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Abstract

In this paper, a mathematical modeling of the Touch Mode Capacitive Pressure Sensor (TMCPS) is
presented and validated by using the COMSOL Multiphysics simulator. The output characteristic of
TMCPS is linearized and thereby achieved by using a mechanical coupler which is utilized to convert the
deflection of the diaphragm due to applied pressure into a linear displacement. A square diaphragm is
designed for conversion of pressure into displacement to calculate the maximum deflection of the square
diaphragm and the output capacitance of the sensor. A 3D model of the design sensor is built and
simulated using a COMSOL Multiphysics simulator to compare the calculated values and simulated
output values. The various factors affecting the sensitivity of TMCPS: the physical parameters of the
diaphragm, mechanical properties (Poisson's ratio &Young modulus), permittivity of the polymer,
physical parameters of the capacitor plates, and gap between the capacitor plates are considered to
validate the values. The sensitivities of the Poly-Methyl Methacrylate (PMMA) based TMCPS with a
diaphragm thickness of 20 um for simulated and calculated are found as 0.035fF/MPa and 0.034 fF/MPa
respectively.
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1. Introduction

The There are various types of pressure sensor based on their sensing mechanism. They are
based on resistive, capacitive, inductive, thermal, piezoelectric, optical etc €. The
piezoelectric and resistive pressure sensors are also wide used in MEMS application as they
can also be miniaturized 1. Among these based sensors capacitive based pressure is used in
broad range because it can sense high pressure, low power consumption and can be
miniaturized [, The basic classifications of capacitive pressure sensor based on their
structures are conventional planar capacitive pressure sensor, touch mode capacitive pressure
sensor and comb structure capacitive pressure sensor 12231, The conventional planar capacitive
pressure sensor has a diaphragm plate and a based plate. In diaphragm plate, the pressure is
applied and changes in capacitance between the diaphragm plate and the based plate are
measured as an output and this output is nonlinear with the applied pressure. TMCPS has
similar structure with conventional planar capacitive pressure sensor but dielectric materials
are placed on the based plate and touched by the diaphragm plate when it is deflected due to
the applied pressure. The output of TMCPS is nonlinear but they have higher sensitivity than
the conventional planar type capacitive pressure sensor. The comb structure capacitive
pressure sensor has inter-digited finger of the comb which increases the surface area leading to
increase in the output capacitance. The output capacitance of this sensor is nearly linear to the
applied pressure. Among these sensors, TMCPS is very promising and it can be operated in
wide range of high pressure and higher sensitivity.
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MECHANICAL
COUPLER

Fig 1: Side view of TMCPS with a Mechanical Coupler.

In this study a modified TMCPS as shown in figure 1 with a mechanical coupler is carried out. The modified TMPCS has a
mechanical coupler connected with diaphragm in one end and movable electrode plate at the other end. Hemisphere polymers
dielectrics are attached with the movable electrode plate and the fixed electrode plate. The pressure is applied at the diaphragm
and a maximum deflection occurs at the center of the diaphragm. With the help of the mechanical coupler this deflection is
converted into linear displacement. The movable electrode plate moves and changes in capacitance which is directly proportional
to the applied pressure. This polymer dielectric keeps away the touching of movable electrode plate and fixed electrode plate.

2. Design Method
It is necessary to design a mathematical model of the sensor to find out the various parameters affecting the output of the sensor.

Then to verify the calculated values, simulations of the model sensor are done and compared with the output and simulated values.

Inputs (Square Diaphragm, Dimensions, Applied
Pressure, Material Properties, PMMA material etc,)

y

Calculate the deflection of
Square Diaphragm for
diaphragm thickness of 20 um

4

Calculate the output capacitance for
No the applied pressure (0.1-10.1 MPa)

Simulate the 30 model of the
design sensor in COMSOL

Are the
calculated values
and simulated values
nearly equal?

Conclusions

Fig 2: Flowchart of the design methodology.
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The mathematical model of the sensor has two parts, mechanical and electrostatic as the pressure sensor converts the mechanical
displacement due to applied pressure into output voltage. The design flow of this research work is shown in figure 2.

The mechanical coupler transforms the diaphragm's deflection into a linear displacement on the movable electrode plate. The
linear displacement causes the moveable electrode plate closer to the fixed electrode plate, changing the capacitance output of the
sensor. The variation in output capacitance is directly proportional to the applied pressure.

2.1 Mechanical Modelling

The square diaphragm and circular diaphragm are the most commonly used diaphragms in sensors. In our study a square
diaphragm is considered because it has a higher deflection than the circular diaphragm for the same applied pressure. Let us
consider first a rectangular diaphragm of length 2b along the y-axis and breadth 2a along the x-axis. To calculate the total energy
H of the diaphragm under applied pressure P is as follow 14261,

_ Db ra |(922(xy) , 022xy))’ 02¢(x ) 9%¢(xy) _ 923(x¥)N\2 b ra
H_Ef_bf_a ( 9x2 + ay? ) _2(1_U){ x2 dy? = ( axdy ) } dxdy—f_bf_ai(x,y)dedy, 1

where, {(x, y) is the deflection function, D is the flexural rigidity and v is the Poisson's Ratio. The value of flexural rigidity is
provided by

_ Et3
T 12(1-v2)

O]

where, t is the thickness of the diaphragm and E is the Young's Modulus of the diaphragm material.
The deflection function {(x, y) of a rectangular diaphragm is given by [15-16],

{(x,y) = w(a® — x*)%(b? — y?)?, €)
Where, o is a constant. Now, substituting equation 3 with equation 1 and applying the condition, we get

49pP

w = )

"~ 128(7a*+4a2b2+7b%)D’

By substituting equation 4 into equation 3, we get

49pP
(Cuy) = 128D (7a*+4a2b2+7b%)

(a® — x*)*(b* — y*)~. )

For a square diaphragm, the length of the all sides are equal i.e. a=b, then equation 5 becomes

_ 49pP 2 2 2N\2(0 82 2232
(Goy) = 128D(7a*+4a%a%+7a%) (a x7)"(@” =y7)",
Pat X2 2 y2 2
(xy) = 0.021267(1 - ;) (1 - ;) . (6)

Equation (6) is the function of deflection of a square diaphragm at any given coordinates. The maximum deflection occurs at the
centre of the diaphragm i.e. (x, y)=(0,0), now the maximum deflection of a square diaphragm is given by

Pa*
CCoy)— 7

X

The flexural rigidity, length of the side, and applied pressures are the parameters that affect the maximum deflection of the square
diaphragm.

2.2 Electrostatic Modelling

A design model of the TMCPS with PMMA polymer dielectric is shown in figure 1. The electrode plates are partially coated with
hemispherical polymers and some are not coated. The areas of the electrodes are divided into two areas, one area is the area
covered by the dielectric polymers and another area is the area not covered by dielectric polymers. Therefore, the overall
capacitance C can be calculated by the sum of capacitances C; and C,. Where C; is the capacitance of the area covered by the
dielectric polymers and C; is the capacitance of the area not covered by the dielectric polymers.

C = Cl + Cz, (8)
Now, C; and C, can be expressed as
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where n is the number of hemispherical dielectric attached to an electrode plate, & is absolute permittivity, & is the relative
permittivity, 6 is the surface area covered of the electrode plate, g is the gap between the plates, and r is the radius of the
hemisphere. Therefore

go&rmr? | g9(0-nmr?)

TS 00

g0(8+nmr?(ep—1))
—_— y 11
@-0 (11)

Now the sensitivity of the sensor 1 becomes,

£0(8+(ep—1)nmr?)

A==

(12)

The radius of the dielectric polymer hemisphere, length and breadth of the electrode, gap between electrode, deflection, and
relative permittivity are the parameters that affect the overall sensitivity of the sensor.

3. Simulation of TMCPS in Comsol

The A 3D model of the TMCPS includes a diaphragm, mechanical coupler, moving electrode plate, fixed electrode plate and
hemisphere shape dielectric polymers and built in the COMSOL Multiphysics simulator as shown in figure 1. The dimension of
the various components of the TMCPS is tabulated in table 1 and the necessary material properties of the TMCPS are tabulated in
table 2.

Table 1: the dimension of the various components of the TMCPS.

Components Material Dimensions - -
Length Breath Thickness or Radius
Diaphragm Gold 300 um 300 um 20 um
Mechanical Coupler SiO2 20 pm 20 pm 20 ym
Electrode Plates Gold 300 pm 300 um 20 um
Polymer Dielectric PMMA - - 40 ym
Table 2: The physical properties of the TMCPS.
Material Young’s modulus Poisson’s ratio Relative permittivity
SiO2 70 GPa 0.17 -
Gold 70 GPa 0.425 -
PMMA - - 3

3.1 Simulation Output

The 3D model of the TMCPS is simulated for the applied pressure range of 0.1 MPa to 10.1 MPa with a step size of 1 MPa.
Figure 3 shows the deflection output of a TMCPS with 20 um diaphragm thicknesses at the applied pressure of 10.1 MPa.

From the figure 3 the maximum deflection of the diaphragm occurs at the middle as it was predicted in equation 7. Form the
figure 4 output capacitance of the TMCPS using mechanical coupler is highly linear to the applied pressure.
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Fig 2: Output capacitance of the TMCPS for the applied pressure range from 0.1 to 10.1 MPa.

4. Comparative Studies of Simulated and Calculated Values

There Table 111 lists the simulated and calculated deflection of the diaphragm and output capacitance values for the proposed
TMCPS for the applied pressure range from 0.1 MPa to 10.1 MPa with a step size of 1 MPa.

The deflection of the diaphragm is measured at the centre of the diaphragm as the maximum deflection is occurs at the centre and
the mechanical coupler is also attached at the centre. The deflection of the diaphragm increases with increase in applied pressure.
For the identical input pressures, the simulated and calculated deflection values are quite near to each other.

Again table 3 also listed calculated and simulated values of capacitance for the proposed TMCPS. It can be seen from these data
that the output capacitance is in the femto Farad (fF) range. With an increase in applied pressure, the output capacitance values
correspondingly rise.

Table 3: Simulated vs calculated values for square diaphragm based TMCPS

Diaphragm Deflection Output Capacitance

Pressure (MPa) Simulated Calculated Simulated Calculated
0.1 0.0174pum 0.0186pm 17.1025fF 17.7623fF
1.1 0.1916pm 0.2046pm 17.1408fF 17.7991fF
2.1 0.3658um 0.3906pm 17.1793fF 17.8360fF
3.1 0.5398um 0.5766pm 17.2181fF 17.8731fF
4.1 0.7136pum 0.7625um 17.2571fF 17.9103fF
5.1 0.8872um 0.9485um 17.2963fF 17.9477fF
6.1 1.0611um 1.1345um 17.3357fF 17.9853fF
7.1 1.2339um 1.3205um 17.3753fF 18.0230fF
8.1 1.4076um 1.5065um 17.4152fF 18.0609fF
9.1 1.5791um 1.6924pm 17.4552fF 18.0989fF
10.1 1.7516um 1.8784um 17.4954fF 18.1371fF
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Figure 5 depicts the simulated and calculated deflection of the square diaphragm with thickness of 20um. The deflection of the
diaphragm is found to be linear with the input pressure. This deflection is converted into linear displacement by the mechanical
coupler. It is observed that the simulated and calculated deflections are very closed. The simulated output values are lower than

the calculated output values of the sensor.

{2 Simulated
|| — ¥ —Calculated

1Y
(=]

-
E=N
T
W
©]

ah
N
T

o

Output Deflection [um]

o (==}
N (=)
T T
N
€3

02 &

-

(=2}
T

N\

0 & ] . i i
0 2 4 6 8

Applied Pressure [MPa]

10

12

Fig 5: Comparison of simulated and calculated values of deflection at the centre of the diaphragm.

Figure 6 depicts the simulated capacitance and calculated capacitance the PMMA-based TMCPS with a diaphragm thickness of
20 um. The sensor output capacitance is found to be highly linear with the input pressure, which is a desirable property. It can also
be shown that the calculated and simulated values are fairly similar. The simulated output values are lower than the calculated
output values of the sensor. The slopes or sensitivity of the simulated and calculated values are similar to each others.
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Fig 6: Comparisons of simulated and calculated values of capacitance for the designed TMCPS.

5. Conclusion dielectric PMMA is used to enhance the sensitivity of
The mathematical modelling and simulation of a TMCPS for TMCPS as the dielectric constant of PMMA is 3. The design
detecting and linearization of the out characteristics are the methodology is proposed and can be used in the future

main objectives of this research work. Hemispherical polymer
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because the simulated and calculated values are near to one
another.

As the equations 7, 11, and 12 are validated with the
COMSOL multiphysics simulator by comparing the
calculated values and simulated values. The physical
parameters and mechanical properties of the diaphragm
affected the sensitivity of TMCPS. The deflection is inversely
related to diaphragm thickness so sensitivity improves when
the diaphragm thickness is reduced. The sensitivity of the
diaphragm rises as the length of the diaphragm increases. The
Young’s modulus and Poisson’s ratio also affected the
sensitivity of the TMCPS.

From equation 11, the gap between the plates is inversely
proportional to the sensor's sensitivity. Increases in the area of
the electrode plate and the area covered by dielectric
polymers will result in higher output capacitances. The
relative permittivity of the polymers dielectric increases the
output capacitance of the sensors. The mechanical coupler
convert the deflection of the diaphragm into linear.
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