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The experiments in [7] show more than an order of
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Figure 1: Circuit used for measuring pull-in times.

EXPERIMENTAL RESULTS
The surface-micromachined polysilicon fixed-fixed
beam investigated in this study has a length (L) of
610 µm, a thickness (t) of 2.2 µm, a width (w) of 40 µm,
and an undeflected gap (g) of 2.3 µm [13]. Using the
circuit in Figure 1, the beam is electrostatically actuated
by a 10 V (VAPP) zero-to-step bias, which is greater than
its static pull-in voltage of 8.76 V. The tPI is determined
from switch closure, as shown in Figure 2.
Pull-in times for this beam are measured as a function of
ambient air pressure. Figure 3 shows that tPI asymptotically approaches a vacuum limit (tPI0) of 18.2 µs, which
is determined by the inertia of the system. When tPI0 is
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When a pull-in structure is dynamically actuated by an
applied step voltage VAPP greater than VPI, the pull-in
time (tPI) is measured as the delay between the step bias
application and the structureÕs contact to the bottom
electrode. Simulations of the large amplitude dynamics
of this coupled elastomechanical-electrostaticcompressible squeezed-film damping (CSQFD) system
have shown general agreement to measured pull-in times
versus VAPP in one atmosphere and in vacuum [7,8].
Modelling of the CSQFD is based on the compressible
isothermal ReynoldÕs equation for nonslip-flow models
in [7,9], and for slip-flow models of dynamic rigid plates
in [10]. Empirical reduced-order macromodels have also
been applied to vertically damped structures with
reasonable success in [7,11,12a], and are useful because
of their simplicity.

0.5 µm POLY

Vout

(V)

A deformable parallel-plate structure electrostatically
actuated across a narrowing gap becomes unstable
beyond its static pull-in voltage (VPI), a point at which
the structure collapses, and makes contact to the
opposing electrode, either directly, or on top of a
standoff dielectric [1]. Pull-in type devices operated in a
mechanically static contact/non-contact mode, are found
in microrelays, deformable mirror devices (DMDÕs),
grating light valves (GLVÕs), and mechanical property
test structures [2-6].
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magnitude difference between the pull-in times in air and
in vacuum. This paper reports the measurement and
simulation of a fixed-fixed beamÕs pull-in time as a
function of arbitrary pressure, and exploits t PI Õs
sensitivity to pressure for use as a sensor.

V

ABSTRACT
The squeezed-film damping component of the pull-in
time of an electrostatically-actuated micromechanical
fixed-fixed beam is shown to be a sensitive, and nearly
linear function of ambient air pressure in the measured
range of 0.1 mbar to 1013 mbar (1 atm or 760 Torr).
Pull-in time simulations, based on a one-dimensional
macromodel using a damping constant proportional to
pressure, are in good agreement with measured data.
The data and simulations show that pull-in type devices
will make excellent microelectromechanical systems
(MEMS) sensors for broad-range absolute pressure
measurements and for in situ leak monitoring of hermetically sealed packages containing other sensors or ICÕs.
The pull-in sensors are compatible with any MEMS
fabrication processes that allow out-of-plane electrostatic actuation, including surface micromachining and
silicon wafer-bonding, and they do not require a cavity
sealed at vacuum or at a reference air pressure.
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Figure 2: Oscilloscope data from a beam showing the
procedure for measuring ∆t, the pull-in time from its static
deflection near 1.3 V to pull-in after application of 11.8 V.
Note, the Vin and Vout axes are offset and scaled for clarity.
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understanding the experimental results in Figures 3
and 4 [7,11,12a]. The 1D macromodel is also useful in
understanding ways to control the pressure sensitivity of
a sensor. This will be discussed in a later section of our
paper.
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As shown in Figure 5, the mass of the 1D macromodel
moves along the x-coordinate, and the electrostatic force
is derived from the voltage across the parallel plate
capacitance of area A with a gap (g-x). The equation of
motion for the 1D system is given by (1).
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Figure 3: Pull-in times as a function of ambient air pressure of
a 10 V zero-to-step actuated 610 µm long fixed-fixed beam,
nominally 2 µm thick, 40 µm wide and with a 2 µm nominal
gap. The low pressure asymptote is at tPI0 = 18.2 µs.
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Figure 4: The modified pull-in time tPIÕ = (tPI - tPI0 ), shown as
circles, is obtained from the measured data in Figure 3. It
is plotted versus ambient air pressure alongside a linear fit
(dashed line). The 1D macromodel, using an empirically
determined damping constant proportional to pressure,
agrees almost identically with the dashed line fit.

subtracted from tPI, the resulting modified pull-in time
tPIÕ, varies almost linearly with pressure over four-orders
of magnitude in pressure, as shown in Figure 4.
MACROMODEL SIMULATION
CSQFD simulations used in [7] indicate that for VAPP
between VPI and 5/4 VPI, the velocity is constant for more
than 3/4 of tPI. Furthermore, in this region, the beam
moves through only a small fraction of the total gap.
Hence, the electrostatic force does not change significantly for most of the transient, and the damping force is
relatively constant. This scenario is similar to an object
moving through a viscous medium at terminal velocity
obeying StokesÕ law, where the damping force is proportional to velocity [14]. Based on this analogy, we
conclude that a correct first-order damping term for the
nonlinear pull-in dynamics will be well represented by a
standard linear damping force proportional to velocity.
In the limit of linear damping, a one-dimensional (1D)
lumped mass-spring-damper macromodel is helpful in
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The spring constant (k), equal to 4.60 N/m, is determined
by matching the 1D equation for VPI = (8kg3/27εοA)1/2 to
the statically measured VPI, where A = L × w. The mass
(m), equal to 125 ng, is a product of L, w, t, and the
polysilicon density ρ = 2330 kg/m3. The damping
constant (b) in the 1D model is determined by matching
the experimental pull-in time at 1 atm to the corresponding pull-in time obtained from the numerical
integration of equation (1). This yields a b = 0.233 g/s at
1 atm, which is then varied proportional to pressure to
model tPI data at arbitrary pressures. (Note, a similar
approach, linearly varying viscosity for low pressures,
was used in [12a].) Numerical integration of (1) based
on the linear dependence b with pressure, calculates a tPIÕ
versus pressure relation which is indistinguishable from
the linear fit in Figure 4.
At low pressures, the damping term in (1) can be
neglected, and the system is inertia-dominated. This
decreases the pull-in voltage for zero-to-step bias inputs
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Figure 5: A schematic of the 1D macromodel.
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to a new value VDPI, which equals (kg3/4εοA)1/2. This
result has been confirmed experimentally [7,8].
Furthermore, an analytic solution (2) can be obtained for
tPI0, where Tα equals (m/k)1/2, and α equals VAPP /VDPI.
With the parameters given above, tPI0 is calculated to be
16.8 µs, which is close to the measured value of 18.2 µs.
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At higher pressures, the 1D system will be dampingdominated, and the spring force will be negligible
compared to the damping force. In this limit, tPI will be
given by equation (3), where Tβ equals (b/k), and β
equals VAPP /VPI.
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At 1 atm, equation (3) calculates a tPI equal to 233 µs,
which is close to the measured value of 235 µs. Note, if
the assumption of linear damping is still valid for
VAPP È VPI, the inertial term can also be neglected from
(1), and tPI will become independent of the structureÕs
mechanical properties, as shown in equation (4).
t PI ≈

2 bg

3

linearly related to its width (ws). Note that VPI will be
independent of ws since the electrostatic load, which is
determined by the width (wc) of the underlying square
contact, will be mainly carried by the mechanical
deformation of the narrow cantilever supports.
Using equation (3) from the 1D model, the linear
increase in b with ws predicts that in the dampingdominated regime, tPI will scale proportionally with ws.
Similarly, in the inertia-dominated limit, equation (2)
predicts that tPI0 will scale with m1/2, which is linearly
dependent on ws. These results indicate that an increase
in ws will produce a vertical shift in the tPI versus
pressure relation.
Rough calculations using the 1D model, where b is
proportional to pressure, indicate that the pressure of
transition (Pt) from the inertia-dominated regime to the
damping-dominated regime will occur when
b/(mk)1/2 ~ 1. Based on the 1D model of the data
presented in Figure 3, this relation correctly estimates
that Pt ≈ 100 mbar.
The above relation can also be used to tailor Pt, such that
lowering it will reduce the subtraction error in tPIÕ at low
pressures. For the square plate, b/m1/2 is independent of
ws. However, by reducing the tensile stress in the beams,
k, which is independent of b/m 1/2 , decreases and,
therefore, decreases Pt. Similarly for k of a thin beam, Pt
varies inversely with t2 in pure bending, and with t in
pure tension.
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underlying square
electrode of width wc

A PRESSURE SENSOR DESIGN EXAMPLE
The assumption of a low ReynoldÕs number regime
(R < 1) in the CSQFD models of [7, 9, 10, 15] is valid in
continuum flow for small device geometries and
velocities. Reasoning back to our previous StokesÕ law
creeping flow analogy for incompressible fluids in this
regime, we can represent the damping force (FD) of a
normally moving, thin circular plate, of diameter D, as,
F D = C D' η D V

ws
wc

(5)

where, CDÕ is the viscous drag coefficient, which is
dependent on the plate shape, η is the air viscosity, and V
is the plate velocity [14]. For a circular shape CDÕ equals
8. The linear damping force dependence on a plateÕs
lateral dimension can be used to adjust the damping
coefficient of a pull-in pressure sensor, and hence, its
pull-in time sensitivity.
A conceptual design of a sensor with a thin uniform
thickness is shown in Figure 6. Analogous to the
equation (5) damping dependence on D of the circular
plate, the damping dependence of a square plate will be

electrostatically actuated
plate of width ws
suspended over a
square electrode

Figure 6: A conceptual design for a pull-in pressure sensor
that can be tailored to a specific pressure range. The area
of the square electrode of width wc controls the electrostatic force which appears as a tip load on the four
supporting cantilevers of the relatively rigid square plate
of width ws. The cantileverÕs length and width, and the
square electrodeÕs area determine VPI. The movable plate
area determines the air damping, and can be varied to
adjust the pressure sensitivity of the sensor.
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DISCUSSION
The pull-in sensor measures absolute pressure, unlike
overpressure-limited or touch-down-mode sealed-cavity
differential pressure sensors. Some differential sensors
measure pressure-induced deflections in diaphragms by
small changes in capacitance or in tunneling current [1619]. Other differential pressure sensors measure
diaphragm deflection by using resonant strain-gauges on
top of the diaphragms, and are encapsulated at low
pressures needed for high quality factors (Q) [20,21].
Other absolute pressure sensors, which utilize a shift in
mechanical resonant frequency from high squeezenumbers in CSQFD, require large flat area devices
(1.2 mm)2 with small gaps (~ 1 µm) and no etch/release
holes [12b]. They have a high pressure limit as Q
approaches one [9]. Another type of an absolute sensor
is based on measuring thermal conduction to the
surrounding gas [22,23]. These appear to have poor
resolution at low pressures where conductive heat
transfer may be on the order of radiative cooling.
The pull-in sensor is advantageous in that it can be easily
microfabricated alongside other micromachined sensors,
and that it can serve as an in situ monitor for pressure
with these sensors or ICÕs. This is important, for
example, in measuring leaks in a hermetically sealed
micromachined accelerometer package that must
maintain critical damping in a narrow range of
pressure [15].
Experience to date suggests that stiction of the pull-in
sensors can be avoided if a low enough operating voltage
is chosen. An experiment, using a low frequency
(< 10 Hz) square-wave excitation on a beam of the type
investigated here, was conducted in air at 1 atm over
more than a million continuous cycles without showing
an observable drift in tPI.
SutherlandÕs expression for the temperature (T)
dependence of η, as shown in (6), indicates from (5) that
the damping force of the pull-in sensor will be sensitive
to temperature [24]. In equation (6), C is a measure of
the attractive molecular forces, and is ~ 100 K for air at
1 atm. η0 is the dynamic viscosity measured at the
reference temperature T0.

η
----η0

When a simple beamÕs modified pull-in time is plotted
versus four-orders of magnitude in pressure, it scales
proportionately. The pull-in/response time for the beam
was a few milliseconds or less, and could be simulated
with an empirical 1D macromodel. Also predicted by
the 1D model for damping in low ReynoldÕs number
regimes was that the pull-in time can be scaled for
pressure sensitivity by adjusting a critical lateral
dimension of a pull-in device. The pull-in time for the
beam at 1 atm was found to be stable over a million
cycles, and under appropriate biasing conditions, the
device was repeatably operated without stiction.
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