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ABSTRACT

There is strong experimental evidence for the existence of
strange modes of failure of MEMS devices under shock. Such
failures have not been explained with conventional models of
MEMS. These failures are characterized by overlaps between
moving microstructures and stationary electrodes, which cause
electrical shorts. This work presents a model and simulation of
MEMS devices under the combination of shock loads and
electric actuation, which will shed the light on the influence of
these forces on the pull-in instability. Our results indicate that
the reported strange failures can be attributed to early dynamic
pull-in instability. The results show that the combination of a
shock load and an electric actuation makes the instability
threshold much lower than the threshold predicted considering
the effect of shock alone or electric actuation alone. Several
results are presented showing the response of MEMS devices
due to half-sine pulse, triangle pulse, and rectangular pulse
shock loads of various durations and strengths. The effects of
linear viscous damping and incompressible sgqueeze-film
damping are also investigated.

INTRODUCTION AND BACKGROUND

The technology of microelectromechanical systems
(MEMYS) is now rapidly maturing and many MEMS devices are
ready for marketing. Currently, the commerciaization of
MEMS is a mgjor focus for engineers. One of the most critical
issues affecting the commercialization of MEMS devices is
their reliability under mechanical shock and impact. MEMS
can be exposed to shock during fabrication, deployment, and
operation. Examples of such conditions are dynamic loading in
space applications and harsh environments in  military
applications [1]. Further, a crucial criterion for automotive and
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industrial applications is the survivability of portable devices
containing MEMS when dropped on hard surfaces [2], which
can induce significant shock loads. Such highly dynamic loads
may lead to various damage mechanisms, such as forming of
cracks and chipping of small fragments. Hence, there are
increasing demands to improve the design of MEMS to
withstand shock loads.

MEMS devices typicaly employ capacitive sensing and/or
actuation, in which one plate or electrode is actuated electrically
and its motion is detected by capacitive changes. Electric
actuation is the most used and preferred method of excitation
and detection in MEMS for its simplicity, high efficiency, and
low power consumption. There are numerous examples of
MEMS devices, which rely on electric excitation and detection,
such as comb-drive actuators, resonant microsensors, and RF
MEMS switches. In this method, the driving load is simply the
attractive force between two electrodes of a capacitor. The DC
component applies an electrostatic force on the structure,
thereby deflecting it to a new equilibrium position, while the
AC component vibrates the structure around this equilibrium
position. The combined electric load has an upper limit beyond
which the mechanical restoring force of the structure can no
longer resist its opposing electric force, thereby leading to the
collapse of the structure. This structural instability phenomenon
is known as “pull-in’. A key aim in the design of many MEMS
devices is to tune the electric load away from the pull-in
instability, in order to avoid failure of the device.

Many studies have addressed the pull-in phenomenon and

presented tools to predict its occurrence so that designers can
avoid it [3-6]. However, these studies typicaly account for the
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DC forces only (static analysis). Hence, they do not account for
the transient motion of microstructures. Therefore, the
possibility of adynamic instability (i.e., dynamic pull-in) is very
high, which can take place below the predicted static instability
limit. The dynamic pull-in phenomenon was reported and
analyzed for switches actuated by a step voltage [7,8] and with
various ramping rates [7]. Both studies indicate that the
dynamic pull-in voltage can be as low as 92% of the static pull-
in voltage. In the case of AC harmonic excitation, dynamic pull-
in was found to be below 50% of the static pull-in voltage [9].
These studies raise the possibility that under the combination of
electrical and mechanical shock or impact load, dynamic pull-in
may be triggered at even lower values of the applied voltage.

SHOCK RESPONSE

Structures, including MEMS devices, can be subjected to
large forces applied suddenly and over a short period of time
relative to the natural period of the structure. These forces are
known as mechanical shocks. Shocks can cause damage due to
severe vibration of the devices, which may |ead to mechanical
and/or electrical failure. A shock pulse is characterized by its
maximum value, duration, and shape. An actual shock pulse has
an irregular shape. However, for modeling and analysis
purposes, actual shock pulses can be approximated by simple
regular shape pulses. Examples of such pulses are shown in
Figure 1.

The response of a system to shock loads can be determined
by calculating the shock response spectrum (frequency domain
approach) or by calculating the time history of the system (time
domain approach). In the first approach, the interest primarily
lays in determining the steady-state maximum response of the
system to a given shock pulse. The shock response spectrum is
aplot of this maximum response for various natural frequencies
of the system. This approach has significant benefits from a
design point of view because it allows designers to design their
device to have a natural frequency corresponding to low shock
response. In the time-history approach, the system’s equations
of motion are integrated with respect to time to determine the
transient response as well as the steady-state response when
carried out over along period of time. In this paper, we will use
the latter approach due to the importance of the transient
behavior on the stability of electrically actuated MEMS.
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Figure 1. Schematic of simple shock pulses used to model
actua shock loads. Shown in the figure are (&) the rectangular
pulse, (b) the half-sine pulse, and (c) the triangular pulse.

LITERATURE REVIEW

The reliability of MEMS when exposed to shock and
impact has been a subject of increasing interest in recent years.
Next, we summarize some of the key papers. Cunningham et a.
[10] investigated the effect of stress concentration on the
robustness of silicon microstructures against shock. They
caculated the stress distribution in microstructures of six
different designs using finite-element models. They tested these
microstructures experimentally by subjecting them to shock
loads of various strengths. They concluded that microstructures
with improved stress-concentration areas had the lowest rate of
failure. Brown and Davis [11] presented a description of
dynamic loading on sensors and techniques used to mitigate
failures against high-g shock during ground and flight tests. Lim
et a. [12] investigated the effects of shock on a MEMS
microactuator integrated with a Head Gimbal Assembly. They
used the finite element package ANSYS/LS-DYNA for the
modeling and simulation. Yee et al. [13] characterized and
tested ferromagnetic micromechanical magnetometers against
shock resistance. Beliveau et al. [14] evaluated the performance
of three commercial MEMS-based capacitive accelerometers
againgt a high-g shock level, which is higher than their
operating range, and compared their performance.

Li and Shemansky [15] studied anaytically and

experimentally the motion of MEMS accelerometers during
drop tests. Two models were used: a simple single-degree-of-
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freedom oscillator, consisting of a mass, a spring, and a dashpot
and a continuous system beam model to account for the
flexibility of the structures. No electric actuation was accounted
for in either model. For both models, Li and Shemansky [15]
solved analytically the equation of motion for the maximum
deflection. Then they calculated the equivalent acceleration that
would cause this deflection without a drop test. They found that
this acceleration is very large (in the order of tens of thousands
of g). They verified the analytical solutions by comparing the
results to those obtained from the direct integration for the
equation of motion. Then, they conducted drop tests on MEMS
accelerometers and observed overlap failures between the
moving part and the stationary parts, which is caused by the
large deflection of the structures during test. They concluded
that mechanical constraints have to be imposed on the motion of
microstructures to prevent large deflections during impacts and
severe dynamic loads.

Wagner et al. [2] studied the response of a MEMS
accelerometer to a shock load induced by a drop test. They
used a beam theory, for rough estimations, and finite-element
analysis to calculate the stress history of the device during
impact. They conducted drop-test experiments to assess their
finite element results and relate them to the failure mechanism
on microstructures. Srikar and Senturia [16] studied the
mechanical response of shock-loaded MEMS devices. They
modeled MEMS devices as microstructures attached to
substrates. They identified three key time scales for the
response of microstructures during impact: the acoustic transit
time, the time period of vibrations, and the duration of the
applied shock load. They indicated that for many MEMS
devices and shock conditions, the substrate can be assumed to
be arigid body and it is expected that it will resist stress-wave
induced failures. They modeled microstructures as undamped
resonators attached to an accelerating base. Coster et a. [17]
modeled the performance of an RF MEMS switch actuated by
electrostatic force and subjected to shock using a single-degree-
of-freedom system. They used a Simulink model to integrate the
equation of motion numerically. They simulated the
performance of the switch to minimize the insertion loss for
various shock amplitudes and applied DC voltages.

Tanner et al. [18] tested MEMS microengines against
shock pulses of various time durations and maximum
amplitudes. The microengines employ comb-drive actuators,
which are composed of folded springs, anchors and a series of
comb fingers actuated by electrostatic forces. Tanner et al. [18]
observed a strange failure mode in the comb-drive actuators,
where the comb fingers contact the ground plane resulting in
electrical shorts. They calculated the maximum deflection of a
comb finger at the shock level at which this strange failure
mode was observed. They found that the force from the shock is
much smaller than the force needed to bend the comb finger to
touch the ground. Based on this, they concluded that this failure
is not related to shock.

From the aforementioned review, we note that much of the
conducted research in this field is based on post-failure
observation of experimental work. Few theoretical studies have
been presented. These highlighted the importance to model,
simulate, and characterize the performance of MEMS devices
against shock at early stages of design to improve on these
designs for an enhanced reliability. There is a need for more
extensive modeling and simulation to explain many of the
strange failure modes in MEMS microstructures, which were
reported in the literature.

SINGLE-DEGREE-OF-FREEDOM MODEL

Figure 2. Schematic of a single-degree-of-freedom model of a
MEMS device.

We use a single-degree-of-freedom model depicted in
Figure 2 to represent a MEMS device employing electric
actuation and subjected to a shock force Fg,. The device has a
moving microstructure of mass m, which forms one side of a
variable capacitor. We use a viscous damper of coefficient ¢ to
model energy dissipation and a spring of coefficient k to model
the effective stiffness of the microstructure, which is due to the
elastic restoring force, residual stresses, and the electrostatic
force. The equation of motion of the microstructure can be

written as
ENVpc +Vac cos(Qt)]? +E

2(d - x)* .
where x is the microstructure deflection, Vpc is the DC
polarization voltage, Vac and Q are the amplitude and frequency
of the AC voltage, A is the area of the microstructure cross
section, d is the capacitor gap width, and ¢ is the dielectric
constant of the gap medium. Here we assume complete
overlapping between the two electrodes of the capacitor. To
model the shock force, we use rectangular, haf-sine, and
triangular pulses shown in Figure 1, which can be expressed
respectively as

MX + (X)X + kx =

1)
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where Fq is the maximum shock amplitude, T is the shock
duration, u(t) is the unit step function, and r(t) is the unit ramp
function.
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Figure 3. Schematic of aresonant sensor microbeam.

We consider a microbeam, Figure 3, employed as a
resonant sensor [3], with L=510 4 m, h= 15 #m, b= 100
A m, andd= 1.18 u m. According to the static analysis [5,6],
the pull-in voltage for this microbeam isV pc =4.4 V. We use
this value and the equation of the pull-in voltage for a simple
spring-mass system [19] to calculate the stiffness constant k.
We assume here, and for rest of the paper, no AC voltage (V ac
=0). We assume a damping ratio £ = 0.05, which is related to

the damping coefficient ¢ as ¢ =2mm,{ where @, is the
natural frequency of the microstructure.

Next, we show the time history response x(t) normalized to
the gap width d for various values of the DC voltage and the
shock amplitude. In Figure 4a, we set V pc =0 and assume a
shock amplitude of 1000 g with duration T= 1.0 ms. As
expected, the steady state value reaches the equilibrium position
of zero displacement. Because the natural period of the
microstrcture is very small (0.02 ms) compared to the duration
of the shock load (typically it ranges from 0.2-1.0 ms), we note
from Figure 4a that the microstructure experiences the shock
force as a sort of static force that stays for some time then is
removed. Hence, we note that the response of the
microstructure looks similar to the shape of the shock force
(quasi-static response). A similar conclusion can be stated for
many MEMS devices, as pointed out by Srikar and Senturia
[16].
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Figure 4. A time history for the response with (a) no
electrostatic force and (b) no shock force.

Figure 4b shows the time history of the response when V pc
=4.0 V and no shock applied. We note that the steady-state
amplitude is near x(t)/d= 0.175. We recall here that the
instability limit of a spring-mass system according to the static
analysis is near x(t)/d=0.33 and according to the dynamic
analysis, i.e. accounting for the transients at low damping, is
92% of the static limit, which isx(t)/d= 0.3.This correspondsto
V pc =4.05V.

Figure 5a shows the time history of the response when V pc
=4.0V and a shock load applied of amplitude 1000 g. It is clear
that the system undergoes dynamic pull-in instability, which is
characterized by a slope approaching infinity. Figure 5b shows
the time history of the response when V pc =2.0V and a shock
load applied of amplitude 10000 g. Surprisingly, the system
also undergoes dynamic pull-in instability, even though the
applied voltage of 2.0V is less than half the pull-in voltage of
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approximately 4.4V, as mentioned above. In Figure 6, we show
the response of the system when Vpc =2.0V and no shock force
is applied. Clearly, the steady-state response is around x(t)/d=
0.03, which is very far from the pull-in instability limit x(t)/d=
0.3.
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Figure 5. A time history showing dynamic pull-in when (a) V
pc =4.0V and the shock amplitude is 1000 g and (b) V pc =2.0V
and the shock amplitude is 10000 g. In both of these cases the
applied voltage is less than the pull-in voltage of 4.4V, but the
response is unstable due to the mechanical shock.

Figures 5b and 6 indicate very interesting and important result.
They show that in the presence of electrostatic forces, a stable
system (for example Figure 6), which operates far from the
instability threshold, can go unstable under the effect of a shock
load that is even moderate in magnitude (in this case the
amplitude ranges from 1000-10000 g). Therefore, in the design
of a MEMS device, both the electrostatic forces and the shock
forces have to be taken into account, even if the microstructure

undergoes small deflection and operates within alinear range of
the electrostatic force. For example, comb-drive actuators are
driven typically by small voltages. In this case, the electrostatic
force is approximated to be linearly proportional to the
displacements of the comb fingers. Hence in the design of these
actuators, the electrostatic nonlinearity is neglected. However,
as demonstrated in Figures 5b and 6, when these structures are
subjected to shock, the possibility of dynamic pull-in instability
becomes very high. This dynamic instability has been reported
by Tanner et a. [18] as a strange mode of failure, which is
characterized by contacts and overlaps among the fingers and
electrodes of the parallel-plate capacitors.
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Figure 6. Atime history of the response when V pc =2.0V and
no shock force.

To better understand the influence of a shock force on the
behavior of MEMS devices, we show in Figure 7 a plot for the
maximum magnitude of a shock load (solid) for various values
of shock amplitude as compared to the magnitude of the
electrostatic force (dashed) near pull-in. We note that at low
values of shock, the shock force is very small and hence it is
expected to have negligible effect. However, when the shock
magnitude approaches 4000 g, it becomes of the same order of
magnitude as the electrostatic force near pull-in. At larger
values, the shock magnitude becomes much larger than the
electrostatic force. Hence, at these values it is expected that the
shock effect dominants over the electrostatic force. In the next
figures, we investigate the influence of shock forces on the
instability threshold (pull-in) of MEMS microstructures. We
study shock loads of various durations and shapes and also
study various damping conditions.

In Figure 8, we show a plot of the pull-in voltage of a
MEMS microstructure against the shock amplitude of a half-
sine pulse of duration 1.0 ms (solid) and 0.1 ms (dashed). We
assume a damping ratio {=0.05. We note from the figure that
the duration of the shock has slight effect. Thisis due to the fact
the microstructure does not experience the shock force as
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shock, as explained before, but rather as a static load. And
hence, the structure does not experience any significant
difference in the transient response due to those shock loads. It
is worth to mention that we investigated the effect of varying
the ramping rate of the DC voltage on the device and found no
effect on the response. As seen from the figure, at a large shock
load near 10000g, the microstructure exhibits pull-in instability
even if it is biased by a small value of voltage below 0.5 V. We
note from the figure that at low values of shock, the pull-in
voltage of the short-duration shock is lower than that of the
higher duration, which may look counterintuitive to what
expected. This can be qualitatively understood by  noting
Figures 4a and 4b. Figure 4a shows that the shock load of T=1
ms reachesits peak at t= 0.5 ms. From Figure 4b, we note that
a this time, the response of the structure to the electrostatic
force alone is dmost static (no transient behavior). In the case
of the shock load with T=.1 ms, the peak will be at t=.05ms. We
can see from Figure 4b that the deflection at t=. 05ms is large
and hence the transient dynamic due to the electrostatic force
will be afactor in this case. At higher values of shock loads, the
transient effect of the electrostatic force becomes negligible
compared to the dominant effect of shock loads.
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Figure 7. The maximum of a shock load (solid) for various
values of shock amplitude as compared to the magnitude of the
electrostatic force (dashed) near pull-in.

In Figure 9, we show a plot of the pull-in voltage of a
MEMS microstructure against the shock amplitude of a half-
sine pulse and a damping ratio 0.05 (solid) and 0.7 (dashed).
We assume T=1.0 ms. Here aso we note that these values of
damping has nearly no effect on pull-in due to the fact the
microstructure experiences the shock force as a quasi-static
load.
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Figure 8. A plot of the pull-in voltage of a MEMS
microstructure against the shock amplitude of a half-sine pulse
of duration 1.0 ms (solid) and 0.1 ms (dashed).
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Figure 9. A plot of the pull-in voltage of a MEMS
microstructure against the shock amplitude of a half-sine pulse
and a damping ratio of 0.05 (solid) and 0.7 (dashed).

To investigate the effect of squeeze-film damping, we use
the model of Starr [20], which assumes incompressible gas
underneath the structure, and hence neglects the spring effect of
the gas on the structure. Figure 10 shows a plot of the pull-in
voltage of a MEMS microstructure against the shock amplitude
of a half-sine pulse and a gas pressure of 0.1 pa (solid), 10 pa
(dashed), and 50 pa (dash-dot). The duration of the shock is set
to be 1.0 ms. According to this model, a gas pressure of 10 pa
yields a damping ratio close to 0.05. Hence, we note that the
results at gas pressures of 10 pa and 50 pa are close to those
obtained in Figure 9. However, at extremely low gas pressure,
0.1 pa, we note a significant decrease in the pull-in threshold.
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This is because the transient behavior at very low damping near
vacuum becomes a factor and the instability is a dynamic
instability.

45

Pull-in voltage (v)
N w
a1 w a1 N

N
T

=
&)l
:

10 1000 2000 3000 4000 5000 6000 7000 8000
Shock amplitude (g)

Figure 10. A plot of the pull-in voltage of a MEMS
microstructure against the shock amplitude of a half-sine pulse
and a gas pressure of 0.1 pa (solid), 10 pa (dashed), and 50 pa
(dash-dot).
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Figure 11. A plot of the pull-in voltage of a MEMS
microstructure against the shock amplitude of a half-sine or
triangle pulse (solid) and arectangular pulse (dashed).

Next, we investigate the effect of varying the shape of the shock
force. Figure 11 shows a plot of the pull-in voltage of a
MEMS microstructure against the shock amplitude of a half-
sine (solid), a triangle pulse (solid), and a rectangular pulse
(dashed). The duration of the shock is set to be 1.0 ms and the
damping ratio is set to be 0.05. It turns out that there is no
difference between the results of the triangle pulse and the

rectangular pulse. However, it is clear that the results of the
rectangular pulse are different, in which the pull-in threshold is
decreased significantly compared to the other pulses.

SUMMARY AND CONCLUSIONS

We presented modeling and simulation of MEMS
microstructures under the combination of shock loads and
electric actuation and studied the influence of these forces on
the dynamic pull-in instability. We investigated the effect of
shock pulse shapes, shock durations and damping (linear and
incompressible squeeze-film models). Our results indicate that
both shock load and electrostatic force determine the instability
limit pull-in of microstructures. Hence, both effects have to be
accounted for in the design to ensure the reliability of MEMS
devices. We considered an example of a MEMS structure with a
natural period that is an order of magnitude smaller than the
duration of the shock loads. Our results indicate that such
microstructures experience the shock loads as quasi-static loads.
We found that the shock duration, shape, and damping
mechanisms have dlight effect on the instability limit, except
when microstructures operate at very low damping near
vacuum. In this case, the pull-in is affected by the transient
behavior of the structure. Our results indicate that the
combination of a shock load and an electric actuation makes the
instability threshold much lower than the threshold predicted
considering the effect of shock alone or electric actuation alone.
This conclusion helps explain many of the reported unexplained
failures of MEM S devices under moderate or low shock loads.

We conclude that improved models are needed to account
for the packaging effect and the various geometric details of
each specific MEMS device. There are other classes of devices
with low natural frequencies, such as torsional mirrors. The
response of these devices is expected to be different than that
presented in this paper because such structures will experience
the shock load as a sudden force rather than a quasi-static load.
The transient behavior in such cases will have more
significance. Hence, factors such as damping, pulse duration,
and pulse shape will play more crucial roles in determining the
stability limits of MEM S microstructures.
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