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ABSTRACT

Flexible and wearable sensors have broad application prospects in health monitoring and artificial intelligence. Many different
single-functional sensing devices have been developed in recent years, such as pressure sensors and temperature sensors.
However, it is still a great challenge to design and fabricate tactile sensors with multiple sensing functions. Herein, we propose a
simple direct stamping method for the fabrication of multifunctional tactile sensors. It can detect pressure and temperature stimuli
signals simultaneously. This pressure/temperature sensor possesses high sensitivity (0.67 kPa™), large linear range (0.75-5
kPa), and fast response speed (15.6 ms) in pressure sensing. It also has a high temperature sensitivity (1.41%/°C) and great
linearity (0.99) for temperature sensing in the range of —30 to 30 °C. All these excellent performances indicate that this
pressure/temperature sensor has great potential in applications for artificial intelligence and health monitoring.
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1 Introduction

In recent years, flexible and wearable tactile sensors [1-5] have
attracted tremendous interest due to their great potential in health
monitoring and human-machine interaction. Many different
kinds of single functional sensors such as pressure sensors [6-15],
strain sensors [16-20], temperature sensors [21], and humidity
sensors [22] have been reported recently. Based on the fast
development of single functional sensors, more and more
attention has shifted to the fabrication of multifunctional sensors
which can measure more than one kind of stimuli [23]. Since
pressure sensing and temperature sensing are two of the most
important functions of human skin, multifunctional sensors
which can detect pressure and temperature signals simultaneously
have been widely studied and have much significant progress.
Pressure/temperature sensors can be divided into two classes:
One is that a single sensor has both pressure and temperature
sensing functions [24-27] and the other is a single device
assembled by pressure sensing and temperature sensing elements
[28,29]. For the first type, for instance, porous carbon and
polydimethylsiloxane (PDMS) composite-based sensors can
realize pressure sensing and temperature sensing in a single sensor
[30]. More multifunctional sensors are the second type, which was
designed and fabricated by vertically stacking pressure sensors and
temperature sensors [31,32]. In both multifunctional sensors,
when measuring both pressure stimuli and temperature stimuli in
one sensor, the coupling and distinguishing of two signals is

critical and challenging. It is hard to measure and identify two
input signals by a single output. Therefore, to avoid the
interference of stimuli, multifunctional sensing devices were
usually fabricated by integrating different sensors in one device.
However, the integration process of two or more sensors is
complicated and the multifunctional sensing devices fabricated by
this stacking strategy were usually too thick for electronic skin
application. Although great efforts have been made in
multifunctional sensors, the coupling of different stimuli and the
complicated integration technologies are still impeding the
development of multifunctional sensors.

Generally, the performance of the sensor depends on the
structure and sensitive layer, which transforms the stimuli into an
electrical signal. Recently, many methods have been developed for
the fabrication of conductive sensitive layers. For example, after
dispersing conductive nanomaterials in organic solutions, a
conductive sensitive layer film can be easily fabricated on polymer
substrates by dip-coating [33,34], spin-coating [35-37], direct
printing technology [38-41], etc. However, the dispersion process
of conductive materials will cause damage to their structure and
change in properties. Therefore, it is necessary to develop some
dry fabrication processes for the fabrication of conductive sensitive
layers for multifunctional tactile sensors.

Stamp, similar to typography technology, has been widely used
in official documents for thousands of years. During the stamping
process, the seal adsorbs and transfers liquid ink onto the target
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substrate. Afterward, the pattern will be printed on the substrate.
Herein, inspired by the stamp, a versatile dry transfer
method was developed to fabricate pressure/temperature
sensors, which can sense pressure stimuli and temperature
stimuli through different electrodes in a signal device.
By directly stamping carbon nanotube (CNT) and spin coating
poly(3,4-ethylenedioxythiophene):poly(4-styrenesulfonate)
(PEDOT:PSS) onto Ecoflex substrate, we can fabricate a
conductive sensitive layer with high efficiency and low cost for the
tactile sensors. The sensor possesses high sensitivity (0.67 kPa™)
for pressure sensing. It also shows a high temperature coefficient
of resistance (TCR), which is suitable for high sensitivity
temperature sensors (1.41%/°C). Besides, the sensor possesses
great stability (5,000 cycles) and a fast response speed (15.6 ms) in
pressure sensing. Potential applications in rapid mouse click
monitoring, pressure mapping, and tiny pressure detection are
demonstrated, which indicates the application prospect of our
pressure/temperature sensor.

2 Experimental section

2.1 Fabrication of CNT film

The CNT sponge was synthesized by chemical vapor deposition as
reported in our previous work [42]. The micro-structured Ecoflex
substrate was fabricated by mixing the A and B components (with
volume ratio 1:1) of silicone rubber gel (Smooth-On, Ecoflex 00-
30). The liquid state Ecoflex was poured and coated on the surface
of silicon carbide sandpaper. After curing at room temperature for
24 h, the micro-structured Ecoflex substrate, with a thickness of
300 pm, can be separated from the sandpaper. The CNT film was
transferred to the substrate by a home-made stamping system.

2.2 Fabrication of pressure/temperature sensor

PEDOT:PSS was transferred to the CNT film by spin coating to
form a PEDOT:PSS/CNT conductive layer. The anodic aluminum
oxide (AAO) membranes with a thickness of 1.0 pm were
obtained from Top-membranes Technology Co., Ltd. CNT film,
AAO membranes, and PEDOT:PSS/CNT thin film was then
stacked and assembled to fabricate a sandwich structure
pressure/temperature sensor.

2.3 Device characterization

Scanning electron microscopy (SEM) images of CNT film and
pressure/temperature sensor were characterized using a Hitachi S-
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4800 field emission scanning electron microscope. Optical
microscopy images were captured using a Carl Zeiss Axio CSM
700 confocal light microscope. The electrical properties of the
pressure/temperature sensor were measured by a Keithley 2400
digital multi-meter at a test voltage of 0.1 V. The performance of
the pressure/temperature sensor was characterized by a home-
made system consisting of a force gauge (Mark 1-, M5-025) and a
programmable linear stage (Zolix, TSA100). The temperature
response performance was mainly characterized at room
temperature (20 °C).

3 Results and discussion

The fabricating process of the CNT conductive film is illustrated
in Fig. 1(a). A porous CNT sponge was mounted on a force meter,
which can move in the vertical direction. The Ecoflex substrate
was attached to the conveyor which can move in the horizontal
direction. First, the target area of the Ecoflex substrate was
transferred by the conveyor to the printing area under the CNT
sponge. After that, the CNT sponge (served as both seal and ink)
was pressed on the substrate under a pressure of 100 kPa. Since
the adhesion interaction between the Ecoflex substrate and the
CNT sponge was stronger than the interaction between the
nanotubes, after separation, a layer of CNT film was left on the
surface of the Ecoflex substrate. Due to its abundant polar groups,
the Ecoflex substrate exhibits strong adhesive characteristics to
CNTs, which enable various interactions at the interface of
substrate and CNTs, including van der Waals, and electrostatic
interactions [43]. The prepared CNT film is very uniform
throughout the stamp range, similar to the stamp by a stone seal
with the words of “SYSU” (inset of Fig. 1(a)). The morphology
and sheet resistance of the CNT films fabricated by the same
parameters are relatively consistent, as reported in our previous
work [43]. By adjusting the stamping pressure, we can control the
performance and thickness of the transferred CNT film. With the
increase of stamp pressure, the thickness of the CNT film will be
increased, resulting in a decrease in sheet resistance and
transmittance [43]. This CNT film preparing method is simple,
high-efficiency, eco-friendly and energy-saving, which makes it
suitable for continuous fabrication in mass. For example, the
continuous fabricating system (Fig. 1(b)), which consists of two
programmable linear motors for moving substrate and CNT seal,
and a force meter for controlling the pressure, can prepare several
CNT films in just one minute.

Because CNT sponge has a porous structure and a very low

Forcemeter
CNT ﬁlm CNT seal JII

Y I YYD 4

Figure1 Schematic illustration of the fabricating process and characterization of as-prepared CNT films. (a) Schematic illustration of the stamping system (inset:
photographs of the CNT seal and stone seal). (b) Photograph of the home-made continuous stamping system and as-prepared CNT films. (c) SEM image of CNT
sponge seal. (d) SEM image of the fabricated CNT film on smooth Ecoflex substrate. (e) SEM image of the fabricated CNT film on rough Ecoflex substrate.
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density, the van der Waals’ interaction between the individual
carbon nanotube is weak, which makes it easier to transfer the
CNT from the bulk material to the substrate. The microstructure
of the CNT sponge was characterized by SEM, as shown in
Fig. 1(c). It shows that the CNT in the sponge self-assembled into
a porous and interconnected framework. The length of the CNT
reaches several hundred microns. This characteristic ensures that
the transferred CNT film has a homogeneous network structure.
As shown in the SEM image (Fig. 1(d)), after being transferred
onto a flat Ecoflex substrate, the CNT network is continuous and
uniform. The thickness of the CNT film is about tens of
nanometers. Since it is on a flexible Ecoflex substrate, it is difficult
to accurately determine its thickness. By this direct dry transfer
technology, we can also transfer CNT film to a target substrate
with a rough surface or micro-structured surface. For example, we
have fabricated a surface micro-structured Ecoflex substrate by
using commercialized sandpaper as a template. After the direct
dry stamping process, a uniform CNT network can be transferred
to this substrate (Fig. 1(e)).

With this continuous CNT film direct fabrication technology,
we have designed and fabricated a multifunctional sensor, which
can measure pressure and temperature simultaneously. The
fabricating process of this multifunctional sensor is illustrated in
Fig. S1 in the Electronic Supplementary Material (ESM). First, by
using a piece of sandpaper as a template, an Ecoflex substrate with
Gaussian distribution surface microstructure was fabricated. Then,
a layer of CNT film was transferred to the Ecoflex substrate by the
dry stamping method. The CNT/Ecoflex film was served as one of
the electrodes in the pressure/temperature sensor. By spin
coating PEDOT:PSS on another CNT/Ecoflex film, a
PEDOT:PSS/CNT/Ecoflex composite film was fabricated and
served as the other electrode for the sensor. Since the
PEDOT:PSS/CNT film possesses a much larger temperature
coefficient, it could serve as a temperature sensing material as well.
Then, a layer of AAO membrane was then transferred between
two electrodes for isolating the electrodes by polymethyl
methacrylate (PMMA)-assisted method [44]. Finally, silver wires
were connected on both ends of the CNT electrode and
PEDOT:PSS/CNT electrode to form a sandwich structure
pressure/temperature sensor.

The structure of the pressure/temperature sensor is
schematically illustrated in Fig.2(a). The AAO membrane with
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microholes is served as a blocking layer. The CNT electrode and
PEDOT:PSS/CNT electrodes are separated by the blocking layer
to avoid initial current in order to save energy and improve the
sensitivity. The equivalent circuit is shown in Fig 2(b). By
monitoring the resistance of the PEDOT:PSS/CNT layer between
electrode In; and Out;, we can measure the temperature signal.
On the other hand, the resistance R. between In, and Out,
depends on the applied pressure. The working mechanism of the
pressure sensor is illustrated in Fig. 2(c). Two layers of electrodes
are separated by the AAO membrane before pressing the sensor.
When the pressure is applied, the electrodes will be compressed
and deformed. Connections between two layers of the electrode
will form and current will flow through the microholes of the
AAO membrane. With the increasing applied pressure, the
contact area between two electrodes will be enlarged and the
current will increase simultaneously. The surface microstructure
of Ecoflex substrate before and after the CNT film transferred is
demonstrated in Fig. 2(d) and Fig. S2 in the ESM. As shown in the
SEM images, the height profile of the Ecoflex substrate follows the
Gaussian distribution which can largely extend the linear range of
the pressure sensor. Some recent papers also confirmed that the
linearity of the pressure sensor can be improved by introducing
the surface microstructure [2]. The SEM images (Figs. S2(c) and
S2(d) in the ESM) show that CNT can completely follow the
surface microstructure of the Ecoflex substrate. The AAO
membrane can completely cover the CNT film and be supported
by the cone of the microstructured substrate, as shown in the right
half of Fig.2(e). The diameter of the micro-holes in the AAO
membrane is about 300 nm, as shown in Fig. 2(f), and Figs. S2(e)
and S2(f) in the ESM.

Figure 3(a) shows the current response of the
pressure/temperature sensor under an applied pressure up to 12
kPa. As the pressure increases, the response current increases
nearly linearly. As shown in the inset of Fig.3(a), under the
applied pressure range from 075 to 5 kPa, the
pressure/temperature sensor sustains excellent linearity (the R’
coefficient is 0.98). The gauge factor of pressure sensing is 0.67
kPa™ in the pressure range of 0.75-5 kPa (Fig. 3(a)). The wide
pressure operating range and high sensitivity of the sensors benefit
from the special surface structure of the electrodes and the
sandwich structure of the sensors. The surface Gaussian
distribution microstructure of the electrodes can effectively extend
the linear range of pressure sensing. According to the working

b IAM o8
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Ecoflex Il PEDOT:PSS/CNT
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Figure2 Schematic illustration of the working mechanism and characterization of pressure/temperature sensors. (a) Schematic illustration of pressure/temperature
sensor structure. (b) Equivalent circuit of the sensor. (c) Schematic illustration of the working mechanism of pressure sensing. (d) Optical image of CNT film on
Ecoflex substrate with surface microstructure. () Optical image of CNT film on Ecoflex substrate partially covered with AAO (right half). (f) SEM image of AAO

membrane.
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Figure 3 Characterization of the pressure sensing properties of the pressure/temperature sensor. (a) The current response of the sensor verse applied pressure. (b) The
current response verse step increased pressure from 0 to 3 kPa. (c) Current—pressure response time of the sensor in pressure sensing. (d) Dynamic current responses
under different pressures from 1 to 10 kPa. () Response stability under 7 kPa pressure in 5,000 cycles.

mechanism of the pressure sensors, we believe that its linear
working range can be further improved by using an AAO
membrane with no-uniform pores. For the sensor, the insulated
AAO blocking layer can avoid conduction between the top and
bottom electrodes in the “off” state of the pressure sensor, which
could enhance the operating sensitivity. Furthermore, the sensor
can measure small changes of applied pressure precisely. As
shown in Fig. 3(b), the current response of the sensor can reflect
the step change of applied pressure, which possesses great stability
in three cycles. The response current of the sensor in Fig. 3(b) is
slightly higher than that of Fig. 3(a) at the same pressure. This may
be due to the samples prepared in different batches, resulting in
some differences in performance. Besides, the sensor can measure
the dynamic pressure signal, and the response time of the sensor is
about 15.6 ms (Fig. 3(c)), which is comparable to the pressure
sensor based on gold nanowires (17 ms) [45]. The current
responses of the sensors under pressure ranging from 1 to 10 kPa
under different pressures are easy to be distinguished and the
current response of repeated cycles under the same pressure is
consistent, as shown in Fig. 3(d). This sensor has good stability
under both the low (750 Pa) and high (12 kPa) pressure ranges
(Fig. S3 in the ESM). To further examine the long-term stability of
the sensor in pressure sensing, the sensor has been run a 5,000
loading and unloading cycle test under the maximum applied
pressure of 7 kPa. The current response of 5,000 cycles shows
nearly no damping, as shown in Fig. 3(e).

Apart from pressure sensing, the temperature sensing
characteristic of the pressure/temperature sensor is showed in
Fig. 4(a). By using PEDOT:PSS/CNT composite as the sensitive
layer, the sensor can measure a temperature ranging from -50 to
150 °C. In temperatures ranging from —30 to 30 °C, the relative
resistance is nearly linear to temperature. The temperature
sensitivity and linearity in this temperature range are 1.41%/°C
and 0.99, respectively (inset of Fig.4(a)). The temperature
sensitivity of the sensors was calculated by the following equation:
S = 8(AR/R,)/ST, where AR is the resistance change from Out, of
the sensor under temperature; R, is the resistance of the sensor at
room temperature (20 °C), and T is the test temperature. The
temperature sensitivity of the sensor at a temperature ranging
from —50 to 150 °C is demonstrated in Fig. S4 in the ESM. These
results show that the PEDOT:PSS/CNT composite has a negative
temperature coefficient (NTC), which was also reported in several
other papers [31,32,46]. For comparison, we have fabricated
some temperature sensors by using CNT, PEDOT:PSS, and
PEDOT:PSS/CNT as electrodes, respectively. The temperature
sensitivities of CNT, PEDOT:PSS, and PEDOT:PSS/CNT are
0.04%/°C, 0.24%/°C, and 0.50%/°C, respectively (Fig.4(b)). It
shows that CNT and PEDOT:PSS are both negative temperature
coefficient materials. After compounding, PEDOT:PSS/CNT
composite has a larger temperature coefficient than both CNT and
PEDOT:PSS, which is likely because of the potential electron
hopping at the PEDOT:PSS/CNT interface [47].
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Figure4 Characterization of temperature sensing properties of the sensor. (a) Relative resistance response of pressure/temperature sensor verse temperature. (b) The
relative resistance change of the sensor with CNT, PEDOT:PSS, and PEDOT:PSS/CNT electrodes, respectively. (c) Relative resistance response of pressure/temperature
sensor in 3 cycles from 20 to 40, 80, and 120 °C. (d) Relative resistance response in 10 heating and cooling cycles. () The relative resistance change of
pressure/temperature sensor during a brief contact (2 s) with a glass of hot water. (f) Comparison of temperature sensitivity and working range between our

pressure/temperature sensor and the recently reported temperature sensors.

The results of the cycle test of the sensors under the
temperature varying from 20 to 40 °C, 20 to 80 °C, and 20 to 120
°C indicate that the sensors also have high stability for temperature
sensing (Fig.4(c)). The I/V curves of the pressure/temperature
sensor are linear at 20, 40, 80, and 120 °C (Fig. S5 in the ESM).
The most common temperature of electronic skin application is
about 20-30 °C, which makes it important to improve the
sensitivity and linearity of temperature sensors in this range. The
relative resistance response of the sensor in temperature ranging
from 20 to 30 °C is shown in Fig. 4(d). The temperature sensitivity
in this temperature range is about 0.8 %/°C, which is high enough
for practical application. It further shows that the sensor has high
stability for temperature sensing. We can measure the temperature
of any object in the detection range by using this sensor.
Figure 4(e) shows the resistance change of the sensor during a
short contact (2 s) with different temperatures of hot water. The
resistance changing rate depends on the temperature. As shown in
Fig. 4(e), when contacting with 50 °C hot water, the resistance
decreases 2 Q/s. When contacting with 44 °C hot water, the
resistance decreased by 1.2 Q/s. These indicate that the sensors
have a fast response to temperature changes. The temperature
sensitivity of our sensor is compared with other temperature
sensors, as illustrated in Fig. 4(f). It shows that our sensor
possesses high sensitivity compared with temperature sensors
based on other materials such as Au nanoparticle (AuNP) [48], Pt
[49], Ni fibers [50], graphene/PEDOT:PSS [46], PEDOT:PSS [31],
CNT [31], reduced graphene oxide (rGO) [25], and CNT/Ag
nanoparticle (AgNP) [32].
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The high sensitivity pressure/temperature sensors can be used
in flexible electronics and human-machine interaction for pressure
and temperature monitoring. For example, a hand holds a beaker
with hot water, and four pressure/temperature sensors have been
mounted on different fingertips (Fig. 5(a)). These sensors can
sense the pressure stimuli and temperature stimuli simultaneously.
The performance of these sensors under different pressures and
temperatures is shown in Fig. 5(b). It indicates that the response
current increases with increasing temperature and pressure. At the
same temperature (40 °C), the current at a pressure of 8 kPa is
eight times that at a pressure of 2 kPa. At the same pressure (2
kPa), the current is 49.9 pA at 80 °C, but the current is only 6.2 pA
at 40 °C. These further indicate that the sensor has a high
resolution for pressure and temperature stimuli. Theoretically, we
can decouple the temperature and pressure stimuli through only
one output response current signal by calibrating the current value
as well as the change rate of current with pressure. As shown in
Fig.5(c), the pressure/temperature sensor can detect a tiny
pressure such as the gravity of a soybean. Besides, the current
response is different if the temperature changes from 20 to 40 °C.
Since the sensor has a fast response speed, it can distinguish the
double click of the mouse (Fig. 5(d)). The time interval between
two times of mouse clicks in this test is about 160 ms, which has
reached the limit of finger movement. Furthermore, by this direct
stamping method, we can use a copper mask to fabricate
PEDOT:PSS/CNT strips for the sensor matrix. We have
constructed a pressure sensing array that can measure the pressure
distribution in high resolution (2.5 mm?) (Fig. 5(e)). It can also
detect both the magnitude and the position of applied pressure,
which is useful in the touch panel (Fig. 5(f)).

@ Springer | www.editorialmanager.com/nare/default.asp
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Figure5 Several applications of the pressure/temperature sensor. (a) Photograph of the pressure/temperature sensors. (b) The current responses of the
pressure/temperature sensor under different pressures and temperatures. (c) The current responses to soya bean under different temperatures. (d) The current
response to rapid mechanical stimulation signal (mouse clicks). (e) The current response of the sensor array corresponding to the pressure distribution. (f) The current

response of sensor array under single-point applied pressure of 2 mN.

4 Conclusions

In summary, by direct stamping method, we have fabricated a
multifunctional sensor, which can measure pressure and
temperature simultaneously. This sensor possesses high sensitivity
in both pressure sensing (0.67 kPa") and temperature sensing
(1.41%/°C). Besides, the stability of our pressure/temperature
sensor in 5,000 cycles is excellent. This pressure/temperature
sensor can detect and measure tiny pressure stimuli and
temperature variations. It suggests that our sensor will have great
potential applications in flexible electronic devices.
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