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ARTICLE INFO ABSTRACT

Keywords: Recently, the extensive utilization of porous polymeric materials to amplify the sensitivity of
Circular Plate ) ) capacitive devices is noticeable. The absence of an effective mathematical model for studying
Porous dielectric material these devices has spurred the development of a comprehensive mathematical model in the current

Displacement-dependent porosity
Frequency response

Nonlinear behavior

Learning approach

work. This model is formulated to analyze the static and dynamic behavior of systems incorpo-
rating a porous polymer dielectric material within the gap between flexible and fixed microplates.
The derived nonlinear governing equations encompass the effects of electrostatic force, von-
Karman nonlinear strains, and displacement-dependent porosity. Employing spatial decomposi-
tion, the resulting nonlinear algebraic equations and ordinary differential equations are leveraged
to study the static and transient dynamic behavior, as well as the frequency response of the sensor
using a learning approach. Two scenarios are investigated to assess the impact of various
geometrical and physical parameters on sensor sensitivity one with a polymeric material and
another without, each with distinct parameter values. The results reveal that the inclusion of a
polymeric dielectric material increases electrostatic force but concurrently elevates the equivalent
stiffness of the structure. The effectiveness of using a polymeric dielectric material is contingent
upon the specific geometrical and physical properties of the sensor. Moreover, the obtained re-
sults in simplified cases are compared to existing numerical and experimental data, demon-
strating a high degree of agreement. This work significantly contributes to advancing the
understanding of sensors incorporating porous polymer dielectric materials and underscores their
potential for enhanced sensitivity across diverse applications.

1. Introduction

Pressure values within various parts of the body, including the eye, brain cavity, kidney, bladder, blood vessels, and cerebrospinal
fluid, serve as crucial indicators of a patient’s health [1]. Continuous monitoring of pressure in these organs is vital for diagnosing
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conditions and tracking disease progression [2,3]. In the realm of biomedical applications, micro-pressure sensors are gaining
prominence for their ability to provide continuous pressure monitoring [4]. These sensors can be permanently placed on organs,
transmitting signals to detect pressure variations.

Micro-pressure sensors come in various types, including piezoresistive pressure sensors [5,6], piezoelectric sensors [7], and
capacitive pressure sensors [7-9]. Capacitive pressure sensors, in particular, stand out due to their straightforward design, accuracy,
rapid response, repeatability, and low power consumption [10,11]. They find applications not only in biomedical settings but are also
commonly used in electronic devices for industrial purposes, such as fingerprint detection.

Capacitive pressure sensors are designed with two elastic parallel plates serving as electrodes, separated by a Porous Polymer
Dielectric Material. The capacitance of this capacitor is influenced by the material constant (g), the electrode surface area (A), and the
distance between them (d). Mechanical pressure applied to an electrode alters the distance between the plates and subsequently
changes the capacitor’s capacitance. This change in capacitance serves as an indication of pressure variation, allowing for pressure
sensing [12].

In capacitive micro-pressure sensors, Porous Polymer Dielectric Materials are commonly utilized. The early use of these materials
can be traced back to Wichterle and Lim’s research, where a thin strip of Porous Polymer Dielectric Material was employed over a
flexible substrate [13]. Additionally, Corkhill et al. utilized Porous Polymer Dielectric Materials in the development of contact lenses
[14]. Peppas and Brannon, in 1991, proposed the use of these gels in hydrogel-based sensors [15]. Initially, hydrogels were employed
as flexible medial layers for pressure sensing in capacitive sensors [16-18]. These hydrogels have evolved into three-dimensional
structures, both in physical and chemical states, and have found applications in various fields, including drug delivery [19-21].

Advancements in micro and nanofabrication methods have led to the development of highly sensitive pressure sensors using
hydrogels. Mannsfeld et al. designed pyramid-shaped, high-sensitivity, low-range microsensors [22]. Various studies have demon-
strated that enhancing pressure sensor sensitivity can be achieved through the use of a porous elastomer as the dielectric layer or by
injecting bubbles into the layer [23-25]. Beak et al. introduced a corrugated structure to reduce fabrication costs while increasing
sensor sensitivity [26].

Polydimethylsiloxane (PDMS) was initially employed as the dielectric in a touch pressure sensor monitoring plantar pressure.
However, its limited flexibility resulted in lower accuracy. Efforts have been made to enhance sensitivity by modifying the physical
behavior of PDMS. Tee et al. fabricated sensors with various PDMS layer geometries to investigate their impact on microsensor
sensitivity [27]. Li et al. designed a highly sensitive capacitive sensor using polystyrene as the dielectric and an innovative electrode
pattern, although the process was complex and expensive [28].

Duan et al. used 3D printing to construct porous PDMS to achieve high sensitivity [29], but this method is considered expensive and
complicated. Li et al. utilized the vacuum-assisted infiltration method to construct a more uniform porous PDMS, increasing con-
struction speed and distributing the pores more uniformly [30]. Some studies focused on using sugar and other organic solvents for
PDMS fabrication [31,32]. Xiao et al. fabricated a highly sensitive low-range pressure sensor using a porous polymer dielectric material
for detecting human motion [33].

In recent years, numerous investigations have focused on enhancing the sensitivity of capacitive pressure sensors. Kang et al. [34]
developed a mathematical and simulation model to increase sensor sensitivity by expanding the linear region beyond the conventional
one. Xiao et al. [35] applied a composite dielectric to boost sensitivity by reducing Yang’s modulus. They used Calcium Copper
Titanate (CCTO) to fabricate a new membrane, introducing a certain level of porosity to enhance sensitivity [36,37]. Zhong et al.
conducted research utilizing high-concentration carbon nanotubes as electrodes to achieve higher sensitivity, supported by a simple
analytical model [38].

Guo et al. [39] fabricated an ultra-high sensitivity pressure sensor using a composite material prepared through the 3D printing
method. Chauhan et al. [40] applied oxygen plasma treatment to create a Porous Polymer Dielectric Material without a limitation
layer. This modification increased sensitivity and the maximum shear compared to sensors with a limitation layer. Achouch et al. [41]
presented a novel design for a capacitive pressure sensor, modifying the distance between the diaphragm of the sensor to enhance its
efficiency. They also proposed a new 3D printing method for sensor assembly.

As per the preceding content, there are references suggesting a viable mathematical model for a capacitive pressure sensor
incorporating porous dielectric material. Consequently, this study aims to propose an innovative approach for effectively modeling the
behavior of capacitive sensors. The research introduces a novel design of a capacitive pressure sensor featuring a polymer porous
material as the dielectric within the flexible and fixed microplate gap. This design is then contrasted with the conventional model,
which lacks a Porous Polymer Dielectric Material and relies on air within the gap. The research utilizes mathematical modeling to
account for the nonlinearity of mid-plane stretching, electrostatic force, and displacement-dependent porosity. This approach is
employed to investigate the static behavior, dynamic behavior, and Frequency Response of the models. The obtained results are
compared with those of the conventional model. The expectation is that the sensitivity and performance of the innovative design are
contingent upon the geometric and physical characteristics of the plates and polymer dielectrics.

2. Mathematical modeling

The 3D sight of the capacitive pressure sensor with flexible and fixed microplates which uses the porous polymer as a dielectric is
presented in Fig. 1.

It should be noted that materials may behave differently at the micro- and sub-microscale, which must be taken into account in the
model. Different length scales that affect observed interactions and phenomena have an impact on microscale behavior.

Several models exist to capture scale dependencies, including constitutive models such as the nonlocal Eringen model, higher-order
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models such as couple stress theory, micropolar models, micromorphic models, and higher gradient models. It is important to note that
obtaining the length scale properties required by many of these models can be challenging in experiments. Although length scale
parameters have been reported for certain materials, designing appropriate experiments to obtain these length scales remains a
challenge. When the length scale parameters approach the characteristic size of the structure, such as the thickness of a plate, the size
dependence of the material becomes particularly apparent. It should be noted that the reported length scale for silicon is in the
nanometer range [42,43].

However, given the nanoscale length scale of this study and the fact that the plate is made of silicon approximately one micron
thick, it is unlikely that there is a significant size dependence in this particular situation. Therefore, in the current article, a classical
model is used to model the bending of the plate. It should also be noted that for the porous elastomeric bed, as it experiences only a
squeezing motion and bending does not take place, the use of couple stress theory or micropolar theory is not relevant to the problem.

The strains in the radial and peripheral directions which cause the circular plate transversal and radial displacements can be used
using Foppl-von Karman nonlinear strains in axisymmetric terms:
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where w and u are the lateral and radial movements of the plate in order. Therefore, r and z specify the radial and vertical situations in
the circular plates.
The stress-strain correlation using Hook’s theory can be achieved as follows:
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So E, and v denote Young’s modulus and Poisson’s ratio of the circular microplate. Regarding the radial and peripheral integration
of stresses over microplate width radial and peripheral component of the force is extracted in the form of radial and lateral movements:
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In the last equation, h is the plate thickness, and referring to Newton’s Second Law, the equation of radial and lateral displacement in
the dynamic form by applying the electrostatic term of force is extracted as:
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where C; and C; are equivalent damping ratios, D = %jﬂ) is the bending rigidity of the membrane, Pj, is a distributed pressure due to

the compression of the porous dielectric material between two electrodes, P(r, t) is the applied external pressure and P, is the elec-
trostatic term of the pressure due to the applied voltage to the flexible plate.
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=0 (9)
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Fig. 1. The 3D model of the annular electrically actuated circular microplate using a porous polymer as the dielectric.
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Where hy represent the primary distance (gap) of the flexible and fixed microplates, & is the primitivity of the vacuum, and the applied
voltage is indicated by V and shown in Fig. 1. « is the dielectric coefficient of porous material filled between two electrodes. There are
several models have been proposed for the dielectric coefficient of porous materials. Chong et al. [44] and Hou et al. [45] suggested an
explicit relation for the dielectric of biphasic porous material. Also, several models have considered the main parameters of porosity
like shape, size, configuration, and volume fraction [45]. While the dielectric of the porous materials is considered, some of these
models can be interesting. For instance, Maxwell-Garnett takes into account the effects of the porosity of the polymer dielectric
material and uses the volume fraction of voids [46]. The Brugman model is based on randomly distributed pores and calculates the
dielectric constant according to the shape and volume fraction of pores [47]. Landau-Lifshitz-Looyenga (LLL) theory is the modified
model of the Maxwell-Garnett which has included both the porosity and the shapes of pores. In this model, the shape of pores is
assumed to be ellipsoidal or cylindrical which provides a more accurate estimation [48]. Another model is the Self-Consistence which
uses numerical models to take into account the interaction of the solid matrix and pores [48]. The network model is one of the famous
models that investigates the effects of connected porous matrices, where the pores form a network of interconnected pathways [49].
The abovementioned models are widely used to provide a more accurate dielectric characteristic in porous materials [45]. These
models introduce a better viewpoint to investigate the impact of porosity on the dielectric behavior of porous materials [50]. Xing-Da
Liu et al. have presented a general model to obtain the relative dielectric constant for through-hole as well as closed-pore materials as
follows [51]

(K,, + yxs) + V,,y(xp — KS)

Kp) = (Kp + VKS) -% (Kp - K:)
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where (p) , ks and «, are the relative dielectric constant of the porous material, matrices material, and pore material respectively. V,, is
the volume fraction of the pore material, and y is the structure factor 1 and 3 for through-hole and closed-pore materials, respectively.
One of the most common cases is the case when the pore holes are through-hole or open-type holes. In this case, the structure
parameter f is equal to 1.
The boundary condition is a critical factor influencing the behavior of the device. In the current scenario, where the flexible circular
plate is assumed to be clamped along its edges, the boundary conditions can be outlined as follows
ow(r, 1)
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Since the out-plane or lateral stiffness of the circular plate is significantly reduced compared to the in-plane component, conse-
quently, the natural frequencies of the lateral vibration modes are lower when compared with the in-plane modes. Consequently, the
radial movement is surpassed by the lateral one to a significant extent. Consequently, the inertial forces of the radial displacement can
be disregarded at lower frequencies. Thus, the nonlinear equation of the circular microplate with clamped edges, employing the
averaging of the radial displacement force, can be derived as [52,53]:
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The Laplacian and bi-Laplacian operators are shown by V2 and V* in order. If the axisymmetric condition is the ruler, the relations
are:
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The mid-plane tension because of the clamped edges is demonstrated as the second term of equation (12). This term is due to the
coupled in-plane and lateral displacement of the circular plate. So, it can be neglected in the small displacements and it should be
significant in the large motions. It should be mentioned that it is averaged with the radius of the plate [54].

To simulate the influence of the polymeric porous dielectric material positioned between two electrodes, we take into account the
squeezing motion of the polymeric material. As the polymeric material is porous, porosity typically results in a reduced Poisson’s ratio
[55]. Consequently, for this analysis, we assume a Poisson’s ratio of zero, and we neglect strain in the radial direction, focusing solely
on the strain in the axial () direction caused by its squeezing. Therefore, when considering the compression of the polymeric material
as wy(r,z,t), the volume or bulk strain can be expressed as follows

g/(.") = aalzf +1 a4

Porous polymer deformation modeling involves developing mathematical and computational models to describe the mechanical
behavior of hydrogels with interconnected pores or void spaces. Porous hydrogels are of particular interest in various applications,
such as tissue production, drug delivery, and biomedical implants, due to their ability to accommodate fluid flow and provide a
favorable environment for cell growth and tissue regeneration. In porous elastomers, two main models have explained the correlation
between stress and strain (deformation), and the influences of the porosity have been included. Some of the subcategories of these
models are:
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The neo-Hookean model is simple and more accurate and has been used to model the stress and strain of elastomers which act like
rubber materials [55]. In this model, the treatment is supposed to be completely elastic, and the stress is a function of the
Green-Lagrange strain tensor. But, in this model, the effects of the porosity are not considered. The Ogden model which is widely used
for porous rubber-like materials is a hyperelastic stress-strain model [55]. This model can calculate the strain-stiffening and
strain-softening manner in elastomers. The Yeoh model [55] which considers the porosity effects is a nonlinear model which is used in
elastomers with nonlinear stress-strain behavior. Gent model which is used in incompressible materials and relates the stretch to the
exerted stress in the materials [56]. The stretch-strain model which calculates the rate of the strain in the elastomers is called the
Arruda-Boyce model [56]. This model is modified to include the porosity effects in some applications. There is another model that
combines the theories of stress-strain and stretch-stress considering the effects of porosity, which has been called the Poroviscoelastic
model [56,57]. This model takes into account the fluid flow in the pores and the mechanical manner of the solid matrix. However, in
the current case, since it is assumed that the volume changes in the porous polymeric material are primarily due to variations in pore
volume, the volume fraction of porosity can be considered a function of the displacement of the polymeric material and can be
expressed as follows

-1
(V,<70)+aﬁ) (1+%> v L g

P
v, = 0z 0z 0z 15)

ow
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Due to the earlier assumption of a Poisson’s ratio of zero, the uniaxial squeezing or compressional motion of the polymeric porous

material can be expressed using Newton’s second law:
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In the above equation, ps, and p, are the density of the solid phase and fluid phase of the porous material respectively. Taking into
account the relatively small deformation and adopting a strain-stress approach for the polymeric material, Equation (16) can be
expressed as follows:

E(Ef%):(pv +pv)m a7
0z 0z SRR gp
Also, several proposed models vindicate the elastic modulus relation with the porosity in polymeric materials [58]. In these models,
changing the porosity leads to a variation in the mechanical properties of the material. Some well-known models are listed below:
The Guth-Gold model [59] provides an experimental correlation in which Young’s modulus is a function of the porosity of the
material which is suggested by the % =(1- Vp)3. In this formula, E is Young’s modulus of the porous material, Eo is Young’s modulus
of the solid part, and V), is the porosity. There is a modified version of the Guth-Gold model whose name is the Lewis-Nielsen model

[59]. In this model, the shape of the pores is ellipsoidal and it is given by E = Ey(1 — Vp)3(1 + k o V}). In the recent equation, k is the
shape factor. The Voigt-Reuss-Hill Model consists of three parts: In the Voigt model the porous material is harder than the solid one.
However, in the Reuss theory, the porous material is assumed to be softer. The Hill theory is the average of both mentioned theories
[60]. Kerner’s Model provided a micromechanical model that included the impact of the porosity and shape of the pores in Young’s
modulus [60]. Gibson-Ahby model accounts for the shape of the pores and relative density which is a cellular solids model [60,61].
There is another model which is an experimental theory that relates the relative density to Young’s modulus and is called the
Density-Stiffness Power Law model [60]. The mentioned models can estimate the mechanical properties of porous materials like
polymers and elastomers etc. The accuracy of these models is highly dependent on the material mechanical properties and pore size.
Therefore, experimental verification is inevitable [51].
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Therefore, equation (19) can be rearranged as follows:
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For the small displacements (Below 10 %), for convenience, the non-linear term can be approximated by Taylor expansion as
follows:
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Hence, substituting relation 21 in 20 eventuate:
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Re-arranging equation (22) suggests the newest form of the equation,
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For weak formulation by using the finite element method, equation (23) can be presented as:
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The foundation force term and boundary conditions for the solution of equation (24) are presented as follows:
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In the current context, it’s important to note that the upper boundary for the polymeric dielectric material is moving. However, when
the plate deflection is significantly smaller than the height of the dielectric material, it can be overlooked, although it remains a time-
varying boundary.

2.1. Numerical solution

Obtaining an analytical solution that strongly satisfies the governing equation throughout the entire domain is often challenging.
Consequently, one of the prevalent methods involves meeting the governing equation in its weak form through various integral
representations. One notable approach is the Galerkin weighted residual method, which is equivalent to the principle of virtual work
[52,62]. In this approach, the infinite solution space is substituted with a finite one where convergence is guaranteed. The solution is
then decomposed using the basis functions of the solution space. The basis function should satisfy the accompanying boundary
conditions. Given that the boundary condition for the squeezing motion of the dielectric material is time-varying, decomposing the
solution into the following form results in a homogeneous Dirichlet boundary condition for u.

w,:u+<1fh£)w (26)
’f

At the interface of the circular plate and the hydrogel, the displacement of the plate and the hydrogel are the same, so:
u(r,0,1)=0 27)
On the other side, the displacement of the hydrogel is limited to the fixed plate, hence:
u(r,hy,t) =0 (28)

To address equations 12 and 24 through a spatial decomposition method, it is assumed that the transverse motion of the plate and
the squeezing motion of the polymeric material can be expressed as the product of established spatial shape functions (¢, (r), ¥, (2)).
These functions adhere to the boundary conditions and are applied to unknown time-dependent functions (a,(t) and b, (t)) in a series
form [61]:

0

w(r, )= a,(t)g,(r) (29)
w5 =33 b (W (2) 30)

Taking into account that the pivotal contributions come from the initial terms, the infinite series can be truncated to a finite series.
This results in a reduction of the solution space dimension to a finite one. It’s important to note that the convergence of this truncated
series needs to be verified.



N. Ahmadi et al. Heliyon 10 (2024) 30626

= Zan(t)(/’n(r) (€20
n=1

N M
(2= bu(0)@, (N, (2) (32)

n=1 m=1
The introduction of reduced-order model solutions through substitution results in the following errors.
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Alternatively, in expanded form, the errors can be expressed as follows.
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Given that the provided solutions do not satisfy the governing equations in a strong form, an expectation arises for a weak integral
form of satisfaction. Consequently, a weighted integral of the errors is compelled to be zero [52,63]. This imposition serves to balance
the system from an energy perspective.

R
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Balancing the energy of the system yields a set of N+ N x M time-dependent ordinary differential equations (ODEs). By solving
these equations, the unknowns can be determined as functions of time.

In a static analysis, it’s crucial to note that the time-dependent unknowns simplify to algebraic parameters because the inertial
terms become zero. In the dynamic case, where the transient response of the system is required, achieving it involves direct integration
over time. Integration methods such as the fourth-order Runge-Kutta method can be employed for this purpose.

The transient response provides crucial insights into the system’s behavior during initial stages or under changing conditions,
offering a comprehensive view of its dynamics. It illuminates how the system evolves, capturing nuances in its response to sudden
changes or external stimuli. On the other hand, the frequency response is indispensable for analyzing how the system reacts to various
input frequencies. It helps uncover details about the system’s stability, resonance characteristics, and overall performance under
different frequency conditions.

Therefore, a comprehensive analysis of dynamic systems demands both a thorough exploration of transient response, which reveals
the system’s time-dependent behavior, and a meticulous examination of frequency response, which unveils its frequency-dependent
characteristics. Together, these analyses provide a holistic understanding of the system’s dynamic behavior across different time scales
and frequency domains.

In linear systems, finding the frequency response is relatively straightforward. However, when dealing with nonlinear systems, the
presence of nonlinear terms introduces complexity. Depending on the order of these nonlinear terms, various methods are suggested
for analysis. These methods include harmonic balance, averaging, time scaling, and numerical shooting methods. Each approach
addresses specific challenges posed by nonlinearities, offering effective ways to analyze and understand the system’s behavior under
different conditions. However, all of the aforementioned methods come with inherent limitations and complexities, especially when
dealing with a system of nonlinear equations.

In this context, the steady-state solution of the nonlinear system is presented in an N-dimensional Fourier series, and the unknown
coefficients are then determined by balancing the energy of the system in a period through a learning approach. This alternative
method aims to overcome the challenges associated with the traditional techniques, offering a potentially more effective and robust
way to analyze and solve complex nonlinear systems [24,25].

To find the unknown coefficients of the series, we begin with initial values derived from the linear solution and iteratively update
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them using a physically based learning method. The aim is to guarantee that, within a given time frame, the updated coefficients fulfill
the governing equations from an energy viewpoint. This method has the advantage of effectively determining the amplitudes of higher
harmonics. Moreover, this method permits sweeping frequencies within a range, facilitating the investigation of primary and sec-
ondary resonances across all harmonics. Nevertheless, it presents a significant drawback in the form of identifying and refining un-
stable solutions, which remains a complex technical challenge. Although the method has its drawbacks, it remains valuable for its
comprehensive analysis and ability to capture complex nonlinear dynamics. This is particularly the case in scenarios featuring higher
harmonics and varied frequency sweeps. However, to implement this method in the current study, the unidentified coefficients a,(t),
and b (t) can be represented as an (N + M)-dimensional vector.

_
QN ={ a1 az as...ay by by bis...biy ... b by byss...bwy } (39
Equations (37) and (38) can be amalgamated and expressed as:
%(@(z}) =0 (40)

To examine the frequency response of the system of nonlinear coupled equations, the solution to Equation (40) can be expressed as
a series of sine and cosine functions.

) . b} . ) ) N2 N2
TG = {cpg’) + 3 (@) cos(ian) + 9, sin(i2D) ) } i=1 (VM) A = () + (w) (41)
=1

Here, A}i) represents the dimensionless amplitude of the frequency response at the ji, harmonic. Substitution Eq. (41) into Egs. (37) and
(38) leads to the errors as:

9:(@’(”@):e<f>(t3,i:1.,...,(zv+M) (42)

If a system of ordinary nonlinear equations in the time domain displays periodic behavior, it may be reformulated as a boundary
value problem. Consequently, the starting and ending points of the period serve as boundaries, and the solution can be obtained via a
weak formulation, often expressed using an integral representation. One of the most common weak formulations involves imple-
menting the Galerkin weighted residual method, which is fundamentally equivalent to the principles of virtual work or the energy
balance method. To establish the unknown coefficients, a trial-and-error approach is utilized and an initial value for the unknown
coefficient is typically attained from a linear solution. Following the Jacobian definition, a learning approach is utilized to calculate the
next set of trial coefficients via a Gradient Descent-based method. This provides insights into determining the unknown coefficients in
subsequent steps.

In implementing a weak integrally satisfying method, the weighted residual or energy or cost function, denoted as A, can be
expressed at a given initial value for the coefficients as follows:

A= / VD w(DdT,k=0,1,2,3,...25 (43)
0

where 7 is the integration limit and can be the period of the response when the solution is a steady-state, and W (z) is the weight
function, which can be defined as:

=27/ Q) Wi (1) = {1, sin(kQ7), cos(kQ7) },k=1,2,3, ..., 5 (44
The vector of unknown coefficients can be defined as:
. - . i - T
YO = {of) o ..of . v} (45)
The value of the cost or energy function will be a function of unknown coefficients as:

AD—F (W) (46)

From the Taylor expansion series, one can compute the energy or cost function value in terms of the variation of coefficients:

—> .
oA —() —(i)\2
+ 55! 7([)7(,,}“ +o(a¥") 47)

. . - —(0) - .
Given that the desired value of the cost function is zero (A,,, = 0), the values of the unknown coefficients can be determined as:

-1

AW (48)

-0 -0 [ 0AY
w1 =¥, = 67(i)

|~> —(i)
yYO="y,
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It is noteworthy that the coefficients’ initial values can be obtained from the linear solution. Following Eq. (48), this procedure will
be repeated until attaining more precise outcomes, indicating the iteration’s importance.

When dealing with a pressure sensor, the typical scenario involves subjecting the sensor to a biased DC voltage along with a static
pressure that may fluctuate around its nominal value. However, in the context of CMUT (Capacitive Micromachined Ultrasonic
Transducer) devices, where the objective is to generate harmonic pressure, the device can function as an actuator rather than a sensor.
In this case, the system is exposed to both a bias DC voltage and an AC voltage. Therefore, to comprehensively address and generalize
the findings in the article, both cases are thoroughly studied, and the inputs are considered in the following manner. This approach
ensures a comprehensive exploration of the device’s behavior under various operating conditions.

V = Vpe + Vyc sin(wt) (49)

P=Py + P, sin(wr) (50)

2.2. Model validation

To validate the model, a circular micro-plate with a polymer porous case, which has not been considered before, is developed. To
examine the method and verify the results of the present work, a common type of circular plate without the hydrogel is also studied.
The extracted results (Fig. 2) for this case are compared to experimental results from Refs. [64,65] and numerical results from
Ref. [66]. The validation process demonstrates a good agreement with the referenced results (see Table 1). It is important to note that
the geometrical configurations and physical properties of the case study are deliberately chosen to match those outlined in the
published works for a comprehensive and rigorous validation.

Fig. 2 shows the static pull-in voltage for the case without Porous Polymer Dielectric Material between the flexible and fixed micro-
plates.

3. Results and discussion

The Galerkin weighted model is used in this study to create a reduced order model (ROM) through the decomposition of governing
equations over spatial coordinates. The shape functions utilized in this procedure are provided below, satisfying all boundary con-
ditions [67]. The reduced order model (ROM) is an effective approach for high-dimensional systems, offering greater computational
efficiency for large-scale simulations. However, it is limited by complex geometries. The choice between a ROM approach using Hilbert
space basis functions expansion and the Finite Element Method depends on the specific characteristics of the problem, including the
system’s dimensionality, computational efficiency requirements, and the need for high-fidelity solutions.

To examine the impact of employing Porous Polymer Dielectric Material in the gap between fixed and flexible plates, two cases with
distinct states are considered. Case 1 and Case 2 involve circular plate diameters of 500 pm and 250 pm, respectively. Each case
comprises two states: State 1 with air in the gap, and State 2 with Porous Polymer Dielectric material in the gap.

0,(r) =1+ cos (%) (51)
w,(z) =sin <n—ﬂz> (52)
hy

The geometrical and physical properties of cases 1 and 2 with states 1 and 2 which are studied in the present work are given in
Table 2.
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Fig. 2. Pull-in voltage for the case without Porous Polymer Dielectric Material.
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Table 1

Comparison of the results to the results of published works [64-66].
Different cases in the numerical procedure Pull-in Voltage of each voltage increment step

0.1 0.05 0.01 0.001
Results of the static pull-in voltages for N=3 312.8 312.65 312.56 312.421
Results of the static pull-in voltages for N=5 313.25 313.05 312.95 312.893
Results of the static pull-in voltages for N=10 313.25 313.05 312.95 312.891
Results of the static pull-in voltages for N=20 313.25 313.05 312.95 312.889
Comparison of the obtained results with available data %
Comparison of the results with [50]: (311.6 V) 0.53 % 0.46 % 0.43 % 0.41 %
Comparison of the results with [51]:(314V) 0.24 % 0.3% 0.33 % 0.35 %
Table 2

Geometrical and physical properties of the case study [64,68,69].

Parameter Symbol Value

The radius of case 1
The radius of case 2
Circular microplate thickness (cases 1 and 2)
Porous Polymer Dielectric Material thickness case 1 1 pm
Porous Polymer Dielectric Material thickness case 2 3 pm

R 500 pm
R
h
hy
hy
Circular plate Young’s Modulus E 169 GPa
v
12
P
E;
£
ES

250 pm
1 pm

Poison’s ratio of case 1 0.43
Poison’s ratio of case 2 0.3
Circular plate density 2330 kg/m®
Porous Polymer material Young’s Modulus (case 1) 360 kPa

Porous zone fluid Young’s Modulus (case 1) (0) 288 kPa

Porous Polymer material Young’s Modulus (case 2) 9.7 kPa

Porous zone fluid Young’s Modulus (case 2) Ef(l)) 7.6 kPa

Porous Polymer Dielectric Material density Ps 965 kg/m*

Porous zone fluid density Pp 1.2 kg/m®

The porosity of the polymer vLO) 0.1

Critical Porosity of polymer VI()CJ 0.5

Permittivity of air o 8.8541878 x 10 2 F/m

3.1. Static analysis

The results are obtained for both cases, with and without the Porous Polymer Dielectric Material, and a comparative analysis is
performed. In the static analysis, equations are derived by eliminating time-independent terms in equations 37 and 38. Essentially, this
involves assuming that the time-dependent derivatives are zero, and other time-dependent coefficients such as (an(t) and bym(t)) are
considered as constant, unknown coefficients. This assumption leads to a set of algebraic equations. To mitigate the impact of solution
procedure errors, the applied voltage is gradually increased. Once the solution converges, the unknown coefficients (a and b) are
determined. Subsequently, the displacement can be calculated using equations 31 and 32. It’s worth noting that the displacement of
the Porous Polymer Dielectric Material and the circular plate at the interface are equal. The pull-in voltage is crucial for limiting the
device’s applicable bias voltage range and defining its stable operational limits. This phenomenon occurs during a saddle-node
bifurcation in the flexible plate. Accurately determining the pull-in voltage is essential for a comprehensive understanding of the
system’s behavior, guiding the device’s stable operation and highlighting potential limitations under various conditions.

Fig. 3a—e, indicate the pull-in voltage and the displacement of the center of the circular microplate for cases 1 and 2. It is worth
noting that, to increase confidence, the results of case 1 state 1 were simulated using COMSOL Multiphysics 6.1 as a three-dimensional
model and compared with the current model, resulting in a good agreement. Fig. 3b displays the 3D contour of the central deflection
upon application of voltage.

As it is clear, the Porous Polymer Dielectric Material causes different behavior in the system which depends on the system’s
geometrical and physical parameters. In case 1 state 2 it leads to the hardening of the system and it leads to a higher pull-in voltage
compared with case 1 state 1. The pull-in voltage for state 1 is about 0.81V which is small enough from the 22V for state 2. Unlike in
case 2, this phenomenon is vice versa. In case 2 state 1 the pull-in voltage is increased to 23.8V however, state 2 has a 9.8V pull-in
voltage. It is obvious that in case 2, the Porous Polymer increased the sensitivity of the sensor. After achieving the pull-in voltage
for each case, it is tried to model the effect of the bias voltage as a coefficient of the pull-in voltage plus a constant pressure. In other
words, the constant pressure is applied and increased from 0 and the maximum value is achieved before the pull-in. The constant
pressure is gradually increased from zero while the voltage is applied as a coefficient (B) of the pull-in voltage ( = 0.3, p = 0.5, and p =
0.7). Fig. 4a—d demonstrate the center displacement of the microplate while applying the constant pressure in a bias voltage. According
to Fig. 4, it can be found that the maximum applied pressure is decreased while increasing the bias voltage for both cases. This is
because by increasing the bias voltage, the displacement of the center is increased and the maximum pressure which can be applied

10
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Fig. 3. Pull-in voltage and center deflection: a (case 1 state 1), b (3D COMSOL), c (case 1 state 2), d (case 2 state 1), and e (case 2 state 2).

before pull-in is lesser. On the other hand, state 2 of case 1, due to increased stiffness by Porous Polymer Dielectric Material foundation
force, can tolerate a much higher magnitude of pressure range for each bias voltage than the conventional case. Also, increasing the
stiffness of the system caused a convex behavior for the curve of state 2 compared with the concave curves of state 1 of case 1. However,
in case 2, completely inverse behavior has been seen. In Fig. 4c and d, the behavior of case 2 is shown. What is evident, the system
shows contrary behavior. Using a softer polymer with different physical and geometrical configurations increased the sensitivity of the
sensor and the measured pressure in the § = 0.7 of case 2 state 2 is lower than state 2 because of the higher sensitivity.

3.2. Dynamic analysis

To determine the dynamic transient solution of the system, a Hilbert-based expansion is employed to decompose the system over
spatial coordinates. Integration over the time domain is then performed using direct integration techniques [48] Given that the
problem involves nonlinearities stemming from various sources, such as nonlinear electrostatic force, displacement-dependent
porosity, mid-plane stretching, and coupled nonlinearity arising from the nonlinear behavior of the foundation, a simplification is
applied. All nonlinear terms are treated as known forcing terms at each integration step. These terms are continuously updated with the
progression of time, facilitating the application of spatial coordinate decomposition and the solution of the problem.

In this method, for each applied DC voltage, time integration over the domain is applied to the differential equations to find the
proper shape functions and the displacements. In the present part, the DC voltage is applied to the microplate of the Porous Polymer
Dielectric Material case (case 1 state 2) as a coefficient of the statical pull-in voltage respectively for p = 0.3, p = 0.5, and, p = 0.7. The
time step of the integration (Solution of the Runge-Kutta method) is At = 1078 s and it is chosen for more accurate results and
convergency. Also, the pressure is applied in different conditions such as constant pressure during the solution, as a step function and
applied in the 100 times steps in the different scenarios at the beginning of the solution and the middle of the solution, and impulse
function which is applied just for one-time step during the dynamic analysis for each case. Henceforth the results are compared to each
other. Fig. 5, indicates the dynamic response of the case with the Porous Polymer Dielectric Material for the pressure as the step

11
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Fig. 4. Center displacement while applying a constant pressure: a (case 1 state 1) and b (case 1 state 2).
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Fig. 5. Dynamic response of case 1 state 2 for the pressure applied as a step function.

function. The pressure is constantly applied for the 100 times steps at the beginning of the solution for different DC voltage coefficients.
As it is clear, after the pressure is removed, the three states have the same response and trend due to the same physical and geometrical
configuration. However, by augmentation of the voltage coefficient, the maximum center displacement is also enhanced because of the
increasing force that is applied to the microplate.

Fig. 6 shows the dynamic response of the different bias voltage coefficients for the applied pressure as the step function at the
middle of the solution. As it is visible, the pressure is applied from 300 times steps to 400 times steps and the responses are compared to
each other. It is clear that the time responses are the same and the center displacement is also in this case same as Fig. 5. The maximum
bias voltage has the maximum center displacement.

In Fig. 7, the dynamic response of the cases for the pressure is applied as an impulse function at the beginning of the solution is
indicated. Impulsive pressure has a great impact on the dynamic response. In this case, the trend of the curves is the same, however, the
case with p = 0.7 has the maximum displacement. The reason is the augmentation of the DC voltage, empowers the excitation force
which leads to a great displacement. Also, since the pressure acts in a short time, it does not have a big effect on the response compared
with the bias voltage.

Fig. 8 shows the dynamic response for the constant pressure which acts during the solution along with the bias voltage. In this state,
the pressure has a great impact on the response of the microplate, because it acts constantly in all time steps of the solution. As can be
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Fig. 6. Dynamic response of case 1 state 2 for the pressure applied as a step function.
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Fig. 7. Dynamic response of case 1 state 2 for the pressure applied as an impulse function.
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Fig. 8. Dynamic response of case 1 state 2 for the pressure applied as a constant value during the dynamic solution.
seen in the Figure, the p = 0.7 shows a slight increase in the center displacement due to a big value of the bias voltage. The small
differences between the responses are due to the greater values of the pressure for cases with small bias voltages. It should be noted that

the value of the acting pressure for each bias voltage is extracted from Fig. 4b, which is 96 kPa, 92 kPa, and 73 kPa for § = 0.3 to 0.7
respectively.

13
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3.3. Frequency response analysis

The Frequency Response (F.R) is performed in the cases with and without Porous Polymer Dielectric Material in the gap for the
small and big values of the excitation voltages and pressures respectively. Fig. 9 (a and b) show the Frequency Response for the case
without and with Porous Polymer Dielectric Material respectively.

In Fig. 9, it is obvious that the resonance occurs when the excitation frequency approaches the natural frequency of the system. In
this part, the alternative voltages are the same for all cases, although, the Vp( is varied for different bias voltages. By increasing the
Vpc, as expected, the resonance frequency of the system decreases for all cases because of the softening of the system by increasing the
excitation force. The main result is that the effect of changing the Vp¢ is more significant in the case of Porous Polymer Dielectric
Material than the conventional one. Also, the natural frequency of the system for the case with Porous Polymer Dielectric Material is
increased about 100 times due to hardening the system. In the present part, the applied pressure is assumed to be zero. Fig. 10 (a and b)
indicate the Frequency Response of the case without and with Porous Polymer Dielectric Material respectively for changing the
alternative voltage (Vac). In this part, the Vp( is the same for all cases and the coefficient is f = 0.3.

In Fig. 10, it is seen that increasing the V¢ does not affect the resonance frequency and it just increases the center displacement
altitude. Fig. 11 (a and b) demonstrates the Frequency Response of the cases without and with Porous Polymer Dielectric Material for
changing the Py (alternative part of the applied pressure). In this part, the Py (Constant part of the applied pressure) is 3 Pa and 50 kPa
for the cases without and with Porous Polymer Dielectric Material respectively, and just the alternative term of equation 46 is varied
while the coefficient of the bias voltage is kept in § = 0.3.

Exciting pressure increasing just can raise the amplitude of the displacement of the microplate and it does not affect the resonance
frequency for both cases which is shown clearly in Fig. 11.

All of the results which have obtained above are for the small magnitudes of the excitation forces. Therefore, as can be seen from the
Frequency Response, the responses are linear and have not seen any nonlinearity in the responses. In the following, the magnitudes of
the excitation forces are enhanced to raise the nonlinearity of the equations, and the results are indicated below. Fig. 12 indicates the
Frequency Response of the changing the bias voltage coefficient while the V5¢ = 0.3V. Growing the bias DC voltage softens the system
and the resonance frequency is decreased. Afterward, when the DC voltage is augmented about § = 0.8 the nonlinear behavior of the
response is revealed. When the DC voltage coefficient is increased, the exerted force can dominate the system stiffness and the
nonlinear softening of the system is obvious.

In Fig. 13 the behavior of the response of the case without Porous Polymer Dielectric Material is studied for different V¢ while the
coefficient of the DC voltage is kept at § = 0.8. The results demonstrate that increasing the alternative voltages about Vac = 0.3V
caused the nonlinear behavior in the response because of the system softening.

Fig. 14 illustrates the Frequency Response of the case without Porous Polymer Dielectric Material for changing the alternative term
of the pressure. In this part, the constant term of the pressure is assumed 1.4 Pa, § = 0.7, and the alternative pressure (P,)) is changed.

Raising the Py in this case can lessen the system stiffness, thus, the resonance frequency tends to the left-hand side.

Fig. 15 displays the response of the case with Porous Polymer Dielectric Material for different Vac. In this case, the bias voltage
coefficient is p = 0.7, no pressure is applied and just the alternative voltage is changed.

In high values of V¢, the case with Porous Polymer Dielectric Material displays a special behavior. As displayed in Fig. 15, raising
the V¢ in the case of Porous Polymer Dielectric Material leads to system hardening in a nonlinear manner.

The nonlinear behavior of the case of Porous Polymer Dielectric Material is indicated in Fig. 16. In this case, the Constant pressure
term is fixed at 50 kPa, p = 0.7, and Py is raised from 1 kPa to 20 kPa. As is indicated, higher magnitudes of the alternative pressure
term cause system hardening. Raising the Py leads to higher magnitudes of the system stiffness and in this case, the Porous Polymer
Dielectric Material caused to increase the nonlinearity of the system.

Fig. 17 displays the Frequency Response of case 2 state 2 for various V. Increasing the VAC does not change the system resonance
while causing system hardening and nonlinear behavior.

In Fig. 18 the Frequency Response of case 2 states 2 versus the changing the Py is shown. In the lower alternative pressure, the
system’s behavior remains linear and the system tends to soften. Nevertheless, increasing the Pa; leads to system hardening and
increasing the nonlinearity of the system, while the resonance frequency is kept fixed.

In this paper, the impact of the changing porosity of the Porous Polymer Dielectric Material on the Frequency Response of the
system is also considered. For this purpose, the porosity of the dielectric is increased from 0.1 to 0.2 and the Frequency Response of the
system is demonstrated in Fig. 19 for different V,.. It should be noted that the geometrical configuration of this case is the same as the
case 1 state 2 and just porosity is changed to 0.2. The change in the porosity just shifts the resonance frequency a little to lower values
due to decreasing the foundation force of the dielectric, compared with Fig. 15. However, the trend and the sample of curves remain
constant.

4. Conclusion

In the present work, a novel design of a capacitive pressure sensor is introduced that uses a Porous Polymer Dielectric Material as a
dielectric in the gap between the fixed and flexible circular microplates. Mathematical governing equations of the problem were
extracted for both the flexible microplate and Porous Polymer Dielectric Material squeeze motion. The equations are discretized
numerically using the Galerkin weighted residual model. For the static modeling, the time-dependent parts derivatives are assumed
zero and then algebraic equations are solved to obtain the displacement of the microplate. For the dynamic transient analysis, the
ordinary differential equations gained by the Galerkin method are solved using the 4th-order Runge-Kuta method and for the steady
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Fig. 11. Frequency Response for the applied pressure. a (case 1 state 1) and b (case 1 state 2).

state solution, the coefficients of the presented periodic solution are obtained by finding the roots of the energy balance equation by a
learning approach through physically gradient-decent based method. At first, the results of the case without Porous Polymer Dielectric
Material are compared to the numerical and experimental data which has a very good agreement. Afterward, the following results are
obtained.

e The results of the static analysis revealed that case 1 state 2 augmented the system stiffness and so the pull-in voltage is increased
compared to state 1, from 0.81V to 22V.

e The bias voltages for all cases and states (with and without Porous Polymer Dielectric Material) along with the constant pressure
which is applied to the flexible plate as the external force, are calculated and it is seen that case 1 state 2 can sustain a much more
magnitude of the pressure comparing with the state 1 case. In this state, the voltage is applied as the coefficients of the pull-in
voltage for each case. But, in case 2, it is completely inverted, so state 2 of case 2 is more sensitive than state 1.

e The dynamic analysis is performed for the case with Porous Polymer Dielectric Material. In this part, the external forces are the bias
voltage for the different coefficients (B = 0.3, f = 0.5, and f = 0.7) along with the pressure which is inducted as the constant value,
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step function in some time steps, and as an impulsive pressure for a time step. After applying the pressure, it is indicated in the

Figures that the system acylates and finally, it approaches the static response magnitudes.

e In both cases, the increase of the V¢ leads to the system softening and decreases the resonance frequency. However, the existence
of the Porous Polymer Dielectric Material will cause an increase in the stiffness of the system which increases the natural frequency
by about 100 and 10 times bigger in cases 1 and 2 respectively.

e The Frequency Response analysis is composed of two parts one for the small alternative forces (Vac and Paj) which keep the system
behavior linear and the second one for the big values of the alternative forces which lead to the nonlinear behavior of the system.

e The results demonstrate that increasing the V¢ and Py in state 1 causes to the system soften, however, in case 2, it causes to the

system harden because of the nonlinear behavior of the Porous Polymer Dielectric Material.
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Fig. 17. Frequency Response for the different V¢ for case 1 state 2.

e Increasing the sensitivity of the capacitive device or the pressure sensor by using the Porous Polymer Dielectric depends on the
geometrical configuration and the physical properties of both plates and the polymer. As a result, in some cases using the polymer
as a dielectric can increase the sensitivity while it can act in reverse.

e Therefore, engineers and researchers should be cautious in using polymer materials as dielectric fillers in MEMS capacitive devices
and as a future work plan, it is crucial to deeply study the geometric and material properties as well as the effect of porosity of
porous polymer dielectric materials on the static, dynamic and frequency response of the sensor through different stress-stretch
constitutive models, which consequently will lead to generalizing of the findings.
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