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Abstract

This study presents both the analytical modeling and simulation of a cantilever pressure
sensor with double-layer piezoelectric materials, specifically ZnO and PVDEFE, which have
negative and positive voltage coefficients, in order to investigate the performance of the
sensor and to validate the analytical model with simulation. A detailed three-dimensional
sensor model was developed in FEM, comprising gold (Au) as electrodes, silicon dioxide
(5i0y) as an insulating layer, and silicon (Si) as a substrate. Simulations performed across
a pressure range of 0-10 kPa revealed a linear output voltage response, and the average
margin of error (MoE) between the calculated and simulated values is approximately
11.8%. The observed net potential difference exhibited a negative polarity, primarily
due to the dominant effect of ZnO, which has negative piezoelectric voltage coefficients.
Comparison of analytical and simulated results shows close agreement, with slope values
of —1.16 mV /kPa and —1.03 mV /kPa, respectively, validating the FEM model’s accuracy.
From the analytical model, it is observed that the sensitivity of the sensor varies with
piezoelectric voltage coefficients, stress produced on the piezoelectric surface and the
thickness of the piezoelectric material. Various simulation results show that the output
voltage increases as the thickness of ZnO and PVDF decreases.

Keywords: charge coefficient; electrostatic; linear; stress; voltage coefficient

1. Introduction

Piezoelectric pressure sensors use the special properties of piezoelectric materials,
which can transform mechanical pressure into computable electrical signals, thereby fusing
cutting-edge material science with precise engineering. Certain crystalline materials, in-
cluding quartz, aluminum nitrate (AIN), zinc oxide (ZnO), lead zirconate titanate (PZT)
and polymer material polyvinylidene fluoride (PVDF), produce electric charge when me-
chanical stress is applied [1-3]. This phenomenon is known as the piezoelectric effect, and
it is the basis for how these sensors work.

Piezoelectric pressure sensors are widely used where dynamic performance and tran-
sient detections are required because they generate an electric charge directly in response
to time-varying mechanical strain and therefore respond inherently to AC and transient
stimuli without the need for an external DC bias or slow conditioning circuitry. This
intrinsic electromechanical coupling gives piezoelectric devices very fast response times
and broad usable bandwidths (often extending to kHz or higher in practical transducers),
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enabling reliable capture of rapid pressure transients and vibrations [4,5]. Additionally,
modern piezoelectric thin-film and nanocomposite designs combine high electromechanical
coefficients with engineered microstructures to deliver high sensitivity down to small pres-
sure changes and millisecond (or sub-millisecond) response times in flexible and MEMS
implementations [6-8]. For these reasons, while capacitive and piezoresistive sensors excel
in many static and low-frequency sensing roles (and can achieve very high static sensi-
tivity in optimized chips), piezoelectric sensors continue to be preferred for broadband,
high-frequency, and transient pressure measurement tasks.

Conventional pressure sensors, particularly piezoresistive and capacitive types, are
mature technologies but exhibit inherent limitations when subjected to highly dynamic
or transient pressure environments. Piezoresistive sensors operate based on resistance
variation, typically implemented in a Wheatstone bridge configuration, and offer high
sensitivity with straightforward signal conditioning; however, they require continuous
excitation, are prone to temperature-induced drift, and may exhibit long-term hysteresis
and stability issues [9,10]. Capacitive sensors, which detect diaphragm deflection as a
change in capacitance, generally provide low-power operation and fine resolution but face
challenges such as slower mechanical response, susceptibility to parasitic capacitances, and
the need for complex linearization circuitry [10,11].

In contrast, piezoelectric pressure sensors convert applied mechanical stress directly
into electric charge without the need for external biasing, giving them intrinsically fast
transient response and wide operational bandwidth [12]. According to sensor technology
references, commercial piezoelectric devices can achieve microsecond-level rise times and
operate effectively over broad frequency ranges, enabling reliable detection of rapid or
high-frequency pressure fluctuations encountered in combustion monitoring, structural
vibration analysis, and explosion characterization [10,13]. Because the generated charge is
directly proportional to instantaneous strain, piezoelectric sensors are capable of detecting
extremely small dynamic pressure variations, providing high sensitivity in fast-changing
environments even though their ability to measure dynamic pressure is limited.

Piezoelectric sensors provide superior dynamic response, high sensitivity and the
capacity to detect even the smallest changes in pressure throughout a broad frequency
range, in contrast to traditional pressure sensors that depend on resistive or capacitive
changes [14]. This makes them especially well-suited for uses where there are frequent
changes in pressure, including in industrial monitoring systems, biomedical instruments,
and automotive and aerospace applications.

In a piezoelectric material, there are various piezoelectric voltage coefficients. Among
all the piezoelectric voltage coefficients, g33, g31, and g5 are the most significant coefficients
for understanding piezoelectric materials [15,16]. These coefficients are correlated to the
piezoelectric output voltage produced due to the applied mechanical stress in different di-
rections provided by the applied force or pressure. The g33 piezoelectric voltage coefficient
measures the electric field produced by the piezoelectric per unit of applied mechanical
stress along the polarization axis. The g3; piezoelectric voltage coefficient measures the
electric field produced by the piezoelectric per unit of applied mechanical stress perpendic-
ular to both the polarization axis. The g5 piezoelectric voltage coefficient measures the
electric field produced by the piezoelectric per unit shear stress applied or incline to the
polarization [17,18].

So, these piezoelectric voltage coefficients depend on the mechanical structure, the
direction of the applied stress, the direction of the polarization, the placement of the piezo-
electric material on the mechanical structure, and the deformation of the piezoelectric
material. The understanding of these factors is very important for optimizing the perfor-
mance of the devices. After carefully selecting the appropriate coefficients, the output
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voltage of the sensor can be enhanced; it can also enhance the efficiency and sensitivity of
the sensor, which can be used in various applications.

The mechanical structures used for sensors designed for various applications are
cantilever, bridge, and diaphragm structures. In these mechanical structures, the placement
of the piezoelectric sensing material for sensing the applied force or pressure is generally in
the direction of induced stress that is perpendicular to the polarization axis, which is the
g31 configuration [19-21]. Therefore, g3 is the most used piezoelectric voltage coefficient.

The piezoelectric materials are divided into two categories according to piezoelectric
voltage coefficients. They are positive voltage coefficient piezoelectric materials and nega-
tive voltage coefficient piezoelectric materials; these two types of voltage coefficients are
on account of the different polarities of the d3; [22,23]. The positive voltage coefficient
piezoelectric materials are those materials that produce positive polarity when there is
tensile stress on the surface and produce negative polarity when there is compressive stress
on the surface, e.g., PVDF [24,25]. The negative voltage coefficient piezoelectric materials
are those materials that produce negative polarity when there is tensile stress on the surface
and produce positive polarity when there is compressive stress on the surface, e.g., ZnO.

In this work, a two-layer structure with positive and negative voltage coefficient
piezoelectric material is taken for the study of the analytical model and simulated to
see the performance of the pressure sensor by keeping the negative voltage coefficient
piezoelectric material, ZnO, on the positive voltage coefficient piezoelectric material, PVDF.
The analytical results indicate that the combination of these two materials is close to
the simulated results. Additionally, the analytical model provides valuable insights into
optimizing the design for improved performance under different operating conditions.

2. Sensor Structure and Its Equivalent Circuit

This structure, as shown in Figure 1, consists of a layer of Si as the mechanical structure,
5i0; as the insulator, Au as the electrodes, and ZnO piezoelectric and PVDF piezoelectric
as the piezoelectric sensing materials. The details of the mechanical and piezoelectric
properties of the materials used in the design are described in Table 1.

Au
Zn0
PVDF
Au
SiO2
Si

RO NI

Figure 1. Side view of the proposed cantilever-based pressure sensor.

Table 1. Mechanical and piezoelectric properties of the materials used in the design [22,23,26].

Types of Young’'s Modulus . , . dsq 831

Material [GPal Poisson’s Ratio €33 pCIN VinIN

ZnO 120 0.36 12.65 —5.43 —4.85 x 1072
2.8 x 1072 to

PVDF 2.5t03.5 0.35 6 to 12 3t022 414 % 102

Au 70 0.44

SiO, 70 0.17
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Figure 2 shows the equivalent circuit diagram of a piezoelectric sensor, consisting of
two layers of piezoelectric material. The electric charges produced on the surfaces of the
piezoelectric material are represented by Qpiezo- C1 and C; are the capacitances of the ZnO
and PVDF piezoelectric materials.

C:

V1
QPiezo
VPiezo

Vs C:

Figure 2. Schematic diagram of a piezoelectric sensor.

The voltages produced across C; and C; by the ZnO and PVDF piezoelectric materials
are represented by V1 and V; respectively. The overall output voltage across the ZnO and
PVDF layers is represented by Vpiezo-

3. Analytical Model

In this study, a cantilever-based mechanical structure is employed to analyze dual-
layer piezoelectric materials exhibiting both positive and negative g3; coefficients. The
cantilever’s dimensions of length (1), thickness (h), and width (b) are considered, with a
uniform downward force (F) applied to its top surface. The position (s) is the small shift in
position from the position (x) along the cantilever’s length, where s ranges from 0 (fixed
end) to x and x ranges from 0 (fixed end) to 1 (free end), and the stress (T) is a function of x.
The moment of equilibrium expressed is as follows [27,28]:

*w(x) I F

—EI 32 :Fx—mo—/T(x—s)ds 1)
0

where my is the bending moment, E is the Young’s modulus, w(x) is the deflection, and I is

the moment of inertia.

0w Fx?
The values of my and I are given as follows:
Fl
Mo = — @)
h3b
I = 7 (4)

After inputting the value of my, the equation of the moment of equilibrium can be

written as follows: Pao(x) . [
I T T LG T T ®
Following the insertion of the value of I in the above equation, the equation can now
be written as follows:
Pw(x) 6
ox2  EIbh?

(FF L2 2sz) ®)

https:/ /doi.org/10.3390/condmat11030024


https://doi.org/10.3390/condmat11030024

Condens. Matter 2026, 11, 24 50f13

The stress on the surface of a cantilever in a plane parallel to the natural plane is given
by the equation as follows:
?w(x)
0x?

where z is the distance of the plane from the natural plane of the cantilever.

T(x) = —Ez )

The general expression for the stress of a plane parallel to the natural plane of a
cantilever can be expressed as follows:

T(x) = _z% (P12 + Fx? — 2Fxl) (®)
6F
T(x) = BT (12 +x% — 2xl) )

For a uniformly distributed load, the value of F can be expressed as follows:
F=PA (10)

where P is the applied pressure and A is the area of the surface. The value of A is given as

follows:
A=1Ib (11)
Through inserting the value of F into the general stress equation, the equation can be
written as:
6P
T(x) = 275 (12 T 2xl> (12)

Polymers like PVDEF use ds; (charge coefficient) in cantilever systems because their
mechanical flexibility allows strain along the polarizing direction, while stiff ceramics
or metal oxides like PZT and ZnO primarily activate d3; (charge coefficient) due to their
deformation behavior.

After this, the electrostatic charge g(x) per unit area that develops on the ZnO piezo-
electric surface due to the stress is given as follows:

9(x) zn0 = 431200 T (X) 7,0 (13)

Now the electrostatic charge g(x) per unit area that develops on the PVDF piezoelectric
surface due to the stress is given as follows:

9(x) pypr = d31pvDrT (X) pypr (14)
d31
831 foe, (15)

The total charge developed on the surface of the piezoelectric material is given
as follows:

Q(x)ZnO = q(x)ZnOApiezo (16)
Q(x)pypr = q(x)PVDFAPiEZO (17)

where Ay, is the surface area of the piezoelectric material.
Considering a square plate of piezoelectric material, the capacitance of the square
plate is given as follows:

12
Cono = 20 (18)
n
£ 2pypF
Cpvpr = % (19)
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where &, Ly and ty;e,, are the permittivity, length and thickness of the piezoelectric material.
Now the potential difference produced on the surface of the piezoelectric material is
given as follows:

t t
v = (1®)znotzno | 4(X)pyprtrvor Ao 20)
£zn01? 210 epvpEl?pvDF

where I7,0 and Ipypr are the lengths of the ZnO and PVDF piezoelectric materials.

V = (831 T(x)z,0tzno + 831PvDFT (X) pyprtPvDF) (21)

Zn0O is mainly used in transverse g3; mode since the cantilever bending causes the
dominant in-plane stresses along the beam length, whereas the polarization is in the
direction of the thickness. Therefore, electric field is produced in the direction perpendicular
to the applied stress. Conversely, PVDEF, being flexible, is capable of taking large strain
along the polarization direction, allowing the transverse to be exploited g3; mode. Thus,
the response of ZnO is primarily due to g3; and PVDF also has to capitalize on g3; when
properly loaded. The general expression of the voltage produced by piezoelectric in a g3
configuration is given by the above equation.

4. FEM Model Simulation

Several experimental and modeling studies are reported for ZnO or ZnO-based piezo-
electric cantilevers and thin-film devices with different thicknesses in layers and lateral
dimensions comparable to the present design (50 pum lateral size; ZnO/PVDF thickness ~
0.3—4 pm). For example, Bhatia et al. reported a ZnO micro-cantilever with a ZnO piezo-
electric of thickness ~300 nm, length 500 um and width 100 pm, demonstrating practical
MEMS fabrication and resonant behavior for ZnO thin films on Si substrates [29]. Other
MEMS modeling and COMSOL applications summarize the simulation of ZnO layers
in the 2—4 um thickness range on cantilevers with widths of 50-100 um, showing that a
few-micron ZnO film combined with a tens-of-micrometers beam width yields effective
electromechanical coupling in cantilever geometries [30].

Optimization and growth studies also document ZnO thin films of ~1 um used as
active piezoelectric coatings for micro-cantilevers, confirming that sub-um to micron-
scale ZnO films produce measurable piezoelectric output in MEMS structures [29]. For
material systems closely related to our double-layer choice, recent work on PVDF/ZnO
composite and nanofiber sensors demonstrates a strong piezoelectric response in micron-
scale film architectures for micro-pressure sensing applications, providing a direct pattern
for combining PVDF and ZnO in thin-film devices [31].

Finally, survey and fabrication reports reveal that the study of ZnO coatings on
cantilevers explicitly deliberates coating thicknesses and mechanical behavior across similar
geometric ranges, supporting the technical feasibility of a 50 um x 50 pm active area with
few-micron piezoelectric layers [32]. Collectively, these sources validate that the chosen
lateral dimensions and layer thicknesses lie within the established design space for thin-
film piezoelectric MEMS and flexible piezoelectric sensors and therefore justify fixing the
geometry to isolate material-layer effects in the present study:.

The Finite Element Method (FEM)-based simulation tool enables the analysis of vari-
ous physical phenomena, including the operation of piezoelectric sensors. In this study, a
three-dimensional (3D) model of a cantilever-type piezoelectric sensor with two different
sensing layers is created in COMSOL Multiphysics for analysis with the dimensions as
tabulated in Table 2.

https:/ /doi.org/10.3390/condmat11030024
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Table 2. Dimensions of the piezoelectric sensor components.
Types of Material Length Breath Thickness
ZnO 50 um 50 pm 3 um
PVDF 50 um 50 um 3 um
Au 50 um 50 um 2 um
SiO, 300 um 50 um 3 um
Si 300 pm 50 um 75 um

The FEM simulations were performed under stationary (quasi-static) conditions using
a parametric pressure sweep from 0 to 10 kPa, without any time-dependent dynamic
analysis. The reported voltages correspond to ideal open-circuit quasi-static potentials,
neglecting charge leakage, dielectric losses, and external readout circuit effects. Further, it is
acknowledged that the dynamic behavior, charge decay, and time-dependent circuit effects
are beyond the scope of the present work and represent an important direction for future
investigations. The lower electrode is assigned to the ground and the upper electrode is
assigned as terminal with initial zero charge. The fixed constraints are the surfaces on the
left most side of Figure 3.

WA
2 V) /)
HGH

S0
4»150"

Figure 3. Meshing of the 3D model of the sensor.

The meshed style used is 3D tetrahedral (first-order) elements, and the size used for
meshing the model is finer. The physics module used for the simulation of the piezoelectric
effect is combined with electrostatics and solid mechanics. This configuration of boundary
conditions, like fixed constraints, variable load, ground and terminal, is done properly. The
important components, like the electrodes, the insulating layer, the sensor base, and the
piezoelectric sensing films, are all included in the model. In particular, Si is used for the
mechanical structure, Au is used for the electrodes, SiO, for the insulation between the
electrode and mechanical structure, and ZnO and PVDF piezoelectrics are used for the
sensing layers. After configuring all the conditions, the model is meshed using a tetrahedral
shape with finite size to ensure precision in the simulation results. The meshing diagram of
the 3D model of the sensor is shown in Figure 3.

The simulation is carried out for an applied pressure range from 0 to 10 kPa to
evaluate the performance of the sensor. The output of the simulation is studied with the
stress distribution on the surface, electric potential distribution on the surface, and change
in potential due to change in applied pressure, which gives a better understanding of the
sensor’s behavior in response to various stimuli.
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5. Result and Discussion

In this study, the performance of the piezoelectric sensor with two layers of ZnO and
PVDF piezoelectric materials as sensing materials is analyzed by comparing the analytical
values and simulation output values. This study gives the performance of two-layer
piezoelectric materials with opposite piezoelectric voltage coefficients. This study provides
a comprehensive analysis of the sensor’s response to a range of applied pressures. The
simulated output electric potential difference developed on the sensing material at 10 kPa is
shown in Figure 4. It is observed that the potential difference developed across the surfaces
of the piezoelectric materials is —0.0103 V for the applied pressure at 10 kPa.

pA(11)=10000 Pa Surface: Electric potential (V)

um

x1073

Figure 4. Potential difference developed across the surfaces of the piezoelectric materials.

The variation in the potential difference due to the variation in applied pressure
is shown in Table 3 for the analytical and simulated values. This table shows that the
potential difference increases in magnitude with an increase in applied pressure with
negative polarity.

Table 3. Comparisons of simulated and calculated values of potential difference developed across the
sensing layers.

Applied Simulated Value of Calculated Value of Margin of Error
Pressure (kPa) Potential Difference (V)  Potential Difference (V) (%)
0 —0.00 —0.00 0.00
1 —0.001 —0.0012 16.67
2 —0.0021 —0.0023 8.70
3 —0.0031 —0.0035 11.43
4 —0.0041 —0.0046 10.87
5 —0.0051 —0.0058 12.07
6 —0.0062 —0.0070 11.43
7 —0.0072 —0.0081 11.11
8 —0.0082 —0.0093 11.83
9 —0.0092 —0.0105 12.38
10 —0.0103 —0.0116 11.21

For a comparative study of the analytical and simulated results, the calculated values
and simulated values of potential difference between the upper and lower surfaces of
the sensing materials are tabulated in Table 3. From Table 3, it is observed that both the
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simulated and calculated values are varying with the applied pressure, but there is a margin
of error (MoE) in between them. The pointwise deviation between simulated and calculated
potentials across 0-10 kPa yields an average margin of error of approximately 11.8%.

As the applied pressure increases, the potential difference also increases in magnitude
with a negative slope. It is also observed that the calculated values are slightly higher than
the simulated values at each pressure point. The slopes of the calculated and simulated
values are —0.00116 mV /kPa and —0.00103 mV /kPa, respectively. Since the calculated
and simulated values are very close to each other, this validates that both the simulation
and analytical models are reliable and can be implemented for further studies. Form the
Table 4, it is observed that the highly linear with non-linearity values of 0.68% and 0.52%
for simulated and calculated, respectively.

Table 4. Non-linearity table of the simulated and calculated values.

Data Type Max Deviation (V) FS Output (V) Non-Linearity (%)
Simulated 7.0 x 1075 0.0103 0.68%
Calculated 6.0 x 1072 0.0116 0.52%

Further simulations were conducted by varying the thicknesses of the piezoelectric ma-
terials while keeping equal thicknesses for both ZnO and PVDF layers. The thickness values
considered were 2 pm, 2.5 um, 3.5 um, and 4 pm for both ZnO and PVDF piezoelectric
materials. The simulated results are as follows:

From Figures 5-9, it is observed that a decrease in the thickness of the piezoelectric
material results in a slight increase in the output values. This is because the induced stress
is directly proportional to the value of z (distance from the natural plane), which increases
as the thickness of the piezoelectric layer decreases.

Global: Terminal voltage (V)
| | | | | |

—— Terminal voltage

-0.001
-0.002
-0.003
-0.004
-0.005
-0.006
-0.007
-0.008
-0.009

-0.01F

Terminal voltage (V)
T T T T T T T

0 2000 4000 6000 8000
pA (Pa)

Figure 5. The variation in potential difference due to variation in applied pressure.
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-0.001
-0.002
-0.003
-0.004
-0.005
-0.006
-0.007
-0.008
-0.009

-0.01
-0.011
-0.012

Terminal voltage (V)

Global: Terminal voltage (V)

1

T

1

T T

Terminal volt

age | -

| |

2000

4000
PA (

6000 8000
Pa)

Figure 6. Variation in potential difference with applied pressure for 2 um-thick ZnO and PVDF layers.

Global: Terminal voltage (V)

-0.001
-0.002
-0.003
-0.004
-0.005
-0.006
-0.007
-0.008
-0.009

-0.01
-0.011

Terminal voltage (V)

—— Terminal voltage

0

2000

4000

pA

6000 8000

(Pa)

Figure 7. Variation in potential difference with applied pressure for 2.5 pm-thick ZnO and PVDF layers.

Global: Terminal voltage (V)

-0.001

-0.002

-0.003

-0.004

-0.005
-0.006

Terminal voltage (V)

-0.007

-0.008

-0.009

—— Terminal voltage

0

2000

4000

pA (P

6000 8000

a)

Figure 8. Variation in potential difference with applied pressure for 3.5 um-thick ZnO and PVDF layers.
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Global: Terminal voltage (V)
I I I I I I

-0.0005 Terminal voltage
-0.001

-0.0015
~ -0.002F+
<-0.0025F

-0.003
-0.0035
-0.004 -
-0.0045
-0.005
-0.0055
-0.006
-0.0065 -
-0.007 -
-0.0075
-0.008 -
-0.0085 I I I I 17

0 2000 4000 6000 8000
pA (Pa)

Terminal voltage (V

Figure 9. Variation in potential difference with applied pressure for 4 um-thick ZnO and PVDF layers.

6. Conclusions

In this study, a Finite Element Method (FEM)-based simulation and mathematical
analysis were carried out to evaluate the performance of a cantilever-type piezoelectric
pressure sensor with ZnO and PVDF as sensing layers. The sensor’s 3D model with
precise dimensional and material configurations, incorporating essential layers such as the
electrode (Au), insulating layer (SiO,), and structural substrate (Si), is modeled in the FEM
simulator. The simulation was done for the applied pressure range of 0 to 10 kPa with a
step size of 1 kPa. This simulation of the sensor analyzes the response to applied pressure
on the output voltage of the two-layer piezoelectric pressure sensor.

This response of the sensor exhibits a linear increase in output potential difference in
magnitude with increasing applied pressure. This behavior of the response is consistent
with both calculated and simulated values. The resultant of the potential difference has
negative polarity because the piezoelectric voltage coefficients of ZnO are negative with a
higher value than the positive piezoelectric voltage coefficients of PVDF. A minor deviation
is observed between the simulated and calculated values; this validates the accuracy of the
FEM model with calculated values. The slopes of the calculated and simulated responses
for 3 um of both ZnO and PVDF were found to be —1.16 mV /kPa and —1.03 mV /kPa,
respectively, further confirming a near-linear relationship.

There is a slight increase in the magnitude of the simulated output voltage with a
decrease in the thickness of the piezoelectric. This is because of the increase in the z value,
which is directly proportional to the stress. The slope of the simulated value for a 2 pm
thickness of both ZnO and PVDF is —1.1 mV /kPa. This FEM simulation approach captures
the electromechanical behavior of the sensor, making it a valuable tool for designing,
optimizing and predicting the performance of the sensor.
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