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The graphene-based sensing electronic skin has a broad application prospect, but its piezore-
sistive sensing mechanism still needs to be further studied. In this work, according to the
microscopic characteristics of the graphene electronic skin, the Monte Carlo stochastic algo-
rithm is used to generate randomly distributed graphene sheets, and then the piezoresistive
sensor model of the graphene electronic skin is established. The relative resistance and gauge
factor of the model are calculated by the finite element method. Meanwhile, the current den-
sity and potential contour under different graphene morphology are obtained. The results
show that the graphene sensor with a high area fraction has a higher sensing range, and the
graphene sensor with a low area fraction has a higher gauge factor. The piezoresistive effect
of the model depends mainly on a change of graphene sheet density. With the change of
strain, the variation of the overlap area and overlap number between graphene sheets will
cause a change of graphene density and electron migration path. The separation between
graphene sheets can lead to reduction in electron migration paths, resulting in nonlinear
changes in the relative resistance of the model. The present work can provide technical
support for design and preparation of the graphene-based electronic skin.
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1. Introduction

Skin is the largest organ of the human body, and it is a multi-functional sensor that can clearly
perceive changes in the external environment, which is of great significance to the survival and
development of human beings. Electronic skin, on the other hand, is a device that simulates
the function of human skin (Ma and Khoo, 2024; Li et al., 2023; Guo et al., 2024; Fang et al.,
2021). It can mimic the tactile sensing function and flexible performance of human skin, and
can attach to the surface of human skin or robots, sensing various stimuli such as pressure,
temperature, etc. It has shown broad application prospects in fields such as intelligent medicine,
human prosthetics, and health monitoring (Mudhulu et al., 2023; Xiao et al., 2023; Xu et al.,
2023; Hu et al., 2024; Liao et al., 2024).

The piezoresistive sensing electronic skin based on graphene has gained great attention due
to its excellent sensitivity and flexibility (Chen et al., 2023b; Fang et al., 2023; Chen et al., 2023c;
Chen et al., 2023a). Yun et al. (2023) prepared a waterproof and ultra sensitive wearable strain
sensor using carbon black/graphene/carboxymethyl cellulose, which can easily capture signals
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of spatial strain during body movement. Feng et al. (2023) reported a new type of graphene-
based resistance sensor with high sensitivity and response speed, and its blood pressure detection
error value has passed the standards of the Association for the Advancement of Medical Instru-
mentation standard. Sharma et al. (2023) proposed a piezoresistive sensor based on graphene
nanosheets and a PDMS substrate, which can detect both fine and large strains with good sta-
bility and repeatability. Wei et al. (2021) prepared a wearable piezoresistive sensor with high
sensing performance through polypyrrole and reduced graphene aerogel. Hong et al. (2024) suc-
cessfully prepared a dual biomimetic stretchable strain sensor with fingerprint patterns and a
biomimetic lotus root fiber structure using silicone rubber, multi walled carbon nanotubes, and
graphene, which could accurately achieve gesture recognition, human micro-expression monitor-
ing. Combined with machine-learning algorithms, Ma et al. (2923) proposed a porous graphene-
based flexible pulse sensor for cardiovascular disease diagnostics, which achieves high accuracy
(> 93%), showing a broad application prospect of the electronic skin.

In order to establish the connection between the macroscopic performance and microscopic
structure of graphene-based composite sensors, and to study their sensing mechanism at a deeper
level, numerical simulation is an economically effective method. Li and Yang (2020) established
a two-dimensional random model through theoretical modeling and finite element simulation
to study the piezoresistive behavior of stacked graphene composite sensors. Ren et al. (2022)
used the finite element method to analyze the mechanical stress and deflection of the graphene
piezoresistors, established a functional relationship between mechanical properties and size vari-
ables, and determined the optimal size of the structure. Lamba et al. (2022) used finite element
analysis to design and simulate graphene piezoresistive sensors, which had the ability to per-
ceive biaxial forces and were therefore suitable for microbiology, minimally invasive surgery, and
healthcare applications.

In the present work, we establish a two-dimensional sensor model based on the microstruc-
ture characteristics of the graphene-based electronic skin, and explore the piezoresistive sensing
mechanism of the graphene-based electronic skin and the influence of microstructure parameters
on piezoresistive performance.

2. Graphene-based electronic skin sensing model

Based on the structural characteristics of randomly stacked graphene sheets in electronic skin
(Li et al. (2016), the Monte Carlo random algorithm is used to generate randomly distributed
graphene sheets, as shown in Fig. 1.

Matrix

Fig. 1. Schematic diagram of the graphene sensor model
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This work makes the following assumption: Firstly, since the modulus of graphene is much
larger than that of the matrix, we can consider graphene sheets as rigid materials. Secondly,
due to significant van der Waals forces between graphene sheets and polymer matrix materials,
it is assumed that the matrix can fully transfer deformation to the graphene sheets. Finally, it
is assumed that the sensor has uniform deformation, meaning that the center of the graphene
sheet remains unchanged relative to the entire sensor position. If the model extends along the
z-direction, the center coordinates of the i-th graphene at any time can be expressed as

T = x?(l +e) Yi = y?(l — ve) (2.1)

where ¢ is the linear strain along the z-direction of the model, and v is Poisson’s ratio of the
matrix material.

Commonly used electronic skin generally takes rubber as the matrix material. Under a large
deformation, in order to determine Poisson’s ratio of rubber, a small unit is taken out with an
initial volume of V{y = dx dy dz. The volume of the unit after deformation at unidirectional stress
oy is Vi = (1 +¢)(1 — ve)? dwv dy dz. Due to the incompressibility of rubber, there is

1=(14¢)(1—wve)? (2.2)
Solving equation (2.2) yields
1 1
v=—d—— (2.3)

e eyl1+e

Because 1 — ¢ is greater than zero, the negative sign is taken from Eq. (2.3), which means that
Poisson’s ratio of rubber is

1 1 (2.4)
V= — —— .
€ eVl+e
Based on Eq. (2.1), we can rewrite the central coordinates of the i-th graphene sheet as
1
v = a7 (1+e¢) vi =Yy (2.5)

vi+te

In order to analyze the resistance changes of the graphene sensor model, the left and right
ends of the model are used as two electrodes, with constant current input and output respectively.
Therefore, the analysis of resistance is transformed into the solution of the following control
equation

V-J=Qv J=0E+J. E=-VV (2.6)

where J represents current density, ' represents electric field intensity, V' represents electric
potential, o is electrical conductivity, @;, is an external current source, and J, is the externally
generated current density.

The boundary conditions of this model are insulation between the upper and lower bound-
aries, with terminals on the left and grounding on the right boundary. The basic solution ap-
proach is to use the finite element method to obtain the potential and current distribution of the
model, and then use Ohm’s law to determine the model resistance. The numerical calculations
are performed with the COMSOL Multiphysics Software.

The above methods can be used to study the piezoresistive performance of graphene sensors.
The gauge factor 3 is an important indicator for judging the piezoresistive performance of
sensors, which represents the relative resistance per unit strain, i.e.

AR
S — 2.7
7= Re (2.7)
When the gauge factor § is a constant a indicates that the relative resistance varies linearly
with strain, and the graphene sensor outputs a linear signal. Conversely, the sensor outputs a

nonlinear signal.
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3. Results and discussion

In this work, the electrical resistivity of single-layer graphene py = 4.2 - 1078 Qm, and the in-
-plane resistivity of the overlapping area of multi-layer graphene sheets is equal to the parallel
value of the resistances of each single-layer graphene sheet, i.e pg/n, where n is the number of
layers of graphene stacking. The resistivity of the rubber matrix is 1 - 10'® Qm, which is much
higher than the resistivity of graphene. In the model, the content of graphene is represented by
the area fraction f = mA/Ay, where m is the number of graphene sheets, A is the area of each
graphene sheet, and Ag is the area of the model.

Figure 2 shows the variation of the relative resistance and gauge factor of sensors with strain
under different GNPs area fraction. The simulation results shown in Fig. 2a indicate that the
initial stage of relative resistance changes approximately linearly, and as the strain increases,
the resistance begins to increase rapidly. Because when the strain starts to increase, the GNPs
mainly slips, causing only an increase in the length of the electron migration path. But when
the deformation is large, the GNPs begin to separate, and the number of graphene sheets that
do not participate in current transfer increases, reducing the electron migration path, resulting
in a sudden change in relative resistance. Due to the larger slip range between graphene sheets
with a high area fraction, the relative resistance of graphene sensors with the high area fraction
will also exhibit better linear performance when the model is extended. At the same time, it can
be seen that the sensing range of the high area fraction graphene sensor is higher, mainly due to
better connectivity of the high aspect ratio graphene sensor when the model is extended. From
Fig. 2b, it can be seen that sensors with a lower area fraction have a higher gauge factor, because
for graphene sensors with lower area fraction, the increase in resistance caused by separation of
graphene sheets can be more easily reflected. The above simulation results are consistent with
the experimental conclusions of Son et al. (2019) and Sethy et al. (2019), which confirms that
this model can simulate the piezoresistive effect of the graphene-based electronic skin.
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Fig. 2. Relative resistance AR/R and gauge factor 3 under different strains

Figure 3 shows the contour of current density under different strains. By observing Fig. 3a,
three network branches with high current density are formed respectively at the upper, middle
and lower positions of the sensor model. The low current density region in the model includes not
only the rubber substrate (the rubber matrix has very low electrical conductivity, so the current
density value is low), but also the graphene sheets separated from the network, which can be
regarded as invalid sheets. Figure 3b shows the current density at a strain of 0.2, which forms two
high current density network branches in the upper and middle positions of the model, reducing
one branch compared to Fig. 3a. This indicates that the current density in the lower branch
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plummets, and the graphene sheet in the branch also becomes an ineffective sheet that does not
participate in electron transfer, due to the separation of the graphene sheet in the lower branch.
By comparing Fig. 3b and Fig. 3c, we find that the network branch in the middle region is also
disconnected, which is manifested as a sharp drop in the current density in the middle region. The
strain range from 0.2 to 0.4 not only involves the separation of longitudinal graphene sheets, but
also the connection of transverse graphene sheets. Observing Figs. 3b and 3c, the current density
originally located in the middle region of the left end has not been very high. However, due to the
increase in strain, the graphene sheet appears to be getting closer and closer horizontally. Finally,
when the strain is 0.4, the graphene sheet forms an electron migration channel in the horizontal
direction. When the strain continued to increase to 0.6, as the graphene sheet separated, only a
high current density electron migration path remained above the model.
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Fig. 3. Current density contour under different strains: (a) e =0, (b) € = 0.2, (¢) e = 0.4, (d) € = 0.6

Taking the model with an area fraction of 1.2 as an example, Fig. 4 shows the potential
contour under different strains. When the strain is 0, it is basically in the low potential region. As
shown in Fig. 3, at this time, there are more parallel branches and smaller resistance. But when
the strain is increased to 0.2, the high potential region significantly increases, mainly because
with the increase of strain, the graphene sheet begins to gradually slip, and the overlapping
area of graphene gradually decreases, leading to a gradual increase in resistance. When the
strain reaches 0.4, as the electron migration path decreases, the low potential region increases.
However, the potential value in the high potential region increased, mainly due to the further



56

L. Li et al

increase in resistance with the slip of graphene. When the strain increcases to 0.6, this trend
becomes more pronounced.
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Fig. 4. Potential contour under different strains: a) e =0, (b) e = 0.2, (¢c) e = 0.4, (d) e = 0.6

It should be noted that in addition to the morphological changes of graphene sheets (relative
slip and separation of overlapping graphene sheets) affecting the piezoresistive properties of
electronic skin, the tunneling effect between graphene sheets also has an impact on it (Wu et
al., 2019; Liu et al., 2016). However, the sensing range where the tunneling effect plays a role is
only a few nanometers. For graphene-based composites that can sense large deformations, the
contribution of the tunneling effect to the piezoresistive performance of composites is very small.
Therefore, to maintain simplicity of the model, the present work does not consider the influence
of the tunneling effect on the piezoresistive performance of the graphene-based electronic skin.

4. Conclusions

The present work establishes a piezoresistive sensor model of the graphene-based electronic
skin using a Monte Carlo random algorithm and finite element method. The results show that
graphene-based sensors with a low area fraction have a higher gauge factor, while graphene sen-
sors with a high area fraction have a higher sensing range. By comparing the current density and
potential contour of different graphene morphology, it can be seen that the piezoresistive effect
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of the sensor mainly depends on the change in graphene sheet density. The initial deformation
of the graphene sensing model is dominated by the slip of graphene, during which the resistance
changes linearly. As the strain increases to a certain extent, the graphene sheets begin to sepa-
rate, leading to a decrease in the network path and causing a sudden change in the resistance
of the model (i.e. non-linear change).
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