
IEEE MEMS (2003) pp. 124-129.

POWER DELIVERY AND LOCOMOTION OF UNTETHERED MICRO-ACTUATORS

Bruce R. Donald†‡∗ Christopher G. Levey§ Craig D. McGray† Daniela Rus† Mike Sinclairo

†Dartmouth Computer Science Department, Hanover, NH 03755, USA.
‡Dartmouth Chemistry Department, Hanover, NH 03755, USA.

§Dartmouth Thayer School of Engineering, Hanover, NH 03755, USA.
oMicrosoft Research, Redmond, WA, USA.

ABSTRACT

This paper presents a micro-actuator that operates free of
any physically restraining tethers. We show how capacitive
coupling can be used to deliver power to MEMS devices,
independently of the position and orientation of those de-
vices. Then, we provide a simple mechanical release process
for detaching MEMS devices from the fabrication substrate
once chemical processing is complete.

To produce these untethered micro-actuators in a batch-
compatible manner while leveraging existing MEMS infras-
tructure, we have devised a novel post-processing sequence
for the PolyMUMPS process. Through the use of this se-
quence, we show how to add,post hoc, a layer of dielectric
between two previously-deposited polysilicon films.

We have demonstrated the effectiveness of these tech-
niques through the successful fabrication and operation of
untethered scratch drive actuators. Locomotion of these ac-
tuators is controlled by frequency modulation, and the de-
vices achieve speeds of over 1.5 mm/sec.

INTRODUCTION

The field of MEMS has produced a wide variety of micro-
actuators in the two decades since its inception. Little re-
search, however, has been conducted on the possibility of
autonomous locomotionat the micro-scale. In large part,
this is due to the problem of how to deliver power to the au-
tonomous system, without restraining its motion with phys-
ical tethers such as rails, stators, or springs.

In previous work, the power delivery problem has been
approached in a number of ways. Energy has been provided
to actuators through vibration [1], through photo-thermal trans-
duction [2, 3], and electrically through gold bonding wire
[4, 5]. These approaches produced systems on the centime-
ter to millimeter scale. We propose the use of a capacitive
coupling for electrostatic power delivery, that allows fabrica-
tion and control of untethered actuators of less than80 µm
in length.
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BACKGROUND – SCRATCH DRIVE ACTUATORS

A scratch drive [5, 6, 7, 8, 9] is a type of direct-drive actuator
that operates through electrostatic attraction. It is composed
of a thin polysilicon plate with a bushing at the front end.
The plate is typically in the range of80 µm on a side, and
1-2µm thick. The bushing height is typically in the 1-2µm
range.

The scratch drive operates as shown in Figure 1. When
a voltage is applied between the polysilicon plate and the
substrate beneath it, the plate is drawn down into contact
with the substrate. Since the front of the plate is supported
by the bushing, strain energy is stored in the plate, and the
edge of the bushing is pushed forward. When the voltage
is removed, the strain is released and the scratch drive plate
snaps back to its original shape, slightly in front of where
it began. When an AC signal is applied, this cycle is con-
tinuously repeated, and the scratch drive moves forward in a
step-wise manner.

POWER DELIVERY MECHANISM

We designed, fabricated, controlled, and tested an untethered
version of the scratch drive actuator. To do this, a new power
delivery mechanism was required.

In particular, the power delivery system must provide a
signal that is independent of both the position and orienta-
tion of the actuator. One way of providing this is through a
capacitive coupling between the actuator and a sequence of
electrodes that cover the surface of the substrate, as shown
in Figures 2 and 3. When power and ground are applied
to alternate electrodes, an untethered scratch drive actuator
placed in any orientation on these electrodes forms the ca-
pacitive circuit shown in Figure 2. The potential applied to
the scratch drive plate is the potential on the wire between
the two capacitors in this circuit:

Vplate = (V2−V1)(C1C2)
(C1+C2)

The capacitancesC1 andC2 are proportional to the area
of overlap between the scratch drive plate and the low-voltage
and high-voltage electrodes, respectively. Since the dimen-
sions of the actuator greatly exceed the width of each elec-
trode, the area of high-voltage overlap is always maintained
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Figure 1: A schematic of the operation of a scratch drive
actuator [6, 7].
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Figure 2: A schematic of the power delivery mechanism.
The potential induced on the actuator,Vplate, is approxi-
mately the mean ofV1 andV2.

roughly equal to the area of low-voltage overlap. So, the po-
tential induced on the actuator is roughly half that applied to
the electrodes, regardless of the position and orientation of
the drive.

Charging of this circuit produces the electrostatic attrac-
tion between the scratch drive and the electrodes, which in
turn bows the actuator’s plate downward and its bushing for-
ward as shown in Figure 3.

FABRICATION PROCESS

We fabricated our untethered microactuators using the Poly-
MUMPS process [10]. However, following sacrificial re-
lease, there is no insulating layer between the Poly2 layer
(on which we fabricate the scratch drives) and the Poly0
layer (on which we fabricate the electrodes). For power to
be delivered to the devices through the process described in
the previous section, we must add an insulating layer be-
tween Poly0 and Poly2. In this section, we describe a sim-
ple post-processing sequence for providing this intermediate
insulating layer on devices fabricated with the PolyMUMPS
process.

During PolyMUMPS fabrication, sacrificial release, and
post-processing, all devices remain attached to the substrate
with polysilicon beam tethers. To allow for subsequent me-
chanical release of the devices from the substrate, these beams
are fabricated with a small score mark where they join the
actuators. Figures 4.i and 5 show the devices as they appear
immediately following sacrificial release.

To minimize stiction difficulties, the sacrificial release
step is followed by a super-criticalCO2 dry. Then, the de-
vices are annealed in nitrogen and water vapor at550◦ C,
thereby growing an insulating layer of silicon dioxide be-
tween the actuators and their underlying electrodes.

Note the unusually low temperature of this oxidation step.
Because the oxidation is performedafter sacrificial release,
oxide will grow on both the top and the underside of all re-
leased devices. However, since the channel between a re-
leased device and the substrate is only2.75 µm wide, oxi-
dants are delivered more slowly to the underside of a device
than to its top surface. As a result, oxide growth is uneven on
the two surfaces. Stress will not be balanced on the top and
bottom of the device, resulting in out-of-plane curvature.

A slow oxidation at low temperature resolves this prob-

Figure 3: Electron micrographs of capacitively-coupled
power delivery to untethered scratch drive actuators.Top:
At rest, the scratch drive makes contact with the substrate
only at its bushing and its tail.Bottom: When a voltage
is applied to the underlying electrodes, the scratch drive
plate is bowed downward, resulting in an incremental for-
ward step.
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Figure 4: Cross-section views of the post-processing se-
quence. i: PolyMUMPS sacrificial release produces sus-
pended micro-structures.ii: Wet oxidation produces insu-
lator on both the top and bottom of the released devices.iii:
Insulator is etched from contact pads to allow power to be
delivered to the electrodes.iv: Restraining beams are bro-
ken to release the actuators.
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Figure 5: Plan view of an untethered scratch drive actuator
prior to mechanical release. The score mark on the restrain-
ing beam allows for controlled release of the actuators.

lem. Our devices were oxidized at550◦ C for a duration
of 8 days. Oxide thickness data were obtained through el-
lipsometric measurements of n-type silicon test wafers that
shared the furnace with the PolyMUMPS dice. The result-
ing oxide growth curve for550◦ C wet oxidation is shown
in Figure 6. Using this process, the curvature produced in
the released structures is negligible. Figure 4.ii shows the
devices after the oxidation step has been performed.

Following oxidation, the dice undergo photolithography
to open contact holes above the pads. They are coated with
a spin-on photoresist, masked and exposed, etched in 10:1
Buffered HF, and dried once again in super-criticalCO2.
At this point in the process, the sacrificial release has al-
ready been performed, but nevertheless, the devices and their
mechanical tethers are robust enough to survive the process
without breaking. The result is shown in Figure 4.iii.

MECHANICAL RELEASE

Following the post-processing sequence described in the pre-
vious section, the actuators are still attached to the substrate
by physical tethers. These tethers, shown in Figure 5, are
strong enough to withstand the rigors of the fabrication pro-
cess, but are designed to break in a controlled fashion under
a small amount of mechanical pressure. This pressure can
be applied “by hand” with a micromanipulator, or in an au-
tomated fashion with another assisting MEMS actuator. An
important point, in either case, is that the target actuator be

firmly held to the substrate to provide a reaction force and
moment.

One effective way to hold down the actuator during me-
chanical release is with a small electrical potential capac-
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Figure 6: Oxide growth curve for wet oxidation of silicon
at 550◦ C. Thickness measurements reflect the average cal-
culated from ellipsometric measurements taken at30◦, 50◦,
and70◦ angles of incidence, using a refractive index of 1.46.
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Figure 7: Layout of the self-release mechanism. The assist-
ing spring-tethered scratch drive (a) moves forward while
the target actuator for the release operation (b) holds down
to the substrate by electrostatic attraction. The restraining
beam (c) breaks at the score mark (Figure 5) adjacent to
the untethered actuator.Inset: An optical micrograph of the
system just prior to fracture of the restraining beam.

itively coupled to the actuator through the substrate. Us-
ing this technique, we have shown that it is possible for one
scratch drive actuator to release another. The setup for this
technique is shown in Figure 7. While the target actuator
holds down to the substrate, the assisting actuator moves for-
ward, applying a torque across the lever arm formed by the
tether. The stress from this action is concentrated in the score
mark that was fabricated in the tether, resulting in fracture at
the desired location.

Figure 8: Successive frames from a 20 Hz video of a
100 µm × 80 µm untethered micro-actuator. The actuator
was driven with a 120 V, 100 kHz square wave applied to the
electrodes. With this control signal, it walked94 µm in the
1/20 second between frames, for a speed of1.88 mm/s.

DEVICE PERFORMANCE

Untethered scratch drive actuators are operable over a wide
range of parameter values. We fabricated untethered scratch
drives that were 80-120µm wide, between40 µm and100 µm
long, and had bushing heights of0.75 µm and1.5 µm. Un-
tethered actuators from two different PolyMUMPS runs were
observed to have correct operation.

To test the performance of these devices, we used a func-
tion generator and an amplifier to apply 120 V square wave
signals to the electrodes, at frequencies of 100 Hz, 1 kHz, 10
kHz, and 100 kHz. This results in a 60 V potential difference
between the electrodes and the scratch drive plate. The mo-
tion of the devices due to these waveforms was filmed with a
20 frame/sec digital camera, and adjacent video frames were
extracted as still images. The speeds of the actuators were
calculated by measuring the distance travelled in the time
between two frames. A clip from one such experiment is
shown in Figure 8, and the data are reported in Figure 9.

The actuators achieved speeds of up to300 µm/s at drive
frequencies of 10 kHz, and exceeded1.8 mm/s at 100 kHz,
where a limitation of the measurement system was reached.
These speeds are significantly faster than speeds measured
for tethered scratch drives fabricated with the PolyMUMPS
process [12], despite the fact that the bushings on the un-
tethered test devices were significantly shorter. Part of this
difference can be explained by the thinner oxide insulating
layer (< 1000Å), which results in a stronger electric field
than is produced with the6000Å nitride layer used for teth-
ered scratch drives. The rest may be due to the absence of
frictional drag along the rails, as described in Table 1.

The average step size,∆x, of the actuators can be cal-
culated from the ratio of the drive speed to the frequency of
the waveform. This value can be modelled analytically as a
function of the applied voltage,V , as follows [8]:

Figure 9: Actuator speed as a function of frequency. Control
of untethered micro-actuators is possible at a wide range of
frequencies and speeds. The slope of the plot (approximately
1 in log-log space, above), reflects a step size of approxi-
mately 30 nm per cycle.



Table 1:Predicted and experimentally measured step sizes for comparable tethered (rails) and untethered (capacitive) scratch
drive actuators. The measured step size for untethered devices comes much closer to the theoretical value than does the step
size of tethered devices. This may be due to the decreased frictional drag that results from the absence of electrical rails. The
dielectric constants are taken from [11], and data on tethered scratch drives are from [12].

Power Plate Dielectric Insulator Bushing P P Step Size Step Size
Delivery Voltage Constant Thickness Height (Predicted) (Measured) (Predicted) (Measured)

Capacitive 60 V 3.2 1000 Å 0.75 µm 4.0 × 10−9 4.2 × 10−9 31 nm 32 nm

Rails [12] 60 V 6.5 6000 Å 1.5 µm 8.6 × 10−9 9.0 × 10−10 67 nm 7 nm

∆x = P
√

V (1)

whereP is a constant defined by:

P =
(

27kε0h
6

4Edt3

)1/4

in whichk is the dielectric constant,ε0 is the permittivity of
free space,h is the bushing height,E is the Young’s modu-
lus of the plate material,d is the thickness of the insulating
layer, andt is the thickness of the scratch drive plate. Table 1
shows the measured and predicted step sizes for untethered
scratch drives compared to those of tethered scratch drives
from [12].

CONCLUSIONS

This work provides basic components that enable untethered
locomotion at the MEMS scale. We provide a power deliv-
ery mechanism that is independent of device location and
orientation, an automated release process, and a microfab-
rication process for building untethered devices. We have
demonstrated the feasibility of these components through the
development of untethered scratch drive actuators, and have
characterized the performance of these devices.

In the course of producing untethered scratch drive actu-
ators, we have developed a novel post-processing technique
for post hocinsertion of dielectric layers between previously-
deposited polysilicon films. We have successfully employed
this technique to insulate devices fabricated with the Poly-
MUMPS process.

We expect that the techniques presented in this paper will
be valuable for future work on autonomous locomotion of
MEMS devices. Given the ability to locomote freely on the
substrate, the natural next step is to devise directional control
systems for untethered MEMS actuators. Work is underway
in our laboratory to pursue this goal.
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