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Experimental Characterization of
the Electrostatic Levitation Force
in MEMS Transducers

In this study, a two-step experimental procedure is described to determine the electrostatic
levitation force in micro-electromechanical system transducers. In these two steps, the micro-
structure is excited quasi-statically and dynamically and its response is used to derive the
electrostatic force. The experimental results are obtained for a 1 mm by 1 mm plate that
employs 112 levitation units. The experimentally obtained force is used in a lumped parameter
model to find the microstructure response when it is subjected to different dynamical loads.
The natural frequency and the damping ratios in the model are identified from the experimen-
tal results. The results show that this procedure can be used as a method to extract the
electrostatic force as a function of the microstructure’s degrees-of-freedom. The procedure
can be easily used for any microstructure with a wide variety of electrode configurations to
predict the response of the system to any input excitation. [DOI: 10.1115/1.4046625]
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1 Introduction

The superior performance and successful implementation of
capacitive micro-electromechanical system (MEMS) transducers
such as MEMS microphones [1], accelerometers [2,3], gyroscopes
[4,5], pressure sensors [6], and micro-mirrors [7] in our everyday
lives has motivated researchers to study the multi-physics domain
of these tiny devices to improve their performance and to address
their shortcomings. This improvement will gradually lead to
devices for new applications such as endoscopic imaging, metrol-
ogy, and energy harvesting [8—10].

The most common capacitive transduction scheme in MEMS
transducers is to use two electrodes with different voltages that
have relative motion with respect to each other [11]. The main
drawback of this design is the pull-in instability of the microstruc-
ture that happens when the two electrodes get close to each other
beyond a threshold gap where the compliant element of the micro-
structure is no longer able to overcome the electrostatic force [12].

The levitation electrostatic force scheme resolves this issue by
omitting the pull-in instability as a microstructure failure mode
[13]. In this scheme, there are three fixed electrodes and one
moving electrode as shown in Fig. 1(a). The moving electrode
and the fixed electrode beneath it have the same voltage (ground).
Applying an electrical voltage on the side fixed electrodes creates
an electric field that results in an electrostatic force on the moving
electrode. This electrostatic force pushes the moving electrode
away from the bottom electrode. This is because the bottom
surface of the moving electrode is shielded by the bottom electrode,
and therefore, there are more lines of electric field going to the top
surface of the moving electrode compared to the number of lines
going to the bottom surface. As a result, the electrostatic force on
the top surface, which is upward, is larger than the downward elec-
trostatic force on the bottom surface. This means the net electro-
static force on the moving electrode is upward, pushing it away
from the bottom electrode. This nature of the electrostatic force
eliminates the possibility of the moving electrode being pulled
into the bottom electrode. It also leads to different types of nonlinear
behavior distinct from those for transducers based on parallel plate
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configuration which could be beneficial for some applications. For
instance, the parametric resonance of transducers based on this
scheme can be exploited to operate micromirrors at higher frequen-
cies while maintaining the large displacement for the mirror [14]. It
is worth mentioning that the electrostatic force in the levitation
scheme, in general, is smaller than the force in the parallel plate
scheme because of the configuration of the electrodes. For compre-
hensive study on the nonlinear dynamics of microstructures based
on levitation scheme, one could refer to Refs. [14-16].

In the levitation-based electrode configuration, even if the
moving electrode comes into contact with the underlying electrode,
there would be no stiction or micro-welding because both electrodes
carry the same voltage. This configuration allows for large-
amplitude displacement of the moving electrode which is very
desirable in applications like micromirrors [14,17,18]. It is worth
mentioning that similar performance can be achieved with a slightly
different design that employs two fixed electrodes and one moving
electrode [19]. These unique characteristics of the levitation scheme
have inspired researchers to explore its feasibility for a wide range
of applications from micro-mirrors and accelerometers to MEMS
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Fig. 1 (a) Repulsive unit cell (not drawn to scale). The dimen-
sions are given in Table 1, (b) schematic of structural and
oxide layers used in the fabrication process, and (c) schematic
of the microstructure (not drawn to scale).
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switches [14,16,20,21]. A comprehensive analysis of the dynamics
of the moving electrode in a repulsive electrode configuration is pre-
sented in our previous work [15].

To find the electrostatic force on the moving electrode in the lev-
itation scheme, one needs to solve Laplace’s equation for the elec-
tric field distribution [22-25]. For conventional parallel plate or
comb drive configurations, the electric field between the electrodes
is commonly assumed to be uniform. This practical assumption
leads to a simple analytical solution for Laplace’s equation [26]
and the electrostatic force. However, finding the electric field in
the levitation scheme is more challenging. The electric field in
this multi-electrode system is not uniform which makes solving
Laplace’s equation analytically difficult.

The conformal mapping technique [27] can be used to solve for
an analytical solution of the electric field distribution in a multi-
electrode system, but using the analytical result in a mathematical
model of the microstructure is cumbersome [28]. In the case of an
analytical solution being available, the least-squares method can
be used to replace the solution with a polynomial form which is
mathematically easier to handle.

Finite element and boundary element methods are often used
approaches to solve for the electric field in a multi-electrode
system which is more common than the analytical approach
[20,29]. However, solving the problem in a three-dimensional
(3D) domain is computationally difficult and inefficient. To circum-
vent this complexity, the lengths of the electrodes are usually
assumed to be infinite so that the problem could be solved in 2D
which compromises the accuracy of the solution [29-31].

Furthermore, these analytical or finite element solutions are
usually achieved for just one unit cell. They do not account for mul-
tiple unit cells used next to each other when attached to a larger
microstructure. For example, Ozdogan et al. have used multiple arc-
shape unit cells attached to a circular micro-mirror plate with 1 mm
diameter [14]. In another work by Daeichin et al. [16], 81
rectangular-shaped unit cells are attached to the 1 mm by 1 mm
proof-mass plate of an accelerometer. The existence of fabrication
imperfections in the microstructure causes the real unit cells to
deviate from the simplified two-dimensional (2D) model. For
instance, in the accelerometer with these unit cells in Ref. [16],
the proof mass has an initial curvature of 6 ym because of the resid-
ual stress created during the fabrication process. This curvature
affects how the moving electrodes of the levitation units are initially
placed above the fixed electrodes and how they move. The differ-
ence between the real-world microstructure and the finite element
model leads to an inaccurate prediction of the electrostatic force.

In this study, we have proposed a two-step experimental proce-
dure to obtain the levitation electrostatic force in MEMS transduc-
ers. The procedure is explained on one microstructure, but it can
be used for any microstructure with arbitrary geometry based on
levitation electrostatic force. Characterizing the levitation electro-
static force is important for devices that have large surface to
thickness ratios and are susceptible to residual stresses and defor-
mation. For these devices, two-dimensional finite element analysis
(FEA) does not yield an accurate representation of the electrostatic
force, and three-dimensional FEA is computationally expensive.
The effectiveness of the proposed approach is examined using
the electrostatic force in a lumped parameter model to predict
the frequency response of the microstructure when subjected to
a dynamical excitation. The experimentally obtained electrostatic
force in this procedure accounts for all the fabrication imperfec-
tions and fringing effects of multiple unit cells next to each
other for any shape of a levitation unit cell. This procedure is non-
invasive and does not lead to any structural or electrical damage to
the microstructure.

The working principle and fabrication of the microstructure pre-
sented in this study are explained in Sec. 2. In Sec. 3, the experi-
mental procedure and results are presented. In Sec. 4, simulation
results with the obtained electrostatic force are compared with
experimental results when the microstructure is subjected to differ-
ent dynamical loads. The conclusion is given in Sec. 5.

041008-2 / Vol. 142, AUGUST 2020

2  Working Principle and Fabrication

The schematic of the microstructure considered in this paper is
shown in Fig. 1(c¢). This microstructure consists of a square plate
that is anchored by four supporting springs. The levitation unit
cells are employed on all four sides of this plate. When a bias
voltage is applied on the side electrodes, the moving electrodes of
the levitation unit cells are pushed away from the substrate and
lift the microstructure plate up. Depending on the application, this
mechanism can be used for sensing and actuation.

For sensing, the microstructure plate would be excited with an
external force to vibrate and the change in capacitance between
the electrodes is measured. For instance, if used as a MEMS micro-
phone [1], the plate is going to vibrate from an incoming sound
pressure wave and the capacitance change is measured. Or, for a
MEMS accelerometer [2], the microstructure, when subjected to a
base excitation, is going to vibrate because of its inertia. This vibra-
tion leads to a change in capacitance that can be measured with an
electric circuit [32] and related to base acceleration.

The fabricated microstructure is shown in Fig. 2. The fabrication
is done using a POLYMUMPS standard process that allows for
three structural polysilicon layers with 0.5 ym, 2 ym, and 1.5 ym
thicknesses and two oxide layers with 2 ym and 0.75 ym thick-
nesses from bottom to up, respectively.

In the fabricated device, shown in Fig. 2, the three fixed elec-
trodes are made in the first polysilicon layer (0.5 um thick which
is called poly O in the standard) and then the second polysilicon
layer (poly 1 in the standard) is skipped. The microstructure and
moving electrodes are fabricated in the third structural layer (poly
2 in the standard with a thickness of 1.5 um). Skipping the
second layer allows us to stack the two oxide layers on top of
each other which when etched provides a 2.75 ym gap between
the microstructure and its underlying substrate (poly O layer). The
schematic of the layers before etching is shown in Fig. 1(b).

As shown in Fig. 2, there are multiple etch holes equally spaced
from each other to ensure the successful releasing of the microstruc-
ture during the etching process.

3 Experimental Procedure and Results

This section entails the general procedure to obtain the electro-
static force for the MEMS device shown in Fig. 2. This microstruc-
ture consists of a 1 mm by 1 mm perforated plate which is supported
by four serpentine springs at its corners. On each side of the plate,

%

Serpentine_

Fig. 2 Top view of the fabricated microstructure. The moving
and side electrodes are shown in this figure. The bottom elec-
trodes are underneath the moving electrodes. The microstruc-
ture is supported with four serpentine springs. There are
several etch holes on the microstructure plate to ensure the
release of the microstructure.
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Fig. 3 Experimental setup. The AC voltage is sent from the NI
USB-6366 DAQ to the amplifier. The amplifier amplifies this
signal and adds the desired DC component to it and then
sends it to the microstructure inside the vacuum chamber. The
motion of the microstructure is measured with the polytech
MSA-500 laser vibrometer by reading the velocity.

there are 28 sets of levitation unit cells. The degree-of-freedom
(DOF) is considered to be translational in the out-of-plane direction
(z direction). The goal is to find the electrostatic force on the micro-
structure as a function of its DOF. There are two measurements that
need to be done to collect all the data necessary to calculate the elec-
trostatic force normalized with respect to the effective mass of the
microstructure. The experimental setup is shown in Fig. 3.

The first measurement is obtained by applying a quasi-static
voltage on the side electrodes and recording the displacement
with the Polytec MSA-500 laser vibrometer and NI USB 6366
DAQ. A sine function with a duration several orders of magnitudes
larger than the microstructure’s natural period is chosen for the
voltage profile. This large duration of applied load ensures that
the microstructure response is quasi-static and therefore the dynami-
cal effects such as viscous energy dissipation and acceleration,
which are proportional to the first and second time derivatives of
displacement, are negligible. The continuity of the voltage profile
and its derivatives with respect to time avoids exerting shock-like
excitation on the microstructure. This minimizes the effect of
damping or dynamical effects in the displacement of the microstruc-
ture. Figure 4 shows the applied voltage and the displacement of the
microstructure versus time. Higher voltages lead to larger displace-
ments that result in measuring the electrostatic force for a larger
range of DOF. For instance, consider a case where we want to
measure the electrostatic force when the microstructure is moving

100
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[4)]
o

Displacement (:m)
OoON PO

0 0.5 1 1.5 2
Time (S)

Fig. 4 By applying a quasi-static sinusoidal voltage on the side
electrodes, the microstructure undergoes a quasi-static displa-
cement with a similar profile. In this measurement, the displace-
ment of the microstructure is recorded with a vibrometer
displacement decoder. At the end of the measurement, the dis-
placement is not exactly zero which is because of the drift in
the vibrometer reading.
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from its initial rest position to 5 um above this position. In order
to have the electrostatic force in this range, we have to apply
enough voltage during the experimental procedure to have the
microstructure move 5 ym. This means that if we apply higher volt-
ages during the experimental procedure, we can then calculate the
electrostatic force for larger range of microstructure displacement.
In our calculation, we have considered the first half of the voltage
and displacement data where the voltage and displacement go
from O to their maximum values. According to Fig. 4, the displace-
ment at the end of the quasi-static loading (when voltage goes zero)
has a small nonzero value. This is because of the inherent drift in
laser vibrometer measurement of displacement. If the load time
duration is large enough that the drift of the laser over time is sig-
nificant, then this drift should be removed using a least-square
method. Here, we have ignored this drift because it is small, espe-
cially in the first part of the displacement data where displacement
goes from 0 to its maximum value (not from maximum to 0).
Because this experiment is quasi static, the pressure is not important
so we have conducted this measurement at atmospheric pressure.

The second measurement is designed to obtain the linearized
natural frequency (the resonance frequency at small excitation
levels) of the microstructure at different DC voltages on side elec-
trodes. As explained in Refs. [14-16], the resonance frequency of
a microstructure that employs levitation unit cells increases with
the DC voltage on the side electrodes. To measure the linearized
natural frequency of the microstructure at a desired DC voltage,
first, the DC voltage is applied on the side electrodes. Then, the
microstructure is excited slightly while the velocity at one point
(here, at the center of the plate) is being recorded with the laser vib-
rometer. There are three ways to excite the microstructure to get the
linearized frequency data.

The first way to excite the microstructure is to apply a small
random voltage on the side electrodes (after a DC voltage is initially
applied on side electrodes). The frequency at which the magnitude
of the transfer function between the random voltage (input) and
velocity (output) is maximum yields the linearized natural fre-
quency. The second way is to apply a small AC voltage on top of
the initial DC voltage and perform a frequency sweep while measur-
ing the velocity of the device. The peak in the frequency response
again yields the linearized natural frequency at the given applied
DC voltage. The third way to excite the microstructure is to
excite it mechanically with a speaker or a shaker and performing
a frequency sweep to obtain the linearized natural frequency. In
this study, we have chosen the second way to extract the linearized
natural frequencies. It is worth mentioning that all these techniques
lead to the same results but the important consideration here is to
perturb the microstructure slightly when a DC voltage is applied
on the side electrodes. The reason behind this is that the levitation
electrostatic units exhibit different nonlinear behaviors like soften-
ing and hardening when they undergo large deflections [14—-16], or
parametric and superharmonic resonances when they are excited at
half or twice of their fundamental natural frequency [14,33]. In Sec.
4, we will use these experimentally obtained resonance frequencies
to equate them with linearized natural frequencies obtained from
stability analysis using the Jacobian matrix. Linearized natural fre-
quencies represent the microstructure resonance frequencies around
their equilibrium state when it is perturbed slightly and this is why it
is important to apply small excitation and not provoke any nonlin-
earities that accompany large excitations and displacements.

It is important to keep track of the pressure in the resonance fre-
quency experiment because the air might introduce stiffness effects
to the microstructure. This is because of the squeeze film effect that
creates a stiffness and an energy dissipation mode that affects the
microstructure dynamics. A comprehensive study of the squeeze
film damping effect is given in Ref. [26]. It is recommended to
perform this test in pressure ranges in which the microstructure is
going to be used. Here, we have used reduced pressure range of
277-287 (mTorr) for the natural frequency and all the dynamical
experiments. The measured linearized natural frequency at different
voltages is shown in Fig. 5. It should be mentioned that, if needed,
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Fig. 5 Resonance frequency for different voltages on the side
electrodes is measured. By increasing the voltage on the side
electrode, the electrical stiffness increases which lead to an
increase in the resonance frequency of the microstructure.

the effective mass of the microstructure can be calculated by mea-
suring the effective stiffness of the microstructure and using the fun-
damental natural frequency. The effective stiffness of the
microstructure can be measured using a nano-indenter to apply a
mechanical force and record the microstructure’s displacement
when there is no voltage on the side electrodes. This procedure is
explained in more detail in Ref. [34]. Here, because we will use a
lumped parameter model that is normalized with respect to effective
mass (Sec. 4), there is no need for measuring the effective mass.

4 Mathematical Modeling

A lumped parameter model with one degree-of-freedom is con-
sidered in Eq. (1) to simulate the microstructure’s response at the
center of the plate (x).

¥+ 20w,k + o2x =f(x, V) 1)

where f(x, V) is the electrostatic force normalized with respect to
the effective mass of the microstructure,  is the damping ratio,
and o, is the mechanical natural frequency of the microstructure.

4.1 Quasi-Static Motion. As mentioned before, the quasi-
static experiment is done in a way that dynamical effects like accel-
eration and damping would be negligible. Therefore, by putting
the time derivative terms in Eq. (1) equal to zero, the equation
governing the static response (x,,) of the microstructure is obtained
(Eq. (2))

Wy =f (e Vo) )

This means that as o, is known from the resonance frequency
measurement, the normalized electrostatic force is known at any
equilibrium point (xg, V).

It is worth mentioning that f(x, V') in Eq. (1) is a scalar function
of two variables (x and V), and therefore, we can define the gradient
operator acting on it to calculate its directional derivative along any
arbitrary direction in the x—V plane. Using this concept, we can cal-
culate the directional derivative of f(x, V) at each equilibrium point
along the vector () in the x—V plane that is tangent to the x,~V,,
curve as given in Eq. (3). Figure 6 is useful to visualize this direc-
tional derivative. Because we have x,—V,. from the experiment
(blue curve in Fig. 6), we can find the tangent line to it at each
point.

_ 6f (xst, Vdc) af (xsrs Vdc)
= u + up

df(x’ V)II = Vf(x, V) - o v

3
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Fig. 6 Electrostatic force and displacement are shown as the
voltage on the side electrode varies. The gradient of the electro-
static force is calculated along a unit vector tangent to the
voltage—displacement curve in the X-V plane. (Color version
online.)

where v/ is the gradient operator and

=iy + U j, “

is the unit vector tangent to the x,—V,. curve at (xy, V). Unit
vectors along x and V axes are i, and fv, respectively.

According to Eq. (2), the directional derivative of f(x, V) along
the (xy, Vye) is

df(x, V) = o Axy ®)

Therefore, Egs. (3) and (5) give us

af (xsta Vdc) af (xstv Vd(:)
u; + u

2
Ep G 2 = 0,Ax (6)

4.2 Resonance Frequency. To find the linearized natural fre-
quencies from the model given in Eq. (1), first, we need to write the
governing equation in state space. By using state variables x; and x,
for displacement (x) and velocity (%), respectively, the governing
equation of motion can be written in state space as described as
follows:

X1 =x2 = g1(x1, X2) )
Fo = —200%0 — @2x1 + f(x1, V) = galx1, x2)
Then, the Jacobian matrix can be constructed as illustrated as
follows:
9 o
_ X X2
J= [& oo } 3
x| X2

The eigenvalues of the Jacobian matrix for the undamped
system yield the linearized natural frequencies at the equilibrium
points (x; =x,, and x,=0). Equation (9) gives the eigenvalue
problem

-\ 1

On the other hand, the eigenvalue of the Jacobian matrix (A) is
related to the linearized natural frequency through a complex
equation given in Eq. (10):

A=iw (10)
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where (w) is the linearized natural frequency. Solving Eq. (9) for
A using Eq. (10) and rearranging the terms gives
Of (xst» Viae) 2 2
T T
Equations (6) and (11) construct a linear system of algebraic
equations with two equations and two unknowns, df(xy, V4.)/ox
and Jf(xy, V4o)/0V, that can be easily solved to find the
unknowns. After finding these two unknowns, the normalized
electrostatic force can be obtained using a first-order Taylor
expansion for a two-variable function (Eq. (12))

afes (xst B Vdc)
ox

L)

S V) =f o Vae) +

+ afes(xst’ Vdc)
ov
This force can be used in the lumped parameter model to
predict the microstructure response to dynamical loads. The equa-
tion for the lumped parameter model when a DC+AC voltage
load is derived using Eqgs. (1) and (12).

af (xst > Vdc)
ox

(x = x5)
(12)

(V= Va) -

%+ 200,% + 02x = f (g Viae) + (X — Xgr)

13)

8f (x.x‘t’ Vdc)
+ W = Vi) + -

The DC + AC voltage that is applied to the side electrodes can
be written as

V = Ve + Ve sin(wet) (14)

where V,;. and V,. are the DC and AC voltage amplitudes,
respectively, and o, is the excitation frequency. The microstruc-
ture response to this load can be split into two part:, a static part
(xy,) which is caused by V,. and a dynamic part (x;) which is
from V. sin(w,?), i.e.,

15)

where x,, is picked from the quasi-static experiment for the cor-
responding V.. Substituting this change of variable into Eq.
(13) yields

X=Xy + X4

af(xﬂ > Vdc)

X1 + 2000,Xg + 020y +X7) = f Oty Viae) + =

(xst +Xq — xst)
aj .(xsra Vd(')

T

X (Ve + Ve sin (w,Tt) — Vg ) + - - -

(16)

Table 1 Parameters

Parameter Symbol Value Unit
Proof mass length L 1000 pum

Proof mass width L 1000 pum

Electrode length L, 200 pum

Total number of unit cells N 112

Voltaged fixed electrode width d; 4 pm

Gap between fixed electrodes d 6 um

Moving electrode width ds 6 pm

Ground fixed electrode width dy 16 pum

Electrodes and proof thickness hy 1.5 um

Initial gap hy 2.75 pum

Mechanical natural frequency ®, 2nx 1334 rad/S
Damping ratio (V. =40) & 0.064

Damping ratio (V. = 50) & 0.071

Damping ratio (V. = 60) & 0.080

Using Eq. (2) and some mathematical simplification and
assuming that the higher-order terms in the Taylor series expan-
sion are small for small AC excitations, Eq. (16) can be rewritten
in the following form:

af ('xA'[a Vdc) af (x.yty Vdc‘)
Xq +

Ep v Ve sin(w, Tt)

a7

X+ 200X + 02xg =

The coefficients on the right-hand side are now identified, and
Eq. (17) can be solved for different load cases (V. and V,.) to
find the dynamical displacement of the microstructure (x,). All
the other parameters in this equation are known except for the
damping ratio which is identified from comparing the resonance
peaks at different DC voltages given in Table 1. The dependency
of the damping ratio to the voltage on side electrodes is explained
in Refs. [14,16]. For a comprehensive review of quality factor
tuning in MEMS resonators, one can refer to Ref. [35]. Equation
(17) can be solved using the shooting method explained in
Ref. [26]. All the simulated frequency responses in the paper
are obtained by solving this equation using the shooting method.

Because the first-order Taylor expansion is used to obtain the
electrostatic force, the force and the model should give better
results for small excitations compared to large excitations. Figures
7-12 show the lumped model results compared to experimental
results for different voltage excitation. A summary of the results
is given in Table 2. In this table, the bandwidth is considered to
be the width of the frequency range where the dynamical amplitude
is larger than - of the resonance amplitude peak. Comparing Figs.
7,9, and 11 reveals the increase in the resonance frequency by an
increase in the voltage on the side electrodes. For example, the

Table 2 Comparing experimental and simulation results for different load cases

Peak frequency (Hz)

Peak amplitude (#m) Bandwidth (Hz)

Load case
Exp Sim Error (%) Exp Sim Error (%) Exp Sim Error (%)

Vie=40-V,.=1 1780 1790 0.56 1.08 1.08 0 150 173 15
Vie=40—-V,.=2 1776 1792 0.9 2.16 2.16 0 148 170 8
V4e=40-V,.=3 1764 1792 1.59 3.25 3.24 -0.28 147 170 16
Vie=40-V,.=4 1752 1790 2.2 426 433 1.5 156 170 9
Vie=50-V,.=1 1982 1990 0.4 0.97 0.97 0 144 190 32
Vie=50-V,.=2 1976 1990 0.7 1.94 1.95 0.5 146 193 32
V4e=50-V,.=3 1968 1990 1.12 2.92 2.92 0 145 191 32
Vie=50-V,.=4 1954 1990 1.8 3.92 3.89 0.8 144 191 33
Vie=60-V,.=1 2168 2176 0.37 0.85 0.85 0 144 216 50
Vie=60—V,.=2 2162 2176 0.65 1.74 1.71 -1.7 139 212 52
V4e=60-V,.=3 2156 2176 0.93 2.55 2.56 0.4 142 213 50
Vie=60-V,.=4 2146 2176 14 3.40 3.42 0.6 142 212 49

Note: The peak amplitudes are compared to the one hundredth of a micrometer.
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increase of DC excitation voltage to 50 (V) from 40 (V) shifts the
resonant frequency to 1990 (Hz) from 1790 (Hz). An increase of
AC voltage at the same DC level causes an increase of dynamic
amplitude (compare Figs. 7 and 8, Figs. 9 and 10, and Figs. 11
and 12). However, an increase of DC voltage at the same AC
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amplitude leads to a decrease of dynamic amplitude (Figs. 7, 9,
11 and Figs. 8, 10, 12) because of the increase of electrical stiffness
as depicted in Fig. 5. These two properties of levitation transducers
are in contrast to parallel-plate actuators that show decrease of elec-
trical stiffness as the DC voltage increases.
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It is worth mentioning that at V. =40, the static displacement of
the microstructure is about 2 ym. This displacement will add to the
initial gap between microstructure and the substrate (2.75 ym) to
provide 4.75 um of room in total for the vibration of the microstruc-
ture. Figure 8 shows that the maximum amplitude of the microstruc-
ture at its resonance peak is about 4.3 yum, which means the
microstructure is vibrating close to its limit of hitting the substrate.
Therefore, even though we obtained the electrostatic force with the
small excitation assumption, we can see that the experimentally
obtained electrostatic force delivers a very good approximation
for when the dynamical amplitude of the microstructure is more
than twice as of the static displacement, and the microstructure is
vibrating close to its physical limits. However, the slight softening
observed in the experimental data could not be captured by the
model because of the linear expansion for the electrostatic force
(first-order Taylor expansion).

5 Conclusion

In this study, an experimental procedure to obtain the electro-
static levitation force in MEMS transducers with levitation unit
cell configurations is presented. The accuracy of the obtained elec-
trostatic force is examined by using it in a lumped parameter model
and solving this model for the frequency response of the microstruc-
ture to different dynamical loads. A microstructure is fabricated
using the POLYMUMPs standard and it is tested with the aid of
a laser vibrometer. The simulation and experimental results are
compared with each other which shows a close agreement. The
effectiveness of the model to capture the dynamical response of
the microstructure demonstrates the effectiveness of the proposed
procedure to identify the electrostatic force. The proposed method
can be employed for non-traditional electrode systems, whose
response can deviate from analytical or numerical approaches
because of fabrication imperfections and tolerances. The identified
electrostatic force from two simplified tests can be used to study the
performance of microstructures such as sensors or actuators.
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