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ABSTRACT: Pressure sensors should have an excellent
sensitivity in the range of 0−20 kPa when applied in
wearable applications. Traditional pressure sensors cannot
achieve both a high sensitivity and a large working range
simultaneously, which results in their limited applications in
wearable fields. There is an urgent need to develop a
pressure sensor to make a breakthrough in both sensitivity
and working range. In this paper, a graphene-paper pressure
sensor that shows excellent performance in the range of 0−
20 kPa is proposed. Compared to most reported graphene
pressure sensors, this work realizes the optimization of
sensitivity and working range, which is especially suitable for wearable applications. We also demonstrate that the pressure
sensor can be applied in pulse detection, respiratory detection, voice recognition, as well as various intense motion
detections. This graphene-paper pressure sensor will have great potentials for smart wearable devices to achieve health
monitoring and motion detection.
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In recent years, as the application of pressure sensors in
wearable devices and electronic skins becomes more and
more widespread,1−5 the development of flexible pressure

sensors has attracted a lot of researchers’ interests due to their
flexibility, light weight, easy processing, low cost, and so on.6−8

Since the past few years, various materials have been chosen to
realize the optimized performance of the pressure sensors.
Some researchers have demonstrated that polymers incorpo-
rated with carbon nanotubes (CNTs),9−14 graphene nano-
sheets,15 gold nanowires,16 metal nanoparticles,17−19 and
graphite particles20 show significant piezoresistive performance.
In addition, conductive porous sponges or foams,21−23 silk,24

etc., which are combined with graphene or CNTs, can also be
considered excellent alternative materials for pressure sensors.
Although the structures and the sensing materials of these
sensors are different, the sensing mechanism is similar. The
contact area of the sensing material will change when pressure
is applied, which will result in the change of the electrical
property. Pan et al. achieved a particularly high sensitivity of
133.1 kPa−1 with a pressure sensor based on an elastic
microstructured thin polypyrrole film.25 Tian et al. realized a
pressure sensor with a large working range of 113 kPa based on
face-to-face foam-like laser-scribed graphene.26 Ge et al. studied
the graphene pressure sensor with polyurethane (PU) sponge

as the substrate, and the sensitivity reached 0.26 and 0.03 kPa−1

in the range of 0−3 and 3−10 kPa, respectively.21 The air gap
(porous structure) is a key part for these sensors, which can
greatly improve the performance of the pressure sensor.
However, the design of an air gap still relies on a complicated
fabrication process, which will increase the fabrication cost and
sample-to-sample variation. A pressure sensor with excellent
performance should possess a large pressure range, a high
sensitivity, a long durability, and a good repeatability. However,
a problem reveals from the above pressure sensors that a sensor
with a large pressure range usually has a poor sensitivity, so the
weak pressure cannot be detected. When the sensor has a high
sensitivity, it can only measure the pressure under a very small
range. This situation limits their applications to a large extent.
When a person walks, his pressure on the ground is less than 20
kPa. Therefore, it is of great necessity to develop such kinds of
pressure sensors that possess a high sensitivity and a large range
(up to 20 kPa) at the same time to expand the application of
pressure sensors in smart wearable devices and meet the various
demands under different occasions.
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Recently, paper-based electronic devices have drawn a wide
range of attention in academia for their various advantages that
other materials do not have. For instance, they are easily
available and renewable at a very low cost.27,28 In contrast to
other substrate materials such as silicon, the fabrication method
of paper substrates is much simpler. However, paper also has
better mechanical flexibility so it is more appropriate for the
fabrication of flexible sensors.29 With the addition of graphene,
carbon nanotubes, or organic materials, the electrical and
mechanical properties of paper can be improved greatly, and its
application has been expanded greatly. Up to now, a chemical
gas sensor which can respond to varying concentration of
NH3

30 and a glucose biosensor for the electrochemical
detection of glucose in a two-electrode configuration31 have
been developed. Moreover, various applications utilizing paper
such as diodes,32,33 transistors,34 energy storage devices,35−37

antennas,28 and on-paper electronic circuits38 have been
developed, all of which will be more and more widely
employed in the foreseeable future for their excellent
performance. In view of the porous structure and good
elasticity of paper, it is expected to be a good alternative to
improve the performance of the pressure sensor. However,
paper-based pressure sensors with high performance are rarely
studied. Therefore, our high-performance pressure sensor based
on paper substrate is of great research value in artificial skins
and wearable electronic devices.
In this paper, we propose a paper-based high-performance

pressure sensor. We mix the tissue paper with the graphene
oxide (GO) solution to obtain a GO paper. The GO paper can
be reduced in the drying oven for several hours of heat. This
method not only can improve the electrical conductivity
significantly but also is simple and easy to operate, which shows
a great potential for large-scale production of graphene
materials. We explore the number of layers of tissue paper’s
effect on the sensitivity of the pressure sensor. The testing
results show that the performance of the pressure sensor based
on tissue paper has been improved greatly with pressure ranges
from 0 to 20 kPa and a sensitivity of up to 17.2 kPa−1.
Moreover, the paper-based pressure sensor can realize the
measurement of wrist pulse, speaking, breathing, and motion
states. Compared to the mentioned pressure sensors researched
previously, it has obvious advantages in achieving an ultrahigh
sensitivity within an enough working range that can better meet
the requirements in detection of human physiological activities.
Therefore, the paper-based pressure sensor will have great
potential in the field of smart skin, healthcare, and wearable
devices.

RESULTS AND DISCUSSION
The fabrication process is demonstrated in Figure 1a. We cut
the tissue paper into squares and leave them to soak in the GO
solution. Then with thermal reduction method, the samples are
transformed into reduced GO (rGO) paper. Finally, after
electrode connection and encapsulation, the graphene pressure
sensors with paper substrate are obtained. Figure 1b,c shows
the photos of the pressure sensor, and it shows an excellent
flexibility.
The optical image of reduced GO paper is shown in Figure

2a, and the porous structure of paper can be obviously
observed. For further analysis of the structure and surface
topography of the pressure sensors, we perform scanning
electron microscopy (SEM) at different magnifications. The
SEM photos are shown in Figure 2b−d. It can be noticed that

the paper fibers are overlapped together, and the paper is full of
obvious holes. In addition, we can see that the tissue paper is
corrugated, and there are many folds and collapses from the
cross-section image.
To evaluate the performance of the pressure sensors, we set

up an experimental testing platform composed of a Shimadzu
AGS-X and Keithley 2400 universal testing machine. The
measurement results are as follows in Figure 3. The calculation
of sensitivity is based on the formula S = (Δ(δR)/δR)/ΔP,
where δR = ΔR/R, which refers to the relative resistance
change, and ΔP refers to the change of pressure. The sensitivity
is defined as S1 in the small pressure range (0 to 2 kPa) and S2
in the large pressure range (2 to 20 kPa). From Figure 3a, we
can see that the tissue paper pressure sensors have a very high
sensitivity, and with the increase of pressure, their sensitivity
will gradually decline. There are significant differences in the
performance with different layers. As the number of layers
increases, the sensitivity will rise in the small range and fall in
the large range. So the sensitivity of the eight-layer sensor is
highest with the value 17.2 kPa−1 in the range of 0−2 kPa, and

Figure 1. (a) Process of the graphene-based pressure sensors with
paper substrate. (b) Photo of pressure sensor encapsulated with PI.
(c) Bent sensor showing good flexibility.

Figure 2. (a) Tissue paper with rGO. (b) SEM photo of the tissue
paper sensor at low magnification. (c) SEM photo of the tissue
paper sensor at high magnification. (d) Cross-section photo of the
tissue paper sensor.
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the one-layer sensor is highest in the range of 2−20 kPa with
the value 0.1 kPa−1. The sensitivity of the five-layer sensor in
these two ranges, respectively, is 16.2 and 0.02 kPa−1.
Compared to the performances of the pressure sensors
previously researched that are listed in Table S1, it can be
found that the tissue paper sensor achieves an ultrahigh
sensitivity in a relatively large range.
The reason for the significant differences in the performance

of the different layers of tissue paper pressure sensors is due to
the fact that tiny folds on the surface of the paper result in air
gaps between layers. The existence of air gaps results in the
poor contact between layers, leading to a large origin resistance
when no pressure is put on the sensor. Once pressure is applied
on the sensor, the air gaps will disappear even if the pressure is
very small, and the contact area between paper layers will
increase largely. The resistance of the pressure sensor decreases
rapidly. Therefore, with the increase of the paper layers, the
sensitivity of the pressure sensor in the small pressure range will
significantly increase; because the multilayer tissue paper
graphene pressure sensor has a very large resistance, the
relative resistance change will be less after the air gaps
disappear. So, the sensitivity of the multilayer pressure sensor is
lower compared to that of the single-layer one in the large
pressure range. For the single-layer pressure sensor, its
resistance variation relies mainly on the increase in the contact
area between the paper fibers. However, when under pressure,
the increase in the contact area of the paper fibers is limited;
therefore, the sensitivity of single-layer pressure sensors is
relatively low.
To further explore different paper substrates and analyze the

effects that paper types have on the performances of paper
pressure sensors, we also tested the pressure sensors with a
filter paper substrate and compared the results with the tissue
paper, as shown in Figure S1 in Supporting Information. The
sensitivity value of the five-layer filter paper sensor is 7.4 and
0.1 kPa−1. We found that the tissue paper sensors have
obviously better performance than filter papers in the small
range. The SEM photos in Figure S2 show that the filter paper
is quite flat and dense. There are less holes compared with the
surface of tissue paper, and the situation is similar in the cross-

section photo. From the above analysis, we can deduce that the
relative low sensitivity of the filter paper pressure sensor is
attributed to the fact that air gaps cannot form between
different layers because of its dense structure, strong rigidity,
and high flatness of its surface.
With the Sensofar 3D optical profiler, we obtained the 2D

view and 3D topography of both pressure sensors from Figure
S3. It can be seen from the 3D view that the surface fluctuation
range of tissue paper is from −37.5 to 37.5 μm, whereas the
range of filter paper is only from −25.9 to 25.9 μm, which
indicates that the fluctuation degree of tissue paper is larger and
the surface roughness is greater. In the 2D views, the blue zone
represents the valley and red zone represents the peak. The 2D
view of the tissue paper shows that both the dark blue and dark
red areas are larger than the filter paper, which also indicates
the difference of structure between these two kinds of paper.
The illustration of these photos is consistent with the SEM
image results. On the one hand, the tissue paper has a relatively
rougher surface; on the other hand, it has a structure with more
holes. Therefore, under pressure, the contact area of tissue
paper will increase greatly, resulting in the sharper decline of
resistance.
Moreover, we also make a measurement of the response time

of the two kinds of pressure sensors. The test results are shown
in Figure 3b,c and Figure S4. Under the pressure of 20 kPa, the
response time and recovery time of the tissue-paper-based
pressure sensors are 120 and 60 ms, and the filter-paper-based
ones are 75 and 45 ms. The response speed of the filter paper
sensor is enhanced about 1/3 compared to that of the tissue
paper sensor. So the filter paper pressure sensor is more
advantageous when the stress changes rapidly, whereas the
tissue paper sensor is more practical to detect weak pressure in
consideration of its higher sensitivity.
According to the above analysis, the air gaps between

different layers play a key role in maintaining its high sensitivity.
In order to research whether the air gaps can stabilize under
repeated pressure, it is necessary to test its response and
repeatability characteristics. We perform a test on the eight-
layer tissue pressure sensor under different pressure values of
400, 600, 2500, and 20000 Pa. The result is shown in Figure 3d.

Figure 3. (a) Change of resistance with pressure increases for graphene-based sensor with one, five, and eight layers of tissue paper. (b)
Response time of tissue paper pressure sensor. (c) Recovery time of tissue paper pressure sensor. (d) Response test of graphene pressure
sensor at different pressure. (e) Test of repeatability characteristics of 300 cycles. (f) Enlarged image of (e).
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Under each pressure, the sensor has a good and stable
response, and the relative change in resistance of the sensor
increases significantly over the small pressure range. Therefore,
this kind of graphene pressure sensor is particularly suitable for
detection devices where high sensitivity is required. Figure 3e
shows the repeatability testing result of tissue paper pressure
sensors of 300 cycles under a small range (300−800 Pa) and a
large range (2000−10000 Pa). The enlarged view shown in
Figure 3f illustrates that the graphene pressure sensor has good
reproducibility under both pressure ranges, which means that
the air gaps can still exist stably under repeated pressure and do
not cause the gradual degradation of the pressure sensor’s
performance. In addition, we test the sample-to-sample
variation, which is shown in Figure S5 in the Supporting
Information. The variation will decrease with the increasing
pressure. Moreover, the hysteresis of the pressure sensor is also
an important characteristic. From Figure S6, we can see that the
single-layer sensor has a lower hysteresis compared with that of
the multilayer sensor. The hysteresis of the multilayer sensor is
mainly caused by the existence of air gaps between graphene
paper.
We can see that the sensitivity of the multilayer paper-based

graphene pressure sensor is higher than that of the single-layer
ones. In order to analyze this phenomenon, we established two
randomly distributed models. As shown in Figure 4a, for a
single-layer sensor, we use a random distribution model to
represent paper fibers. In the simulation, we build a lot of
points and the conductivity of each point is σ. When two points

are overlapped, the conductivity of the overlapped part is 2σ.
When three points are overlapped, the conductivity of the
overlapped part is 3σ. The rest can be done in the same
manner. When the pressure is applied, the overlapped part will
be changed and then the resistance will also be changed. In
addition, we increase the thickness of the model to a simulate
multilayer sensor and introduce layered white holes in the
model to represent the air gaps between different layers. The
simulation result shown in Figure 4b means that the sensitivity
of the multilayer model is higher than that of the single-layer
device. The theoretical results are in agreement with the
experimental results. It is proven that the sensitivity can be
improved by the existence of air gaps.
In consideration of the high sensitivity, large measuring

range, excellent response, and repeatability properties of the
pressure sensors we proposed, they can be applied in many
fields. Our tests indicate that the pressure sensors can be used
either to detect weak stress such as voice recognition,
respiration, and wrist pulse or to sense intense exercise. First,
as displayed in Figure 5a, the graphene pressure sensor is fixed
to the tester’s wrist with PI tape, and it has a good response to
the pulse beat. We know from the testing curve in Figure 5b
that the pulse rate is approximately 70 times/min, which is
close to the normal level. The graphene pressure sensor can
also be used for the measurement of respiration rate. In Figure
5c, the tester wears a transparent mask with the graphene
pressure sensor fixed in it, and the gas pressure produced by
each breath will increase the resistance of the pressure sensor.

Figure 4. (a) Models of multilayer and single-layer paper-based pressure sensors. (b) Comparison of the simulation results of the multilayer
model and single-layer model.

Figure 5. (a) Application for wrist pulse detection. (b) Pulse waveform of the tester. (c) Application for respiration detection. (d) Response
curves for breathing before and after exercise. (e−h) Response curves for the tester’s movements of jumping, push-ups, squatting, walking,
and running in a motion monitoring test.
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The results in Figure 5d demonstrate that the tester’s
respiration rate is about 16 times/min before exercise and 68
times/min after exercise. The tested rate conforms to the
practical level. From a medical point of view, breathing state
and pulse rate are important health indicators of the body,
which can reflect the health level, especially for some patients
suffering from asthma, heart attack, or other diseases. Through
the pressure sensor we used, the real-time detection of health
status can be achieved, and it can help to monitor some
respiratory and heart diseases and is of great significance in the
field of wearable medical health.
The graphene pressure sensor is also quite effective for

detection of violent pressure changes. The graphene pressure
sensor is placed in the tester’s soles and palm of the hand, and
the motion signals can be tested. Figure 5e−h shows the
response curves of the graphene pressure sensor to the tester’s
movements of jumping, push-ups, squatting, walking, and
running. It can be seen that the response waveforms of each
motion are characteristic, stable, repetitive, and easy to
distinguish. If combined with a machine learning algorithm
and other technologies, it will be possible for graphene pressure
sensors to achieve gait recognition, motion monitoring, and
other functions. They hold great application promise in the
fields of medical health, wearable electronic devices, and smart
robot development.
Furthermore, as shown in Figure S7, the graphene pressure

sensor is applied to the throat of the tester to detect the
vibration signal of vocal cords when the tester is speaking. The
three figures exhibit the resistance−time curves when saying
“graphene”, “hello”, and “sensor”. We can see that the curves
corresponding to different words are apparently distinct from
each other. There are more obvious differences in the details of
the curves compared with other pressure sensors researched
before, so we expect to achieve more accurate voice
recognition. In addition, with each word pronounced four
times, the response curve of the pressure sensor is basically the
same. We can draw a conclusion that the repeatability is pretty
good.

CONCLUSION
In conclusion, the graphene-paper pressure sensor we proposed
in this paper demonstrates both excellent sensitivity and large
working range. The pressure sensor has significant performance
with the pressure range of 20 kPa and ultrahigh sensitivity of
17.2 kPa−1 (0−2 kPa). It also shows stable properties. The
application tests of the sensor demonstrate that it can be used
in respiration and wrist pulse detection, movement monitoring,
and voice recognition. Moreover, the sensor has the advantages
of great flexibility, simple fabrication process, large-scale
production, and low cost. It will have great potentials in
smart wearable devices in the future.

METHODS
Fabrication of Paper-Based Pressure Sensors. First, the tissue

paper is cut into squares and placed in the culture dish. Then the GO
solution with the concentration of 2 mg/mL is dropped into the
culture dish, and the paper is soaked completely. After that, the culture
dish is put into the oven under the high temperature of 250 °C for 5 h
so that the GO is reduced into rGO. After that, we remove the rGO
papers. Five- and eight-layer rGO papers are stacked to form the
multilayer graphene pressure sensor. One-layer rGO paper is used to
form the single-layer graphene pressure sensor. Then the top and
bottom layers are connected to the copper foil electrode with silver
paste. At last, the pressure sensors with different layers are

encapsulated by polyimide (PI) tape. With such a simple process,
the fabrication of a paper-based graphene pressure sensor is
completed.

Characterization and Performance Testing. The morphologies
and structures of the LPG were characterized by a Quanta FEG 450
SEM (FEI Inc.). The 3D optical profiler is performed by Sensofar
(Sensofar USA, LLC). The loading of tensile strain was performed
with a universal testing machine (Shimadzu AGS-X), and the electrical
signals of the strain sensors were recorded by a digital source-meter
(Keithley 2400).
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