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Abstract. The demand for flexible and wearable sensors is increasing day by day due to varied applications in
the biomedical field. Especially highly sensitive sensors are required for the detection of the low signal from the
body. It is important to develop a pressure sensor that can convert the maximum input signal into the electrical
output. In this paper, the design and performance of graphene piezoresistive pressure sensors have been
investigated by zig—zag piezoresistors on the square diaphragm. On the applied pressure, deformation is sensed
by the piezoresistors above the diaphragm. Finite element analysis is carried out to investigate the effect of
zig-zag piezoresistors on the square diaphragm. Simulated results for the optimized design are obtained for an

operating range of 0—100 psi for pressure sensitivity.
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1 Introduction

Monitoring human signals is a challenging task when it
concerns low signal monitoring. To measure various strain
levels of the human physical motion, researchers are
focusing on new emerging technology used for the
measurement of low signals of the human body [1]. Low
signal monitoring is done by utilizing highly sensitive
pressure sensors [2]. A high sensitive pressure sensor is
achieved by varying the geometrical structure of the sensor
and suitable selection of the material.

Graphene is a 2 D material with unique mechanical and
electronic properties [3]. The thickness of the graphene
varies from mono-layer graphene to the few layer graphene
such as 0.34-2.3nm [4,5]. Graphene has a high modulus of
elasticity that makes it a suitable material for various
pressure detecting applications [6]. Many researchers work
on the fabrication of sensitive graphene pressure sensors for
monitoring the health of human beings. Nie et al. [7]
proposed a flexible strain sensor by adhering graphene
mesh film on liquid crystal polymer substrate to detect the
minor input displacement in the human body. Saha et al.
[8] propose a wearable sensor fabricated from reduced
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graphene oxide patterned paper substrate for investigating
the bending and folding angles to detect the motion of the
knee, wrists, and fingers. Yang et al. [9] proposed a
graphene-based skin line real-time sensor for pulse wave
sensing by creating an optimal balance between sensor
linearity and sensitivity and reveals that graphene woven
fabric, as a sensing element which is responsible for the
enhancement in the sensitivity of the sensor. Furthermore,
the effect of substrate stiffness with graphene is analyzed in
terms of sensitivity and linearity which overall helps in
device designing and performance optimization. Chun
et al. [10] propose a graphene pressure sensor for tactile
sensing using two separated single-layer graphene on a
flexible substrate. For low-pressure measurement, a
sensitivity of —0.24 kPa ™' and for high-pressure sensitivity
of 0.039 kPa~" is achieved. Rinaldi et al. [11] discuss the
Multilayer graphene pressure sensor with a sensitivity of
0.23 kPa ™! for detecting the compressive stresses as low as
10kPa for an applied pressure of 70kPa. Inoue et al. [12]
propose an inline pressure sensor based on polydimethyl-
siloxane (PDMS) microfluidic tube integrated with
graphene sheets. Inside pressure was monitored by the
changes in electrical resistance of the graphene sheet. Chun
et al. [13] demonstrate high sensitive tactile sensor of three-
dimensional interconnected reduced graphene oxide flakes
for monitoring the motions of muscles, motions of finger
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and elbow, dynamic pressure induced by an artificial
fingerprint structure. A sensitivity of 40.8 kPa™! is
achieved for low pressure generated by muscles movement.
Huang et al. [14] proposed a hybrid method for enhancing
the sensitivity of the pressure sensor.

It is seen that graphene pressure sensors show better
results when used for monitoring the pressure sensing of
the human body. Considering the geometrical variation
in the structure of the piezoresistors, researchers are
emphasizing diaphragm geometry and a little bit on the
structure of the piezoresistors. Kumar et al. [15] design and
simulate piezoresistive pressure sensors to improve the
performance of the sensor. Simulation is carried out to
investigate the effect of the geometry of the diaphragm,
shape, and location of the piezo resistors. Meti et al. [16]
designed a piezoresistive pressure sensor by using n-type
silicon and p-type meander-shaped piezoresistor. A differ-
ent structure is simulated using COMSOL multiphysics by
varying the length of the piezoresistor to find the best
configuration for high sensitivity and linearity. Results
reveal that 50 wm length of piezoresistors is found to have
the best sensitivity. Hayati et al. [17] proposed piezor-
esistive pressure sensor of hairpin shaped structure. The
simulation was carried out using COMSOL multiphysics
for square and circular diaphragms for an operating range
of 0-10 bar. The proposed model is analysed for high
sensitivity and low nonlinearity.

Even for the fabrication of the graphene pressure
sensor involves the compatibility of sticking property of
graphene to the oxidized silicon wafer [18]. Graphene due
to its strong adhesion property to SiO,, silicon substrate
is recommended for the fabrication of the graphene
pressure sensor. Qu et al. reported polysilicon pressure
sensor and achieve a sensitivity of 0.12 mv/psi [19].
Polysilicon is said to be suitable material for piezor-
esistors for sensor operated at room temperature [20].
However, at higher temperature a reduction in
sensitivity is noticed [21]. Many researchers exploring
the graphene due to its high temperature compatibility
at higher temperature also.

As per the discussion of the literature review, it is found
that a suitable geometrical structure and selection of
proper material can enhance the sensitivity of the pressure
sensor utilized for health care monitoring. Considering the
variation in the geometrical structure of piezoresistors,
limited research is carried out to investigate the shape of
the piezoresistors to accommodate the maximum strain
area.

In this paper, a new geometry of piezoresistor is
discussed that covers the complete area having the
maximum strain at the edges for the rigidly clamped
diaphragm. With this new geometry of zig—zag shaped
piezoresistor, the induced stress in the terms of strain at the
edges is covered completely by the piezoresistors to get the
output electrical voltage with the help of wheat stone
bridge configuration. This placement of piezoresistor
affects the performance of the pressure sensor. The
operating Pressure range is taken as 0-100 psi that covers
a wide area of application related to health -care,
automobile sector, etc.

2 Theory and methodology

Piezoresistor pressure sensor works on wheat stone bridge
configuration having two important parts such as substrate
and the sensing element [21]. In this paper silicon is taken as
a substrate material which is designed in the form of
diaphragm. Due to applied pressure, deformation is
induced in the diaphragm which created strain at the
edge of the rigid diaphragm [21]. The piezoresistor are
placed in zig—zag format to cover the maximum stress areas
to convert the change in strain with the help of bridge to the
electrical output voltage.
Resistance of the piezoresistor is given by

L

R = PZ (1)

where p the resistivity of the sensing material, L is the
length of the piezoresistor, A is the cross-sectional area.

On the application of force, the displacement of the
diaphragm at the center is given by

P, 4
D =0.0151(1 — 6°) E—Z3 (2)

where “P’ is the pressure, “a” is the side length of square
diaphragm, “h” is the thickness of the diaphragm, “v” is the
poisons ratio.

Placement of piezoresistors are done to cover the
effective strain area at the edges of the rigid diaphragm.
Two piezoresistors are placed at the center of the
diaphragm to experience the stress at the center also.
Two resistors are placed in the center and other are placed
at the edges of the diaphragm to measure the tensile and
compressive stress. This placement of piezo resistors helps
in temperature compensation [1]. COMSOL Multiphysics
software is a general-purpose platform for engineering
modelling and simulations [22]. The software platform
provides an easy way to couple the interactions and effects
of different types of physics on a particular application. It
has some sub modules that have in built physics functions
that can be used to simulate a multitude of effects onto a
model. In this study COMSOL Multiphysics 5.3a version
for all the simulations [22].

The modules used for the simulation of the pressure
sensor is MEMS module and heat transfer module, and for
the resistor, the AC/DC module is used. Inside the MEMS
module the piezoresistivity sub module is used to
characterize the resistance changes with pressure for the
piezoresistors. The piezoresistivity is a couple of two
physics module, solid mechanics and electric currents.

2.1 Solid mechanics physics

The solid mechanics module is used to analyse and simulate
the stresses generated on the model due to external
pressure. This module also simulates the displacement or
deformation of the membrane due to the pressure applied.
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Fig. 1. Shape of piezoresistor.

These stresses and changes in the shape of the diaphragm
are used to find the changes in the current across the
piezoresistors, by coupling with the electric currents sub
module.

2.2 Electric currents physics

The electric currents physics in the AC/DC module is used
to analyse the currents, potential and power changes
happening across a model. The model can also be used to
simulate the different loss stresses generated across an
electrical component.

2.3 Heat transfer physics

Heat transfer physics is added in this simulation, because
during simulation the properties of the material change due
to the variation in the temperature. Heat transfer module
contains a lot of boundary conditions that allow the user to
analyse heat transfer by convection, conduction, and
radiation. The Heat Transfer physics includes a compre-
hensive set of features for investigating thermal designs and
effects of heat loads. However, temperature is kept
constant at room temperature for the analysis of this
model. Following is the sequence for modelling the
piezoresistive pressure sensor in comsol.
— Define global parameters.
e Pressure.
e Temperature.
— Define components of modelling that includes definition.
e Definition includes: Declaration of boundary probes,
metal lines, upper and lower membrane, substrate
description.
— Geometry construction by using different work-plane for
upper and lower layer.
— Material selection.
— Add physics.
— Meshing.
— Add study.
— Analysis of results.

2.4 Modelling and simulation

Performance of piezoresistors are determined by the
properties of the substrate and sensing material, placement
of the piezoresistor [23,24]. Moreover, dimensions of the
piezoresistors and thickness of the square diaphragm
effects the performance of the pressure sensor by improving
the yield [25,26]. In this work, zig—zag shaped piezoresistor
is selected to cover the maximum strain at the square
diaphragm as shown in Figure 1.

The induced stress is maximum at the edges and
minimum at the center of the diaphragm [27]. Diaphragm
thickness is chosen to be 50 pm for designing of the
diaphragm [1]. Boundary conditions with extremely fine
meshing are utilized for the simulation of the model.
Output voltage is noticed due to the change in resistance of
piezoresistor with the help of wheat stone bridge
configuration. Figure 2 shows the total displacement.
Maximum displacement of the diaphragm is noticed at the
center of the diaphragm which is represented as red color.
Drop in displacement is noticed as one moves from center
to the edges of the rigid diaphragm. The piezoresistors are
placed at the center and at the edges of the diaphragm as
shown in Figure 2.

3 Result and discussion

In this section, the simulated results are analyzed to
achieve the output pressure sensitivity. It is noticed that by
introducing the zig—zag shaped piezoresistor, the sensitivi-
ty of the graphene pressure is achieved as 4.20 mV /psi for
the operating range of 0—100 psi. Moreover optimization of
diaphragm thickness is necessary to increase the sensitivity
of the pressure sensor. Thinner diaphragm shows high
sensitivity as compared to the thicker diaphragm, but very
thin diaphragm causes non linearity in the output results
that somehow reduced the sensitivity as non-linearity is
added to the output results result that degrades the
performance of the pressure sensor. Guan et al. [28] also
supports the optimization of the diaphragm thickness.
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Fig. 2. Simulated model of pressure sensor: total displacement is in mm range at the applied pressure of 100 psi.
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Fig. 3. (a) Top view of the simulated model graphene pressure sensor. (b) Side view of the graphene pressure sensor.

Dimensions of the piezoresistor plays an important role
in enhancing the sensitivity of the pressure sensor but again
very large length is not entertained for fabrication of the
pressure sensor as graphene is used as s sensing element
with mono layer thickness that limits the dimensions of the
piezoresistors. Increasing the length of the piezoresistors
beyond limits decreases the sensitivity [29,30]. Placement
of the piezoresistors also affects the sensitivity of the
pressure sensor [31,32].

However, the proposed simulated model of graphene
pressure sensor has various advantages on the other sensing
material due to the unique properties of graphene and
temperature compatibility at the higher temperature.
This modeled design can be utilized for the fabrication
of graphene pressure sensor for health care devices as this

zig—zag shaped piezoresistor covers the maximum strain
area which makes its more suitable for medical filed where
more sensitivity is required to measure the low pressure.

Figure 3a and b shows the top and side view of the
simulated model with zig—zag shaped piezoresistors.

On the application of applied pressure ranges from
0 to 100 psi, output voltage is calculated by COMSOL
Multiphysics by applying the boundary conditions to
the model. Tt is noticed in Figure 4 that an approx.
linear relationship is noticed between the applied
pressure and the output voltage. The results shows that
initially the relation follows slightly polynomial relation
but as the pressure is increased that curve shown in
Figure 4 shows linear relation between input and the
output voltage.
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Fig. 4. Output characteristic of graphene pressure.

4 Conclusion

In this work, zig—zag shaped piezoresistors are designed to
cover the maximum strain region at the edges of the
diaphragm. From this simulated geometry, a sensitivity of
4.20 mV /psi is achieved for an operating range of 0-100 psi
with the help of wheat stone bridge configuration. From the
simulation, it is noticed that the combination of silicon as a
substrate material and graphene as a sensing material
enhances the sensitivity of the sensor within a wide range
that covers the working range of medical pressure sensor,
health care sensor, etc. The simulation is carried out using
COMSOL Multiphysics 5.3 a version. From Figure 4, it is
clear that as the applied pressure increases, a noticeable
change is seen in the output in the form of electrical voltage.
Maximum deflection is noticed at the center of the square
diaphragm. Nag et al. [21] simulated a graphene pressure
sensor for a single turn of piezoresistor and achieved the
maximum sensitivity of 4.00mV/psi. At room tempera-
ture, a sensitivity of 3.98 mV /psi is achieved. It is clear that
by increasing the surface area for piezoresistors, sensitivity
is improved by 0.22mV /psi. This sensor can be used in
various applications such as in health care monitoring
devices and the automobile sector [32-34|. For future
enhancement, optimization is carried out to enhance the
sensitivity of the pressure sensor. Even during the
fabrication of graphene pressure sensor, effective transfer
of CVD graphene on the oxidized silicon wafer adds to the
sensitivity of the pressure sensor.

Conflicts of interest. The authors declare that they have no
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