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Abstract

This study illustrates the simulation and mathematical analysis of a square diaphragm-comb structure capacitive pressure
sensor (SD-CSCPS). The detection of pressure ranges between 10 MPa and 100 MPa with linear output to the applied
pressure is the primary emphasis of this research work. In this study, four square diaphragms of same length and breadth
with different thickness of 25 pm, 30 pm, 35 um and 45pm are studied. The construction and design method of a SD-
CSCPS using a diaphragm are laid out step-by-step in the design chart. In this study, the square diaphragm is deflected due
to applied pressure. This deflection is converted into linear displacement by a mechanical coupler so that the sensor output
characteristic can be linearized. The analytical model has two components: the deflection model and the charge model. The
deflection of the square diaphragm is computed in deflection model, as this deflection is used to move the movable comb
structure. It is highly challenging to determine the absolute capacitance for such a complex construction; instead, the shift
in capacitance is calculated in the charge model. The proposed 3D model of the SD-CSCPS was developed and simulated
using COMSOL Multiphysics, which also validates the analytical model of SD-CSCPS. Among the various parameters
that can increase SD-CSCPS sensitivity are the physical dimensions of the diaphragm, the number of interdigitated fingers
of the comb, the dimension of the interdigital finger, the gap between the movable and stationary plates, Poison's ratio, and
Young's modulus. In this study, the maximum sensitivity of the sensor with a diaphragm of 25 um was determined. The
simulated and calculated sensitivity of the SD-CSCPS for a diaphragm thickness of 25 pm are 0.253 fF/MPa and 0.319

fF/MPa, respectively.
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1. Introduction

A capacitor is a device that stores charge and has two
conductor plates, one of which is positively charged and the
other negatively charged. The applied electrical potential
caused the development of the electric charges present in the
conductor plates. The ratio of these electric charges that have
been stored to the applied electric potential between the
conductor plates is known as capacitance. This capacitance can
be varied due to changes in surface area, dielectric material,
and the gap between the plates. This fundamental idea serves
as the basis for designing the sensor, with one of the
parameters serving as a stimulus-dependent variable.

For a basic parallel plate capacitor, the capacitance is
inversely proportional to the distance (d) between parallel
plates, the directly proportional to the dielectric coefficient (¢),
and the length (/) and breadth (b) of the parallel plates. It can
be expressed mathematically, as follows

b
C=¢—
d

)

There are two types of capacitances: mutual and self-
capacitance. Here, the difference in the electric potential
generated by the static charge on a body and the ground is used
to quantify self-capacitance, or the ability of a body to hold
onto charge. The stored charge between two conductors
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creates mutual capacitance, which is developed by the
difference in electric potential between the two conductors.
Based on their sensing mechanisms, numerous pressure sensor
types are studied in various research works. They are resistive
[1-2], capacitive [3-4], inductive [5-7], thermal [8],
piezoelectric [9-13], and optical-based [10] pressure sensors.
The capacitive pressure sensor is highly compatible with
MEMS applications. The three primary types of pressure
sensors are based on capacitors. They are capacitive comb
structure sensor, touch planer capacitive sensor, and non-touch
planar capacitive pressure sensor [2][11-12]. The comparisons
between the capacitive comb structure sensor, non-touch
planar capacitive pressure sensor, and touch planer capacitive
sensor are that the capacitive comb structure sensor has high
sensitivity with highly linear, the non-touch planar capacitive
pressure sensor has low sensitivity with nonlinear, and the
touch planer capacitive sensor has high sensitivity with
nonlinear. The comb structure has two types. There is a single-
side comb structure and a double-side comb structure. Fig. 1
depicts the double-sided comb-like design of the capacitive
pressure sensor, which contains inter-digitated fingers that
mimic two interlocking combs. The surface area of the device
was enhanced by this construction, which increased the
capacitance of the sensor.

In a simple double-sided comb structure design, as shown
in Fig. 1, there are a combination ten parallel plate capacitors.
These ten capacitors are in parallel connection, after neglecting
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the fringing electric field, the total capacitance is given by Eq.
4.
C=C=C0=0=C=Cy 2)

Where, C;, C3, Cs Cs Csand Cpare the capacitance form
in vertical direction.
CG=0=0=0C (3)

Where, C,, C; C; and Cy are the capacitance form in
horizontal direction.
C =4C, +6C, 4)

Where, C is the total capacitance in a single unit of comb
structure.
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Fig. 1. Capacitors in comb like structure.

The main objective of this study is to designed the
capacitive pressure sensor for sensing pressure range from 10
MPa to 100 MPa with highly linear. The Practical Application
of the Design can be used in Locomotive Fuel Injection System
as the fuel injection has pressure 60-80 MPa bar [14],
Acrospace/Rocket Engine and Fuel Monitoring System as
high-pressure helium bottles up to 30 MPa are used as
prepollent [15], Hydraulic System used analog based pressure
gauges in the range of MPa., and Medical System as pressure
gauges used in oxygen cylinders & autoclaves are in the rage
of MPa. So, it is very important to designed a MEMS based
pressure sensor ranges from 10 MPa to 100 MPa.

2. Design Flow

This study suggested a methodology that involves
mathematical calculation of the square diaphragm deflection
in order to determine the sensor output capacitance for the
applied pressure range of 10 to 100 MPa. Next, simulate the
proposed model of the sensor using COMSOL Multiphysics
for the same applied pressures.

a
_1 b 92w
H—zf-bDj {(wa
—-a

82w\ 2 a%w 9%w a%w b a
&) —20-w{E5E- (axayf}} dudy - 7,1 w Pdxdy.

Input Parameters

l

Calculate the Deflection

!

Calculate the Capacitance

!

Calculate the Sensitivity

!

Simulate the 3D Model in
COMSOL

!

Camparison of the
simulated and calculated
values

'

Observations and
Inferences

Fig. 2. Design flows of the SD-CSCPS.

The simulated output deflection and analytical deflection
values for square diaphragms are then compared and validated.
The various parameters that influence the sensitivity of the
sensor are found in this research work. The proposed design
flow for SD-CDCPS with highly sensitive and linear features
is shown in Fig. 2.

3. Analytical Model

In an analytical model, the square diaphragm's deflection is
first estimated for the applied pressure in order to identify the
various factors that affect the deflection. This deflection is
used to move the movable comb with the help of a mechanical
coupler. The movement of this movable comb changes the
capacitance of the sensor. Then, the overall sensitivity is
determined by computing the change in capacitance resulting
from the movement of the movable comb structure caused by
the deflection.

3.1. Deflection Model

The primary function of the diaphragm is to convert the input
pressure into deflection; therefore, the deflection is calculated
first. For calculating the deflection of a square diaphragm, let
us first consider a rectangular diaphragm, where 2b represents
the length and 2a represents the width. The distance from its
centre along the diaphragm's breadth and length is considered
as a and b along the x and y axes, respectively. The entire
energy (H) of the diaphragm under pressure is provided by [16-
18].

®)

Where, w is the deflection function, v is the Poisson’s
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ratio, D is the flexure rigidity, and P is the applied pressure.
The value D is given by:

_ ER®
12(1-v2)’

(6)

Where, / is the thickness and E is the Young's modulus.

The deflection of the rectangular diaphragm w is given
by:
w(x,y) = k(a* = x*)*(b* — y*)? (M

Substituting the value of D and w(x,y) into Eq. 5 and
applying the condition 3—12 = 0, the value of k is given by:

_ 49p
128(7a*+4a2b2+7b*)D

®)

Substituting the Eq. 8 in Eq. 6, the value of w is given by:

49pP
w =
128D(7a*+4a%b%2+7b%)

(a* —x2)*(b* — y*)? (©)

Substituting the value of b by the value of a in Eq. 9 as
the length and breadth of square diaphragm are same. The Eq.
9 can be written as:

49P

_ 9P 2 2N2(n2 _ 4,232
W = baean (@ —x9)%(a@® —y%) (10)
Now the above Eq.10 can be written as
Pa* x2 y 2
w= 0.021267(1—; )2(1—5 )2 (11)

Eq. 11 provides the deflection of a square diaphragm at a
given by the value of x and y. For a square diaphragm, the
center has the highest deflection value. Now the expression
of the maximum deflection w(x,y)max is given by:

W(0,0) = WX, Y)max = 0.02126 7% (12)

Substituting Eq. 5 in Eq. 12, Eq. 12 can be rewritten as:

pPa*(1-v?)
Eh3

W(X, V) max = 0.25512 (13)
From Eq. 11, it is found that the diaphragm deflection

depends on the input pressure, dimensions of the square

diaphragm, Poisson's ratio, and Young's modulus.

3.2. Charge Model

The lateral view of the SD-CSCPS is shown in Fig. 3, and the
top view of the comb structures is illustrated in Fig. 4. This
structure consists of a square diaphragm, a movable comb, a
stationary comb, and a mechanical coupler. The diaphragm
function is to transform the input pressure into deflection as
a result of the pressure that is being applied to it. The
mechanical coupler moves the movable comb linearly by
transforming the deflection into linear movement.

It also acts as an isolator between the diaphragm and the
movable comb. The linear displacement between the moving
and stationary comb plates is converted into a change in the
capacitance of the capacitive comb.
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Fig. 3. Lateral views of SD-CSCPS.
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Fig. 4. Top view of the Comb structure.

From Fig. 1, the capacitance change (AC) for the comb
structure can be express as below:

AC = 4AC, + 64C, (14)
The value of and are given by:
biw
AC, = gy (15)
AC, = g2 (16)

Where, &, is the absolute permittivity, b, is the breath of
C\, b is the length of (5, and d is the gap between the movable
and stationary comb structure. If the inter-digital comb
fingers of the comb structure are increased by 7, then the
value of the sensor is:

L b b
AC, =4n(eozTW+eolTW)+2£olTW (17)
The sensor's sensitivity (S) can be calculated by
6o 4n(solsz+eolew)+2£oblTw (18)

The sensor’s sensitivity is a function of the n numbers of
inter-digital fingers, the [, length and b, breadth of the
capacitance, the w deflection that causes a change in the
position of the movable comb structure, the d gap between
the plates, and the &, absolute permittivity.

4. Simulation of SD-CSCPS 3D model

The COMSOL Multiphysics software is used in this study to
simulate the proposed SD-CSCPS design model. In this
simulation, the physics used is electromechanics physics and
choose the study as stationary. In global definitions, the input
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pressure is declared in the parameter section. In the geometry
section, the model of the proposed sensor is described.

In the material section, the various materials for each
component of the model are assigned, such as gold (Au) for
the movable, fixed comb structure, silicon (Si) for square
diaphragm and silicon dioxide (SiO,) for the mechanical
coupler. The reason for using silicon as diaphragm material
are excellent mechanical properties as it has high elastic
modulus of 180 GPa that make it robust and rigid, compatible
with MEMS fabrication and thermal stability. The reasons for
selecting silicon dioxide as a mechanical coupler material are
that it is an excellent dielectric material and can be used as an
insulating material; it is also compatible with silicon
fabrication; and it also has high thermal and chemical
stability. The reasons for selecting gold as a comb structure
material are that it has a good conductor with low contact
resistance, high corrosion resistance, and good surface
bonding with other materials.

The simulation is carried out for the sensor with a
diaphragm length of 300 pm and different diaphragm
thicknesses ranging from 25 um to 40 pm with a step size of
5 pm.

After assigning the materials, the physics configurations
like fixed constraint, boundary load, ground, and terminal are
configured accordingly. After the configuration of the
physics, the meshing of the designed sensor is done in a
tetrahedral shape. The size of the meshing of the designed
sensor is taken as fine. The applied pressure to the sensor for
the study ranges from 10 MPa to 100 MPa with a step size of
10 MPa and is declared in the parameter swap under the study

section.
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Fig. 5. Dimension of the movable and non-movable comb structures.

The dimension of the movable and non-movable comb
structures used in the simulation is shown in Fig. 5.

5. Result and Discussion

An input pressure of 10 MPa to 100 MPa with a gap of 10
MPa is used for the analysis of the sensor. In this study, the
diaphragm thickness of 25 pm to 40 pm is considered. The
various reasons for selecting these thickness ranges are: If the
diaphragm thickness is higher, then the sensor will be less
sensitive to the pressure variation, but they can handle more
pressure without mechanical failure. If the sensor has a lesser

thickness, the sensor will have higher sensitivity, but they
cannot handle more pressure because of mechanical failure.
In MEMS technology, the diaphragm of the silicon is
generally 25 pm to 75 pm by ensuring to withstand enough
stress and strain induced on the diaphragm.

Fig. 6 displays the simulated output deflection for the
square diaphragm with a thickness of 25 pm for applied
pressure at 100 MPa. This Fig. 4 shows the maximum
deflection occurred at the center of the diaphragm with a
value of 8.30 um, which is consistent with the findings of the
mathematical model. The deflection of the diaphragm is
translated into linear displacement by the mechanical coupler.

\d

Fig. 6. Simulated output showing the deflection of the diaphragm at 100
MPa.

Table 1. Deflection values in um.

Thic 25 pm 30 pm 35 pm 40 pm
k
Pres* |Sim* Cal* Sim Cal Sim Cal Sim Cal
(MPa)
10 0.87 | 0.83 | 0.53 | 048 | 036 | 0.30 | 0.25 | 0.20
20 1.75 1.66 1.06 | 096 | 0.72 | 0.60 | 0.51 | 0.40
30 2.61 | 2.49 1.60 | 1.44 1.07 | 0.90 | 0.76 | 0.60
40 347 | 332 | 2.13 1.92 1.43 1.21 1.02 | 0.81
50 431 | 416 | 2.66 | 2.40 1.79 1.51 1.28 | 1.01
60 5.15 | 499 | 3.19 | 2.88 | 2.14 | 1.81 1.53 | 1.21
70 596 | 5.82 | 3.72 | 3.37 | 2.50 | 2.12 1.79 | 1.42
80 6.76 | 6.65 | 425 | 3.85 | 2.85 | 242 | 2.05 | 1.62
90 753 | 748 | 476 | 433 | 320 | 2.72 | 230 | 1.82
100 8.30 | 832 | 527 | 4.81 3.56 | 3.03 | 2.56 | 2.03
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Table 1 shows the simulated and analytical output
deflection of the CD-CSCPS for different diaphragm
thickness for the applied pressure range from 10 MPa to 100
MPa. This table also makes it obvious that the deflection
increases as applied pressure increases. The simulated
deflection values and the calculated deflection values are
similar at the same applied pressure level.

The graphic representations of Tab. 1 are shown in Fig. 7.
In this figure, it is observed that the output deflection is
linearly proportional to the applied pressure. It is also
detected that the output characteristic is highly linear to the
applied pressure. For sensors with a smaller thickness, the
slope is steeper means higher the deflection. This means
sensitivity is higher for lower thickness.

It is also observed that the simulated output values of
deflection and the calculated values of deflection are very
close to each other. So, this mean that the deflection equation
and simulation are validated as minor deviations in between
them.

Table 2. Capacitance values in fF.

Tc';: 25 um 30 pm 35 um 40 pm
Pre-

ssure . . . .

(MP Sim Cal Sim Cal Sim Cal Sim Cal
a)

10 0.29 | 0.31 0.20 | 0.18 | 0.17 | 0.11 0.13 | 0.07
20 0.56 | 0.63 | 036 | 037 | 028 | 0.23 | 0.21 | 0.15
30 0.82 | 095 | 053 | 055 | 038 | 034 | 0.29 | 0.23
40 1.08 | 1.27 | 0.69 | 0.74 | 049 | 0.46 | 037 | 0.31
50 134 | 1.59 | 085 | 092 | 0.60 | 0.58 | 0.44 | 0.39
60 1.59 | 191 1.01 1.11 0.71 | 0.69 | 0.52 | 0.46
70 1.84 | 2.23 1.17 | 1.29 | 0.82 | 0.81 0.60 | 0.54
80 2.07 | 2.55 1.33 148 | 092 | 093 | 0.68 | 0.62
90 2.30 | 2.87 149 | 1.66 1.03 1.04 | 0.76 | 0.70
100 2.52 | 3.19 1.64 | 1.85 1.14 | 1.16 | 0.83 | 0.78

In Table 2, the designed CD-CSCPS’s simulated and
calculated output capacitances for various diaphragm
thicknesses are shown. This table demonstrates how closely
the simulated and calculated values of capacitance change are
related. As a result, the suggested equation for capacitance
variations in CD-CSCPS is verified and useful for designing
such sensors. It is also observed that the higher the change in
output capacitance, the lower the diaphragm thickness.

Table 2 can be illustrated in graphical form, as shown in
Fig. 8. This graph demonstrates that the sensor's change in
capacitance is very linear, which is a desired result. This
graphic also shows that the sensor's sensitivity increases as
the diaphragm's thickness is reduced. It also demonstrates
that the sensitivity of the 25 um thick CD-CSCPS is 0.253
fF/MPa and 0.319 fF/MPa, respectively, for simulation and
calculation.

35 - T T T T T T
——— Sim

Capacitance [fF]

Applied Pressure [MPa]
Fig. 8. Simulated and Calculated Capacitance for SD-CSCPS with
Different Diaphragm.

6. Conclusion

The analytical modelling and simulation of the CD-CSCPS
for detecting input pressure ranging from 10 MPa to 100 MPa
is the primary objective of this research work. It is suggested
and implemented as a design method for a CD-CSCPS. The
suggested design approach can be used in subsequent designs
because the analytical and simulated deflection and change in
capacitance values are so close.

When the thickness of the diaphragm decreases, the
sensitivity increases. The length increases the diaphragm
deflection, resulting in increased sensitivity for the sensor.
The sensor's sensitivity is also influenced by Young's
modulus and Poisson's ratio. There is an increase in the output
capacitance with an increase in the comb fingers' dimension
and number. As the gap between the movable comb and the
stationary comb gets smaller, the sensitivity also increases.
The proposed sensor model has a linear output characteristic.
The sensitivity of the proposed CD-CSCPS for a diaphragm
thickness of 25 um is 0.253 fF/MPa and 0.319 fF/MPa,
respectively.

This is an Open Access article distributed under the terms of
the Creative Commons Attribution License.
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