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Abstract - This study presents the analytical model and 3D model simulation of the piezoelectric square diaphragm pressure
based on PZT-5H and PZT-5A. The sensor's pressure stress model and electrostatic model are explained in the analytical
model of the sensor, and all the variables impacting the induced stress and output voltage are covered. Piezoelectric materials
such as PZT-5A, PZT-5H and PZT-5J, PVDF, PMN-PT, LiNbO3, AIN, and ZnO are used to create pressure sensors. The
COMSOL Multiphysics simulator simulates the suggested 3D sensor model to verify the analytical model. The validation of
the analytical model using the simulated values revealed that the sensor's output characteristics are linear with applied
pressure and have a negative slope. This study also identifies the negative voltage that forms when tensile stress occurs. The
analytical and simulated values of the PZT-5H-based sensor's sensitivities are -5.879 mV/kPa and -6.279 mV/kPa,
respectively. The analytical and simulated values for the PZT-5A-based sensor’s sensitivities are -7.468 mV/kPa and -7.347

mV/kPa, respectively.

Keywords - Equivalent circuit, Linear, Natural plane, Voltage coefficient, Sensitivity.

1. Introduction

With the Internet of Things (loT) development,
exceptionally accurate and robust sensors have become
essential in today's technological environment. The pressure
sensor is one of the most commonly used among the
different types of sensors. Piezoelectric-based pressure
sensors are the most versatile and often used to detect
pressure in various applications like industries, medicine,
motor vehicles, 10T, energy harvesting, etcetera [1].
Piezoelectric pressure sensors have received much attention
due to their excellent linearity, high sensitivity, ease of
integration with other components, versatility, and
lightweight. This piezoelectric pressure sensor has unique
characteristics that enable sensitivity, accuracy, adaptability,
and durability by translating mechanical pressure into
electrical signals [2].

A piezoelectric material undergoes internal structural
change due to mechanical pressure or stress, such as
compression or bending, according to the fundamental
operating principle of a piezoelectric pressure sensor. The
deformation results in a new distribution of charged particles;
the produced charges become polarised, which generates an
electric potential throughout the material. It is known as the
direct piezoelectric effect. On the other hand, when an
electric field is applied, a piezoelectric material deforms
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mechanically because of the shifting of the charged particles
inside the material. It is known as the reverse piezoelectric
effect. As a result, the piezoelectric action is also reversible
[3]. A variety of different piezoelectric materials were used
to build the pressure sensor.

The commonly used piezoelectric by the researcher for
developing pressure sensors are Lithium Niobate (LiNbO3),
Quartz, Lead Magnesium Niobate-Lead Titanate (PMN-PT),
Polyvinylidene Fluoride (PVDF), Aluminium Nitride (AIN),
Lead Zirconate Titanate (PZT) and Zinc Oxide (ZnO) [4-7].
One of the most popular and best piezoelectric materials is
PZT, which is also utilised in piezoelectric pressure sensors.
Additionally, PZTs have a high piezoelectric voltage
coefficient and are employed in applications that need
durability. A material's piezoelectric coupling coefficient,
which is high in PZT, determines its capacity to transform
mechanical energy into electrical energy and vice versa. It
also shows superior mechanical and electrical qualities[8-
10]. PZT is a ceramic material employed in environments
with high temperatures for pressure sensors [11].

PZT comes in various forms, but PZT-5H and PZT-5A
are the two most frequently used in manufacturing; thus, in
this study, we are considering these two PZTs in this
investigation.
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2. Sensor Model and Equivalent Circuit
2.1. Sensor Structure

Figure 1 depicts the basic cross-sectional layout of the
piezoelectric pressure sensor with a square diaphragm. In this
study, piezoelectric sensing materials PZT-5H and PZT-5A
are used. Silicon (Si) functions as the sensor's mechanical
structure and is used as its substrate. Silicon Dioxide (Si02),
which functions as an insulator, keeps the substrate body and
electrode apart[12]. Gold (Au), which acts as the electrodes
for the sensor, is coated on the top and bottom surfaces of the
piezoelectric sensing material.
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Fig. 1 Cross-sectional view of square diaphragm based piezoelectric
pressure sensor

2.2. Equivalent Circuit Model

Because of the pressure or force being applied, the
piezoelectric material within the piezoelectric sensor deforms
under stress. Charges (Qpiezo) are generated due to this
deformation and accumulate on the piezoelectric surfaces'
opposing sides. The opposite sides of the piezoelectric
material encountered compressive stress on one side and
tensile stress on the other. As a result, the opposite charge
formed between the two surfaces and the device behaved like
a capacitor (Cpiezo). The sensor's output is a potential
difference (Vpiezo) produced between the two surfaces by the
opposing charges. Figure 2 illustrates the equivalent circuit
schematic.
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Fig. 2 Piezoelectric sensor equivalent circuit diagram

3. Analytical Model

To convert input pressure to output voltage in this study,
a piezoelectric sensor model is used for analyses. Stress is
created on the sensor's surface due to pressure applied to the
sensor's diaphragm.

The surface of the piezoelectric material generates
charges, and the piezoelectric material behaves like a
capacitor. The potential gradient between the two surfaces is
the sensor's output voltage. Therefore, the sensor's pressure
stress and electrostatic models are crucial to understand.

3.1. Pressure-Stress Model

In this study, let's consider a rectangular diaphragm-
structured piezoelectric pressure sensor. The input Pressure
(P) causes deflection (w(x,y)) and stress (T(x,y)) in the
rectangular diaphragm when it is applied to its surface with a
fixed edge at x=a and y=b and the value of x=y=0 in the

middle. The diaphragm's deflection equation is
mathematically presented as follows in [13-15]:
w(x,y) = k(a® — x*)*(b? — y*)? @)
Where k = constant, and it can be express as:
k=l 0

~ 128D(a*+b*+3a2D2)
Where D = flexure rigidity, and it can be express as:
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Where E = Young’s modulus, v = Poisson’s ratio, and
h = thickness of the diaphragm.

Let us look at equations 1 and 2 for a square diaphragm.
By putting the values for a = b into equations 1 and 2, we can
write these equations as follows.

w(x,y) = k(a® - x*)*(a® - y*)? (4)
Kk = 0.0;;;7;’ )

There are two types of stress, standard stress component
and shear stress; the two everyday stresses are along the x-
direction (Ty) and y-direction (T,y). The shear stress (T,) is
stress-induced along the z-direction. The mathematical
expression of these stresses is as follows [11-14]:

Ez [(0%w 92w
Tex = 1-v2 (axz T ayz) ()
Ez (0%w 2w
Ty =1 (5 +v50) )



Maibam Sanju Meetei et al. / IJEEE, 10(8), 1-8, 2023

Ez 2%w
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Where z = is the distance from the natural plane. For a
homogenous material diaphragm, the value of z is half of the
thickness of the diaphragm. Now, the stress equation can be
written as follows:

To = —1.02P%% (1_(§)Z> (1_3(5)2) N
(1= (=260 0

T,, = —1.021:%[(1 - (g):)z (1 -3 (§)2>2 +
o(1-0)) (1= ) | @0

Ty = 4.09P%2(1 — ) (1 - (5)2) (1 - (¥)2>ﬁ (11)
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Now, let us find out the maximum everyday stresses
along the x-direction and y-direction, as these stresses are
directly proportional to the output voltages of the
piezoelectric. The maximum stress occurs at the center of the
edges, i.e. x =aandy=0ory =a and x = 0. Now, the
maximum stress equation can be written as follows:

For x =a and y = 0, the stress equation 9 can be written
as follow:

2
Ty = 2.04pzhi3 (12)

For x = 0 and y = a, the stress equation 10 can also be
written as:

za?
T,, = 2.04—Ph—3 (13)

The maximum stress occurs at the middle of the edges in
both the x-direction and y-directions, according to equations
10 and 11 above. The z, a, and h values also affect the
sensor's maximum stress.

3.2. Electrostatic Model

According to the equivalent circuit concept depicted in
Figure 2, as charge accumulates on the piezoelectric
material's surface, it acts like a capacitor by creating a
potential difference between the surfaces.

v=2 (14)

C = capacitance between the two electrodes, Q = charges
generated, and V = the sensor's output voltage.

Since it is widely known that the top surface's edges
generate the maximum tensile stress and that pressure-
induced stress also directly correlates to generating charges;
for maximum output voltage generation, the piezoelectric
material is fastened close to the margins of the diaphragm.

The electrostatic charge generated by the induced stress
on the piezoelectric material's surface is described as follows
[16, 17]:

Q(x) = Txxd31 (15)

Where q(r) = generated charge on the surface and ds; =
piezoelectric strain constant.

Now consider a piezoelectric material of square form
positioned on a square diaphragm with length I. The total
charge generated on the surface is Q(x) on the square surface
and is denoted by:

Q(X) = lZTxx(x)d31 (16)
For a square plate, the capacitance is given by:

2
c==u (17)
Where t = piezoelectric thickness and g33 = permittivity
of the piezoelectric material.

From Equation 16 and Equation 17, the output voltage
of the piezoelectric pressure sensor can be rewritten as:

V(x) = tTx(x)d3q (18)

€33

Again, the equation 18 can be rewritten as:

V(x) = tT,(x)g31 (19)

Since the value of gs; is given by:

gs1 =22 (20)

€33

The piezoelectric material's thickness, the amount
of stress-induced on the surface, and the voltage coefficient
of the piezoelectric are all directly related to the sensor's
output voltage.

3.3. Sensitivity

The device's sensitivity is defined as the ratio of output
signal magnitude changes to input signal magnitude changes.
The following equation can be used to represent the
Sensitivity (S):

§=nm (21)

T Pp—Pm
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Where the sensor output voltage V,, and V, are for the
applied pressure of P,and Py, respectively.

4. Results and Discussion

The modelled sensor can be manufactured or simulated
using a Finite Element Method simulator (FEM) to test the
theoretical model. FEM is widely used to examine how
different design parameters affect sensor performance fast
and precisely. This study uses COMSOL Multiphysics 5.2®
is used to model the sensor and validate the theoretically
calculated piezoelectric sensor.

z
y\\L’ X

-100

4.1. Diaphragm Structure Design

To increase sensitivity, the diaphragm area should be as
large as possible, and the thickness should be as little as
possible [18]. However, more extensive and thinner
diaphragms result in more nonlinearity and structural stress,
which can cause issues with reliability.

The side length and thickness of the diaphragm should
be less than 3500 pum and more significant than 20 pm,
respectively, considering the problems mentioned above and
the present process capacity.

Fig. 3 The sensor's 3D model in the COMSOL multiphysics simulator

Table 1. Specifications of the materials used to design the sensor

Types of Material Poisson’s Ratio Young’s Modulus Piezoelectric Voltage Coefficient
PZT-5H 0.31 50 GPa -9.5x10° Vm/N
PZT-5A 0.34 52 GPa -11.3x10° Vm/N
SiO, 0.17 70 GPa -
Si 0.22 160 GPa -
Au 0.44 70 GPa -

Figure 3 shows a 3D representation of the proposed
sensor's structure in the COMSOL multiphysics simulator.
The most widely used diaphragm dimension is a square
silicon (Si) diaphragm with a length of 300 um and a
thickness of 25 pm.

A Silicon Dioxide (SiO,) insulator with a thickness of 5
um is placed on top of the silicon substrate. Gold (Au)
electrodes with a thickness of 5 um is affixed to the top and
bottom of the piezoelectric sensing material made of PZTs.
On top of the surface, the input pressures are applied. Table 1
lists the material characteristics that were used in the
simulation.

4.2. Initial and Boundary Conditions

Choosing the suitable Physics modules and setting the
different settings before starting the simulation is essential.
This approach employs piezoelectric modules as an
intermediary between the two physics of electrostatics and
solid mechanics. The 3D model of the sensor is designed in
the COMSOL, and the material is assigned to the relevant
components in the COMSOL 3D model structure. After the
physics setup is completed, the meshing with the finer
tetrahedral shape is carried out. Compute the study of the
modelled sensor in the simulator for the applied pressure
range of 0 to 100 kPa with a step size of 10 kPa once the
mesh has been generated.
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4.3. Model Validation

Based on the suggested model of the sensor, whose
characteristics and dimensions are provided in the preceding
section, simulation analysis using COMSOL Multiphysics is
carried out to validate the analytical model. Simulation is
done, and varied outputs are seen for the applied pressure
range of 0-100 kPa. The simulated-output stress distribution
at an input pressure of 100 kPa is shown in Figure 4 for the
sensor's surface. The sensor model equation demonstrates
that a symmetrical stress is generated on a square
diaphragm building's surface and that the maximum stress is
generated at the centre of the sensor's edges, which is also
demonstrated in the output of the stress distribution.
Additionally, tensile stress on the surface is seen to be the
output stress.

The distribution of the predicted output voltage at a 100
kPa input pressure applied to the sensor's surface is shown in
Figures 5 and 6. The sensor exhibits a more excellent output
voltage value when it is near the mid of the edges of the top
layer. It was also observed that a negative output voltage
occurred on the piezoelectric material’s top surface.

Figures 4, 5 and 6 show that a negative voltage is
generated where the tensile stress has occurred. It also
observed that the PZT-5A-based piezoelectric pressure has a
higher output voltage than the PZT-5H-based pressure
sensor. This is because of the higher values of piezoelectric
voltage coefficient for PZT-5A piezoelectric material than
the PZT-5H piezoelectric material.

Pressure(11)=1E5 Surface: Von Mises Stress (N/mz)

.
-100 0

Fig. 4 Distribution of simulated output stress of the sensor for the 100 kPa applied pressure

Pressure(11)=1E5 Surface: Electric potential (V)

Fig. 5 Distribution of the simulated output voltage of the PZT-5H-based sensor under a 100 kPa applied pressure
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Pressure(11)=1E5 Surface: Electric potential (V)

Fig. 6 Distribution of the simulated output voltage of the PZT-5A-based sensor under a 100 kPa applied pressure

Figures 7 and 8 display the sensor's simulated output
voltage and the applied pressure ranges of 0 to 100 kPa.
Again, it is demonstrated that the output voltage rises in
magnitude but with negative values as the applied pressure
increases.

It indicates a linear relationship with a negative slope
between the output of the pressure sensor and the applied
pressure. The output voltages are in the millivolt range for
the applied pressure in kPa. The model equation for the
sensor also exhibits the simulated output characteristic. Table
2 illustrate the comparative output voltage of the simulated
and analytical values for the proposed PZT-5H and PZT-5A
piezoelectric-based square diaphragm pressure sensor. It can

be seen that the analytical values and the simulated output
values are relatively close to one another. A further
observation is that the size of the analytical and simulated
quantities rises with rising in the input pressure but with a
negative slope. The analytical model that has been proposed
is valid, as shown by this comparison of the sensor model's
analytical and simulated performance.

From Table 2, the sensitivity of the simulated and
analytical values of the PZT-5H-based sensor is -5.879
mV/kPa and -6.279 mV/kPa, respectively. Moreover, the
sensitivity of the simulated and analytical values for the
PZT-5A-based sensor is -7.347 mV/kPa and -7.468 mV/kPa,
respectively.

Terminal Voltage (V)

Fig. 7 Graph illustrates the simulated output voltage for the pressure range of 0 to 100 kPa for the PZT-5H-based pressure sensor
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Fig. 8 Graph illustrates the simulated output voltage for the pressure range of 0 to 100 kPa for the PZT-5A-based pressure sensor

Table 2. Simulated and calculated output voltage of the sensor

. PZT-5H-based Piezoelectric Pressure PZT-5A-based Piezoelectric Pressure
Applied Pressure Sensor Sensor

[kPa] Simulated Calculated Simulated Calculated
0 0 0 0
10 -5.879 -6.279 -7.347 -7.468
20 -11.759 -12.558 -14.694 -14.937
30 -17.639 -18.837 -22.042 -22.406
40 -23.518 -25.116 -29.389 -29.875
50 -29.398 -31.395 -36.737 -37.344
60 -35.278 -37.674 -44.084 -44.813
70 -41.157 -43.953 -51.432 -52.281
80 -47.037 -50.233 -58.779 -59.750
90 -52.917 -56.512 -66.127 -67.219
100 -58.796 -62.791 -713.474 -74.688

5. Conclusion

The main objectives of this research study are the
analytical modelling and simulation of the square diaphragm-
based PZT-5H and PZT-5A piezoelectric pressure sensor for
sensing 0-100 kPa and validation of the analytical model.
An analytical model of the provided sensor is validated using
the output data from the simulation of PZT-5H and PZT-5A.

The simulated and calculated results based on PZT-5A
and PZT-5H are relatively near together, allowing for the
proposed analytical model of the sensor to be applied in the
future. The primary variables determining the sensor's output
are the square diaphragm's length, height, distance from the
natural plane, height of the piezoelectric material, and
voltage coefficient. In areas where tensile stress has

developed, it is discovered that the sensor output is negative.
It is further noted that the output voltage for the proposed
model exhibits linear magnitude variation with a negative
slope. The analytical and simulated values of the PZT-5H-
based sensor's sensitivities are -5.879 mV/kPa and -6.279
mV/kPa, respectively. The analytical and simulated values
for the PZT-5A-based sensor's sensitivities are -7.468
mV/kPa and -7.347 mV/kPa, respectively.
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