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Intelligent Nanomesh-Reinforced Graphene Pressure Sensor with
Ultra Large Linear Range

Yancong Qiao*?, Jinming Jian®, Hao Tang?, Shourui Ji®, Ying Liu?, Haidong Liu?, Yuanfang Li?,
Xiaoshi Li®, Fei Han¢, Zhiyuan Liu¢, Tianrui Cui®, Guangyang Gou®", Lelun Jiang?, Yi Yang®, Bingpu
Zhoud, Tian-Ling Ren*?, and Jianhua Zhou*?

Pressure sensor is an important device in daily life, especially for the physiological signal
monitoring. However, to realize the intelligent pressure sensor, more features should be
achieved, such as high sensitivity, large linearity range, in-situ signal processing, and
automatic analysis. In this article, inspired by the reinforced concrete structure, the
nanomesh-reinforced graphene pressure sensor (NRGPS) has been designed and realized
with not only excellent mechanical performance but also water vapor permeability. Unlike
the negative-resistance pressure sensor, the resistance of NRGPS increases under the
larger pressure, which greatly increase the measuring range. With the nanomesh skeleton,
the NRGPS has ultra large linearity (1 MPa), high sensitivity (4.19 kPa?), excellent stability
(more than 10000 cycles). To explain the sensing mechanism of NRGPS, a finite element
model was proposed from the microstructure of nanomesh-reinforced graphene. With the
aids of large linearity and high sensitivity, the NRGPS can simulate the mechanical MOSFET
and realize the in-situ pulse signal amplification. Finally, an intelligent tactile sensor was
achieved by combining NRGPS with convolutional neural network. Convex braille number
can be distinguished by the intelligent tactile sensor with an accuracy of 88%. This work
has potential in the intelligent diagnosis and tactile reconstruction field.

have been widely used in the diagnosis and prevention of diseases not
only in hospital, but also in our daily life. For example, the pulse wave
has been widely used for the diagnosis in the traditional Chinese

Due to the urgent need in various field, pressure sensors fabricated
with many novel materials have been attracted much attention.!: 2
Among these applications, the health monitoring is an important
function of pressure sensor.3-> Human body is full of physiological
signals, which can reflect the conditions of ourselves. Some signals
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medicine.® The tactile signals can be applied to reconstruct the sensing
function of disables.

To realized intelligent pressure sensor, much effort has been given.
However, many features of pressure sensor should be further
optimized, such as sensitivity, linearity range, comfortability, and
stability. Traditional pressure sensor has the negative-resistance
response.”!® With the increasing of pressure, the resistance would
decrease. Therefore, the max variation of resistance can only be up to
100%. In addition, the sensitivity of pressure sensor would become
smaller and saturated under larger pressure, which limits the
application of device. To achieve the high-performance pressure
sensor, many novel materials with good property have been used, such
as graphene,” ® nanowires,'> 12 nanomesh,!* etc. But these
nanomaterials are trend to be broken under the high pressure, which
limits the work range and linearity of the pressure sensor. For example,
Wau et al. realized a large-range pressure sensor by graphene with a
linearity range of 200 kPa.'* However, the high pressure would greatly
increase the size and density of cracks in the graphene. Therefore, the
sensor would become unstable when the pressure larger than 200 kPa.
Lee et al. demonstrated a pressure sensor based on Au, polyurethane
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(PU), and polyvinyl alcohol (PVA) nanomesh, which has good
comfortability.!* Due to the lack of piezoresistive effect and small
thickness, the work range of the Au nanomesh pressure sensor is 100
kPa with the sensitivity about 1 kPa! at 100 kPa. In addition, Au
nanomesh was fabricated by the sputtering process, in which the Au
only cover the surface of PU nanomesh. Also, tactile sensor, as one
important type of pressure sensor, has shown promising applications
in wearable electronics, artificial limb, and intelligent robot. Current
tactile sensors are mainly focused on materials,'3-18 structure, %22 self-
power,>25 and integrated array.!> 2622 However, to realize the
intelligent pressure sensor, the algorithm is also indispensable.
Sundaram et al. fabricated a scalable tactile glove covering the full
hand with 548 pressure sensors based on commercial force-sensitive

a PU Nanomesh

% -
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film patterned by the laser cutting, and the cost of gloye . is about
US$10.2° The stress distribution map was inpusantocthessonyokations
neural network (CNN), and transfer learning method (ResNet-18) was
used to identify objects. In addition, the database is importance to the
algorithm. The sensor with high water permeability and comfort
would lead to more user, which can help to enlarge the size of database.
Inspired by the common-used reinforced concrete structure, whose
mechanical property can greatly improve the compressive strength of
concrete,’0-34 we herein propose and fabricate a nanomesh-reinforced
graphene pressure sensor (NRGPS) based on PU nanomesh and laser
scribed graphene (LSG). The PU nanomesh can be regarded as the
skeleton of reduced graphene, which is similar to steel bar in the
reinforced concrete. Besides, the laser scribing process make the

GO-PU Nanomesh

Laser
Scribing

Nanomesh-Reinforced

Applying
. Pressure
A IboHigh \Draghista iiurLow: W
Gra;:hine under High — STa i
ressure Pressure — # PU Nanomesh
# { Pressure =
| (ff— Graphene
Decreasing Ji}ﬁ\/fl Crack
Pressure
o ——

Nanomgsh-

PU GO/PU - reinforged -
p _nanomesh i nanomesh graphene
L2 s

Electrospinning Dropping GO Laser Scribing

Tra nsferring to
Target Object

Figure 1. Design, preparation, and characteristics of the nanomesh-reinforced graphene. (a) Schematic diagram showing the
fabrication of the PU nanomesh, GO-PU nanomesh, nanomesh-reinforced graphene in normal state, and the nanomesh-reinforced
graphene in compressed state. (b) Schematic diagram of the fabrication process of the nanomesh-reinforced graphene, which including
electrospinning PU nanomesh, dropping GO dispersion, laser scribing, and transferring the nanomesh-reinforced graphene to target object.
The scale bar represents 1 cm. (¢) The SEM image of the PU nanomesh fabricated by electrospinning. The scale bar represents 2 um. (d)
The SEM image of the LSG after the laser scribing on the PU nanomesh. The arrow represents the moving direction of the laser. The
scale bar represents 200 um. (e¢) The zoom in SEM image of the layer-structure LSG. The scale bar represents 5 um. (f) The cross-section
SEM image of the nanomesh-reinforced graphene. The scale bar represents 5 pm.
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formation of the graphene coat around the superficial PU nanomesh
tightly, rather than just cover the surface. Based on the nanomesh-
reinforced structure, the size and density of cracks in graphene was
limited, and the work range of our NRGPS can be up to 1 MPa, which
is 5 times of graphene pressure sensor without nanomesh and 10 times
of Au nanomesh pressure sensor. The nanomesh plays the role of
skeleton, which greatly enlarges the linearity range of NRGPS and
makes NRGPS more stable (Figure la). After more than 10000
compressing and releasing cycles, the NRGPS can still work well. The
NRGPS has the positive-resistance response. With the increasing of
pressure, the resistance would increase, which improves the
sensitivity of the NRGPS. Based on the good piezoresistive effect of
LSG, the sensitivity of NRGPS can be 4.19 kPa'l. In addition, due to
the porous structure of LSG and nanomesh, the nanomesh-reinforced
graphene has good water vapor permeability, which almost as same
as no obstruction. Similar porous graphene structure with good gas
permeability can be used in CO, reduction with high efficiency?> 3¢,
According to the microstructure of nanomesh-reinforced graphene, a
finite element model was proposed to explain the working mechanism
of the NRGPS, which fits the experimental result well. Besides, the
intelligence of NRGPS can be illustrated in two aspects. First, it can
process and respond to external stimuli. The NRGPS can be regarded
as an intelligent hardware, which can realize the function of
mechanical Metal Oxide Semiconductor Field Effect Transistor
(MOSFET). By changing the quiescent pressure of NRGPS, the tactile
signals can be amplified in situ rather than by circuit and software,
and the amplification can be controlled. Second, combined with the
CNN, the NRGPS can be used as intelligent tactile sensor. The convex
braille number can be distinguished by only one NRGPS with an
accuracy of 88%. It is worth mentioning that, the cost of single
nanomesh-reinforced graphene is only about US$0.1, only about 1/20
of the Au nanomesh fabricated by sputtering,3”- 3 and 1/100 of the
tactile glove mentioned above.?

Results and discussion

Design and Preparation of Nanomesh-reinforced Graphene

Journal ofcMaterials . Chemistry A

The fabrication process of nanomesh-reinforced graphene was shown
in the Figure 1b. The PU nanomesh was firstlyo poeparedabysthe
electrospinning. 10 g PU pellets (Sigma-Aldrich) was mixed with 45
mL N,N-dimethylformamide (Aladdin). Then, the mixture was
stirred for 3 h under 80 °C. The PU solution was pumped in the speed
of 0.8 mL/h, and 15 kV voltage was applied to the syringe needle. As
shown in the Figure 1c, the diameter of the PU nanomesh is a few
hundred nanometers to micrometers. In addition, much space exists
inside the nanomesh. Therefore, the PU Nanomesh is a breathable
structure. To grow the graphene in the PU nanomesh, the LSG
technique was chosen. Compared with the common-used chemical
vapor deposition, the LSG is a relatively low-temperature technique.
In addition, the fast and local high temperature would not only do not
destroy the nanomesh, but also coat the nanomesh by the reduced
graphene. Before the LSG process, the GO dispersion (2 mgemL!

provided by XFNANO Materials Tech Co. Ltd.) was mixed with the
tetrahydrofuran in a 5:1 volume ratio. Then, the dispersion was
dropped onto the PU nanomesh. After the overnight evaporation, GO
film was formed on the PU nanomesh to realize the GO/PU nanomesh
(Figure S1). Thereafter, the GO/PU nanomesh was put into the
homemade laser platform. The scribed GO area was reduced and
converted into LSG (wavelength = 405 nm, power density = 20
mW/cm?), and the GO/PU nanomesh was converted into the
nanomesh-reinforced graphene. Because the laser moved in one
direction, the LSG was composed of many parallel graphene strips.
The width of strips is about 100 um, which is close to the diameter of
laser spot (Figure 1d). During the scribing process, many oxygen-
containing functional groups in GO was eliminated and gas was
released®®, which makes expansion of LSG and the porous structure
inside the graphene flakes (Figure le). In addition, during the laser
reduced process, the PU Nanomesh was immersed into the expanded
LSG. The porous LSG and PU nanomesh structure makes the high gas
permeability of nanomesh-reinforced graphene. The cross-section of
nanomesh-reinforced graphene shows that the superficial nanomesh
was covered and coated with graphene (Figure 1f and S2). The
thickness of the nanomesh-reinforced graphene is 23 pm with the STD
of 4.65 um (Figure S3). In addition, the confocal microscope was also
used to confirm the periodic fluctuation of nanomesh-reinforced
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Figure 2. Characteristics of the nanomesh-reinforced graphene.
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(a) XPS measurements of the C 1s and O 1s in GO. The brown line

corresponds to the experimental result, and the green line corresponds to the fitting result. (b) XPS measurements of the C 1s and O 1s in
LSG. The black line corresponds to the experimental result, and the blue line corresponds to the fitting result. (c) The Raman shift of the
GO coated on PU nanomesh. (d) The Raman shift of the LSG on PU nanomesh.
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graphene (Figure S4 and S5). The fluctuation of nanomesh-reinforced
graphene is more than 30 pm.

The X-ray photoelectron spectroscopy (XPS) was applied to confirm
the laser induced reduction process of GO. The C/O atomic ratio of
GO is 2.11. The C=0 (287.0 eV of C 1s and 531.7 eV of O 1s), COO-
(288.1 eV of C 1s), and C-O-R (532.7 ¢V of O 1s) were found in the
C 1s and O 1s XPS of GO (Figure 2a). After the laser scribing, the
C/O atomic ratio fast increased to 13.32. Therefore, many oxygen-
containing functional groups disappeared. In addition, the loss of
various oxygen-containing functional groups was also charactered by
the XPS peak of the LSG. The relative peak heights between the C=0
(531.9 eV of O 1s), COO- (288.8 eV of C 1s), and C-O-R (285.4 eV
of C 1s and 532.7 eV of O 1s) to C 1s greatly decreased (Figure 2b).
Raman shift was also used to prove the high quality of the LSG. As
illustrated in the Figure 2c, the D and G peak has almost the same
height (Ip/Ig = 1.01), and the 2D peak can also be ignored in the
Raman shift of GO. After the laser scribing, 2D peak appear, and the
relative height between G and D peak decreased greatly (Ip/Ig = 0.26),
which is much lower than GO (Figure 2d). In addition, the
full width at half maximum (FWHM) of the LSG is much smaller
than the GO. Compared with amorphous carbon,*” 4! the LSG has
higher crystal quality.

a
1200

rials Chemistry £

Journal of Materials Chemistry A

View Article Online

To verify the water vapor permeability ofcnanpmeshereinfonced
graphene, four glass bottles were filled with 5 mL water, respectively.
The first bottle was sealed using the cap. The second bottle was
opened without any other treatment. The third bottle was sealed using
the PU nanomesh. The PU nanomesh was firstly wetted by the
atomized water droplets. Then, the nanomesh was put on the
bottleneck. After dried by the hairy drier, the nanomesh can seal the
bottleneck tightly. The fourth bottle was sealed with nanomesh-
reinforced graphene by the same process as the PU nanomesh (Figure
3a). Thereafter, four kinds of bottles were placed at the same
environment for 16 days (Temperature: 21 °C, Humidity : 60.3%,
Wind speed: 0 m/s, Atmospheric pressure: 1.0044x105 Pa, Altitude:
75 m). The weight loss of four bottles were 0.0313+0.0726 g, 1.2504 +

0.0245 g, 1.0563+0.018g, and 1.0224+0.0391 g, corresponding to the
water vapor transmission rate (WVTR) of 20.6 gxd-'xm, 822.76 gx
d'xm?2, 695.04 gxd'xm?2, and 672.73 gxd'xm2, respectively. This
result demonstrated the good water vapor permeability of nanomesh-

reinforced graphene, which was almost as same as the open without
any obstruction.
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Figure 3. Water vapor permeability, stability, and skin compatibility of nanomesh-reinforced graphene. (a) The water volatilized
conditions of four bottles with different sealing conditions. Each error bar was extracted from four samples. (b) The nanomesh-reinforced
graphene attached on the hand of a tester, when the tester was drinking water, playing basketball, holding scissors, and washing hand. (c)
The OCT picture of the tester's finger. The scale bar represents 2 mm. (d) The OCT picture of the tester's finger covered by the nanomesh-
reinforced graphene. The scale bar represents 2 mm. (e) The nanomesh-reinforced graphene attached on the hand after transferred for Oh,
3h, 7h and 10h. After peeling off the nanomesh-reinforced graphene, the skin has no adverse feeling.
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Figure 4. Electromechanical performance of the NRGPSs. (a) Relative resistance variation of NRGPS as the function of the pressure.
Inset: the photograph of the NRGPS. (b) Zoom in figure of relative resistance variation of NRGPS in the range of 0 to 200 kPa in the
corresponding purple area of Figure 4a. (c) Zoom in figure of relative resistance variation of NRGPS in the range of 200 kPa to 400 kPa
in the corresponding red area of Figure 4a. (d) Zoom in figure of relative resistance variation of NRGPS in the range of 400 kPa to 1 MPa
in the corresponding blue area of Figure 4a. (e) Relative resistance variation under cyclic compressing/releasing at different pressure (16
kPa, 44 kPa, 76 kPa, 113 kPa, 151 kPa, 197 kPa, 237 kPa, 287 kPa, 318 kPa, 352 kPa, 393 kPa, 440 kPa, 513 kPa, 599 kPa) under the
compressing/releasing frequency of 0.25 Hz. (f) Relative resistance variation under cyclic compressing/releasing with the max pressure
of 76 kPa at different frequencies of 0.1 Hz, 0.2 Hz, 0.25 Hz, and 0.5 Hz. (g) Relative resistance variation of NRGPS under repeated
loading and unloading with different pressure of 76 kPa, 113 kPa, 151 kPa, 197 kPa, 237 kPa, 287 kPa, 318 kPa, 352 kPa, 393 kPa, and
440 kPa for 10000 cycles. The enlarged views of 990 to 1000 cycles are shown in Figure S6. (h) Comparison of the sensitivities and
linearity pressure range between the NRGPS and recently published flexible pressure sensor.

Besides, the wet nanomesh-reinforced graphene was transferred onto
the skin of the tester. After dried the nanomesh by the commercial
hairy drier. During the drying process, the nanomesh-reinforced
graphene will be deformed as the skin contour. Therefore, the
nanomesh-reinforced graphene can attach the skin firmly with good
interface. In addition, the micrometer-level thickness can also lead to
the contact interface*?. By decreasing the PU nanomesh less than 2
um, the nanomesh-reinforced graphene can still be attached on skin
tightly under the tension more than 0.2 N (Figure S6). The tester can
carry out their daily life activities, such as drinking water, playing
basketball, cutting papers, etc. with nanomesh-reinforced graphene on
hand. What’s more, the nanomesh-reinforced graphene on hand can
be stable when the tester was washing hand (Figure 3b, Movie 1 and
2). The optical coherence tomography (OCT) was used to character
the conformal property of the nanomesh-reinforced graphene. The
fingerprint of tester was recorded by the OCT (Figure 3c). After
covered by the nanomesh-reinforced graphene, the pattern of
fingerprint was still clear. The nanomesh on hand after the transfer for
0 h, 3 h,7h, and 10 h are illustrated in Figure 3e. The photograph of

This journal is © The Royal Society of Chemistry 20xx

nanomesh-reinforced graphene on the hand of tester every hour is
shown in Figure S7. During the wearing process and after peeling off
the nanomesh, the skin has no adverse feeling. Therefore, the
nanomesh-reinforced graphene has excellent stability and skin
compatibility.

NRGPS

The nanomesh-reinforced graphene can be used as the pressure sensor.
Due to the micrometer-level thickness, it is hard to character the
electromechanical performance of the nanomesh-reinforced graphene
by the universal testing machine. Therefore, the nanomesh-reinforced
graphene with the area of 1 cmx 1 cm was packaged by the elastic

polydimethylsiloxane (PDMS) to fabricate the pressure sensor.
During the application process, the nanomesh-reinforced graphene is
transferred to human skin, which can also be regarded as the soft
substrate like the PDMS. Besides, the nanomesh-reinforced graphene
without any package and the nanomesh-reinforced graphene on non-
deformable substrate (polyethylene terephthalate) and covered by
PDMS can also be used as the pressure sensor (Figure S8). The

J. Mater. Chem. A, 2021, 00, 1-3 | 5
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linearity range and sensitivity are two important parameters of the

pressure sensor. The sensitivity is defined as:
AR
R

S = 5" x100% (1)
The resistance of traditional negative-resistance pressure sensor
become smaller under larger pressure. The max 4R can only be 100%,
which limits the work range of the pressure sensor. On the contrary,
the resistance of NRGPS become larger under larger pressure. After
50-cycle pressing and releasing under the pressure of 1 MPa, the
NRGPS was tested. Compared with the previous graphene pressure
sensor without the nanomesh as the skeleton, the working range of the
NRGPS can be up to 1 MPa, which is 5 times than those of the
previous work'4. As shown in the Figure 4a, the NRGPS has three
linearity regions (0 - 200 kPa, 200 kPa - 400 kPa, and 400 kPa - 1
MPa). The sensitivity of each region is 0.884 kPa’l, 2.21 kPa’l, and
4.19 kPa’l. In addition, the R? of linearity in three regions are 0.996,
0.985, and 0.975, respectively (Figure 4b to 4d). The laser power
density is important to the sensitivity. When the power density

decreased to 15 mW/cm?, the sensitivity will be decreased (Figure S9).

When the power density increased to 25 mW/cm?, the laser will
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destroy the LSG and PU nanomesh. The cyclic pressurg,of 16 kPa, 44
kPa, 76 kPa, 113 kPa, 151 kPa, 197 kPa, 237 kBa,1287iPa; Bd&kPz;
352 kPa, 393 kPa, 440 kPa, 513 kPa, and 599 kPa were applied to the
device (Figure 4e). The resistance response further confirms the
resistance variation versus external pressure in Figure 4a. In addition,
the NRGPS illustrates the good frequency performance. As shown in
Figure 4f, the cyclic 76 kPa pressure at the frequencies of 0.1 Hz, 0.2
Hz, 0.25 Hz, and 0.5 Hz were applied to the pressure sensor. The
device has almost the same response independent to the frequency.
The NRGPS also displays amazing stability. Each 1000-cycle
pressure of 76 kPa, 113 kPa, 151 kPa, 197 kPa, 237 kPa, 287 kPa, 318
kPa, 352 kPa, 393 kPa, and 440 kPa was applied to the NRGPS, and
the NRGPS shows stable response (Figure 4g and Figure S10). In
other word, the NRGPS can still work well after taken 10000
compressing/releasing cycles under different pressures. Compared
with recently published flexible pressure sensor,’ 113, 14, 43-499 NRGPS
shows obvious advantage in the linearity range (Figure 4h and Table

).

100 kPa 200 kPa 300 kPa

600 kPa 700 kPa

800 kPa

Under Pressure T Experiment—
2800 Fitting Result—
Graphene -
Graphene/PU é 2100,
nanomesh g
skeleton 1400
Graphene <
Graphene/PU 700
nanomesh
skeleton 0
0 200 400 600 8OO 1000
[ ] HRSGrap Pressure (kPa)
400 kPa 500 kPa 1000
900 kPa
10
1

Figure 5. Sensing mechanism and simulation of NRGPSs. (a) The SEM image of the nanomesh embedded into the graphene. The scale
bar represents 10 pm. (b) The SEM image of graphene coated on the PU nanomesh after being stretched. The scale bar represents 10 um.
(c) The SEM image of the nanomesh-reinforced graphene after compressing and releasing. The scale bar represents 100 um. (d) The SEM
image of the graphene on the surface of nanomesh. The contour of PU nanomesh is easy to be distinguished. The scale bar represents 5
pum. (e) The diagram of the LSG/PU nanomesh under initial and pressure state. (f) The diagram of nanomesh-reinforced graphene networks
under initial and pressure state. High resistance state usually happens at the top of PU nanomesh. (g) Simulation result (red line) and
experimental data (black line) of the relative resistance variation of NRGPSs versus the pressure. (h) The resistance distribution results
simulated by the finite element model under the pressure from 100 kPa to 1 MPa. The numbers in the label represent the resistance

corresponding to the original resistance, which was set to a unit.
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Figure 6. MOSFET-mimicking NRGPS to detect pulse. (a) The photograph of taking the pulse diagnosis. (b) The pulse signals detected
by the NRGPS under different pressure at “Cun” acupoint. (c) The pulse signals detected by the NRGPS under different pressure at
“Guan” acupoint. (d) The pulse signals detected by the NRGPS under different pressure at “Chi” acupoint. Red signals correspond to
pulse under small pressure by finger compressing. Red signals correspond to pulse under middle pressure by finger compressing. Blue
signals correspond to pulse under large pressure by finger compressing. (¢) Schematic diagram of MOSFET-mimicking NRGPS. The
resistance between drain and source is controlled by the mechanical base. (f) The principle of pulse signal amplification by NRGPS. By

changing the quiescent point, the magnification can be adjusted.

Sensing Mechanism and Simulation of NRGPS

The large linearity of NRGPS can be attributed to the reinforced
concrete structure, which consists of concrete and steel bars. Due to
the steel bar skeleton, compared with the concrete, the compressing
strength of reinforced concrete can be improved for many times. In
addition, the steel bar in reinforced concrete would limit the crack
generation and propagation in concrete.

To explain the excellent sensing performance of the NRGPS, the SEM
of nanomesh-reinforced graphene was firstly analyzed. The interface
between graphene and GO/PU nanomesh was shown in Figure 5a. It
is clearly that PU nanomesh was embedded into the graphene similar
to the porous reinforced concrete. After stretching the nanomesh-
reinforced graphene, the superficial graphene cracked, and the
graphene covered and coated on the PU nanomesh tightly can be
found (Figure 5b). Compared with the original LSG shown in Figure
le, after the compressing, the holes in the LSG reduced. Therefore,
the effective thickness of NRGPS would reduce. Figure 5c
demonstrates the morphology of the LSG on the nanomesh. Compared
with the Figure 5a, the contour of PU nanomesh becomes clear (Figure
5d). The surface topography of compressed nanomesh-reinforced
graphene was also charactered by the profiler and confocal
microscope. After compressed for 30 s under 1 MPa pressure and
released (If the compression time is too long, the nanomesh-reinforced
graphene would be hard to be peeled off from PDMS for
measurement), the thickness of nanomesh-reinforced graphene
becomes 22 pum with the STD of 4.03 um (Figure S11). The
fluctuation of nanomesh-reinforced graphene is less than 20 pm

This journal is © The Royal Society of Chemistry 20xx

(Figure S12 and S13). Therefore, the compression would lead to a
flatter surface and smaller height of nanomesh-reinforced graphene.
Besides, the LSG on the top of PU nanomesh is first compressed, and
easier to become high resistance state (HRS). In addition, some cracks
are formed during the pressing process, which also become the HRS.
According to the micromorphology of the LSG, a finite element
model has been demonstrated to explain the mechanism of the
NRGPS. Due to the uneven surface, the contact area between the
NRGPS and the pressure probe gradually increased during the
compression process, and the density of HRS units gradually
increased. The thickness of LSG will be smaller, especially on the top
of PU nanomesh (Figure 5¢). Therefore, the resistance of normal LSG
was usually in low resistance state (LRS), which was set as Rzgs. On
the contrary, under the pressure, the resistance of LSG on the top of
PU nanomesh was in HRS. In addition, cracks are easy to be created
at the large-fluctuation area. These units were set as Ryrs. The HRS
units was formed gradually. The shape of high resistance state area is
similar to the PU nanomesh (Figure 5f). The details of the finite
element model are discussed in the Finite element model of NRGPS
part. As shown in Figure 5g, the simulated result can fit the
experimental data well. According to the finite element analyzing
result, the resistance distribution of the NRGPS under 100 kPa to 1
MPa pressure are illustrated to in Figure 5h.

Application of Intelligent NRGPS
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Based on the high sensitivity and large range, tactile signal such as
pulse can be detected by the NRGPS attached on the wrist of tester
(radial artery). In addition, the pulse diagnosis for traditional Chinese
medicine (TCM) was illustrated. During the common pulse diagnosis,
three different pressures (small force call *Fu’ (0.6 N), middle force
called ‘Zhong’ (2 N), large force called ‘Chen’ (3.6 N)) are usually
applied to three acupoints on the radial artery (‘Cun’, ‘Guan’, ‘Chi’)
by fingers, and response is detected by the tactile sensation of finger.
According to the 9 kinds of response, experienced experts can
diagnose the physical condition of the testers by tactile sensation.
Therefore, three different pressures were applied on three NRGPSs
attached on three acupoints by finger (Figure 6a). It is worth
mentioning that the NRGPS would not influence the tactile sensation
of the operator, which is important to the data calibration. After
filtering, three kinds of pulse signal under different pressure bias at
three acupoints were shown in the Figure 6b to 6d. Red, green, and
blue signals correspond to pulse under small, middle, and large
pressure created by finger. The amplitude of pulse signal was larger
under larger pressure. Therefore, the tactile signal was amplified in
situ, and the pulse diagnosis process of TCM was realized by the
NRGPS, successfully. Similar detection can also be realized in high-
pressure condition. The NRGPS was put under the table leg. Then, a
mortar less than 100 g was put onto the table, and the signal can be
obtained (Figure S14 to S16).

Page 8 of 12

To explain the tactile amplification phenomenon, an anglogy between
the MOSFET and NRGPS was proposed. ThedVIQSIHET) wonsists: of
gate (G), source (S), and drain (D) (Figure S17a). The drain current
can be controlled by the gate voltage. To realize the signal
amplification, the MOSFET should be set at appropriate quiescent
point (Q) by suitable direct-current (DC) bias. The alternating signal
(ugs) was loaded the DC base (Ugsq). Then the u,, will be amplified at
the D terminal, and the igs was controlled by u, (Figure S17b).
Similarly, the resistance between two terminals of NRGPS can also
be controlled by pressure terminal. The pressure created by the finger
(Pq) can be regarded as the DC bias. The pulse signals can be regarded
as the alternating signal loaded on the P (Figure 6¢). By adjusting the
Pg, the pulse can be amplified in situ and the magnification can be
controlled (Figure 6f). More details can be obtained under large
pressure bias. In addition, the large linearity range and high sensitivity
of pressure sensor can enlarge the amplify range. More importantly,
traditional negative-resistance pressure sensor, which has the larger
sensitivity under small pressure and smaller sensitivity under large
pressure, cannot realize signal amplification. Also, the max 4R of
negative-resistance pressure sensor can only be 100%, which leads to
the small amplify range when used as the mechanical MOSFET.

Besides, the NRGPS can be applied as the tactile sensor to realize the
function of skin, which can help the blind person to learn braille or
reconstruct tactile sensation. The braille distinguishing has high
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Figure 7. NRGPS as intelligent tactile sensor for distinguishing convex braille numbers. (a) The diagram of touching convex braille
number process and pressure condition. (b) Photograph of NRGPS on a finger to press the convex braille number. (c) Tactile signals
detected by NRGPS attached on the finger of tester. The tester compressed the convex braille number (0, 1, 2, 3, and 4) by the NRGPS
attached on the finger. (d) The structure of CNN to classify the tactile signals. (¢) The evolution condition of training loss during 30000
epochs. (f) The evolution condition of classify accuracy during 30000 epochs. (g) The confusion matrix for the CNN prediction result.

8 | J. Mater. Chem. A, 2021, 00, 1-3

This journal is © The Royal Society of Chemistry 20xx


https://doi.org/10.1039/d1ta09813f

Page 9 of 12

Published on 22 January 2022. Downloaded by Tsinghua University on 1/22/2022 4:36:31 PM.

requirement to the tactile sensor, especially in the pressure range. The
area of a single raised braille is about 1 x 10® m?. If 1 N force was
applied to compress the braille, the pressure would be about 1 MPa,
which exceeds the range of most flexible sensors. In this work, one
piece of nanomesh-reinforced graphene was attached on the finger of
tester (Figure 7a and 7b). The arrow represents the moving direction
of the finger. Then the tester compressed five convex braille numbers
(0, 1, 2, 3, and 4) by the finger with NRGPS on it. The typical tactile
signals of different number are illustrated in Figure 7c, which can be
distinguished by waveforms. In addition, the photograph of convex
braille’s practicality picture is also shown in Figure 7c. To realize the
information mining and automatic classification, a CNN algorithm
was proposed to cooperate with NRGPS, which contains three 1D
convolutional layers and three fully connected layers (Figure 7d). The
kernel size of three convolutional layers is 1 x 3, and the channel
number of each layer is 50, 100, and 200, respectively. The
maxpooling size of each convolutional layer is 2, 5, and 5,
successively. The size of three fully connected layer is 1000x200, 200
x 40, and 40 x 5. To avoid gradient explosion and gradient

disappearance, ReLU (Rectified Linear Unit) was chosen as the
activation function behind each layer. In addition, to solve the
overfitting problem, dropout was applied. Finally, the classification
results were outputted after the Softmax function. Compared with the
previous intelligent tactile sensor, which classify objects by 2D CNN
(ResNet-18),%7 the network size and computational load of this 1D
CNN is much smaller. Therefore, this 1D CNN is a more efficient
algorithm. The tactile signals were first sliced into 5 s fragment
according to pressure peaks. Then, tactile signals were inputted into
the neural network. After trained for 30000 epochs, the training loss
decreased (Figure 7e¢) and training accuracy can be up to 98.4%
(Figure 7f), which shows the optimization of the CNN. The trained
CNN can be used to classify the data in the test set. The accuracy of
CNN to classify the test set can be up to 88%, and the confusion matrix
of classify result is shown in Figure 7g. The result shows that there
are hidden characters in the tactile signals of different numbers which
can be mined by CNN. In addition, the high classify accuracy of
training set is not overfitting, but really good performance. Compared
with previous pressure array,?’ the automatically tactile classification
has been realized by only one NRGPS, which greatly decreases the
cost of the sensor. In all, based on the excellent sensing performance,
the NRGPS can monitor physiological signals internally and
reconstruct the tactile function of skin externally.

Experimental
Fabrication of Packaged NRGPS

The PU nanomesh was fabricated using a electrospinning machine
(Ucalery). The experimental details has been introduced in the main
text. To character the performance of NRGPS, the nanomesh-
reinforced graphene was packaged by the PDMS (SYLGARD 184,
Dow Corning, 10:1 mixture). The liquid PDMS was cured under 70 °C
for 3 h as the substrate. Then, nanomesh-reinforced graphene (1 cmx
1 cm) was transferred to the PDMS substrate. The Cu wires as the
electrode were fixed on the nanomesh-reinforced graphene by Ag gel.
Then the Ag gel was cured under a baking lamp for 12 h. Finally,
another layer of uncured PDMS liquid was poured on the nanomesh-
reinforced graphene. The top PDMS layer was cured by put the device
on the hot plated under 70 °C for 3 h.

Characterization

The surface morphology of the LSG was observed using a JCM-7000
SEM (JEOL Inc.) and confocal microscope (Leica DCMS8). The

This journal is © The Royal Society of Chemistry 20xx
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thickness of the PU nanomesh and LSG were measyred using the
profilers (Dektak 150). Raman spectroscopy ®¢2ls etfoPiidd AlsiIRESh
laser with a wavelength of 532 nm (HORIBA Inc.). The XPS (PHI
Quantro SXM) was performed using monochromatic aluminum Ka
X-rays. The loadings of pressure were performed with a universal
testing machine (Shimadzu AGS-X). The electrical signals of the
pressure sensor were recorded using a digital source-meter (RIGOL
DM 3068 and Keithley DMM6500). The power density of the laser
was measured using an optical power meter (THORLABS S130C).
The pattern of fingerprint was measured using an OCT (HSO-2000,
TEKSQRAY).

Finite element model of NRGPS

The NRGPS was divided into 100 x 100 units, which starts from the

Ohm’s law (equation (2)), where p is the resistivity of the whole
networks. S, H, L, and W are the cross-sectional area, effective
thickness, length, and width of the unit, respectively. The L and W of
the unit is equal. The original Rygs is set to 1. With the increasing of
pressure, the H will be smaller.
L L p
R=pe=rpm=qy @
Similar to the steel bar in reinforced concrete, the PU nanomesh is
important to the performance of pressure sensor. As Wu et. al. recently
published graphene pressure sensor without the PU nanomesh, the
graphene pressure sensor has the linearity range of 200 kPa'“.
However, when the compressing pressure larger than 200 kPa, the
graphene pressure sensor would be in an unstable state. The PU
nanomesh play the role of the skeleton to the LSG and greatly improve
the linearity range of pressure sensor. In the pressure range of 0 to 200
kPa, due to the exist of PU nanomesh, the density of units in HRS
changes slowly. The generation rate of units in HRS is set to 2
unit/kPa. The positions of HRS unit are random. The resistance of
newly formed Rpgs is 400. In addition, the H also decreases slowly
and microcracks in LRS unit make the Ryrs increase as the equation
(3), the unit of P is kPa.
P
Rigs=1+ I 3)

In the pressure range of 200 kPa to 400 kPa, the thickness LSG on the
top of PU nanomesh changes quickly. Therefore, the HRS units
changes fast. The generation rate of units in HRS increases to 12.5
unit/kPa. The resistance of newly formed Rygs is 600. In addition, the
Rrs increases as the equation (4), the unit of P is kPa.

(P-200)

Rips =2.74 + T 4

When 400 kPa<P<750 kPa, the density of HRS units caused by the
LSG on the top of PU nanomesh changes slower. However, the
recoverable cracks are also created due to the high pressure, which
also makes HRS units. The generation rate of units in HRS decreases
to 6.9 unit/kPa in average. The resistance of newly formed Rygs is
1000. The high pressure also decreases the thickness of LSG in the
LRS unit. The high pressure creates much microcrack in LRS units,
which makes the resistance of LRS units increase fast. the Rirs
increases as the equation (5), the unit of P is kPa.

(P-400)

Rigrs=5.24 + T 5)

When 750 kPa<P<1 MPa, the thickness and crack number of NRGPS
are tend to be saturated. The generation rate of units in HRS decreases
to 1.2 unit/kPa in average. The resistance of newly formed Rpurs is
also 1000. In addition, the Rzgs increases much slowly as the equation
(6), the unit of P is kPa.

(P-750)

Rigs=12.24 +——— (6
LRS 150 ()
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Details of CNN and Tactile Signal

The sampling rate of tactile signal is 50 Hz. The continuing tactile
signals were first sliced into fragments according to the peaks of each
compressing. Each fragment has 5s signal (250 data points). Therefore,
the size of input of the CNN is 1x250. 303 fragments were randomly
divided into 253 training set and 50 test set. The batch size is set to
16. Normalized tactile fragments were first inputted into the three
sequential 1D CNN layers. Afterthat, the flatten data was transferred
to three fully connected layers. Finally, CrossEntropy was chosen as
the loss function. Adam was chosen as the opitmizer. The learning
rate was 0.00005 from 1 to 50 epochs, 0.00001 from 51 to 500 epochs,
and 0.000005 from 501 to 30000 epochs. Details of each nerual
network layer is listed below:

CNN layerl: kernel size = 1x 3, padding = 1, stride = 1, activation
function = ReLU, maxpooling size = 2, channel number = 50, dropout
=0.5;

rials'Chemistry!A

Journal of Materials Chemistry A

CNN layer2: kernel size = 1 x 3, padding = 1, stride .|, Activation
function = ReLU, maxpooling size = 5, cRath&l- RdR{BErA2980¢,
dropout = 0.5;
CNN layer3: kernel size = 1 x 3, padding = 1, stride = 1, activation
function = ReLU, maxpooling size = 5, channel number = 200,
dropout = 0.5;
Fully connected layerl: size = 1000x200, activation function = ReLU,
dropout = 0.5;
Fully connected layer2: size = 200x40, activation function = ReLU,
dropout = 0.5;
Fully connected layer3: size = 40 x 5, activation function = ReLU,
dropout = 0.5;

Conclusions

Table 1. Comparison of the sensitivities and linearity pressure range among the NRGPS and recently published flexible pressure sensor.

. Fixing Breathable on . . . Sensitivity at
Material Method Body Intelligent Linearity Range Max Range Reference
Nanomesh-reinforced  Self- Yes Yes 1000 419 This work
graphene Fixation
Yes, if not
Graphene/Paper Tape packaged No 20 0.012 [7]
Graphene/PDMS Tape No No 40 0.45 [8]
CNT/Graphene/PDMS N.A. No No 5.8 0.27 [9]
Yes, if not
A A T ’ . 1
gNWs/GR/PANF ape packaged No 80 0.7 [10]
AuNWs-impregnated . No No 5 1.14 (1]
tissue paper
Au Nanomesh Self-Fixation Yes No 120 1 [13]
LSG Bandage No No 200 11.09 [14]
Silica/PANI Bandage No No 120 17.5 [34]
CVD Graphene N.A. No No 40 0.00005 [37]
Porous Bandage and
Graphene/PDMS Tape No No 1000 0.09 [38]
Au/PDMS/Au Tape No No 40 32 [40]
Pyramidal PDMS N.A. No No 600 0.021 [41]
B
AgNPs andage and No No 20 0.48 [43]
Tape
AgNWs/PVDF/AgNws Candage and No Hardware 120 10.9 [44]
Tape Circuit
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In conclusion, the intelligent NRGPS was realized based on the
materials of PU nanomesh, LSG and the fabriction process with a
high-effiencecy and low-cost. The as-prepared nanomesh-reinforced
graphene exhibits good water vapor permeability like no obstruction.
With the nanomesh skeleton, the NRGPS has the ultra-large linearity
(1 MPa), high sensitivity (4.19 kPa!), and excellent mechanical
stablity (10000 compressing/releasing cycles), which shows
advantage to recently published work. The intelligent NRGPS can
amplify the pulse signal in situ to realize the pulse diagnosis of
traditional Chinese medicine. Combined with the CNN algorithm, the
intelligent NRGPS can also be used as tactile sensor to distinguish the
braille numbers. This work has great potential in the intelligent
diagnosis field, human—computer interaction, and helping disables to
reconstruct tactile sensation.
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