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Polyurethane foam coated with a multi-walled carbon
nanotube/polyaniline nanocomposite for a skin-like
stretchable array of multi-functional sensors

Soo Yeong Hong1, Ju Hyun Oh1, Heun Park1, Jun Yeong Yun1, Sang Woo Jin2, Lianfang Sun3, Goangseup Zi3

and Jeong Sook Ha1,2

Body-attachable sensors can be applied to electronic skin (e-skin) as well as safety forewarning and health monitoring systems.

However, achieving facile fabrication of high-performance, cost-effective sensors with mechanical stability in response to

deformation due to body movement is challenging. Herein we report the material design, fabrication and characteristics of a

skin-like stretchable array of multi-functional (MF) sensors based on a single sensing material of polyurethane foam coated with

multi-walled carbon nanotube/polyaniline nanocomposite, which enables simultaneous detection of body temperature, wrist pulse

and ammonia gas. These sensors exhibit high sensitivity, fast response and excellent durability. Furthermore, the fabricated

sensor array shows stable performance under biaxial stretching up to 50% and attachment to skin owing to the use of direct-

printed Galinstan liquid metal interconnections. This work proposes a facile method for fabrication of high-performance,

stretchable MF sensors via appropriate selection of sensor design and functional materials that are applicable to e-skin and

health monitoring systems.
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INTRODUCTION

Wearable electronics have attracted considerable attention for use in
electronic skin (e-skin) and health monitoring systems in order for a
comfortable and secure life.1–5 e-Skin is a human interactive device
that can simultaneously sense signals from the body and respond to
the environment. Thus it should be capable of measuring the five types
of senses (taste, sight, hearing, olfactory and touch sensation) with
high sensitivity and show mechanical stability against deformation due
to skin movement. As a result, e-skin is required to be very thin and
have a strain-relaxed design.6

Because of the increasing importance of e-skin, extensive efforts
have been undertaken to develop various sensors with high sensitivity.7

Beyond the conventional sensor that can detect a single stimulus,

novel advanced sensors for simultaneous monitoring of multiple

stimuli (multi-functional (MF) sensors) have been actively

investigated.8,9 For practical application of such MF sensors, it is
necessary to eliminate the interference between different stimuli that is

commonly observed in conventional MF sensors,10 in addition to

fabricating cost-effective sensors on a deformable substrate. Develop-

ment of MF sensors that transduce different stimuli into separate

signals can intrinsically minimize signal interference, thus allowing for

sensitive detection of multiple parameters, such as temperature and

pressure, in a single device without decoupling analysis. Many power-

generation devices, such as solar cells and a readable signal in addition
to the flowing current.11

Among the various available sensor materials (multi-walled carbon
nanotubes (MWCNTs), graphene, metal oxides, and conducting
polymers), MWCNTs are considered to be an ideal candidate owing
to their electrical conductivity, large surface area and environmental
stability.11,12 However, MWCNTs suffer from poor thermoelectric
properties and poor gas-sensing performance, which limit their
practical applications.13,14 To overcome such drawbacks, MWCNTs
have been used with metallic nanowires or with conducting polymers
in a composite.11 Polyaniline (PANI) is considered one of the most
promising and widely applied sensing materials because of its low
production cost, environmental stability and acceptable conductance
as well as its unique ammonia (NH3) gas-sensing ability.

15 In addition,
PANI has thermoelectric properties that allow it to exhibit output
voltage according to a change in temperature. Furthermore, MWCNT-
PANI nanocomposites have shown superior performance in terms of
the Seebeck coefficient, electrical conductivity and thermal conductiv-
ity compared with their individual components.16,17

As an excellent alternative candidate to overcome the narrow
pressure range and low sensitivity of thin film-based pressure and
gas sensors consisting of nanowires, nanoparticle and 3-dimensionally
structured electrodes,18–20 conductive porous foams are expected to be
promising owing to their electronic conductivity and mechanical
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flexibility.21 Thus porous foams coated with conductive nano-
materials can be used for fabrication of high-performance pressure,
temperature and gas sensors owing to their combined advantages of
electronic conductivity, mechanical flexibility and large specific surface
area.22

Here, for the first time, we demonstrate a skin-like stretchable array
of MF sensors based on a single sensing material comprising polymer
foam coated with MWCNT-PANI, which enables simultaneous
detection of bio-signals such as skin temperature, wrist pulse and
ammonia gas for health monitoring when attached to the skin. The
pressure sensor shows a wide sensing range from 0.05 to 30 kPa, a fast
response time of 20 ms, a high sensitivity of 2.1 kPa− 1 and high
stability over 10 000 loading/unloading cycles. Owing to the thermo-
electric properties of MWCNT-PANI, temperature is measured as an
output voltage under a temperature gradient, with a high sensitivity of

28.7 μV °C− 1. The ammonia gas sensor has a sensitivity of 46.9%,
with a response time and recovery time of 7.8 and 34 s, respectively, at
25 p.p.m. To achieve mechanical stability under externally applied
strain, polyethylene terephthalate (PET) films are locally implanted on
a soft mixed thin film of Silbione and polydimethylsiloxane (PDMS),
and then the MF sensors are positioned on top. The sensors are
electrically connected via embedded interconnections of the liquid
metal Galinstan (eutectic alloy of Ga (68.5%), In (21.5%) and Sn
(10%)) patterned using a home-built XYZ printer. Furthermore, the
integrated MF-sensing foam (MFSF) on the stretchable substrate is
easily fabricated into a 5× 5 sensor array using a cut-and-paste
method. The stretchable MF sensor array shows mechanical stability
under deformations, such as bending, twisting and biaxial stretching
up to 50%, and demonstrates no deterioration during the resultant
spatial distribution in pressure, temperature and gas sensing.

Figure 1 (a) Schematic illustration of the skin-attached multi-functional (MF) sensor array with pressure/temperature and gas sensors, integrated using
directly printed liquid metal interconnections. (b) (Top) SEM image of the PU foam coated with MWCNT-PANI composite with a zoomed image in the inset.
(Bottom) TEM image of the MWCNT-PANI nanocomposite. (c) Optical images of the stretchable multi-functional sensor array in stretched, bent and twisted
states, respectively, from left to right. The scale bar is 2 cm. (d) Schematic of fabrication process for the stretchable MF sensor array.
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MATERIALS AND METHODS

Fabrication of stretchable MF sensor array
Our stretchable MF sensor array with a multilayered structure was fabricated by
assembling the four component layers (that is, Layer 1, Layer 2, Layer 3 and
Layer 4). To make ‘Layer 1’, a mixture of Silbione and PDMS in a 9:1 ratio was
spin-coated on glass at 1000 r.p.m. for 1 min and cured in a dry oven at 65 °C
for 10 min. After attachment of the patterned PET film (thickness: 100 μm), a
silver nanowire (Ag NW) solution (1 wt% diluted in water, 65 nm average
diameter, 10 μm average length, Ditto Technologies, Gunpo, Korea) was
dropped onto an empty area of the PET film and dried at room temperature.
Scanning electron microscopic (SEM) images of the Ag NW sticker are
displayed in Supplementary Figure S3. Thus the Ag NW sticker can be attached
between other layers and active devices for stable electrical contact. To make
‘Layer 2’, the MFSF was attached to thermal release tape (TRT) and adhered to
a sticky cutting mat. The MFSF on TRT can be cut automatically using a
cutting machine (Silhouette, Lindon, UT, USA).23,24 The excess MFSF segment
was detached from the TRT using tweezers. Then it was peeled from the cutting
mat. To make ‘Layer 3’, Au/Ti (50/5 nm)-deposited PET film was patterned on
TRT using a cutting machine. This TRT film was transferred onto a mixed
substrate of Silbione and PDMS.
Layer 2 was attached to Layer 1, followed by slight baking of these films on a

90 °C hotplate to deactivate the adhesives on the TRT. As a result, the excess
adhesive can be easily peeled off with tweezers. Layer 3 was fabricated in the
same manner. After assembling those three layers, Layer 4 was assembled to
create electrical interconnections. The thickness of the entire substrate is 1 mm.

RESULTS AND DISCUSSION

A schematic illustration of a skin-attached, stretchable array of MF
sensors is shown in Figure 1. With this sensor array, ammonia gas and
body temperature and wrist pressure bio-signals can be simultaneously
monitored. The whole system, consisting of four stacked layers,
contains an array of pressure/temperature and gas sensors fabricated
using a single sensing material of MWCNT-PANI nanocomposite-
coated polyurethane (PU) foam as shown in Figure 1a. The SEM
image in Figure 1b (top) confirms a high density of micropores and a
large surface area in the PU foam. The inset shows that MWCNT-
PANI nanocomposites fully cover the PU foam surface. The transmis-
sion electron microscopic image in Figure 1b (bottom) also confirms
that a highly uniform and thick PANI layer covers the MWCNT
surface, thus providing stable performance of the composite-based
sensor devices. The thickness of the polymer layer on the MWCNT
was estimated to be approximately 47 nm. The diameter of the
MWCNTs was observed to be 110 nm. More detailed optical images
and SEM images of MWCNTs, PANI and MWCNT-PANI are shown
in Supplementary Figures S1–S3. Raman spectra of the MWCNTs and
MWCNT-PANI nanocomposites are shown in Supplementary
Figure S4. The typical G-band corresponding to the sp2 vibration of
the hexagonal lattice in the graphite appears at 1575 cm− 1 in the
spectrum of the bare MWCNTs. The bands at 1347 and 2676 cm− 1

correspond to the disordered graphitic structure (D-band) and
second-order graphitic structure (D-band), respectively. After poly-
merization of MWCNTs with PANI, additional peaks that are
characteristic of protonated PANI appear at 1170 and
1504 cm− 1.25,26 The fabricated sensor array is conformally integrated
on the skin and is mechanically stable under stretching as well as
bending and twisting deformations (Figure 1c). Figure 1d shows the
fabrication of the four layers. A mixture of Silbione and PDMS in a 9:1
ratio was spin-coated on glass and cured for the sensor array, which is
skin-attachable without the use of glue. After attachment of the
patterned PET film on the PDMS/Silbione substrate, a Ag NW
solution was dropped onto the open area of the PET film and dried
at room temperature (Layer 1). Using a cutting machine, the MFSF
and Au/Ti film deposited on the PET film was cut to be automatically

patterned on thermal release tape for Layer 2 and Layer 3, respectively.
By directly printing liquid metal Galinstan with a home-built XYZ
printer, the stretchable interconnections were fabricated over a large
area on a spin-coated mixture of Silbione/PDMS substrate (Layer 4).
The detailed fabrication of the stretchable substrate is described in
Supplementary Figure S5 and Experimental methods section.
In our previous study, stretchable liquid–metal interconnections

were realized by injecting Galinstan into polymer-embedded micro-
channels using a syringe.27,28 However, it is difficult to obtain stable
interconnections between individual devices via the injection method
over a large area. Thus, in this work, we adopted a direct printing
method using our XYZ printer with the computer software (Auto-
CAD), which enabled facile and simple fabrication of stretchable
Galinstan interconnections over a large area. This printing method
exploits the good wettability of Galinstan with the surface of mixed
thin Silbione and PDMS film, which is a silicon-based substrate.29,30

The sticky property of the film enhances the wetting of the liquid
metal on the substrate surface.31 Furthermore, formation of the
gallium-oxide skin during the direct printing process allows the
written pattern to maintain its printed shape, even after the
encapsulation process with elastomer. The mechanical stability of
the Galinstan interconnection was confirmed by the fact that there was
no noticeable change in resistance under stretching up to 50%, and
more detailed characteristics of the liquid metal pattern obtained using
the XYZ printer are also illustrated in Supplementary Figure S6. As
shown in Supplementary Figure S6d, the flux of the liquid metal is
controlled through a syringe pump, while the stage develops a
predetermined geometry at a controlled velocity (v) under a fixed
syringe needle having a particular inner diameter (ID) maintained at a
standoff distance (≈± 5 μm) from the substrate. We made changes to
relieve geometric constraints and a pressure increase that previously
occurred during filling of the microchannels. The width measurements
of Galinstan were obtained in order to characterize the effects of the
system inputs (flux of Galinstan, velocity of patterning, ID of the
needle). The results of these measurements are demonstrated in
Supplementary Figure S6a–c. The electrical resistance of the patterned
Galinstan interconnection created with the XYZ printer was measured
while varying the applied uniaxial strain. As shown in Supplementary
Figure S6e and f, the normalized resistance, after 1000 repetitions, did
not change with uniaxial stretching to 50% (ID of 514 μm, flux of
1.5 ml h− 1, velocity of 100 mm/min− 1), thus confirming the mechan-
ical stability of the embedded interconnections.
For simultaneous monitoring of pressure and temperature using a

single sensor, that is, an MF sensor, we designed a sandwich-type
sensor consisting of top and bottom electrodes and a sensing material
of PU foam coated with MWCNT-PANI nanocomposite.
Figure 2a outlines the pressure-sensing mechanism for the fabri-

cated MF sensor. As marked by circles 1, 2 and 3, the frame of the PU
foam is in close contact with the adjacent frame and the electrodes
(top Ag or bottom Au). With an increase in pressure, there will be a
change in current flow due to the change in the contact resistance
between adjacent PU foam frames coated with the MWCNT-PANI
nanocomposite. In addition, the change in the resistance from the
reduced thickness of the sensor would lead to a change in
current flow.
The pressure sensor exhibits markedly enhanced current with an

increase in pressure over the range from 0.05 to 30 kPa. The pressure
sensitivity (S) is defined as S ¼ ðDI=I0Þ=DP, where DI is the pressure-
induced change in current, I0 is the initial current flowing across the
sensor without pressure loading, and DP is the change in the applied
pressure. S is estimated to be 2.1 kPa− 1 from the linear least-squares
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fitting shown in Figure 2b. The small error bars are the s.d.
corresponding to data obtained with five different sensors, showing
very high reproducibility. Such a high sensitivity is attributed to the
porous microstructure of the PU foam.10 The sensitivity of the
pressure sensor based on the bare MWCNTs is similar to that of
the MWCNT-PANI nanocomposite, as shown in Supplementary
Figure S7a, confirming the advantage of using porous PU foam.
Figure 2c shows the relative change in the current upon application of
300 Pa pressure; the inset indicates a short response time of 20 ms,
which is better than that for previously reported pressure sensors with
a similar design but different sensing materials.19,32 In addition, in
Figure 2d, the change in current with a continuous increase in
pressure from 0.1 to 20 kPa shows stable performance. The response
and relaxation curves for the pressure sensor over 10 000 loading/
unloading cycles under 1 kPa are shown in Figure 2e. There is no
apparent difference in the relative change in current or hysteresis
during a large number of iterations. In addition, the pressure sensor
attached to the wrist of a male graduate student detected the periodic
radial artery pulse, as depicted in Figure 2f. A typical wrist pulse signal
has two peaks in general.33 Similarly, the measured radial artery pulse
exhibits two clearly distinguishable peaks as shown in Figure 2g:
systolic and diastolic peaks marked ‘a’ and ‘b,’ respectively. Important
parameters such as reflection index (RI) and stiffness index (SI) can be

calculated as follows: (1) RI=magnitude of diastolic peak (b)/
magnitude of systolic peak (a) × 100 (%) and (2) arterial SI= subject
height (h)/transit time (ΔTDVP). Furthermore, it was reported that the
pulse pattern can be changed with health condition and age.24 DTDVP

is defined as the time delay between the systolic and diastolic peaks.18

The RI and SI are estimated to be 53% and 7.6, respectively, indicating
the healthy state of a 30-year-old man.34

Figure 3a schematically shows how the temperature can be
monitored with the fabricated MF sensor using the thermoelectric
effect. When a temperature gradient is applied to the thermoelectric
MWCNT-PANI material, electrons in the higher-temperature region
have higher kinetic energy than their Fermi level and diffuse to the
lower-temperature region, thus generating a potential difference.35

According to this thermoelectric mechanism, the output voltage
(Vtherm) of the temperature sensor is defined as V therm ¼ ST ´DT ,
where ST is the Seebeck coefficient and ΔT is the temperature gradient
on the device.10,36 As shown in Figure 3b, a linear I–V curve is
obtained when a temperature gradient is applied. Because of the
thermoelectric effect of the MWCNT-PANI nanocomposite, the I–V
curve shifts with Vtherm for a temperature difference of − 20 to 20 °C.
Figure 3c presents the measured output voltage as a function of a
temperature difference ranging from − 25 to 25 °C. The small error
bars correspond to the s.d. of data obtained from five different sensors,

Figure 2 (a) SEM images of the pressure sensor taken with increasing applied pressure. (b) Relative current change (ΔI/I0) with pressure. (c) Response curve
with an applied pressure of 300 Pa, showing a response time of 20 ms. (d) Repetitive measurements of ΔI/I0 with a sequential increase in the pressure from
0.1 to 20 kPa. (e) ΔI/I0 under loading/unloading at a pressure of 1 kPa over 10 000 cycles. (f) Measurement of real-time wrist pulse waves. (g) The pulse
waveform extracted from panel (f), showing some features essential for health monitoring. Here ΔI and I0 are the change in current with application of
pressure and the current without applied pressure, respectively.
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showing high reproducibility. The output voltage change exhibits a
linear dependence on the temperature difference. The Seebeck
coefficient (ST) is estimated to be 28.7 μV/°C− 1 (R2= 0.991) via a
linear least-squares fitting. The ST of PANI, 2.98 μV/°C− 1, is much
lower than that of the MWCNT-PANI nanocomposite, as shown in
Supplementary Figure S7b. Introduction of CNTs to PANI enhances
the electrical conductivity of the composite by facilitating the inter-
action between PANI chains and CNTs through charge transfer.12 The
temperature sensor exhibits response and relaxation times of 300 ms
and 1.2 s, respectively, for a temperature difference of 5 °C, which are
better than those of previously reported temperature sensors
(Figure 3d).10,26 The short response time is attributed to high thermal
diffusivity and low heat capacity owing to the use of the MWCNT-
PANI composite.35

The fabrication of self-powered MF sensing devices is a challenge in
the development of sustainable flexible sensors. In principle, the
pressure applied to the sensor can be measured without any additional
power supply because of the thermoelectric temperature-sensing
mechanism. Supplementary Figure S7c illustrates that both tempera-
ture and pressure can be simultaneously applied to the sensor to
achieve electrical changes in the I–V curve. Of note, the temperature
stimulation has a limited effect on the electrical resistance, and the
pressure signal shows a negligible effect on Vtherm. These properties
can be represented by the voltage and current signals upon application
of a temperature and pressure difference, respectively. A correspond-
ing current response to a fixed pressure is observed when the
temperature gradient is varied between 1 and 10 °C, as shown in
Figure 4a and b. Although the output voltage is generated owing to the
temperature gradient, the current is also generated simultaneously.
Thus, in Figure 4a, the initial current changes as the temperature
gradient varies. However, the normalized current was observed to
correspond to the value for specific pressure regardless of the

temperature gradient, as shown in Figure 4b. This finding suggests
that the signals from the MF sensors, both temperature and pressure,
are measured simultaneously without any interference. To evaluate the
self-power and simultaneous operation of the MF sensor, the current
change and the output voltage response were monitored for loading/
unloading cycles of pressure and temperature, respectively (Figure 4c
and d). The MF sensor showed reproducible current change and
output voltage in response to a fixed pressure of 1 kPa and
temperature of 20 °C. The device simultaneously recognized a slight
pressure difference between fingertip touches of ~ 15 and ~ 30 kPa and
the temperature of the fingertip (31.6 °C, Supplementary Figure S8a).
The pressure and temperature were calibrated using the pressure- and
temperature-dependent behavior of the current and output voltage,
respectively, shown in Figures 2b and 3c. Thus it was confirmed that
the temperature and pressure can be measured as dual parameters by
the generated output voltage and current, respectively, without any
interference.
Ammonia (NH3) is one of the most harmful environmental

pollutants, and exposure to large quantities of NH3 (concentrations
4300 p.p.m.) can cause serious damage to human cells, leading to
injury of the skin, eyes and respiratory tract.37 NH3 is also a natural
byproduct of various metabolic activities in the human body.38 Hence,
detection of NH3 is very important in terms of environmental and
health monitoring.
A resistor-type sensor of PU foam coated with MWCNT-PANI

nanocomposite can be used to detect NH3 by monitoring changes in
the resistance upon adsorption of NH3 molecules inside a glass tube
chamber at 25 °C. With an increase in NH3 exposure, the resistance
increases but recovers the initial value after flushing with N2 gas, as
shown in Figure 5a. Figure 5b shows the response time of 7.8 s and
recovery time of 34 s, observed under exposure to 20 p.p.m. NH3 at
room temperature, which are shorter than those for an MWCNT-

Figure 3 (a) Schematic of output voltage (Vtherm) generated owing to a temperature gradient (ΔT). (b) I–V characteristics of the temperature sensor with
variation in ΔT. (c) Vtherm vs ΔT. (d) Response curve with a temperature stimulus of 5 °C, showing a response time of 300 ms.
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based NH3 gas sensor (Supplementary Figure S9a and b). The
response and recovery times of the NH3 sensor based on the bare
MWCNTs were calculated to be 900 and 2410 s, respectively, which
are much longer than those of the sensor based on the MWCNT-
PANI nanocomposite. Further, the long recovery time of the bare
MWCNTs may be due to gas molecules entrapped in the inner tubes
of the MWCNTs and their bonding with the defects. The enhanced
sensing performance of the MWCNT-PANI nanocomposite might be
due to the combined effect of doping/de-doping of PANI and the
electron transfer between the NH3 molecules and the MWCNTs.12

NH3 molecules are electron donors and hence act as dopants of p-type
PANI. NH3 molecules adsorbed onto the surface of PANI react with
the N-H groups of PANI to form NH4

+ (NH3 ions). This increases the
resistance of the sensor by detecting the polaron of PANI. During this
reaction, PANI is converted into emeraldine (base form). The
emeraldine salt form can be recovered by desorption of the NH3

molecules upon flushing with N2. During this reversible reaction,
NH4

+ ions decompose to NH3 and a proton, and therefore, the base
resistance can be recovered, and PANI is de-doped.39,40

Supplementary Table S1 shows that the sensor performance in this
work is superior to the performance of previously reported NH3 gas
sensors based on different sensing materials. Supplementary
Figure S10 depicts the band diagram of the MWCNT-PANI

nanocomposites and corresponding electron transfer. Electrons gen-
erated by the NH3 molecules adsorbed onto PANI can be easily
transferred to MWCNTs and then to the Au electrodes according to
the energy bands.40–43

In the core–shell-type structure, where PANI is completely coated
on the surface of MWCNTs, as evident from Figure 1b, the charge
transfer between PANI and the MWCNTs is enhanced owing to the
strong interfacial affinity. The MWCNTs most likely withdraw
electrons from the reduced PANI, leading to complete recovery of
the gas sensor based on the MWCNT-PANI nanocomposite within a
short time.44

Supplementary Figure S11a shows the real-time cyclic response of
the gas sensor to 25 p.p.m. NH3 gas. The response time of the sensor
ranged from approximately 7 to 10 s with variation in the NH3

concentration, as shown in Supplementary Figure S11b. The recovery
time increased rapidly with increased exposure. As seen in Figure 5c,
the gas sensor shows a linear sensitivity to NH3 concentrations ranging
from 5 to 200 p.p.m., even considering the error bars (R2= 0.994).
Above exposure to 200 p.p.m. NH3, the sensitivity seems to be nearly
saturated regardless of the increase in concentration. The sensitivity is
a normalized change in resistance, ðRNH3 � R0Þ=R0 × 100(%) upon
exposure to NH3 gas, where RNH3 and R0 are the resistance with and
without NH3 gas, respectively. The selectivity of the sensor was

Figure 4 (a) Change in current from the MF sensor at various temperature gradients (0, 1, 5 and 10 °C) under a constant pressure of 1 kPa. (b) Current
response (ΔI/I0) of the MF sensor to various pressures under different temperature gradients (ΔT). ΔI/I0 and Vtherm of the MF sensor in response to (c)
loading/unloading cycles at a constant pressure of 1 kPa and (d) fingertip touch; T0 is an ambient temperature of 25 °C.
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measured at room temperature with the two environmentally toxic
gases NH3 and NO2 at the same concentration (25 p.p.m.). As is
clearly shown in Figure 5d, higher sensitivity to NH3 was observed.
The figure inset shows that the sensitivity to NH3 and NO2 gases was
estimated to be 46.9% and 10.2%, respectively, demonstrating
selectivity for NH3 over NO2.
Next, a stretchable bio-environmental sensor system consisting of

5× 5 MF sensors and a NH3 gas sensor was fabricated via using a
cutting machine and thermal release tape (Figure 6). The detailed
dimensions of the stretchable sensor array are depicted in
Supplementary Figure S12. For simultaneous measurement of spatially
resolved temperature and pressure mapping under deformation on the
skin, the stretchable MF sensor array was attached to the skin on the
hand. By using the mixed thin PDMS and Silbione film, strong
adhesion onto the skin is guaranteed, and the adhesiveness was
maintained with repetitive attaching/detaching cycles even after
washing in water (Supplementary Figure S13). Among adhesive
elastomers, Silbione, a commercial soft skin adhesive gel, deforms
easily to make conformal contact with non-planar surfaces due to its
viscoelasticity, which has an important role in the performance of soft
pressure-sensitive adhesives.45 Furthermore, Silbione has long been
recognized as a biocompatible and effective material for a variety of
wound and skin care applications, including wound dressing bandages
and scar treatment.46

Strain distribution on the sensor array under stretching was
analyzed using the finite element method. Commercial software,
ABAQUS, was used to model the stretchable system. The neo-
Hookean constitutive model was used for the mixture of PDMS and
Silbione substrate. An optical image of the stretchable MF sensor array
under biaxial strain of 50% is shown in Figure 6a. Figure 6b shows the
results of the finite element method simulation under the same biaxial

strain. Here the applied biaxial strain is defined as
εapplied ¼ l � l0ð Þ ´ 100=l0, where l0 and l are the lengths of a unit
module before and after stretching, respectively (Figure 6c). Under
biaxial stretching of 50%, the strain between adjacent PET films was
estimated to be 198.7% and 217.6% in the horizontal and longitudinal
directions, respectively, consistent with the experimentally measured
strain values shown in Figure 6b. Because of the stress singularity at
the interface corner between the PET film and the substrate, the strain
near the corner of the PET film was much higher than that in the
surrounding region.47

The fabricated MF sensor exhibited stable performance under 5000
repetitive biaxial stretching/releasing cycles up to 50%, as is clearly
shown in Figure 6d and e. The normalized current (I/I0) due to an
applied pressure of 5 kPa and the output voltage (Vtherm/Vtherm0) due
to a temperature change of 5 °C remained almost the same, regardless
of the applied strain. Here, I and I0 correspond to the current under
pressure after and before stretching, respectively, and Vtherm and
Vtherm0 are the output voltage after and before stretching, respectively.
Even after 5000 cycles, the variation was within 6%. These results
clearly suggest that our MF sensor on a stretchable substrate is very
stable under repetitive biaxial stretching.
The fingertip, one of the most sensitive parts of the human skin, can

distinguish temperature and pressure stimuli with high spatial
resolution.10 When a human fingertip touches a dummy fingertip
on which the fabricated sensor array is attached, the corresponding
pressure and temperature mapping can be obtained via measurement
of the normalized change in the current and output voltage,
respectively (Figure 6f). The pressure and temperature are estimated
using the pressure- and temperature-dependent behavior of the
current and output voltage, respectively, as shown in Figures 2b and
3c. The fingertip temperature measured using an infrared radiation

Figure 5 (a) Response of the sensor to various NH3 concentrations diluted in a N2 gas flow. (b) Response and recovery of the gas sensor exposed to 25 p.p.m.
NH3 at room temperature. (c) Sensitivity to variations in NH3 concentration. (d) Response and recovery of a gas sensor exposed to 25 p.p.m. NH3 (red) and
NO2 (black) gases at room temperature. The inset shows the sensitivity of a sensor to 25 p.p.m. NH3 (red) and NO2 (black) gases at room temperature.
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thermometer was 31.6 °C (Supplementary Figure S8a), which is close
to that measured by our temperature sensor, 32 °C. These results
demonstrate the excellent dual parameter sensing capability of our MF
sensor array. Furthermore, after contacting a tiny ice cube with a
contact area of 3.5 × 3.5 mm2 (4 pixels) with an MF sensor
array attached to the back of the hand, the spatially resolved
pressure (4–5 kPa) and temperature (0–5 °C) information could be
collected on a reconstructed map, as shown in Supplementary
Figure S14a.
The stretchable bio-environmental sensor array was demonstrated

by attaching it to the human wrist, as shown in Figure 6g. The
resistor-type NH3 gas sensor was electrically separated for independent
detection from the array of pressure/temperature sensors, as shown in
Supplementary Figure S15. Time-dependent changes in the normal-
ized current show the highest measured pulse pressure among the 25

sensors. The highest value at pixel (3,3) is seen in Supplementary

Figure S14b and c. In addition, as the stretchable MF sensor array was

attached to the skin as a whole, it was confirmed that the temperature

difference measured by the 25 sensors was 8± 0.04 °C. Here I0 and I,

respectively, denote the currents measured before and after the

application of pressure by a pulse. Thus the skin temperature was

estimated to be 33 °C considering the room temperature of 25 °C,

which is close to the wrist temperature of 33.4 °C measured with an

infrared radiation thermometer (Supplementary Figure S8b). With an

integrated gas sensor, hazardous NH3 gas can be successfully detected

at a concentration of 5 p.p.m. These results demonstrate the potential

application of our MF sensor array as a skin-attached device that can

simultaneously detect pressure, temperature and NH3 gas even under

deformation due to body movements.

Figure 6 (a) Optical images and (b) strain distribution of the stretchable MF sensor array upon biaxial stretching of 50%. The insets in panels (a) and (b)
show an enlarged optical image and FEM analysis. (c) Definition of applied biaxial strain on the stretchable substrate. (d) Normalized current (I/I0) and
output voltage (Vtherm/Vtherm0) under an applied pressure and temperature gradient of 5 kPa and 5 °C vs biaxial strain. Here I and I0 correspond to the current
under a pressure of 5 kPa after and before stretching, respectively. Vtherm and Vtherm0 are the output voltage at ΔT=5 °C after and before stretching,
respectively. (e) I/I0 and Vtherm/Vtherm0 as a function of stretching cycles under a strain of 50%. (f) Photograph of a wearable MF sensor array on a prosthetic
hand touching a human fingertip (left). Temperature and pressure mapping of the sensing array (right). (g) Photograph of wearable MF sensor array on wrist
(left). Plot of current, output voltage and resistance due to pulse, skin temperature and ammonia gas sensing, respectively (right). This plot was constructed
from measurements of the sensor in the (3,3) pixel.
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CONCLUSION

We have demonstrated a skin-like stretchable array of high-
performance bio-environmental sensors developed via material design
and a novel device fabrication strategy. In particular, the combination
of PU foam with a microporous structure and the MWCNT-PANI
nanocomposite with high electrical conductivity and good thermo-
electric properties enables simultaneous detection of pressure, tem-
perature and NH3 gas with high sensitivity. Furthermore, the facile
fabrication of the stretchable device facilitates application to e-skin and
skin-attachable health monitoring systems.48
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