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Abstract— This paper suggests a new geometry for
MEMS comb drive actuators. In this geometry, the usual
attachment shuttle for the moving comb fingers is elimi-
nated and replaced with four out-of-plane support struts.
This reconfiguration of the comb drive’s vital elements
removes an entire set of comb fingers, significantly in-
creasing the device force density. Two different orien-
tations of this design are considered, and fabrication of
set of test structures is proposed. Although out of plane
electrostatic forces act on the device as a result of the
support struts, these are shown to be adequately sup-
ported by a standard suspension flexure.
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I. INTRODUCTION

The fast growing field of microelectromechanical sys-
tems (MEMS) is slowly shifting from a process to a
design based discipline. In the design arena, there is a
need for standard components that can be combined to
create useful devices. The Tang style comb drive [1] is a
great example of a modular actuator that is widely used
whenever motion or force is needed. The comb drive is
popular because it draws little current, and the force
it generates is well controlled [2]. Significant work has
been done to characterize the conventional comb drive
[1]. In addition, there has been significant research done
on many geometrical variants of the conventional comb
drive [2], [3], [4]. Our motivation is to propose a new ge-
ometry for comb drives in a multi-layer process. Hope-
fully our structure will find a use as a modular element
in the emerging MEMS design arena.

II. DESIGN
A. Actuator Design One

Our electrostatic actuator design replaces the sup-
port structure connecting the moving fingers of a comb
drive with out of plane struts. This allows a single set
of moving fingers to be used for actuation in both direc-
tions. The support struts holding the fingers together

are above and below the plane of the fingers. This ver-
tical symmetry ensures a balance of electrostatic forces
on the device normal to the substrate. (An asymmet-
ric geometry would cause an unbalanced force to act
on the moving fingers). See figure 1 for an illustration
of the proposed actuator. The governing equation of a

conventional electrostatic comb drive [1] is given by
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where  is illustrated in figure 2, is the number of
fingers, is the electrical permittivity, is the finger
thickness, is the gap, and is the applied voltage.

The most common pitfall of comb drives is electrostatic
instability resulting from the parallel plate attractive
forces between each of the fingers. This electrostatic



force is labeled in figure 2 and the net force in the
y-direction acting on the comb drive structure is
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where is the overlap of the fingers and is the mis-
alignment of the fingers in the y-direction. Ideally,
is zero which results in no net force in the y-direction.
hile conventional comb drives have negligible out-
of-plane (z-direction) forces, the proposed electrostatic
actuator would be sub ect to parallel plate attractive
forces in the z-direction. As a result of the symmetry in
the design, the net force in the z-direction is analogous
to that in the y-direction and can be written as
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where  is the width of the fingers, is overlap of the
moving fingers with the fixed fingers, is the gap in

the z-direction, and is the z displacement from the
ideal position.
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One drawback of this particular design is that the
two additional support layers do not contribute to force
in the direction of motion. This results in a smaller
force per finger than would be generated by a three-
layer conventional comb drive.

. Actuator Design o

Our second variant of the above design is shown in
figure 3. This design incorporates plates as the supports

for the moving fingers. This geometry has the advan-
tage that both the top and bottom plates increase the

net drive force and the rigidity of the moving comb fin-
gers. One disadvantage is the increase in electrostatic
instability in the z-direction. Our interest is in how the
drive force of this design compares to that of a tradi-
tional comb drive with three laminated structural lay-
ers. The concentric square tubes of the new design are
roughly modeled as concentric cylinders (see figure 4),
while fingers in the traditional design are modeled as
parallel plates. The ratio of drive forces given by the
two devices is
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where is the force from the concentric cylinder
approximation, is the force from the 3-layer lami-

nated comb drive, is the outer radius of the concentric
cylinders and  the inner radius.  hen the ratio — is

three, a reasonable approximation, the ratio of forces is
approximately one.

A common metric for the comparison of micro-
actuators is their force density. The ratio of force den-
sities between the new and traditional designs is given
by
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where is the length of the comb fingers and is the

initial overlap. The new design eliminates a set of comb
fingers, resulting in approximately a 2  reduction in
area. This in turn corresponds to a 33 increase in
force density over the traditional design when — 1.

The tradeo for the increased drive force is a higher
electrostatic instability in the z-direction. However, the
support beams can be laminated to increase the sti ness
in the z-direction. The force in the z-direction of this
geometry is still governed by equation (3).



u ort tructure Design

In designing a resonator that employs our electro-
static actuator design, the proof mass can be placed on
both side of the comb drive as shown in figure . The

mechanical springs supporting the moving comb fingers
must be compliant enough along the direction of mo-
tion to allow actuation, yet sti enough in the y and
z-directions to prevent transverse movement. i eren-
tiating (2) and  (3) with respect to and
respectively, yields the electrostatic spring constants
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Equations ( ) and ( ) were used to determine lower
bounds for the mechanical spring constants and  of
the suspension exure. The spring constant of the sup-
port structure in the drive direction must also satisfy
where is the maximum displace-
ment of the moving fingers. erivations of mechanical
spring constants for a double-folded exure were taken
from [ ] and used in the design of our test structures.

D. a rication

Our suggested comb drive needs to be fabricated in a
process that supports at least three active mechanical
layers. The Sandia Summit- (see figure ) is a stan-
dard process that supports four structural layers [ ].
The fabrication of our device is restricted to the upper
three layers to ensure equal sized gaps between the fixed
and moving fingers. The oly3 layer is the engage ent
layer in our device, from which all the comb fingers are
constructed. The fixed comb fingers are anchored to the

substrate while the moving comb fingers are attached
to the exible suspension. The moving comb fingers
each stand alone, suspended between the out of plane

oly2 and oly4 layers. All three of these layers are
used to form the suspension exure electrostatic forces
normal to the substrate play a role in our device and so
the suspension exture is made as thick as possible to
maximize its sti ness in the z-direction.

III. EST TRUCTURES

e propose to fabricate several versions of the two
actuators discussed in design sections II-A and II-
ecause our geometry has never been tested, our fore-
most desire is that at least one of the actuators work.
The force density of our device depends on the ratio
, and so we also plan to vary finger length among
our di erent structures, while maintaining a constant
initial (i.e. zero voltage) overlap length. In the future,
it would be worth investigating variation in the shape
of the plates that support the moving fingers. i erent
shaped plates would result in a hardening or softening
of the e ective spring constant of the device, analogous
to the control that is achieved when the length or ge-
ometry of individual comb fingers is varied [ ], [3], [4]-

I . ECTED ESU TS

e expect both our actuator designs to have per-
formances similar to conventional comb drives. ased
on theoretical calculations discussed earlier, we expect
the actuators to produce the drive forces given in ta-
ble I. igure shows the expected ratio of the force
densities between our second design and a conventional
comb drive. e expect a ratio 3 for our second
design, and therefor predict that our drive will have a
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higher force density than a traditional comb drive . The
second important trend to recognize is that as the ratio

increases, the force density of our design improves.
This is a result of the reduced area caused by one less
set of comb fingers.

ONC USION

The ma or advantage of our design is that it allows
a single set of comb fingers to be used for actuation in
both directions, and that it therefor yields a savings in
real estate. In a process like Sandia Summit  where
three active mechanical layers are accessible, a stan-
dard planar comb drive made three layers thick, would
o er higher force density than our first design, which
has only one comb drive layer. reliminary calcula-
tions however suggest that if the support beams in our
design are replaced with plates, the force density of our
second design will be greater than that of a traditional
three layer thick planar comb drive.
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II1. ENDI

This paper, the final layout, all hand calculations,
sketches, and matlab code, are available on the web at

http  agger.berkeley.edu peter ee24 pro ect.
E ERENCES
tat sra Actatr TS
roa t
t atra st sa tr ct rs
tat sra Actatr TS



