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Using Dynamic Voltage Drive in a Parallel-Plate
Electrostatic Actuator for Full-Gap Travel Range and

Positioning
Luis Alexandre Rocha, Edmond Cretu, and Reinoud F. Wolffenbuttel

Abstract—The nonlinear dynamics of the parallel-plate electro-
statically driven microstructure have been investigated with the
objective of finding a dynamic voltage drive suitable for full-gap
operation. Nonlinear dynamic modeling with phase-portrait pre-
sentation of both position and velocity of a realistic microstruc-
ture demonstrate that instability is avoided by a timely and suffi-
cient reduction of the drive voltage. The simulation results are con-
firmed by experiments on devices fabricated in an epi-poly process.
A 5.5-V peak harmonic drive voltage with frequency higher than
300 Hz allows repetitive microstructure motion up to 70% of gap
without position feedback. The results of the analysis have been
applied to the design of a new concept for positioning beyond the
static pull-in limitation that does include position feedback. The
measured instantaneous actuator displacement is compared with
the desired displacement setting and, unlike traditional feedback,
the voltage applied to the actuator is changed according to the com-
parison result between two values. The “low” level is below the
static pull-in voltage and opposes the motion, thus bringing the
structure back into a stable regime, while the “high” level is larger
than the static pull-in voltage and will push the structure beyond
the static pull-in displacement. Operation is limited only by the po-
sition jitter due to the time delay introduced by the readout cir-
cuits. Measurements confirm flexible operation up to a mechanical
stopper positioned at 2 m of the 2.25 m wide gap with a 30 nm
ripple. [1519]

Index Terms—Dynamic pull-in, electrostatic actuators, non-
linear dynamics, pull-in, stable extended travel.

I. INTRODUCTION

E LECTROSTATIC actuation is not restricted to the -do-
main. Already in the nineteenth century, experimental

electrostatic motors were reported. A narrow gap ( mm)
between precisely aligned stator and rotor plates was essential
for generating sufficient electrostatic force to get the motor run-
ning. This minimum gap width was limited at a given voltage
by breakdown. What makes the -domain unique is the fact that
device operation is not limited by electrostatic breakdown field,
but rather by pull-in of the microstructure. This property is due
to Paschen law, which indicates that the value of the breakdown
field is governed by the number of ionizable molecules avail-
able and thus increases with decreasing gap width at constant
air pressure. Typical values range from V/m in a 10-mm
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gap to V/m in a 5- m-wide gap at ambient pressure [1],
[2]. Considering the value for the narrow-gap breakdown field
and the dimensions of a typical microstructure, breakdown
is unlikely to take place in a microelectromechanical system
(MEMS). Therefore, the electromechanical coupling that is by
necessity weak at the macroscopic level can be much stronger
at (sub) micron dimensions, which enables innovative MEMS
applications [3]. Other benefits that come with the downscaling
of the characteristic dimensions of the elements to the mi-
crometer size are the reduced influence of effects related to
the device volume, such as gravity, as compared with surface
effects, such as adhesive and friction effects [4].

However, since the electrostatic force in a vertical field is
inversely proportional to the square of the deflection and the
restoring force of an electrostatically actuated beam is, in a first
approximation, linear with deflection, an unstable system results
and the suspended beam (or rotor) crashes on the stator in case of
a deflection, , beyond a critical value, . The pull-in voltage,

, is defined as the voltage that is required to obtain this crit-
ical deflection and is determined by the beam material, beam
dimensions, residual stress and electrode dimensions [5].

This pull-in phenomenon was first reported in 1967 as a
property of the resonant gate transistor (RGT) [6] and basically
reflects one of the consequences of the tight and highly non-
linear electromechanical coupling. The electrostatic forces are
inversely proportional to the square of the capacitor gap and
also damping forces in a microscale gap are highly nonlinear.
Pull-in is amongst the most studied MEMS phenomena [5]–[9]
and the mechanisms involved are still not fully understood. The
simplified analysis assumes a quasistatic regime, which reduces
the problem to finding the equilibrium between mechanical
and electrostatic forces (i.e., the damping is neglected) and
results in a sudden pull-in at a well-defined pull-in voltage at a
displacement of of gap for 1 degree-of-freedom (1-DOF)
structures [5]. However, when the changes in the applied
voltage are sufficiently fast, the quasistatic regime does not
apply and the static pull-in analysis becomes invalid. The
damping forces and mass inertia need to be included in the
model for a meaningful study of the dynamic pull-in behavior
of the structure [10]–[13].

The focus of this paper is on the dynamics of parallel-plate
electrostatically driven microstructures, with the purpose
of achieving stable displacements beyond the static pull-in
limitation. Electrostatic parallel-plate actuation is limited to
displacements up to of the gap due to pull-in. This factor
limits the use of electrostatic parallel-plate actuation in many
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Fig. 1. Drawing of the parallel-plate electrostatic microactuator.

applications. In order to overcome this limitation some tech-
niques have been investigated: geometry leverage [14], series
feedback capacitor [15]–[17], current drive methods [18]–[20]
and closed-loop voltage control [21]–[23].

Stable displacement over the full available range has not been
achieved in these approaches reported, except for the geometry
leverage technique [14], which is limited by the higher voltage
levels required and the larger dimensions. It is interesting to
note that these studies overlooked the opportunities provided by
the dynamics of the devices. A fundamental MEMS dynamic
characteristic, as it will be discussed here, is the achievable
dynamicdisplacementbeyond thestaticpull-in limitation.This is
a fundamental issue andprovides themeans foranewclosed-loop
voltagecontrolmethod.Thisnewvoltagedriveapproachprovides
asimpleandeffectivewaytoachievestabledisplacementsbeyond
the static pull-in limitation. Both simulations and fabricated
microstructures are applied to demonstrate the concept. Stable
displacements along the full available gap are experimentally
achieved, and the simplicity and effectiveness of the method
are an added value to parallel-plate electrostatic actuators.

First the nonlinear dynamics is studied using a dynamic
MEMS model. Fabricated devices are subsequently used to
confirm both the modeling and the analysis and to validate the
proposed voltage drive method for extending the travel range
to full-gap.

II. MEMS NONLINEAR DYNAMICS

The nonlinearities in electrostatic actuated parallel-plate mi-
cromachined actuators are in several energy domains, which
make the nonlinear problem difficult to solve. The consequences
of the nonlinear nature of the problem are most profound in the
dynamics of the system. Furthermore, the nonlinearity of the
systems is generally poorly specified. Instead of quantitative so-
lutions (which can be obtained only numerically in nearly all
cases), qualitative aspects, such as type of solutions, stability of
solutions, and bifurcation of new solutions, are often considered
of greater interest [24]. In this Section quantitative and qual-
itative tools are used for the analysis of a nonlinear dynamic
MEMS. First, a dynamic model is built which allows solving
the differential equation of motion. Subsequently, a phase por-
trait is constructed and the qualitative aspects of the system are

analyzed. This phase portrait is used as a tool for analyzing dy-
namic techniques to achieve stable displacements beyond the
static pull-in limitation.

A. Dynamic Model

In the modeling of MEMS, four energy domains are usually
considered: thermal, mechanical, fluidic and electrical. Usually,
the effect of changes in temperature on dynamic performance
can be neglected and the use of a static temperature is sufficient.
The mechanical and electrical domains are relatively easy to
model and the fluidic domain is the most demanding modeling
challenge.

The micromechanical structure used for the modeling and
nonlinear analysis is basically a planar movable beam with
folded suspension on both ends and electrodes extending per-
pendicular to the axial direction. As shown in Fig. 1, one set
of stator electrodes in the same plane is used for electrostatic
actuation in the direction normal to the electrode area and two
other set of electrodes are used for capacitive displacement
measurement. Assuming no external mechanical force applied
(no acceleration), the movement of such a parallel-plate elec-
trostatic actuator is described by

(1)

where is the mass contribution is the force caused
by the damping, is the spring force and is the
electrostatic force , where is the partial
derivative of the capacitance with respect to the displacement .

1) Damping Model: For structures in which only the size of
the small gap between two plates changes in time, the pressure
changes relative to the wall velocity are described by the fol-
lowing Reynolds equation [25]:

(2)

where is the ambient pressure, the gas viscosity, de-
scribes the relative flow rate coefficient and the gap between
the surfaces.

An analytical solution for the forces acting on the surfaces can
be found if some conditions are assumed [26]: the moving plate
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is rigid and moves in the direction normal to the surface plane
with a harmonic excitation. The solution is frequency dependent
and is not suitable for transient analysis. A more adequate ap-
proach is presented in [25] where the damping force can be rep-
resented by a network of frequency independent spring-damper
elements, which have the same transfer function of the initial
solution. Replacing each of the spring-damper elements by its
electrical equivalent, allows the modeling of the damping force
for large displacements as a series of nonlinear inductances and
resistances controlled by the displacement . The values for the
resistors and inductors [27] are

(3)

(4)

where and are odd integers and and are the width and
length of the surfaces (see Fig. 1), respectively.

As we are interested in understanding the behavior of the mi-
crostructure fordisplacementsbetween thestaticpull-in limitand
full gap, a large displacement model is needed. In order to model
large displacements, the gap is made dependent of the displace-
ment ( ,with being the initialdisplacement). The
Knudsen number (that models the rarefaction effects) is also in-
cludedasdisplacementdependentparameter ,
where is the gas mean free path) and accounted for in the model
trough the relative flow rate coefficient

(5)

In surface-micromachined structures the flow passing the
damper circumference has a significant effect on the damping
coefficient due to the small thickness dimension, i.e., the length
and width of the damper are comparable with the film thickness
(gap size) [28], [29]. This is often referred to as the border
effect and significantly changes the damping coefficient. For
a surface width-to-gap size ratio as high as 20, the damping
force is still 35% higher than predicted by (3), [28]. The border
effects can be included in the analytically derived squeeze-film
model using a modified surface length, , and surface
width, . From [29], the effective elongation for a
parallel-plate configuration with linear movement is given by

(6)

resulting in a modified length and width that must be used in (3)
to include the border effects in the damping model.

2) Large-Signal Model: A practical model should include
system properties such as hysteresis of the pull-in [7] and the
effect of stoppers. Therefore, the various physical parts of the
system should be separately specified. As each of the RL sec-
tions presented before behaves like a first-order system with
variable gain and time constant, the total damping force can be
modeled as the sum of several damping forces of the type

(7)

Equation (1) can now be rewritten as

(8)

Adopting the notation yields for the overall
nonlinear system the following equation of motion:

(9)

where denotes the displacement, the velocity and the
time-derivative of the associated damping force. This ap-
proach clearly shows that the full dynamics of the system can be
implemented in any simulation program using simple integra-
tors and displacement controlled parameters. Moreover, it canbe
simulated at the system level. A Simulink model is used to nu-
merically solve the equation of motion [22].

B. Phase Portrait

A phase portrait is a plot of multiple trajectories in terms of
state variables corresponding to different initial conditions in
the same phase space [30]. It gives a qualitative view on the
behavior of the system. For the microstructure the state variables
are the displacement, , and the velocity, . The phase space is
two-dimensional (2-D) with the displacement in the horizontal
axis and the velocity in the vertical axis.

To design the phase portrait of the MEMS device, the
nonlinear equation of motion is needed. The rather complex
equation of motion in (9) can be simplified if low frequencies
( kHz) are assumed. Considering the dimensions of the
microstructure and the damping medium used, the cut-off fre-
quency is in the order of the few megahertz [31], which makes
this assumption valid. As a consequence, the spring component
(the in-phase component of the squeeze-film solution due to
compressibility) is neglected, and the equation of motion of the
MEMS devices becomes

(10)

where is the initial zero-displacement capacitance. This
device has the movable arm connected between two fixed
electrodes and therefore, two gas films are present. Each film
must be modeled separately since the gap distances are different
( and ), resulting in a
nonlinear damping coefficient given by

(11)
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Fig. 2. Generic parallel-plate MEMS phase portraits. (a) Q = 0:5 and V = 0:5, (b) Q = 0:5 and V = 1:2, (c) Q = 5 and V = 0:5 and (d) Q = 5 and
V = 0:95.

where and are determined by using (3)

(12)

Equation (10) can be reformulated into a more convenient
form, to emphasize the main parameters characterizing the dy-
namics of the system

(13)

where is the natural resonant frequency of the
system and is the quality factor. A more
generic representation of the parallel-plate case is achieved, ir-
respective of the numerical values of the coefficients involved, if
a normalization of the state variables is performed. Both the dis-
placement and velocity are normalized with respect to the initial
gap spacing

(14)
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Fig. 3. Simulated dynamic pull-in voltage and dynamic pull-in displacement.

TABLE I
MAIN MICROACTUATOR PARAMETERS AND GAS PROPERTIES

The voltage is normalized with respect to the pull-in voltage [7]

(15)

Using the normalized variables and assuming a constant
damping coefficient, the normalized equation of motion be-
comes

(16)

For the construction of the phase portrait the nullclines must
be first determined. The nullclines correspond to the set of
curves of the motion of the proof mass where the time deriva-
tive of one component of the state variables is zero. By making

and in (16) the following nullclines result:

(17)

The displacement of the micromechanical device is physi-
cally constrained to the interval due to the differ-
ential capacitor scheme. Since the important parameters are the
quality factor, , and the applied voltage, , phase portraits are

constructed for different parameters settings in order to capture
the nonlinear dynamic behavior of the generic micromechanical
device. Fig. 2 shows the phase portraits.

Pull-in marks the boundary between a stable and an unstable
operating mode. In the conventional static pull-in analysis, the
parameters of interest are the voltage at which stability is lost
and the maximum achievable displacement. In a dynamic pull-in
analysis three issues are important: the motion described by the
device, the time that it takes to hit the counter-electrode and the
dynamic conditions that lead to loss of stability. An analysis
of the phase portraits in Fig. 2 reveals that all the trajectories
with initial values within the so-called basin of attraction tend
to end at the equilibrium point, while all others collapse at the
counter-electrode (dynamic pull-in situation).

The initial conditions of the system are thus a very important
aspect of dynamic pull-in and dictate whether the system loses
its stability as compared to the definition of static pull-in. The
phase portraits show that dynamic pull-in occurs for all the
state points outside the basin of attraction. This means that
for voltages lower than , the structure can still collapse.
However, at the static pull-in displacement at , the
system would be within the basin of attraction for velocities

s in the case of a and [see
Fig. 2(a)]. The quality factor of the device is an important
parameter in this case. For low-Q devices , and
because there are no oscillations, the basin of attraction is
larger than for the case of high-Q devices, where the oscillations
strongly contribute to loss of stability.
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Fig. 4. Simulation results for a 400 Hz sine wave.

Fig. 5. Three-dimensional visualization of the phase portrait changes with voltage.

The important aspect are the changes in the phase portrait
with voltage applied (both the nullclines and equilibrium points
change with voltage). This indicates that the structure can
dynamically go from a stable trajectory to an unstable one,
or vice-versa, by a timely change in the voltage applied to
slow-down the movement. Fig. 2(d) shows the phase portrait
for a voltage . When compared with Fig. 2(c) (same
quality factor and ) it can be seen that the basin of
attraction was strongly reduced and almost all state points lead
to dynamic pull-in. This leads to the conclusion that a properly
designed time-dependent voltage should be able to prevent
the microstructure from losing stability and, consequently,
displacements beyond static pull-in limitation can be achieved
by dynamically applying a sufficiently high voltage level.
Moreover, a sufficient damping force must be available to yield
a practical window in time to change the voltage.

C. Dynamic Displacement

In the previous section it was concluded that, although the
phase portrait of a MEMS changes with voltage applied with
no stable point outside the basin of attraction, a point in the un-
stable region can nevertheless be reached without causing in-
stability when using dynamic drive with an ac voltage of suffi-

ciently high peak amplitude to escape the base of attraction and
a rate of change higher than the change in motion of the structure
to oppose and subsequently reverse motion after passage of that
point and to reenter the base of attraction. For this purpose the
voltage amplitude should be high enough to bring the structure
out of the basin of attraction and of sufficient high frequency to
compensate for the intrinsic dynamics of the MEMS. Using a
large-signal model with the main micromechanical device pa-
rameters presented in Table I, simulations were performed to
prove this concept. Sine waves of different voltage amplitudes
and frequencies were applied to the device and the maximum
achievable displacement and the voltage for which the structure
loses stability (dynamic pull-in) were recorded. The results are
shown in Fig. 3.

The simulation results confirm that the MEMS can be dy-
namically operated beyond the static pull-in displacement, pro-
videdthat the appropriate ac voltage is applied. To have a better
insight on what is happening during a half period of a sine, sim-
ulations are carried out for the case of applying a 400 Hz sine
wave voltage with an amplitude of 5.04 V. The results are shown
in Fig. 4 and indicate that, although the static pull-in voltage and
the static pull-in displacement are exceeded, the structure does
not go into pull-in.
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Fig. 6. Block diagram of the on–off approach.

Fig. 7. Simulink simulations of the on–off control scheme.

An even more revealing exercise is the computation of the
phase portrait along a time axis for the voltage changes. Keeping
with the same example (400 Hz sine wave), the phase portrait
of the MEMS device is computed for several points (different
voltages). Combining the phase portraits yields a 3-D image of
the basin of attraction. If the trajectory of the device is included
(for an applied half-sine at 400 Hz), the 3-D graph of Fig. 5 re-
sults. This 3-D image shows what has been previously stated.
Initially the device trajectory is inside of the basin of attraction
but, with the increasing of the voltage, the structure leaves the
basin of attraction (unstable trajectory). A movement toward the
counter-electrodes can be observed after leaving the basin of at-
traction. However, since the rate of decrease in voltage is higher
than the displacement changes, the unstable trajectory reenters
the basin of attraction and returns to a stable trajectory. This can
be repeated using a periodic voltage and demonstrates the possi-
bility of trajectories beyond the static pull-in limitation without
going to pull-in, thus maintaining a dynamic trajectoryoutside
the static pull-in stability boundary without collapsing on the
counter-electrode. These experiments demonstrate the ability to
generate an actuator motion that includes the part of the gap
that used to be off-limits, however, does not enable stable posi-
tioning within that part of the gap. The technique is open-loop
(i.e., no position information is used in a feedback configura-
tion). This dynamic drive approach can be extended to a tech-

TABLE II
MICROACTUATOR 2 PARAMETERS

nique for stable positioning of the microstructure to any posi-
tion within the gap when using position information, which is
demonstrated in the next section.

III. DYNAMIC VOLTAGE DRIVE: ON–OFF CLOSED-LOOP

The analysis of the nonlinear dynamics performed leads to
a method for achieving stable displacements beyond the pull-in
limitation, which is simpler and more flexible compared to feed-
back linearization and charge control (current drive) techniques.
The basic idea is the comparison of the momentary actuator dis-
placement being measured with a fixed desired displacement.
Unlike feedback linearization, the applied voltage on the actu-
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Fig. 8. Simulations of the on–off control scheme with different delay times.

ator is changed between two values according to the comparison
result. A high level (in excess of the static pull-in voltage ), if
the momentary actuator displacement is lower than the position
setting, and a lower level (smaller than ), if the actuator dis-
placement exceeds the set value. The only requirement for im-
plementation is the sufficient fast measurement of the displace-
ment of the microstructure. The surface micromachined devices
used in this work are equipped with sets of differential sensing
capacitors that can be used to measure the device displacement.

The concept is simple and similar to the on-off method used
in linear control theory [32]. A block diagram of the proposed
method is shown in Fig. 6. The method relies on the dynamics
of the MEMS devices, namely the shift between stable and un-
stable trajectories (shift on the basin of attraction) by changing
the applied voltage. This implies that the device must be over-
damped or critically damped. In underdamped devices the iner-
tial forces are not significantly counteracted by damping forces
and the oscillatory regime typical of these devices compromises
the method.

The voltage levels are not critical for proper operation.
The high voltage level has to be initially higher than the
pull-in voltage, but can be dynamically reduced to improve
performance. The low voltage level must guarantee that before
theswitching, the structure position is within the low-level
voltage range of attraction. However, the difference between
high and low level is affecting the device response and can be
dynamically reduced to improve the performance.

These two aspects are essential for successful implementation
of the method: switching and delay times in the control loop.

1) Time Delays in the Feedback Loop: During switching
the structure continues the movement, and consequently an
extra displacement results, which leads to a small ripple around
the desired displacement. This effect is aggravated by any time
delay introduced by the circuits.

Using a large-signal model for a 1-DOF actuator with the
characteristics shown in Table II, a Simulink model was imple-
mented to verify the proposed control method. The equivalent
mechanical and estimated electrical noise sources are included
in the model, and a time delay is introduced in the feedback loop.
The introduced delay includes both the switching times and the
circuit delays. Fig. 7 shows the simulated performance of the

control loop for a delay of 15 s. The reference displacement is
set at 1.5 m and the voltage levels are defined as: V
and V. The simulated MEMS actuator has a theoret-
ical static pull-in voltage at V and the stoppers are
placed at 2 m in a 2.25 m gap.

Additional simulations were performed using different time
delays with the results shown in Fig. 8. As predicted, the ripple
depends on the time delay and the displacement beyond the ref-
erence displacement value increases with delay time. Despite
its simplicity, these results predict the feasibility of the on–off
control method. The main constrains are the ripple in the mi-
crostructure position around the set value due to time delays in
the readout circuits. According to simulations, the control re-
mains effective for delays as long as 30 s. Since switching time
in a comparator is lower than 1 s, the bottleneck for actual im-
plementation is the phase characteristics of the readout circuit.

IV. MICROSTRUCTURE FABRICATION

The Bosch epi-poly process was used for the fabrication of
the actuators [33], [34] used in this work. This process is very
suitable for the fabrication of relatively thick and high aspect
ratio free-standing beams on top of a silicon wafer. Epitaxial
growth at about 700 nm/min. is used to yield a 10.6- m-thick
polysilicon layer on top of a dielectric oxide. After deposition
the polysilicon layer is patterned using deep-reactive ion etching
(DRIE). Microstructures are subsequently released by selec-
tively etching the underlying dielectric sacrificial layer using the
DRIE holes as access channel.

A. Actuator 1

The structure used for the verification of the nonlinear dy-
namic analysis is the 1-DOF structure shown in Fig. 9 (the main
device parameters are presented in Table I). It consists of four
folded beams, 375 m long and 2.8 m wide, connected to a
rigid central bar of 1000 m length. A set of interdigitated par-
allel-plate electrodes with an initial gap of 2 m between fixed
and movable structures are used for actuation. The measure-
ment of the displacement is implemented by capacitive sensing
of the distance in two other sets of electrodes. Stoppers located
on either side of the rigid bar limit the movement after pull-in is
reached to avoid an electric short-circuit.
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Fig. 9. Actuator 1 microphotograph.

B. Actuator 2

The second actuator fabricated is a remodeled version of the
first device. It is a laterally movable structure (with two central
bars) with folded beam suspension at both ends and electrodes
extending perpendicular to the axial direction. Several sets of
electrodes in the same plane are used. Two are for electrostatic
actuation in the direction normal to the electrode area, and the
rest are used for capacitive displacement measurement. A SEM
photograph of the structure is shown in Fig. 10 (the main device
parameters are presented in Table II).

The movable arms of this device are double-sided clamped,
which reduces the arms bending after reaching pull-in as com-

pared to actuator 1 (single-sided arms). There are also more
arms available for capacitance readout, which increases the dis-
placement-to-capacitance sensitivity and therefore improves the
detection limit of the capacitance measurement. Comparatively,
the second actuator has a bigger mass, a smaller equivalent
mechanical spring (actuator 1 has eight pairs of folded beams,
while actuator 2 only has four pairs) and a higher capacitance
change due to displacement, resulting in a device with a lower
resonant frequency and a lower Q value at ambient pressure
(due to the high number of arms that also contribute to the
increase of the damping coefficient). This actuator is used in
the implementation of the on–off closed-loop method.
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Fig. 10. SEM photograph of actuator 2.

V. EXPERIMENTAL RESULTS

Since the readout electronic circuit is a critical component
for the implementation of the closed-loop on–off control, the
differential capacitance readout circuit is presented here. A dif-
ferential output circuit [35], [36] has been used to measure the
displacement on the fabricated MEMS actuators. The fabricated
MEMS devices have differential sensing capacitors and allow
for capacitive displacement detection.

A differential sense interface is used with the sensing sta-
tionary electrodes connected to the differential input of the
charge amplifier and the drive signal applied to the common
movable central point. A schematic of the differential output
circuit is shown in Fig. 11. The circuit is composed of three
main blocks: a buffer amplifier, two charge amplifiers and an
amplitude demodulator. The buffer amplifier sets the gain for
the carrier input voltage, the charge amplifier modulates the
amplitude of the carrier signal proportional to the capacitance
changes and the demodulator shifts the modulated carrier signal
to the (mechanical) baseband.

The differential sensing circuit depicted in Fig. 11 was imple-
mented at the PCB level. Commercially available transconduc-

tance amplifiers [37] were used in the high-frequency path. The
amplitude demodulator stage was implemented using a 1496
Motorola demodulator. The bandwidth of the low-pass filter was
set at 200 kHz, resulting in total estimated circuit delay at 5 s.

A. Dynamic Pull-In Measurements

Actuator 1 was used to experimentally validate the nonlinear
dynamic analysis, especially the open-loop dynamic displace-
ment. Similarly to the simulations performed previously, sine
waves of different voltage amplitudes and frequencies were ap-
plied to the device. A comparison between measured and simu-
lated values is presented in Fig. 12.

Displacements up to 70% of the gap were measured using
ac operation in the 300–700 Hz range. These experimental re-
sults prove some of the dynamic pull-in ideas previously intro-
duced in this paper. Although no position control over the ap-
plied voltage is performed in these experiments, displacements
beyond the static pull-in limitation were achieved using peak
voltage levels higher than the static pull-in voltage, . These
results have an immediate repercussion on the commonly used
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Fig. 11. Schematic of the differential sense interface.

Fig. 12. Measured and simulated (a) dynamic pull-in voltage and (b) dynamic pull-in displacement.
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Fig. 13. Measured operational details of the on-off method.

Fig. 14. Measured voltage-drive stable operation beyond the theoretical pull-in limitation.

sentence about parallel-plate electrostatic actuated MEMS de-
vices [14]: “The pull-in instability limits the travel distance of
elastically suspended parallel-plate electrostatic microactuators
to about of the undeflected gap distance”. This sentence
should be reformulated to: “Static pull-in limits the stable dis-
placement range of a dc-voltage-operated parallel-plate-actu-
ated microstructure to a maximum of of the full gap.”

B. Stable Extended Travel Range

Operation of the on–off method has been experimentally ver-
ified using actuator 2 structures (hermetically sealed and filled
with neon at Pa by manufacturer). A comparator was
introduced in the readout circuit to close the feedback loop (see
dashed components in Fig. 10). The voltage , which is pro-
portional to the actuator displacement, is compared with the ref-
erence value, , and the drive feedback signal varies between

and according to the comparator output. and are
set by

(18)

The mechanical stoppers limit the actuator displacements to
2 m in a 2.25- m gap. The readout output voltage, , ranges
from 0 (zero displacement) until 2.2 V (2 m displacement) and
at of the gap (0.75 m) the output readout voltage is 0.62
V. First, the operational details of the method were verified by
measuring the comparator output and actuator displacement at
the time the feedback loop is closed. Measured results are shown
in Fig. 13.

Stable positioning at a voltage selected operated point be-
yond the static pull-in limitation is achieved in agreement with
simulations. Additional measurements were performed to check
the stability of the method over time and at different reference
positions. Stable operation over the full available gap (2 m)
is observed. The results for three different points are shown in
Fig. 14.

Although the stoppers limit operation up to 89% of gap,
full range operation can be achieved with this approach on
devices without mechanical limitations. At very small gaps, the
damping force is huge due to the very narrow channels available
for gas flow. This damping force slows even further the struc-
ture motion, thus improving the dynamic device response when
operated with the on-off method. The high damping coefficient
at very small gaps is in fact expected to enhance operation.
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Fig. 15. Measured changes in ripple amplitude with different voltage levels.

TABLE III
COMPARISON BETWEEN REPORTED METHODS FOR EXTENDING THE RANGE OF PARALLEL-PLATE ELECTROSTATIC ACTUATORS

Finally, the voltage levels were dynamically adjusted to check
its influence on the ripple. Results for the case of a reference
voltage, V ( m) are shown in Fig. 15. The
figure clearly shows that the voltage levels are not critical for
device operation, but adaptation during positioning does reduce
the ripple (= position\uncertainty) of the on–off control. The
best results obtained so far using the most suitable voltage level
combination available yield a ripple of about 30 mV ( nm).
The main source of ripple is the time delay introduced by the
readout. Actuator 2 has a mechanical-thermal noise (theoretical)
of pm, while the predicted readout noise referred to the
input is about pm. For ideal time delay the stability of
the on-off approach would be limited by noise, and for Actuator
2 the stability would be pm, which is equivalent to the
ripple caused by a delay time of about 50 ns. Therefore, only for
a delay time around 50 ns, the stability of the position is set by
both the mechanical-thermal noise and the readout noise.

VI. CONCLUSION

In this paper, the nonlinear dynamics of MEMS devices have
been analyzed with special emphasis on the dynamics of pull-in.
The motion of a microstructure actuated by a voltage is de-
scribed by a set of nonlinear differential equations. When the
dynamic behavior is considered, the loss of stability is more dif-
ficult to predict, as compared to a quasistatic analysis. Pull-in
can happen for voltages lower than the static pull-in value, de-
pending on the initial state variable values and external applied
forces. This is of extreme importance for applications requiring
a stable behavior. There are no analytical tools to predict these
values, but by numerically solving the differential equation of
motion the boundaries of stability can be found. The analysis
of the nonlinear differential equation shows that the stability
and trajectory described depend on the voltage applied. With a
proper ac voltage, 1) sufficiently high-peak amplitude to reach
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the point and 2) sufficiently high frequency to overcompensate
the rate of change of the microstructure motion, any point in the
phase space can be encompassed (i.e., periodically reached).

The insight gained from this nonlinear analysis has led
to a new technique for extending the positioning range of
parallel-plate electrostatic actuators. Full-gap positioning is
demonstrated using on–off control with capacitive position.
The simplicity and flexibility of this approach highly facilitates
implementation in parallel-plate based electrostatic actuator
systems. Table III gives a comparative overview of this method
and those previously reported in literature.

The voltage drive relies on the device dynamics and the
dependence of the positioning ripple on the time delay intro-
duced by the readout. Limitations are the need for displacement
sensing and the fact that it can be used in low-Q devices only.
In the present system, ripples as small as 30 nm over the full
gap available have been achieved. Further studies are needed in
order to improve the performance of the on–off method.
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