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Remarkable research efforts have been devoted to replicate the tactile sensitivity of human skin. Unfortunately,
so far flexible pressure sensors reported barely fit the tactile requirements for fingertips, which could endure a
pressure over 100 kPa and also can sense a gentle touch. It is vital to develop flexible pressure sensors which can
ensure high sensitivity and wide operation range simultaneously, to satisfy the demands of mimicking the
pressure sensing function of fingertips. In this work, a mini-size, light-weight but high-performance graphene
film based pressure sensor is presented. Owing to the advanced structure with fluctuations on surface and fluffy-
layered structure in cross-section of the graphene film, this pressure sensor shows an extraordinary performance
of high sensitivity of 10.39kPa™ (0-2kPa), ultra-wide operation range up to 200 kPa, impressively stable re-
peatability, high working frequency, rapid response and recovery time. Moreover, the demonstrated results of
the detection of traditional Chinese medicine wrist-pulse waveform and the bionic fingertip tactile sensors,

suggest the great application potential of the obtain device in biomedical field and bionic skins field.

1. Introduction

Our lives are becoming smarter than ever before due to the rapid
development of wearable electronics in last few decades, which sub-
stantially increased the experiences of human-machine interactions.
Sensors with the function of transferring any other physical quantities
to electronic quantities, are the keys of practical applications of wear-
able electronics such as electronic skins (Kim et al., 2018; Lai et al.,
2016; Shi et al., 2016; Wu and Haick, 2018; Zang et al., 2015; Zhao and
Zhu, 2017), wearable health monitors (Gao et al., 2016; Kim et al.,
2016; Kuila et al., 2011; Morales-Narvaez et al., 2017), and portable
entertainment equipment (Chou et al., 2015; Park et al., 2017). For
tactile sensitivity, flexible pressure sensors have attracted vast attention
of researchers due to their flexibility, high-performance, light weight,
and integration possibility (Ge et al., 2018; Lipomi et al., 2011; Liu
et al., 2017; Nesser et al., 2018; Schwartz et al., 2013; Wang et al. 2017,
2018). Comparing with others pressure sensing mechanisms, the pie-
zoresistive sensors show advantages in extraordinary performance, ease
of fabrication, direct measurement and low energy consumption (Jian
et al., 2017; Li et al., 2015; Pan et al., 2014; Yao et al., 2013).

For pressure sensors, performance of high sensitivity along with
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wide operation range is commonly desired. In order to meet the ex-
pected piezoresistive performance, so far researchers have presented
various type of flexible pressure sensors based on different materials
such as conductive polymer (Lai et al., 2016; Mannsfeld et al., 2010;
Pan et al., 2014; Zhang et al., 2018a), gold nanowires (Gong et al.,
2014; Nesser et al., 2018), carbon nanotubes (Jian et al., 2017; Lipomi
et al.,, 2011; Yamada et al., 2011) and graphene (Chen et al., 2018; Ge
et al., 2018; Liu et al., 2017; Park et al., 2018; Sheng et al., 2015; Tao
et al., 2017; Yao et al., 2013). Despite diverse substrates, the mechan-
isms of piezoresistive is the same: the conductivity of material will
change with the variation of contact area under the influence of applied
pressure (Tao et al., 2017). Therefore, to optimize the performances of
pressure sensors such as sensitivity, operation range, durability, re-
sponse and recovery time, the modification for variation degree of the
contact area or the microstructure of material, is essential. Sheng et al.
introduced bubble-decorated honeycomb-like graphene films pressure
sensor which showed an ultrahigh sensitivity of 161.6kPa™ (Sheng
et al., 2015). Jian et al. fabricated a pressure sensor based on aligned
carbon nanotubes/graphene and micro-structured poly-
dimethylsiloxane with a high sensitivity of 19.8kPa™ (Jian et al.,
2017). Tian et al. demonstrated face-to-face laser-scribed graphene
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pressure sensor which achieved a large range of 113 kPa (Tian et al.,
2015). Liu et al. introduced a graphene-silk network pressure sensor
with a large operation range of 140kPa (Liu et al., 2017). Based on
these researches, it is obvious that graphene possesses great potential in
high-performance pressure sensors due to the excellent conductivity,
high mechanical stability and light weight properties (Chen et al.,
2018). More importantly, graphene could be easily produced to form
conductive microstructures. It had already been reported that graphene
can be used to cover internal lining of porous or gaps of material, such
as paper (Tao et al., 2017), silk (Liu et al., 2017), and polyurethane
sponge (Yao et al., 2013). Unfortunately, so far there is no perfect
material has been reported with both high sensitivity and wide opera-
tion range. Hence the tradeoff among those performance features ac-
cording to their application is crucial for pressure sensors. For instance,
fingertips are the most sensitive part of human body which can sense
pressure of over 100kPa along with tremendous tactile sensitivity.
Therefore, it is urgently necessary for flexible pressure sensor that have
wide operation range and high sensitivity simultaneously, to satisfy the
demands of mimicking the pressure sensing function of fingertips.

Herein, we introduce a flexible pressure sensor based on graphene
film with high sensitivity and wide operation range. By employing in-
situ chemical reduction method and eco-friendly reducing agent
Vitamin C, this free-standing graphene film (GF) presented fluctuations
on surface and fluffy-layered structure in cross-section. Owing to this
advanced structure of GF, the graphene film based pressure sensor
(GFPS) presents impressive performance of high sensitivity of
10.39kPa! (< 2kPa) along with extraordinarily ultra-wide operation
range up to 200 kPa. Moreover, the GFPS illustrates a rapid response
time of 11.6 ms and a high working frequency of 6 Hz. Meanwhile, we
also demonstrate some applications of the obtained pressure sensor in
biomedical field and bionic skins, showing the great applicable poten-
tial of flexible pressure sensor for highly innovative and smart future
applications.

2. Materials and methods

Fig. la presents the complete fabrication process of GFPS. Firstly,
the mixture of graphene oxide suspension and Vitamin C was dropped
into Teflon tray and heated in oven, and the in-situ chemical reduction
process reduced graphene oxide and assembled to film simultaneously.
Then, the GF was peeled off from Teflon tray, and cut into proper size
and placed between two stripe-shape of press-to-flat foam-nickel elec-
trodes. After packaged by polyethylene terephthalate (PET) film, the
flexible GFPS is obtained. More detailed information shows in Experi-
mental section in supplemental information. Importantly, this mini-size
of 1.5 x 1.5 mm? operation area and ultra-light of 0.047 g weight GFPS
is perfectly suitable for fingertips pressure sensors.

3. Results and discussion
3.1. Material characterization

For skin-contacting wearable devices, we used in-situ chemical re-
duction method with eco-friendly reduction agent Vitamin C (L (+)
ascorbic acid) to fabricate GF (Chua and Pumera, 2014; Ferna'ndez-
Merino et al., 2010; Gao et al., 2010; Yousefi et al., 2018; Zhang et al.,
2010). Structural morphology of GF is crucial to predict the perfor-
mance. Here, we used scanning electron microscopy (SEM) to perform
the morphology of GF. Although in Fig. 1b there are fluctuations and
wrinkles on the surface of GF obviously, the high-magnification SEM
image (Fig. 1c) illustrates the detail of the surface still smooth, which
could be considered as the results of the re-conjugated of n-i interac-
tions network after Vitamin C successfully removing the oxygen-con-
taining functional groups from graphene oxide sheets (Chen et al.,
2016; Liu et al., 2016; Ye et al., 2017). Also, the SEM characterizes the
cross-section structure of GF in Fig. 1d, and the fluffy layering pattern is
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conspicuous. As high-magnification image of Fig. le shows, the gra-
phene nanosheets partially delaminated to form the air gaps, which due
to the evaporation of water and dissipation of CO, CO, from oxygen
containing functional group during the heating process. Additionally,
the oxalic acids and guluronic acids converted from Vitamin C after
reduction might be a factor which prevented agglomerations of gra-
phene nanosheets due to the hydrogen bonds between acids and re-
sidual oxygen-containing functional groups available at reduced gra-
phene oxide surfaces (Zhang et al., 2010). These air gaps provide an
appreciable out-of-plane compression space, and indicate an excellent
piezoresistive performance for pressure sensors.

Meanwhile, 3D optical profiler has been used to explore the waving
situation of the GF. As Fig. 1f shows, the fluctuation range is
-31.8-31.8 um, while the thickness of the film is only 25.5um. The
large scale fluctuation degree presents a great deformability of GF and
indicates a sharp resistance decreasing of the GFPS under pressure due
to the greatly increase in contact area (Tao et al., 2017). Also, the
uniformly distributed fluctuations of peaks and valleys on GF, as Fig. S1
demonstrates as white color area and deep blue color area present in 2D
view of optical profile, could provide good uniformity of the pressure
sensor devices. Besides, GF exhibits good tensile strength of
~35.31 MPa and excellent elongation of ~5.13% (Fig. S2) which at-
tributes to the air gaps and fluctuations in GF.

To further characterize the GF, XPS technique was used to provide
the element count. Fig. 1g shows the XPS survey spectra of graphene
oxide film (GOF) and GF, and the intensity ratio of C/O peak increased
partially from GOF to GF, indicating the removal of oxygen-containing
functional groups in graphene oxide nanosheets. Moreover, the high-
resolution C1s core level XPS spectra of GOF and GF in Figs. S3 and S4
present that the in-situ reduction decreased the C-O groups in graphene
oxide, and the increase of C(O)O peak in GF could be considered as the
residual Vitamin C and side-product acids in reduction process. Ad-
ditionally, Raman spectra of GF and GOF have been presented in
Fig. 1h. Although the spectra present similar shapes of two peaks with
D-peak at 1336.11 cm™ and G-peak at 1592.96 cm’?, the intensity ratio
of D-peak/G-peak of GF shows slightly increase as compare to GOF.
These results above present that the GF is in a moderated reduction
degree, which could result a proper large resistance of GF (Chen et al.,
2016; Ye et al., 2017; Zhu et al., 2010). Hence, the electrical con-
ductivity of the GF measured by four-probe measurement illustrate a
volume conductivity of 27.6Sm™ (detailed information as shown in
Table S1 in supplemental information). This mildly large resistance
benefits to the measurement of the pressure sensors, because the re-
sistance changing responding to the pressure applied could be con-
siderably large.

3.2. Pressure sensing performance

For a pressure sensor, the sensitivity is one of the most important
properties. Here, the sensitivity has been defined by formula S = §(AR/
Ry)/8P, where the AR is the resistance changing with a certain pressure,
Ry is the initial resistance of GFPS without any pressure, and P refers the
pressure applied on GFPS (Pan et al., 2014; Tao et al., 2017). As Fig. 2a
demonstrates, the sensitivity of GFPS could be divided to two sections,
which coincide with most previously reported pressure sensors (Jian
et al., 2017; Tao et al., 2017; Wang et al., 2014), and could be defined
as S1 when pressure under 2 kPa and S2 higher than 2 kPa. In the small
pressure range of 0-2 kPa, the sensitivity presents an impressive value
of 10.39 kPa''. More importantly, the sensitivity remains to 0.0034 kPa"
! in an ultra-wide range up to 200 kPa, which is much wider than most
results reported. In addition, the GFPS was successfully tested under
800 kPa pressure, as Fig. S5 shows, and this high-value pressure was
harmlessness to our device. Besides, for this ultra-wide operation range
pressure sensor, the hysteresis is essential to the performance of the
device. As Fig. 2b demonstrates, there are slight hysteresis when pres-
sure lies below 20 kPa, but with the increasing of pressure, there are
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Fig. 1. (a) Fabrication process of GF and GFPS devices. (b) SEM image and (c) high-magnification SEM image of surface of GF. (d) SEM image and (e) high-
magnification SEM image of cross-section of GF. (f) 3D topography of GF to demonstrate the fluctuations on surface. (g) XPS survey spectra of GOF and GF. (h) Raman

spectra of GOF and GF.

nearly no hysteresis over 60 kPa. This extraordinary performance il-
lustrates advantages of the GF as tactile-sensitive material. Also, the
sample-to-sample error of GFPS shows in Fig. 2c. There is nearly no
difference among the 6 devices when pressure over 50 kPa and the
coefficient of variation (CV) of sample-to-sample variation under any
pressure is below 10% (Fig. S6), suggests the good uniformity of the GF
in the device.

Furthermore, the durability test under repeated pressure was used
to explore the stabilization of GFPS. Fig. 2d demonstrates the response
curves of GFPS under 1100 loading-unloading cycles of 20 kPa pressure.
From the enlarged plots in Fig. 2d corresponding to 2 cycles at 2000,
9000 and 17150 s respectively, it could be seen that there is no ob-
vious difference between these waves. Importantly, the CV of current
response to the repeated applied pressure is 5.10%, which indicates the
pressure information could still be perfectly demonstrated by GFPS and
the GFPS retains effectiveness and accuracy after cycling pressure ap-
plied. These results shows the stableness of the tactile-sensitive struc-
tural of GF.

Additionally, for the ultra-wide operation range pressure sensor, the
reliability in the full-range is crucial. Hence, as Fig. 2e shows, six dif-
ferent values for 3 kPa, 10 kPa, 20 kPa, 50 kPa, 100 kPa, and 200 kPa of

pressure have been applied on GFPS. Obviously, the GFPS presents
stable and accord response of the pressure applied and the CV of the
response current for the six different pressure are all under 2.5% (as
shows in Fig. S7). As the active material, the GF demonstrates im-
pressive effectiveness in the full operation range, and indicates this
pressure sensor is perfectly suitable for wide-range detection.

Moreover, the GFPS also presents superb response performance.
Fig. 2f demonstrates the response time is 11.6 ms and the recovery time
is 25.6 ms, and these results were measured under a pressure of 10 kPa.
With these rapid response performance, the GFPS could reach an ex-
tremely high working frequency of 5kPa loading-unloading cycle of
6 Hz, as shown in Fig. 2g.

The overall performance of GFPS is extraordinary among the works
reported in the recent 3 years, as Table 1 illustrates. The tradeoff among
the four key parameters have slightly decreased sensitivity but sig-
nificantly enhanced the other three properties, especially the operation
range, and presents outstanding performance than other results.

3.3. Discussion of structure-performance dependence

Considering the excellent performance of GFPS, especially the high
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Fig. 2. (a) Resistance changing rate of GFPS response to pressure. (b) The hysteresis of GFPS. (c) The sample-to-sample error plot of GFPS. (d) The current of GFPS
corresponding to 1100 cycles of repeated pressure, and enlarged plots corresponding to 2 cycles at 2000, 9000 s, and 17150 s, respectively. (e) The current of GFPS
response to different repeated pressure. (f) Graphical plots of response (up) and recovery (down) time of GFPS. (g) Plot of GFPS response to 6 Hz of 5 kPa pressure

loading-unloading cycle.

Table 1
Comparative analysis of the GFPS with previously reported sensors.
Works Sensitivity Operation range  Response time  Durability
Ge et al. 0.042-0.152kPa™®  0-27 kPa 96 ms 9000
(2018)
Liu et al. 0.4kpa! 0-140 kPa 1000 ms 60
(2017)
Jian et al. 19.8kPa™! 0.6-300 Pa 16.7 ms 35000
(2017)  0.27kPa! 300-6000 Pa
Zhang et al.  1.71kpPa™ 0-225Pa 6 ms 550
(2018a)  0.02kPa 225-5000 Pa
Tao et al. 17.2kpa’’ 0-2kPa 120 ms 300
(2017)  0.1kPa™ 2-20kPa
This work 10.39kpPa™* 0-2kPa 11.6 ms 1100
0.0034 kPa™ 2-200 kPa

sensitivity with ultra-wide operation range, it is vital to explore the
dependence of material and performance of GFPS. For piezoresistive
materials, which reflect pressure information by resistive varying, the
performance is determined by conductive structure. In general, there
always has been the paradox between high sensitivity and wide op-
eration range for pressure sensors, because high sensitivity demands the
easy-deformation ability of the material, but wide-operation range re-
quires good deformation-durability. However, benefited from the air

a

Press

L
L~ 4

Release

Fig. 3. (a) Schematic illustration of the status of GF in GFPS with and without
pressure. (b) Cross-section SEM image of GF without pressure. (c) Cross-section
SEM image of GF under pressure.

gaps and fluctuations of GF, the GFPS demonstrated promising perfor-
mance. As Fig. 3a illustrates, in the initial state without pressure, the GF
in the sensor kept its waving surface and fluffy layered structure, and
braced the electrodes for a proper height. Once pressure applied, the
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contact area between GF and electrodes increased significantly due to
the fluctuations faded. Meanwhile, the air gaps inside of GF compressed
as well. To confirm the structural deformation situation of GF, SEM
were used to illustrate the differences in cross-section of GF with and
without pressure. As the SEM images shown, Fig. 3b demonstrates the
initial state of GF without pressure, and Fig. 3¢ demonstrates the status
of GF under 10 kPa pressure. Apparently the thickness of GF dramati-
cally decreased from 25.5 pm to 10.9 pum under pressure. These images
indicate the decrease of the inter-layer air gaps in GF, and the contact
area between graphene sheets increased. Therefore, with the pressure
increasing, the contacting between GF and electrodes could be con-
sidered as changing from “point-to-face” to “face-to-face” mode, while
the contact between graphene sheets changes from “point-to-point” to
“point-to-face” and then to “face-to-face” mode (Sheng et al., 2015).
Hence, on one hand, the magnificent resistance variation which pre-
senting high sensitivity under small-value pressure could attributed to
the co-effect of fluctuations and air gaps. On the other hand, under high
pressure, the inter-layer air gaps in GF with the excellent deformation-
durability could retain the effectiveness for pressure sensing. The GF
proved its structural advantages for pressure sensors, and provide the
excellent tactile-sensing performance of the GFPS.

3.4. Application for Traditional Chinese medicine wrist-pulse

With the excellent performance of high sensitivity, ultra-wide op-
eration range, reliable repeatability and impressively rapid response,
the tiny-size light-weight GFPS could be used as wearable monitor in
biomedical field. Alone with the thousands years history of China,
Traditional Chinese medicine (TCM) effectively diagnose diseases and
treat patients by inspection, listening and smelling, inquiry and pal-
pation. Especially, the wrist-pulse diagnosis, which using three fingers
to feel the pulse at three positions on wrist, is the core of TCM (Luo and
Chung, 2016; Ribeiro de Moura et al., 2016; Zhang et al., 2018b). Re-
cording and analyzing the TCM-diagnosing wrist-pulse waveforms
could help the doctors to treat patients more conveniently and effec-
tively. Flexible pressure sensors integrated in wearable systems present
great potential of monitoring and recording of the wrist-pulse oscillo-
gram, and some researchers successfully shown the waveform measured
by flexible pressure sensors (Ge et al., 2018; Gong et al., 2014; Pang
et al., 2012). However, flexible pressure sensors reported recently were
barely suitable for TCM-diagnosing type wrist-pulse waveforms. One of
the reasons is the operation area of traditional flexible pressure sensors
is oversized, and the wrist-pulse diagnosis should measure three close-
adjacent position synchronously. More importantly, TCM doctor need
to apply a pressure by fingertips to diagnose patients’ wrist-pulse, and
the pressure could over 20kPa for some patients. Most of flexible
pressure sensors lose effectiveness under the pressure of 20 kPa, and the
low amplitude wrist-pulse still requires a high-sensitivity measurement.

Here, we demonstrate a practical application of the GFPS for TCM-
diagnosing wrist-pulse oscillogram monitoring. As shown in Fig. 4a,
three individual GFPS attached on the three different positions named
Cun, Guan, Chi of wrist (Luo and Chung, 2016), and connected to
adaptation system (more detailed information shows in experimental
section in supplemental information) to record the three-channel wa-
veforms of wrist-pulse. When we use fingertips to apply pressure on
these three GFPS, the system begins to collect the wrist-pulse in-
formation. Fig. 4b presents the three-channel raw signal waveforms
without smooth-processing. Obviously, corresponding to the reported
results, the Cun waveform shows the largest amplitude, while the Guan
waveform is much smaller than Cun, and the Chi waveform has the
weakest amplitude (Zhang et al., 2018b). Moreover, attributed to the
high sensibility in wide operation range and rapid response, all the
three-channel waveforms present three distinct peaks of percussion
wave (P-peak), tidal wave (T-peak) and dicrotic wave (D-peak) in every
single period with a pulse rate of 80 beats per minute (Ribeiro de Moura
et al., 2016; Yang et al., 2018). The tidal wave and dicrotic wave exist
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in the descending limb of the main percussion wave, which modify the
characteristic points of the pulse shape and contain amount of the wrist-
pulse information (Wang et al., 2016). Importantly, all the waveforms
were measured under around 20kPa pressure applied on the three
position by fingertips, which is same as TCM wrist-pulse measuring by
doctors. This wrist-pulse monitoring system with three GFPS shows
satisfying performance for TCM wrist-pulse diagnose, and illustrates the
great potential in biomedical field.

3.5. Application for bionic fingertip tactile sensing

Importantly, we applied one GFPS on the tip of index finger of the
tester for pressure measurement. Firstly, we placed two different
counterweights of 20 g and 50 g on one fingertip respectively, and re-
corded the current/time information. As Fig. 4c demonstrated, the two
counterweights were successfully distinguished by GFPS due to the
different pressure applied on fingertip and also the waveform plot
shows the rapid and sensitive response of GFPS. The GFPS retained its
excellent performance and effectiveness in fingertips application. Fur-
thermore, in Fig. 4d, we applied the bionic fingertip tactile sensors for
five individual GFPS on the five fingertips of tester's left hand, and
connected these GFPS to a real-time display system. This system has
been shown in Fig. S8, and could display the pressure value and vi-
sualize the pressure-level by color-depth on the screen. Fig. 4e shows a
hand in the screen displaying the pressure values in Pa and white block
representing no-pressure on fingertips position, and the bottom-right
inset illustrates the 5 different intensities of red color corresponding to
the 5 levels of exerted pressure. Next, as shown in Fig. 4f, the tester
used thumb and index finger to catch a counterweight, and the screen
in Fig. 4g displayed the pressure values of the 5 fingertips and color
blocks in real-time (Supplementary Movie 1 demonstrates the entire
process). It could be seen that the response information of the pressure
is rapid and clear, and the GFPS worked in this system stably and ef-
ficiently. This system with GFPS on fingertips suggests the excellent
tactile-sensing performance and fantastic human-machine interaction
ability, illustrating the great application potential in wearable electro-
nics, artificial E-skins and bionic robot. The GFPS confirmed its ability
to use as fingertips pressure sensor.

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.bios.2019.05.001.

4. Conclusions

In summary, owing to the advanced structure of the GF with fluc-
tuations on surface and fluffy-layered structure in cross-section, the
mini-size, light-weight GFPS exhibits promising extraordinary perfor-
mance. This is the first report of a flexible pressure sensor with the
performance of high sensitivity over 10kPa™ (10.39 kPa) along with
ultra-wide operation range extend to 200 kPa. Moreover, the GFPS also
illustrates impressively stable cyclic stability, high working frequency,
rapid response and recovery time. These unique characteristics largely
improve the application possibility of GFPS. Meanwhile, the demon-
strated results of TCM wrist-pulse detection and bionic fingertip tactile
sensors suggest the excellent tactile sensing performance and fantastic
human-machine interaction ability of the GFPS. Our GFPS mimics the
tactile sensing of fingertips successfully and illustrates the great appli-
cation potential in biomedical field and bionic skins field.
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