of a 5 x 5 array having 1 mm-thick
protruded PDMS islands with a high Young's modulus
where the 25 pressure sensors are positioned, and a
2.5 mm-thick mixed thin film of PDMS and Ecoflex with
a weight mixing ratio of 2:8 with relatively low modulus
due to soft Ecoflex component. The sensors were at-
tached to the PDMS islands using thin Ecoflex adhesive
film in order to minimize the strain applied to them
under deformation.
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under 15% biaxial stretching.

The distribution of the strain on the stretchable
substrate calculated using the FEM method for a biaxial
strain of 15% is shown in the right side of Figure 6a. The
material properties for the substrates were modeled
using the neo-Hookean model. The initial shear mod-
ulus and bulk modulus of PDMS are 2 and 200 MPa,
respectively, and the values of mixed thin film are
0.4 and 40 MPa, respectively. The initial shear modulus
and bulk modulus of the mixed thin film was calculated
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as Gmix = Gppmsfpoms + GecoflexlEcoflexs Where G is the
initial shear and bulk modulus and f is the volume
fraction.>® The array of islands and thin film between
the islands were modeled using the commercial finite-
element program, ABAQUS.>' The strain applied to the
PDMS islands can be further suppressed by positioning
a PET film on top of the islands because of the much
higher Young's modulus of the PET film (3.1 GPa)
relative to that of PDMS (615 kPa).*' The PDMS islands
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Figure 7. (a) (Left) Top-view image of the doughnut-shaped object placed on the 5 x 5 pressure-sensor array. Current
mapping of pressure distributions with objects of (middle) 110 Pa and (right) 220 Pa. (b) (Left) Optical image of the sensor
array under the biaxial strain of 15% with the doughnut-shaped object. (Middle) Current mapping of pressure distributions
with object with a pressure of 220 Pa. (Right) Image of the doughnut-shaped object compared with a U.S. one-cent coin.
(c) Current mapping on two different pressure sensors for different magnitudes of pressure.

with PET films hardly deform, and the deformation is
concentrated on the thin film between two adjacent
islands, as expected. On top of the island, the strain was
just 0.04%, ensuring the stable performance of the
pressure sensors on the islands.

In Figure 6b, the applied strain is defined as ep;axial =
(I' — /I, where I and I' are the lengths associated with
the unit module before and after application of strain,
respectively. The cross-sectional optical microscope
images of the stretchable substrate before and after
biaxial stretching by 15% are shown in Figure 6c. About
5% of the strain was applied at the bottom of PDMS
islands, while the strain over 100% was applied in the
thin film between the islands. The strain contour
that was estimated via FEM analysis is similar to that
measured in the optical image. Human skin can be
approximated as a bilayer film that consists of the
epidermis (modulus = 140—600 kPa; thickness =
0.05—1.5 mm) and demis (modulus = 2—80 kPa; thick-
ness = 0.3—3 mm). Because such a bilayer exhibits
a linear elastic response to tensile strains <15%,' our
stretchable sensor array, which can endure the 15%
biaxial stretching, appears to have sufficient stretch-
ability for use as an artificial skin device.

It was observed that the pressure sensor strongly
depended on the stiffness of the substrate on which
the sensor was deposited. In Figure S11, three different
substrates with different Young's modulus were chosen
to compare the sensitivity of the pressure sensor; a rigid
glass substrate (50—70 GPa), PDMS substrate (615 kPa),
and mixed-film substrate of PDMS and Ecoflex with
mixing ratio of 2:8 (178 kPa). The Young's modulus
of mixed-film substrate was calculated by the rule of
mixture.®® As a result, the sensor transferred to the
rigid substrate showed the highest sensitivity, while
on the polymer substrates, relatively low sensitivity was
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obtained since the compressive force was transferred
to the polymer substrate rather than being localized on
the pressure sensor.

However, the stretchability of the sensor array as
well as the sensitivity of the individual pressure sensor
was considered when selecting the optimized compo-
sition of the deformable substrate. The extent of the
stretchability was experimentally investigated by vary-
ing the mixing ratio of two different polymers of PDMS
and Ecoflex and the stretchability increased with in-
creasing the Ecoflex in our previous work.*' As a result,
the mixture of PDMS and Ecoflex with a mixing ratio
of 2:8 was selected as an optimum substrate which
met both the stretchability of the sensor array and the
sensitivity of the pressure sensor.

In order to observe the distribution of the pressure
on the 5 x 5 array of pressure sensors, a piece of
doughnut-shaped aluminum (15 g, 110 Pa) was loaded
as shown in Figure 7a. The color contrast mapped with
the local pressure distribution is consistent with the shape
of the doughnut. When the same sized object with twice
the weight (30 g, 220 Pa) was placed on the sensor array,
we observed the color contrast having the same distribu-
tion but with twice the intensity. This confirmed the
reliable performance of the sensor array as a quantitative
technique. Figure S12 shows spatial mapping of current
changes and corresponding pressure on each pixel with
loading of a doughnut-shaped aluminum piece (220 Pa).
As clearly seen in Figure S12, each pixel gives a single
value not to resolve different pressures within each pixel.
However, we present each of the values as a contour
line in Figure 7, analyzed using commercial software
(Origin 9.0) to provide more specified and effective
information on the pressure distribution. Figure 7b
shows a similar intensity distribution with a correspond-
ing shape even under 15% biaxial stretching.
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In order to see if there exists any interference among
the individual pressure sensor pixels in our stretchable
sensor array, we checked the current change on the
pixel (3, 3) on which no pressure was applied while the
neighboring pixels were under pressure. Four different
measurements were done for this: loading of doughnut-
shaped aluminum pieces with 110 and 220 Pa, touching
with two rods, and loading of 220 Pa doughnut-shaped
aluminum under 15% strain, respectively. In all cases,
the relative current change on the pixel (3, 3) was less
than 0.5%, which was negligible as shown in Figure S13,
suggesting no evidence of interference between the
individual pressure sensor pixels within the experimen-
tal error range.

These results demonstrate the potential application
of our pressure-sensor array as a body-attached device
that can simultaneously detect both the pressure and
shape of an object under conditions involving body
movements such as bending or stretching. The sensor
array that was attached on the right palm using the
silicon adhesive, Silbione (Silbione RT Gel 4717 A&B,
Bluestar Silicones, USA), is shown in Figure 7c. When a
rod touched two different pixels above the pressure—
sensor array with different pressures, we obtained the
resolved mapping of the touching positions for the
corresponding pressures.

There are many advantages of our work aside from
the great electrical performances of the pressure sen-
sor. First, we could control the sensitivity of our sensor
through manipulation of the dimensions of micropillar

METHODS

Fabrication of SU-8 Mold and Au-Deposited PDMS Micropillars. The
fabrication scheme of the SU-8 mold and PDMS micropillars
is presented in Figure S14a. The mold was prepared with a
negative photoresist (PR) coated on a silicon substrate. SU-8
3050 photoresist is a highly viscous epoxy material that is useful
for making high aspect-ratio structures. First, a 48 um thick SU-8
3050 PR was spin coated on a SiO,/Si substrate via the two-step
spin-coating processes at 500 rpm for 10 s and subsequently at
3000 rpm for 30 s (step 1 in Figure S14a). The spin-coated SU-8
film was heated at 95 °C on a hot plate for 1 h and then kept at
room temperature for 1 min for hardening. After that, the film
was exposed to UV light for 20 s through a dot-patterned
photomask. Cross-linking of the epoxy was carried out via
postexposure baking at 65 °C for 1 min and 95 °C for 4 min,
with subsequent cooling to room temperature for 1 min. During
the post-exposure baking step, the dot pattern could be
observed in the SU-8 film. By stirring the dot-patterned SU-8
film in the developer of 1-methoxy-2-propanol acetate solution
for 30 min and rinsing with isopropyl alcohol for 10 s, the
microdot-patterns were generated (step 2 in Figure S14a).
Then, the PDMS solution was prepared by mixing a base
(Dow Corning, Sylgard 184 A) and curing agent (Dow Corning,
Sylgard B) with a mixing ratio of 10:1. The mixture was degassed
for 30 min under atmospheric conditions to eliminate air
bubbles and subsequently cured in a dry oven (at 65 °C) to
induce cross-linking. The PDMS mixture was poured over the
patterned SU-8 mold and kept in an oven at 65 °C overnight
(step 3 in Figure S14a). Finally, the cured PDMS layer was peeled
off from the mold to have micropillars with a height of 48 um,
diameters of 50, 70, or 120 um, and unit cell sizes of 80 x 80,
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array and could afford the high sensitivity using nano-
fibers with large surface area. In addition, environmen-
tally stable polyaniline nanofibers could be produced
on a large scale via a simple method with low cost. It
was also easy to control the conductivity by adjusting
the thickness and oxidation state of polyaniline nano-
fiber through electrochemical polymerization. Lastly,
this is the first demonstration of fabricating pressure
sensor array on the stretchable substrate using liquid
metal interconnection, and it presents possibilities of
skin-attached electronic application.

Even though we demonstrated successful perfor-
mance of a stretchable pressure sensor array, there
still remain several points to be improved by further
research. First, it will be desirable to fabricate the
sensor that has wider pressure range with a single
high sensitivity. Second, the size of our pressure sensor
(9 x 9 mm? needs to be reduced to obtain better
spatial resolution. Third, total thickness of our sensor
array (3.5 mm) is too thick to be directly attached
to skin without using glue: The stretchable substrate
with protruding PDMS islands for pressure sensors
increases the thickness. Thus, further development of
novel stretchable design and materials with sticky
properties should be done. Lastly, although liquid
metal was confirmed as a good material for stretchable
electrical interconnection, more advanced fabrication
technique such as printing rather than injection meth-
od should be developed to obtain more complicated
designs.

160 x 160, or 240 x 240 umz, depending on the dimensions
of the SU-8 dot-patterned mold (step 4 in Figure S14a). The
detailed design and dimensions of the PDMS micropillars are
shown in Table S1 and Figure S3. Finally, Ti/Au (5/50 nm) was
deposited on PDMS micropillars to make a highly conductive
layer via e-beam evaporation. E-beam evaporation was repeated
twice while the PDMS pillar substrate was tilted by 45° to obtain
a uniformly coated Ti/Au film over the entire pillar structure.
Growth of Polyaniline Nanofibers and Au Etching. Schematics of
the growing polyaniline nanofiber layer on a PET film and the
corresponding optical images are shown in Figure S14b.
A 50 nm-thick Au film was deposited on a PET film (2 x 2 cm?)
using e-beam evaporation. On this Au film, polyaniline nanofibers
were potentiodynamically grown at a scan rate of 100 mV s~
between 0 and 0.85 V (vs. Ag/AgCl) in a solution of 0.1 m aniline
monomer (99 wt %, Sigma-Aldrich) and 0.5 m sulfuric acid
(H2S0,)(95.0%, Samchun Chemical) at room temperature: Au-
deposited PET film and Ag/AgCl were used as the working
electrode and the reference electrode, respectively, during the
polymer growth. A platinum (Pt) electrode placed symmetrically
around the working electrode was used as the counter electrode. In
order to prevent the possible degradation of polyaniline, it was
grown via potential cycling between 0 and 0.85 V, and taken out
immediately after the end of growth cycle. After polymerization, the
polyaniline nanofiber film was dried in air. The number of CV cycles
was precisely controlled to obtain the desired thickness of polyani-
line nanofiber film. Finally, the Au film was selectively etched using
commercial gold etchant (Gold Etchant TFA, Transene Co.).
Fabrication of an Ag Nanowire Sticker. The fabrication of Ag
nanowire sticker is schematically demonstrated in Figure S14c.
A 50 um thick PDMS film was formed on a silicon substrate
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by spin-coating (1350 rpm, 30 s), and it was then half-cured at
65 °C for 8 min to produce a sticky film. The film was cut and
transferred onto a glass substrate. Then, Ag nanowire solution
(1 wt % diluted in water, Ditto technologies) with an average
nanowire diameter of 65 nm and length of 10 um was drop-
casted on the half-cured PDMS film, and the Ag nanowire-
embedded PDMS was dried in air.

Fabrication of the Deformable Substrate. The schematic illustra-
tion of the fabrication of the deformable substrate is shown in
Figure S2. The substrate consists of three different layers
marked as Layer 1, Layer 2, and Layer 3. Details of the fabrication
of each layer and assembly of the three layers by injecting a
liquid metal into embedded microchannels are illustrated in
parts a and b, respectively, of Figure S2. The final top and side
views of the substrate are also demonstrated in Figure S2c.

Two pieces of Teflon-coated stainless steel mold were
employed to make “layer 1”: The top mold (M1) has an array
of islands with trench structures and the bottom (M2) has
microchannels. PDMS was poured into M1 to fill the trench
area, forming rigid islands, and the M1 was then annealed in
a dry oven at 65 °C for 15 min for half-curing, which promoted
bonding with the mixed polymer thin film. After half-curing,
M1 with the PDMS islands and M2 were placed in contact with
each other. Then, a mixed polymer of PDMS and Ecoflex with a
weight-mixing ratio of 2:8 was poured into the space as thin
film. The entire mold was annealed in a dry oven at 65 °Cfor 1 h,
and the deformable substrate (layer 1) was separated from the
mold where open microchannels of 500 um were formed on the
bottom surface; 1 mm-thick PDMS island arrays with a 1 mm-thick
mixed thin film of PDMS and Ecoflex were formed.

The 0.7 mm-thick middle layer (layer 2) of the entire deform-
able substrate was made by molding. The mixed polymer of
PDMS and Ecoflex was poured into the mold (M3) with micro-
channels of 500 um, and it was annealed in an oven at 65 °C for
1 h.Next, the cured mixed polymer was detached from the mold
to have open microchannels on the bottom surface.

A thin Ecoflex layer was spin coated at 1500 rpm for 30 s
and cured at 60 °C for 1 min to make a bonding layer between
layers 1 and 2.

50 via holes for interconnections were made by pressing
the PDMS islands with a puncher (hole diameter = 0.7 mm).

The bottom layer (layer 3) was spin coated at 300 rpm for
35 s and half cured at 65 °C for 15 min in a dry oven. The
assembled substrate (layers 1 and 2) was attached to layer 3.

The whole assembled substrate was cured completely in the
oven at 65 °C for 30 min. As a result, a deformable substrate with
embedded microchannels (width = 500 um; depth = 500 um)
was successfully fabricated.

Finally, the liquid metal, Galinstan (68.5% Ga, 21.5% In, and
10% Sn; Rotometals), was injected through the microchannels
using a microsyringe.

Characterization. Surface morphology and the cross-sectional
view of the fabricated pressure sensor were investigated by taking
SEM (Hitachi S-4800) and optical microscope (BX41M, Olympus)
images. The attenuated total reflection Fourier transform infrared
spectrum (ATR-FTIR) of the electrodeposited polyaniline nano-
fibers was obtained for the range of 650—4000 cm~' with a
resolution of 8 cm™". Raman spectral images of electrodeposited
polyaniline nanofiber film were obtained (Horiba LabRam Aramis
IR2), where the wavelength of the laser and the power were
532 nm and 0.5 mW, respectively. Cyclic voltammetry (CV) curves
were obtained using an electrochemical analyzer (Ivium Technol-
ogies, Compact Stat). A Canon Eos-7D was used to capture
the optical images. The sheet resistance of polyaniline nanofiber
film was measured with a surface-resistivity meter (SRM-232) at a
resolution of 0.8 /sq. I—V characteristics of the pressure sensor
were measured using a B1500A. For the automatic and dynamic
pressure measurements, a force sensor (Mark-10 Series 7, + 0.1%
accuracy) and a motion controller (SM4-0806-3S) were operated
using a custom-built LabVIEW program.

CONCLUSIONS

We demonstrate the facile fabrication of a stretchable
array of highly sensitive pressure sensors consisting of
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polyaniline nanofibers and Au-deposited PDMS micro-
pillars. The fabricated pressure sensor showed highly
reliable and stable electromechanical performance. By
designing nonplanar structures for the top and bottom
layers of the pressure sensor, the sensors exhibit a high
sensitivity of 2.0 kPa™' at a pressure below 0.22 kPa,
a low detection limit of 15 Pa, a fast response time
of 50 ms, and high stability over 10000 cycles with a low
operating voltage of 1.0 V. The sensor also clearly
detected the primary features of human-pulse wave-
forms from the carotid and radial artery. Furthermore,
a5 x 5 array of dry-transferred pressure sensors on our
specially designed stretchable substrate could success-
fully detect the pressure under biaxial stretching of 15%.
These results demonstrate the potential application of
our stretchable pressure-sensor arrays in wearable elec-

tronic devices such as artificial skin.
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