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ABSTRACT
In this work we describe an electrostatic mass-balanced

planar x/y-scanner, using an optimized comb finger shape,
designed for parallel-probe storage applications. We show
a new stepped comb finger shape design, that has superior
force/displacement characteristics leading to a larger stroke
at the same voltage and a larger available force compared to
straight or tapered shapes.
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INTRODUCTION
One of the promising candidates for future storage appli-

cations is parallel-probe data storage, in which many atomic-
force-microscope-like probes are operated in parallel to read
and write data at a high data rate and a high data density
(> 1 Tb/in2) [1, 2]. Below the array of probes, the stor-
age medium is moved in x and y directions by a positioning
system (the scanner) with nanometer accuracy. To fully uti-
lize the storage medium, the scanner’s displacement range
should be larger than the distance between the probes. As
the probe density is on the order of 100 cantilevers/mm2

[3], the scan range has to be relatively large, on the order
of ±50 µm.

Shock resistance and low power consumption are impor-
tant requirements for mobile probe-storage applications [4].
Previously, a shock-resistant scanner design using electro-
magnetic actuation was reported by Lantz et al. [4]. Here we
explore electrostatic actuation with shaped comb drive fin-
gers as an alternative to the electromagnetic actuation used
in [4], because, in principle, comb drives do not require
power to maintain a non-equilibrium position. Thus dur-
ing track follow, when one axis is stationary and the other
is moving slowly, the power consumption of comb drives is
potentially lower compared to electromagnetic actuation.

DESIGN
In order to achieve shock resistance in the planar x and y

directions while being compliant for actuation, we adopt the
mass-balancing concept from [4]. To move the scan table
50 µm in both positive and negative x and y directions, four
comb drives, consisting of a fixed stator and a moving trans-

Figure 1: Photograph of a fabricated device (2x2 cm). 1: scan ta-
ble, 2: C-bracket, 3: x comb drives, 4: y comb drives, 5: pivoting
element. The wires are electrical connections to the isolated sta-
tors and to ground the moving parts of the device (bottom right).

lator, are used (see Figure 1). The comb drives are coupled
to the scan table through pivoting elements, such that the
scan table and translator move in opposite directions. When
the scan table and translator masses are matched, the system
is mass-balanced for enhanced linear shock resistance. A
large out-of-plane stiffness for passive shock rejection in the
z direction is achieved by etching the device, including the
spring suspension, through the full thickness of the wafer
(400 µm). This large etch depth necessitates the use of a rel-
atively large gap between fingers (25 µm), resulting in a re-
duced actuation force. To increase the generated force with-
out decreasing the minimum etch trench width, two comb
finger shapes are investigated: a tapered shape [5, 6] and a
new ‘stepped’ shape, both shown in Figure 2.

To perform seek operations or compensate for residual
shock forces, the actuation force at any given position x
must exceed the suspension spring restoring force. The force
available for these control operations is

Favail(x) = Fcomb(x,Vmax)− kx, (1)

Favail(x) =
1
2

N
∂C
∂x

V 2
max− kx, (2)
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where Fcomb is the actuation force generated by the comb
drive, Vmax the maximum available voltage, k the spring con-
stant of the suspension, x the displacement, N the number
of finger pairs, and C the capacitance of one finger pair.
This available force Favail should be greater than zero within
the operating range to enable control operations and ideally
should be as large as possible. Figure 3 shows a simulation
result for the available force curve for a normal straight fin-
ger shape, from which it can be seen that the force available
at large positive displacements needs to be increased in or-
der to extend the range of achievable displacement and to
provide a positive force margin for control operations.

The available force curve can be tailored by increasing
the number of finger pairs N, by reducing the spring stiffness
k, by modifying the individual comb finger lengths [7], or
by changing the comb finger shape [8]. Increasing the num-
ber of finger pairs increases the footprint and mass of the
scanner and is therefore unattractive. Because a minimum
out-of-plane stiffness is required, reduction of k is limited;
we use the same stiffness as in [4] for easier direct com-
parison. Modifying individual finger lengths decreases the
force at small displacements and does not increase the force
for large displacements. Conversely, ‘gap-narrowing’ finger
shapes (i.e. shapes that narrow the gap between fingers at
larger displacements) increase the force for large displace-
ments and is therefore most suited for our application. For
straight fingers, the necessary change in capacitance ∂C

∂x is
caused by increasing finger overlap; for gap-narrowing fin-
ger shapes, an extra term due to the decreasing gap distance
between fingers adds to the capacitance change, hence an in-
crease in force. The gap-narrowing effect of the tapered and
stepped shapes can be seen in Figure 2, when comparing the
geometries at 0 and 50 µm displacement.

FABRICATION
The scanner is fabricated from a 400 µm thick, highly-

doped single-crystal silicon wafer, using deep reactive-ion
etching and a layer of aluminum as an etch stop. All the me-
chanical parts including the comb drives are etched through
the full thickness of the wafer. This is done to achieve high
aspect ratio springs with a large out-of-plane stiffness for
a large passive out-of-plane shock rejection [4]. The mini-
mum trench width is 25 µm after etching, which is used as
a constraint on the gap between fingers during the design
of the finger shapes. A larger minimum width constraint of
40 µm is used at the base of the fingers (where the etch area
is enclosed on 3 sides, instead of 2 sides for a continuous
trench), to obtain a more homogeneous etch rate across the
geometry. Larger openings are defined by a 25 µm trench
following their periphery, leaving a center piece that drops
out when the aluminum etch stop layer is removed.

The comb drive stators are completely surrounded by

straight tapered stepped

Figure 2: The three investigated finger shapes, showing the new
stepped finger shape on the right. The dashed outline shows the
geometry at 50 µm displacement.

the translators; several break-out pieces connect the stators
mechanically to the translators to prevent the stators from
falling out at the end of the etch process. After etching, indi-
vidual scanner chips are separated from the wafer and glued
to base plates. A base plate features several arrays of sup-
ports on which glue is applied; the clearance between mov-
ing parts and base plate is about 100 µm. Then the break-out
pieces are removed to provide electrical isolation between
the stator and the translator of the comb drives. Finally,
small wires are connected to the device using conducting
epoxy.

RESULTS
Figure 3 shows 2D electrostatic finite-element results for

the available force of the three finger shapes. Figure 4 shows
the displacement versus voltage curve measurements for the
tapered and stepped finger shape devices. The measured
resonance frequencies for the corresponding axes of the ta-
pered and stepped designs were 133 Hz and 147 Hz, respec-
tively. Using these frequencies and measured actuator and
scan table masses, finite-element simulations predict effec-
tive spring constants of 60 N/m and 72 N/m, respectively,
although the suspensions should have identical stiffness by
design. The difference stems from variations in the etch pro-
files actually obtained. At 120 V, displacements of 38 µm
and 48 µm were measured for the tapered and stepped fin-
gers, respectively (Figure 4), corresponding to 2.3 mN and
3.5 mN, respectively, using the calculated stiffness values.
The equilibrium voltage Veq measurements in Figure 4 are
used to calculate the available force; combining equation (2)
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Figure 3: The maximum available force (= Fcomb−kx) in the pos-
itive direction as calculated by 2D electrostatic FE simulations
(solid lines, polynomial fit, Vmax = 150 V; k = 72 N/m; 731 fin-
ger pairs) and as calculated from the measurements in Figure 4
(points). The dashed curve shows the force from the suspension
springs only.

and the equilibrium condition

1
2

N
∂C
∂x

V 2
eq = kx, (3)

we obtain

Favail(x) = kx
V 2

max

V 2
eq

− kx. (4)

The calculation results are shown as points in Figure 3; the
difference with the finite-element result is explained by a
slightly larger obtained finger gap size.

The device using stepped fingers reaches a 25% larger
displacement than the device using tapered fingers, in spite
of the 20% stiffer spring suspension of the stepped shape
device. Stepped fingers provide the highest force and their
available force curve is almost flat for positive displacements,
approximating an optimal solution where the minimum in
the available force curve is as high as possible. Assuming
a maximum voltage of 150 V, the device using the stepped
shape has at least 1.8 mN force available for control opera-
tions for the full ±50 µm range.

Interestingly, the available force is largest in the region
where the fingers are disengaged and have no overlap (x <
−25 µm); the comb drive force decreases, but the spring
force increases and because the displacement is negative, it
adds to the available force in the positive direction. Con-
trary to what one might expect, the minimum of the available
force curve lies not in the region where the fingers are dis-
engaged and Fcomb is small, but in the region where Fcomb is
large and where the comb drive is close to instability (snap-
in).
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Figure 4: Displacement measurements on a device with tapered
and a device with stepped fingers. The feature in the tapered finger
curve at 65 V is a measurement error caused by video processing.

CONCLUSION
We have designed and successfully fabricated a mass-

balanced vibration resistant x/y-scanner that uses electro-
static actuation. To provide passive shock rejection in the
z direction perpendicular to movement, the x/y-scanner is
fabricated from the full thickness of the wafer (400 µm). In
order to etch comb drives through this thickness, the gap be-
tween comb drive fingers was relatively large (25 µm).

An important conclusion from the available force calcu-
lations is that, although the fingers are disengaged for large
negative displacements, the available force in the positive di-
rection is still large in this region due to the restoring spring
force; the minimum available force in the positive direction
is found at large positive displacements. This means that,
in terms of available force, it is not necessary to have comb
fingers overlap throughout the whole actuation range.

The comb drive force was increased by using gap-nar-
rowing finger shapes. Measurements showed that the dis-
placement at 120 V using stepped fingers is 26% more than
using tapered fingers, despite the spring suspension of the
stepped shape device being 20% stiffer than the spring stiff-
ness of the device with tapered fingers. Moreover, the avail-
able force for control operations is larger for the stepped
shape compared to the straight and tapered finger shapes.
The available force curve of the stepped shape approximates
an optimal solution where the available force curve is flat
and its minimum is as high as possible.
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