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Abstract This work presents improved analytical expres-
sions to calculate the pull-in and release times of an elec-
trostatic actuator under damping conditions. A 1-D model
of the force balance equations has been used for deriving
the expressions. The FEM-simulated and measured pull-in
time of 5.3 ps and 6.4 ps respectively, are taken from a refer-
ence to check the accuracy of the derived expression com-
pared to the existing expression of pull-in time. The pull-in
time calculated from the derived expression of this work
matches closely with the existing expression. Furthermore,
the above-mentioned process is again repeated to inspect the
accuracy of the derived expression of the release time. The
measured result of the release time from the same reference
work also matches closely to the derived expression com-
pared to the existing expression of the release time. Thus,
derived expressions of pull-in time and release time are
useful for electrostatic actuation based MEMS devices for
determining the more accurate switching time.
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actuation - MEMS - Pull-in time - Release time

1 Introduction

MEMS (Micro-electromechanical systems) technology is
used in many fields such as the automobile industry, medi-
cal industry, optical devices, aerospace, wireless networks,
and communication industry (5G, B5G, and 6G), etc. A few
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of mostly used MEMS technology-based devices include
accelerometers, tire pressure sensors, gyroscopes, blood
pressure sensors, pacemakers, MEMS tweezers, energy har-
vesting devices, switches, filters, and switch matrices [1-11].
MEMS technology used in the field of communication is
called RE-MEMS (Radio Frequency Micro-electromechan-
ical systems). RF-MEMS switch is the most basic device
and used at various places in any telecommunication sys-
tem. RF-MEMS switches offer good RF response (isolation
and low insertion loss) as compared to solid-state switches.
These devices use the physical movement of a suspended
structure. Most of them use electrostatic actuation due to low
power consumption and integration feasibility with silicon
technology. Non-linearity in the actuation dynamics makes
it necessary to use a non-linear solver for calculating the
switching time [12]. Therefore, analytical expressions are
needed for design intuition. Many studies have been reported
in the literature for analyzing the switching time behavior of
an electrostatic actuator [12—17]. However, still, the expres-
sions as derived in [12-14] are used for pull-in and release
times. In 2011, Shekhar et al. used the same expressions
for pull-in and pull-up times [18]. Manivannan et al. [19]
have calculated the pull-in time of a fixed—fixed type switch-
ing structure using the expression as derived in [12—14].
In 2020, Narang and Singh [20] have also done the calcu-
lation of pull-in time using the same expression. Thus, in
the presented paper, new expressions have been derived for
switching time calculation and analysis. Figure 1 shows a
schematic representation of an RF-MEMS switch. There are
two stable states of this device. Under up-state, the device
remains in its un-actuated position and whereas the hanging
structure snaps down to the lower electrode in the down-state
of the device. The toggling between the states is achieved
through the electrostatic force.
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Fig. 1 A parallel plate capacitor based RF-MEMS Switch

2 Analytical modelling

Figure 2 represents the methodology adopted for calculating
the pull-in time and release times. A 1-D (One-dimensional)
mass, spring, and damper equivalent model of the parallel
capacitor is used for the calculation of pull-in and release times
(Fig. 2). The pull-in time is calculated under the un-actuated
state of the switch, whereas the release time is calculated under
the actuated condition. Further, derivation of pull-in time is
done under subSect. 2.1 and subSect. 2.2 is used for release
time.

2.1 Pull-in time

It is the time taken by a hanging structure to snap down to
the lower electrode. The pull-in time is calculated from force
balance equation (Eq. (1)). Further, the process cited above
in Fig. 2 is used for deriving the pull-in time with damping
(Fig. 3).
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Fig. 3 1- D Mass, spring, damper equivalent of the actuator

where m is the mass of the switching structure, k =spring
constant, b=damping coefficient, A =actuation area,€_ =
air permittivity, d =initial gap between electrodes, y =any
intermediate distance between the electrodes, and v,= source
voltage.

Equation (1) can be modified to Eq. (2) if damping is insig-

nificant. Further, Eq. (3) is used in order to get Eq. (2) in%
form.
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Fig. 2 Algorithmic flowchart for switching time calculation

@ Springer

Actuated

Significant ) Insignificant
Damping Check

Derive trelease@b

Derive trclcmsc@mk

L

Combine results

o ot e |
N



Int. j. inf. tecnol. (April 2023) 15(4):2133-2137 2135
t [ /d >, 20T (13)
; = —_— —_— ull—in
pull—in@mk EoAvsz 0 1 _ kyd(d—y) (4) P v,
Y €,Av?

where #,,;_;,@m= pull-in time expression under the accel-
eration-limited condition as derived in Eq. (4).
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The Eq. (6) is achieved using the Taylor series and the
. . _ [k .
putting the value of pull-in voltage (v,) = TeA into
Eq. (5).
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where o, = \/5 is the natural angular frequency of the

bridge. Furthermore, Eq. (1) can be modified to Eq. (7) if
damping is significant.
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where 7,,,@,= pull-in time expression under the damping-
limited condition (Eq. (8)). To get Eq. (9), Eq. (8) is solved
by integration, and then the pull-in voltage expression is
substituted.

bVi
Loullin@b = 1~638W )
b=k/0w, (10)

where Q is the quality factor

V2
fpuinas = 1638 5555 (11

Further, Eq. (10) is processed in Eq. (11) using Eq. (10)
tpull—in = pulin@mk + tpullin@b (12)

The Eq. (12) gives the total pull-in time expression as
derived in this work, and the Eq. (13) represents the pull-in
time expression as given in [12—14].

2.2 Release time

Release time is defined when the switching structure regains
its neutral position with an applied voltage of 0 V. Equa-
tion (1) can be modified to Eq. (14) if damping is not sig-
nificant and v, = OV. Further, Eq. (15) is used to get Eq. (16)

. dy
in — form.
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= kd — 14
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dt
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where 1,,;,...@mc= Telease time expression under the accel-
eration-limited case (Eq. (17)). Equation (1) is modified to
Eq. (18) considering damping is significant and v, = OV.
To get Eq. (20), Eq. (19) is solved by integration, and then
Eq. (10) also is substituted.

dy
b— +ky=0 1
-k (1)
—b /x(QO%ofd) 1
Lrelease == _dy 19
fease @b k d(10%afd) Y (19)
2.2
trelease@b = Zz(blk) = QC() (20)

o

where t,,;,...@p= release time expression under the damping-
limited condition. Equation (21) gives the total release time
expression, and Eq. (17) represents release time expression
as given in [12-14].
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In the next section, the accuracy of the derived expres-
sions is verified through the simulated and measured data of
switching time given in [21].
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Table 1 Input data for dynamic

response (data is taken from Vo 61V
reference [21]) Vi 75V

Q 0.65

f, 160 kHz

3 Case study

A case related to the study of pull-in and release times
has been presented in [21]. The values used for vp,vS,Q, f,
in the above reference are given in Table 1. A comparison
of the results obtained using derived expressions, and the
expressions presented in references [12—14] are summa-
rized in Tables 2 and 3.

4 Results and discussions

The FEM-simulated pull-in time of the switch as dis-
cussed in reference 21 is given under the second column
of Table 2. There is a slight variation between the FEM-
simulated and measured pull-in times. Further, Eq. 13
is also used for calculating the pull-in time of the same
switching structure. In this case, a large mismatch exists
between the calculated and measured values. This varia-
tion is reduced substantially with the expression derived
in the presented work as given under column four of

Table 2 Switch pull-in time

Table 2. This clearly shows that derived expression’s
pull-in time match the measured pull-in time more accu-
rately than the expression given in reference [12—14]. Fur-
thermore, Table 3 compares the release time of the same
switching structure. Under release time table, columns
2 and 3 represent the FEM-simulated release time and
measured release time, as discussed in reference [21]. The
measured result of release time deviates more from the
result obtained from Eq. (17). Furthermore, the release
time as calculated from Eq. (21) of this work matches
closely with the measured result.

5 Conclusion

Improved expressions for pull-in and release times have
been presented for MEMS technology-based electrostatic
actuators under the squeeze film damping effect. The derived
expressions’ results are in close agreement compared to the
existing expressions for the calculation of switch pull-in and
release time as verified through a case study. The derived
expressions are useful for all the MEMS technology-based
devices that are based on electrostatic actuation. Thus, in the
future, the researcher might use these derived expressions
for obtaining the switching time results, which would closely
match the simulated and measured values. Furthermore, in
future work, the author will also try to explore other ways
for improving the accuracy of switching time expressions.

Pull-in time Simulated value as given in Reference [21]

Gutin (S) 53 6.4

Measured value as given in Reference [21]

From Eq. (12) From Eq. (13)
4.48 297

Table 3 Switch release time

Release time Simulated value given in Reference [21]
tretease (US) 3.1 3.6

Measured value given in Reference [21]

From Eq. (21) From Eq. (17)
4.93 1.56
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Data availability The author confirms that the data supporting the
findings of this study are available within the article and in reference
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