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Summary: A novel electrostatic inchworm microactuator, which employs both a built-in mechanical
transformation and a large number of contraction units to generate large force and sub-micrometer
resolution step, is presented. The actuator is fabricated in a single polysilicon device layer using a trench
isolation technology. The entire actuator, including the clamps and the contraction element, fits in an area
of 440 x 286 µm. Tests on the first prototype show an effective step size of 13 nm and a generated force of
0.55 mN. A driving voltage of 55 V has been used both for clamping and contraction.
Keywords: electrostatic microactuator, inchworm motion, vertical trench isolation
Category: 4 (Non-magnetic physical devices)
The released beams stretch and push the front
clamp forward (E). Finally, the front clamp is
activated again (F) and one operational cycle is
fully completed. The entire actuator is moved by a
single step. A large stroke motion can be achieved
by adding the small steps by simply repeating the
operational sequence.

1 Introduction
Diverse MEMS applications require high-resolution
positioners that fit in a small volume and are able to
produce large stroke and large force while using
little power. Microactuators based on the inchworm
motion [1-4] have a potential to satisfy these
contradictory requirements. Inchworm actuators
add small steps in sequence to obtain large
displacement. Piezoelectric [1], electrostatic gapclosing [2] or thermoelastic [3] actuators have
already been used for step generation. The shuffle
motor [4] is a promising alternative. A deflection of
an elastic plate towards the substrate under the
electrostatic force is employed to induce a powerful
sub-micrometer contraction. A large force can be
achieved in the small volume due to a built-in
mechanical transformation.
This paper presents a novel electrostatic
inchworm microactuator. The actuator employs
both a built-in mechanical transformation [4] and a
number of contraction units operating in parallel [5]
to generate large force and sub-micrometer step
within a small volume. A large stroke is achieved
by adding small steps in sequence using the
inchworm principle.
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2 Working principle
A schematic view of the novel inchworm
microactuator with the operation sequence is
depicted in Fig. 1. The actuator consists of two
electrostatic clamps and an electrostatic contraction
element consisting of pairs of insulated beams. To
create a single motion step the front clamp is first
activated (A). On application of a potential
difference on the contraction element a deflection
of the beams occurs. This lateral deflection induces,
due to a built-in mechanical transformation, a small
but powerful longitudinal contraction moving the
clamps closer together (B). Next, the back clamp is
activated (C) and the front clamp is released (D).
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Fig. 1. Actuation sequence as seen from the top.
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Figure 3 shows the fine and the coarse step size as a
function of the beam length for beams separated by
a gap g=2 µm. The deflection of the beam at the
midpoint v during the fine stepping and the contact
length c during the coarse stepping are assumed to
be 20% of the initial gap g respectively 20% of the
beam length L.

3 Theoretical analysis
Maximum step size and maximum generated force
of the inchworm actuator are primarily determined
by the performance of the contraction element. A
basic unit of the contraction element, shown in
Figure 2a, is composed of two parallel, conducting
beams with length L, height h and width t. The
beams are separated by a gap g and are mutually
electrically insulated allowing individual biasing.
On application of the potential difference U a
deflection of the beams occurs inducing a
longitudinal displacement δ. The magnitude of the
displacement can be approximated by the curvature
shortening which is the difference between the
length of the deflected beam and its horizontal
projection [5]. Two distinct operating modes, fine
and coarse stepping, can be attained by an
appropriate choice of the applied voltage U.
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Fig. 3. Variation of fine and coarse step size with beam
length (g=2µm, v=0.2g, c=0.2L).

The maximum attainable force (force at zero
displacement) is the force required to elongate the
beams an amount equal to the curvature shortening
δ [5]:

Fmax = n

Eth
δ
L

(3)

where n is the number of beams connected in
parallel and E is the Young’s modulus. Fig. 4
shows the maximum force as a function of beam
length for an contraction element consisting of 16
polysilicon beams, with height 5 µm, width 2 µm,
initial gap 2µm and Young’s modulus E=150 GPa.
The curvature shortening δ is calculated using Eq. 2
where the contact length c is assumed to be equal to
0.2L.

Fig. 2. A schematic view of a basic unit of the contraction
element: (a) at rest (b) fine stepping (c) coarse stepping.

The fine longitudinal step δF is obtained by
operating the beams in the stable mode below the
pull-in voltage (Fig. 1b). The step size depends on
the beam deflection at the midpoint v and the beam
length L [5]:
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When the actuation voltage equals or exceeds the
pull-in voltage (Fig. 1c) the beams will be pulled
together. The higher voltage increases the contact
length c providing a larger longitudinal
displacement. The length of the coarse step δC can
be estimated by [5]:
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Fig. 4. Maximum attainable force of a contraction
element with 16 polysilicon beams of 5 µm height, 2 µm
width, an initial gap 2µm, E=150 GPa and c=0.2L.
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patterned. A short isotropic etch of the silicon oxide
is performed to define the height of isolating bumps
(e). The hollow bumps and the silicon nitride
sidewalls on the contraction beams to prevent short
circuiting during operation are created by a 130 nm
thin nitride layer deposition followed by a maskless
RIE etch step. Finally, the actuator is released using
a (B)HF sacrificial silicon oxide etching (f).

4 Fabrication process
A standard surface micromachining process in
combination with a vertical trench isolation
technology [6,7] is used to fabricate the inchworm
microactuator. Electrical insulation and mechanical
interconnection between clamps and contraction
beams is achieved in a single device layer by
employing trenches refilled with dielectric material.
The three-mask fabrication process is illustrated in
Fig. 5.
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5 Results
A successfully fabricated actuator with all
components is shown in Fig. 3. The moving parts of
the actuator consist of two clamps and a contraction
element. The actuator is supported and guided by
four springs, which also provide driving signals to
the clamps and the contraction element. The whole
actuator including the clamps and the contraction
element fits in an area of 440x286 µm.

Polysilicon

(a)

Front clamp
(b)

Isolating bump

Refilled trench
(c)

(d)

(e)
Front Clamp

Isolating bump

Contraction beams

Refilled trench

Contraction beams

Back clamp

100 µm

Back clamp

Fig. 6. SEM photograph of the inchworm microactuator.

The contraction element of the actuator contains 16
beams, 212 µm long, 2 µm wide, 4.8 µm high, with
a 2 µm distance in between. Isolation trenches, 2
µm wide, were refilled with a low-stress silicon
nitride layer to create distinct electrical domains.
Fig. 7 shows a close up of refilled trenches, which
assure the electrical isolation between neighboring
beams and also between the beams and the clamp.

(f)

Fig. 5. Fabrication sequence.

First, a 3.4 µm thick silicon oxide layer is thermally
grown on a highly conductive silicon wafer using
wet oxidation on 1150°C for 30 hours (a). Molds
for clamp feet are defined in the silicon oxide layer
using ICP etching. The molds, 2.4 µm deep, reduce
an initial gap between clamps and the substrate
allowing easy clamping. Besides, the depth of the
molds determines the distance between beams and
the substrate during the operation. A large distance
assures proper operation of the beams by
preventing the beams to be pulled downwards to the
substrate. A 4.8 µm thick LPCVD polysilicon layer
is deposited on the patterned surface and heavily
doped with boron (b). Trenches, 2 µm wide, with
slightly negative profile are etched in the
polysilicon layer (c) using Deep Reactive Ion
Etching (DRIE). Subsequently, the trenches are
completely refilled with an LPCVD low-stress
silicon nitride layer. The silicon nitride layer from
the top is removed by a maskless RIE using CHF3
plasma (d). In a second DRIE step the actuator is
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Fig. 7. Close up of the connection between beams and a
clamp.
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amplified electric field probably causes a
breakdown in the gap.
Additionally, the inchworm motion in the fine
stepping mode was not yet accomplished. The
reason is still unclear.
Finally, the maximum driving frequency of the
actuator was only limited by the measurement
equipment. Concerning the high stiffness of the
contraction beams considerably higher frequencies
should be possible. This will result in a
substantially higher speed of the actuator.
The current effort is focused on solving these
issues.

The 150 nm gap between an activated clamp and
the grounded substrate is determined by the height
of isolating bumps evenly spaced on the clamp
surface. The bumps are employed to reduce stiction
during release and operation, to prevent the shortcircuiting between the clamps and the grounded
substrate, to limit the charge accumulation and to
serve as etch holes at the same time.
The inchworm motion of the actuator is
successfully performed in the coarse stepping
mode. For reasons yet unclear no motion was
observed when the actuator was operated below the
pull-in instability. During motion experiments, the
substrate and one half of the beams were grounded.
The tests were done using a voltage sequence given
in Fig. 8.
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7 Conclusion
Design, fabrication and characterization of a low
volume electrostatic inchworm microactuator with
sub-micrometer stepping resolution and large force
have been presented. Through successful generation
of a large stroke motion a great potential of the
microactuator is demonstrated.
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Fig. 7. Voltage sequence applied to the actuator to create
inchworm motion.
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6 Discussion
Preliminary results on the first prototype prove the
feasibility of a low volume, high resolution, large
force, electrostatic inchworm actuator. However,
better performance of the actuator, in terms of
larger force (>1 mN) and higher speed (>1 mm/s)
can be expected, but were not realized in the current
design.
Main problem encountered during the testing was
occasionally the short-circuiting between clamps
and the substrate. The small effective gap and
relative high voltage create a high electrostatic field
(≈3.7⋅108 V/m). The field is additionally amplified
by sharp polysilicon edges that originate from the
trenching effect that occur during the ICP etching
of clamp molds in the silicon oxide layer. This
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