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Abstract

Touch Mode Capacitive Pressure Sensor (TMCPS) is very suitable for industrial applications where pressure sensing is
necessary because of their linearity, mechanical robust nature and large overload protection from harsh industrial condition.
This work proposes an introduction of a notch in the concave substrate for further improvement of the sensitivity of the sen-
sor. Small deflection mode is utilized for the mathematical analysis of the design proposed and MATLAB is utilized for all
the software simulations. The sensitivity of the proposed model is very high compared to other models with flat substrate.
The analysis and simulation show significant increase in sensitivity in touch mode. The pressure at which the value of the
capacitance saturates is also much higher than other proposed designs. The analysis of concave substrate Double Touch
Mode Capacitive Pressure Sensor (DTMCPS) will helpful in designing new sensor for performance increase and evaluate

the behaviour of it.
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1 Introduction

In the past Decade, the capacitive pressure sensor has been
manufactured and used for various applications for its better
reliability, low power consumption, small size and ability to
integrate along with the low cost of fabrication. This work
is a further development on the structure of the sensor for
better performance.

The capacitive pressure sensor is primarily made of two
parallel plates with one of them being movable and sensi-
tive to pressure where else the other being fixed and is not
sensitive to pressure. So, when the pressure in the envi-
ronment of the sensor increases the deviation in the dia-
phragm also increases and so the capacitance of the sen-
sor is increased and the basic analysis is presented in [1].
Hence the capacitive-pressure characteristics is usually
nonlinear. A near linear operating region was observed
when the diaphragm came in contact with the substrate

P4 Sumit Kumar Jindal
sumitjindal08 @ gmail.com

School of Electronics Engineering, VIT University, Vellore,
Tamil Nadu, India

and the linear characteristic of sensors is presented in [2].
The touch mode pressure sensor has primarily four modes
of operation i.e., normal, transition, linear and saturation.
The sensor is said to work in normal mode when the dia-
phragm is not in contact with the substrate. The deflec-
tion of the diaphragm can be modelled similarly to that
of work presented in [3, 4]. Further modelling, analysis,
and other simulation of flat substrate touch mode sensors
are presented in [5, 6], about TMCPS before and after
touch point.

Several new developments were proposed for the dia-
phragm and also the structure, and shape of the substrate
in order to increase the performance of the sensors. In [7] a
double-sided diaphragm was proposed to improve the sen-
sitivity of the sensor and even development in shape of the
diaphragm also were introduced to observe the changes in
the performance as presented in [8] where a diaphragm with
square shape was used, further shape of the substrate was
changed to improve performance and reduce strain on the
diaphragm by introducing a convex shaped diaphragm as
presented in [9]. Further development in performance was
seen with an introduction of a notch in the substrate as the
touch point pressure of the sensor increased which is pre-
sented in [10, 11].
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The sensor exhibits a linear output only during touch
mode. So, to improve the window of linear operation it is
important to have a wide range of pressure at which the
device operates in touch point. A linear output eliminates
the need of complex electronics to process the data from the
sensor. Changing the shape of substrate reduced the strain
on the diaphragm, where else introduction of a notch not
only increased the touch pressure point also increased the
sensitivity as presented in [10].

In this work, we propose double touch mode capaci-
tive sensor with the substrate shape being concave and
perform its theoretical modelling and simulation of C-P
characteristics of the sensor. The sensitivity of the sensor
is increased by introduction of a notch in concave well
substrate.

2 Implementation of Proposed Sensor
Structure

The radius of the sphere from which the substrate is sliced is
taken to be larger than the radius of the capacitor. The idea
of adding a notch like in Fig. 1. elongated the linear region
of operation. So further adding more notches will further
elongate the linear region more. Therefor a concave shaped
substrate was designed as in Fig. 1 and presented in [12].
The aim of the proposed structure is to observe the changes
while adding a notch in concave substrate. The radius of the

Fig. 1 Basic structure of
concave substrate double touch
mode capacitive pressure sensor
(DTMCPS). h is the thickness
of the silicon diaphragm, ¢ is
thickness of insulation layer
(8i0,), a is a radius of silicon
diaphragm, b is the radius of the
notch, R is radius of sphere and
g, 1s depth of notch

concave shaped substrate above the notch and in the notch
are same.

The capacitance of the proposed design will be higher
than that of TMCPS since with introduction of the
concave shape the surface area of the substrate is also
increased.

3 Methodology

The sensor consists of fixed substrate and a dia-
phragm sensitive to the pressure of the environment.
When the pressure in the environment increases the
deviation in diaphragm also increase, which reduces
the distance between diaphragm and substrate which
increases the capacitance of the sensor. After a
certain increase in pressure the diaphragm comes
in contact with the substate, this pressure point is
called touch point pressure. Further increase in pres-
sure leads to diaphragm wrapping around the notch
which can be seen in diaphragm substrate interaction
shown in Figs. 2 and 3. So based on these param-
eters i.e., touch point pressure, notch dimension and
diaphragm shape during deviation, a mathematical
model is obtained for capacitive output of the sen-
sor with respect to pressure. Using this mathematical
model plots and conclusions are obtained about the
performance of the sensor.

Silicon Diaphragm (upper electrode)
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x10°_ Substrate Diagraphm interaction in Normal mode 4.1 Surface Area and Touch Point Pressure
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Fig.2 Substrate-diaphragm interaction in normal mode

3 10 Substrate Diagraphm interaction in single touch mode
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Fig.3 Substrate-diaphragm interaction in single touch mode

4 Mathematical Modelling

Appling pressure causes the diaphragm to bend
towards the substrate and causes the capacitance
to increase. The proposed sensor works in normal
mode, touch mode and double touch mode. Normal
mode is when the diaphragm does not touch the sub-
strate, the diaphragm substrate reaction is as shown
in Fig. 2. Single touch mode is when the diaphragm
touches only the upper part of the substrate as shown
in Figs. 3 and 4 shows the sensor at first touch point.
and double touch mode is when the diaphragm touches
both the notch and the upper surface of the substrate
as shown in Fig. 5 and Substrate diaphragm interac-
tion in double touch mode is shown in Figs. 6 and 7.

w(r)—w0<1 - (5) > )

Where,
Pa*
Yo = eap ®)
and D is the flexural rigidity is given by
Enh’
D= ———
12(1-12) ©)

In Eq. 5, is the maximum deflection at the centre of the
circular diaphragm under the applied pressure P. And, in
Eq. 6 E is Young’s Modulus and v is Poisson’s Ratio.

4.2 First Touch Point

The deviation of the circular diaphragm at a radius of b
should be equal to

w=g—R+ VR>-b? @)
and the deviation at b for pressure P is given by
2
Pa* b\?

(=) :
Y= %D < a > ®)

So, from above equation the pressure of the first touch
point can be found

64D(g R+ VR - b2)

P, = ®
: (@ — b)*a + by

The deviation in the diaphragm when the pressure is
equal to single touch point pressure (P,;) is shown in the
Fig. 4.
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Fig.4 Concave well substrate

DTMCPS in single touch mode Applied Pressure
where the pressure is equal to

first touch point pressure

h
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Fig.5 Concave well substrate
DTMCPS in double touch mode
where the pressure is greater
than second touch point Applied Pressure

“
|

4.3 Capacitance for Normal Mode of Operation C, and C, are given by

an

b
Where the capacitance of notch area is considered C; and c / 2regqgrdr
upper concave surface part is considered C 1=
pp p 2 J (1+e(g+8,—wm))

C=C+¢C, (10)
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Fig.6 Concave well substrate
DTMCPS in double touch mode
where the pressure is equal to
second touch point

Applied Pressure

«10® Substrate Diagraphm interaction in double touch mode

3r \ 7
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Radial variation of substrate base(m) x10™

Fig. 7 Substrate-diaphragm interaction in double touch mode

a
2ne gy rdr

G = / = 12)
/ (t +e,(8— w(r)))
This relation holds between Capacitance and Pressure until
the first touch point. The interaction between the diaphragm
and the substrate in touch mode is shown is Fig. 3.

4.4 Capacitance for Single Touch Mode of Operation

Where
C=C+GC, (13)
C,=Cp+Cy (14)

Here the C, capacitance is split into two parts where
C,, parts denote the part where the diaphragm is in con-
tact with substrate and C,,, part is not in contact with the
substrate.

The deviation of the circular diaphragm for the untouched
part can be modelled as

2

2
W) = g 1—<r_“’> (15)

a-—a,

The capacitance of untouched part is given as

a

dr
C. ., =2z, _rr
ut2 TEE / (t + si(g _ W(V))) (16)

a;
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a

Cua = 27[6[50/ = N (17)
a, t+eig<1 - <1 - (':‘”) > )

Following substitutions are made in Eq. 17

k= £,8

Cgg+t (18)
_r—a
$=— 19

Therefore, the equations can be written as

1 1
2zeigg pdp pde
CL412 = atllz/ —2 + atllal/ —2
ag+i| S 1k~ ) 1—k(1-¢?)

(20)

By using two integrals the equations are simplified into

2reg,

m( a1y +a,a,l,) (1)

ur2 =

Where /; and [, are given as

arctan h( \/E)

he— (22)

2vk
Larctanh
—k 2 +k (23)

larctanh<
2\/ Vk+k

I, = +
C, for concave substrate with a concave substrate is given as

0 Vi—«
c,=@<1—\/jlg)2> (24)

In case of C,, it is calculated as

<
<

§
=

Ch=C/(r=a,)-C(r=>b) (25)

=T (B h-(2)) e

For the C, the diaphragm is supported by the first surface as
the deviation increases so deviation is modelled as

as(-0) S (-6))

@7

wy(r) =
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Where the first term models the diaphragm’s deflection as
it would occur at pressure at P,;, and the second term models
the further deflection of the diaphragm as supported by the first
surface of the concave substrate.

Capacitance of C, can be found as

b

/ 2megyrdr 28)
) (t+e(g+g,—wm())

4.5 Capacitance for Double Touch Mode

of Operation
C=C+GC, (29)
C,=Cp+Cpy (30)
Cl = Cutl + Ctl (31)

In this case, C, can modelled similarly as the previous case.

C,; can be modelled using a similar approach as used in the
case of C,.

In this case C,; can be modelled as.

we;ggR b, :
Co=—T—|1-\1-\3 (32)

w=b-"0, (33)

dr
C ,=2ree / i
utl i“0 ([+£i(g+g”_

a4

P a* 2\ 2
a5 (1-(5)) = @9

Substituting Eq. 35 in Eq. 27, we get

N
r—>,
w1<r>=g+gn<1—<b_b>> (36)

b
Cyp = 27l'£i€0/ rdr

b t+e,~gn<l— (1_<;b>2>2> 37

Following substitutions are made in Eq. 37

sy (34)

K= £i8n
e+t (38)
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Table 1 Design parameters for the proposed design , = b,

@ = (39)
Parameter b

Design value

Young’s modulus (E)

diaphragm thickness ()
Poisson’s ratio for silicon (v)

Radius of diaphragm (a)

Radius of notch (b)

Permittivity of vacuum (g,)
Dielectric constant of SiO, (¢;)
Dielectric constant of cavity/air (€,)
Thickness of insulation layer (z)
Radius of parent sphere (R)

Gap at center of diaphragm (g)

Fig. 8 Capacitive variation of
concave substrate DTMCPS

Fig.9 Capacitive variation
with pressure in touch mode for
concave substrate DTMCPS
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10717 Variation of sensitivity in touch mode
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Fig. 10 Sensitivity variation with pressure in touch mode
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5 Simulation and Discussion

The design of concave well substrate DTMCPS are shown

in Table 1.

The mathematical model derived in order to obtain the
relation between pressure and capacitance is used to develop

a model. First, the variation of the diaphragm in normal
mode is shown in Fig. 2. As the pressure increases the devia-
tion of the diaphragm is increases and once the pressure
increases more than the first pressure point the diaphragm
comes in contact with the first concave surface of the con-
cave substrate which is depicted in Fig. 3. As the pressure
further increases, the diaphragm wraps more around the
concave substrate. Once the pressure reaches more than the
second touch point the diaphragm touches the notch area
and upon further increase in pressure the diaphragm wraps
around the notch area further depicted in Fig. 5.

The touch point for the above-mentioned design param-
eter was observed at 0.31Mpa and the second touch point
pressure was observed at 1.57Mpa. The pressure range
defined for the normal mode of operation of this design is
0 to 0.31Mpa. Figure 8 shows the variation of capacitance
with respect to pressure in normal mode.

The touch mode operation starts from a range of 0.31Mpa
and the variation of the capacitance is shown in Fig. 9 and
the sensitivity of the curve is shown in Fig.10.

It is clearly depicted from the above result that total touch
mode can be observed as two sub regions namely linear and
saturation. As saturation is achieved the peak capacitance
value is increased up to a value of 8 pF.

The sensitivity of the proposed model is comparatively
high as compared to that of the TMCPS and DTMCPS. Also,
the pressure at which the capacitance of the sensor saturates
is higher than the other proposed designs (Table 2), improv-
ing the working range of the sensor.

6 Conclusion

e The work deals with an analysis and simulation for DTM-
CPS with concave well substrate and circular diaphragm.
The small deflection model is utilized for mathematical
analysis for mathematical analysis and MATLAB soft-
ware is utilized for simulation.

Table 2 Comparison Table of STMCPS and DTMCPS in touch mode of operation

Sensor Type Size(pm) Capacitance developed Capacitance developed Comment on sensitivity
(pF) for applied pressure of (pF) for applied pressure of
1.5 MPa 2 MPa
STMCPS h=5,a=180and g=2 1.35 1.5 It can be noticed that in
(Flat Substrate) [11] touch mode operation
DTMCPS h=5,r=180 and g=2 2.3 2.7 there is a significant
(Flat Substrate) [11] increase in sensitivity
STMCPS h=5r=180,g=2and 1.1 16 for the proposed model
(Concave well) [12] d=1
DTMCPS h=5,r=180, g=2 and 6.9 7.8

(Concave well, proposed
work)

g =1
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e The concave well substrate DTMCPS shows improved
sensitivity and saturation capacitance over the other mod-
els.

e The characteristics of the sensor will depend on the
choice of the dimension of the notch because the second
touch point plays a key role in enhancing the sensitivity
of the device.

e The concave shaped provides more area of contact for the
diaphragm increasing the sensitivity and the capacitance
produced, a better optimized concave like shape can be
produced in order to increase performance in the future.

e The concave shape could be used in double sided way in
future for even better performance.
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