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Abstract—The ability for a device to locomote freely on a sur- delivery mechanism is appropriate for fully two-dimensional
face requires the ability to deliver power in a way that does not (1, ) and , ¥, #) locomotive platforms. Fig. 1 shows the

restrain the device’s motion. This paper presents a MEMS actu- q1e of this mechanism in the progression toward locomotive
ator that operates free of any physically restraining tethers. We

show how a capacitive coupling can be used to deliver power to un- pIatforms at the SUb'lof_‘ﬂl S(_:"_’“e' o

tethered MEMS devices, independently of the position and orienta- ~ Previous work has identified numerous applications for
tion of those devices. Then, we provide a simple mechanical releaseminiature and microscale locomotive platforms operating
process for detaching these MEMS devices from the fabrication ejther as remote-operated vehicles or, with on-board control

substrate once chemical processing is complete. To produce thesgyystams, as microrobots. These application areas include
untethered microactuators in a batch-compatible manner while

leveraging existing MEMS infrastructure, we have devised a novel manipulation a_tnd assembly of hybrid mlcrosystems 4],
postprocessing sequence for a standard MEMS multiproject wafer [9]-[13]; security and surveillance [4], [6]; exploration of
process. Through the use of this sequence, we show how to addhazardous environments [6]; and biomedical research [6], [10].
post hog a layer of dielectric between two previously deposited The possibility of untethered two-dimensional microactuators
polysilicon films. We have demonstrated the effectiveness of theseand microrobots with side lengths less than 0@ opens

techniques through the successful fabrication and operation of un- the d ¢ dditi | licati E le. th
tethered scratch drive actuators. Locomotion of these actuators is 1€ d00r 1o many additional applications. -or example, the

controlled by frequency modulation, and the devices achieve max- Planning and control of micropushing strategies could build on

imum speeds of over 1.5 mm/s. [1034] the mechanics of planar pushing manipulation [14] to extend
Index Terms—Capacitive coupling, microlocomotion, micro- existing distributed,_ multirobot pushing protocols [15]. As
robotics, scratch drive actuators, untethered microactuators. another example, in meso-scale self-assembly (e.g., [16]),

the assembly constituents have traditionally been passive
participants in the complex dynamical system that drives the
self-assembly process. Consequently, to date, the components
HILE the field of MEMS has produced a wide varietyof a self-assembled system have been more like manipu-
of innovative microactuators, considerably less researténda, and less like robots. Microrobots at the 160 scale
has been conducted on the possibility of autonomous locomweuld enable a self-assembly paradigm in which the pieces of a
tion at the microscale. Accordingly, though there are marsglf-assembling system could be active participants in their own
actuators with dimensions expressible in tens of microns, thesembly, analogous to biological self-assembling systems.
smallest existing self-contained locomotive platforms are #pplications are foreseen in microscale self-reconfiguring
the millimeter to centimeter range [1]-[8]. As the size of theg@botics [17]-[22] and in MEMS infosecurity self-assembly
locomotion platforms decreases, the problem of power delivd@a], [24], where autonomous locomotion of microdevices is a
requires novel solutions. This paper presents a power delivgymary requirement. While for all these applications a number
mechanism for unrestrained actuators that are 40#100n a of technical and engineering challenges remain, in each case
side. The actuators require no fixed connection to the substraeg capability of unrestrained, untethered locomotion serves as
and can operate at arbitrary position and orientation. Becawseimportant enabling technology.
device position and orientation are not restricted, this powerPrevious work on the power delivery problem has produced a
number of different approaches. Energy has been provided to ac-
) . ) . ) uators through vibration [8], through photo-thermal transduc-
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Tethered SDAs Untethered SDAs Steerable Microactuators
I5], [26], [27], [30], [31] [This Paper] [Future Work]

Behavior Tethered Actuation Untethered Locomotion Steerable Locomotion

C-Space R! R! R?>xS!

Setup (Manual) 0 R2xS! R?xS!

Setup (Auto) R! R! R2xS!

Trajectories Fixed Disjoint Lines Arbitrary Lines Arbitrary Planar Curves
(@ (b) ©

Fig. 1 Progress towards to fully two-dimensional (2-D) MEMS locomotive platfo@aspace(configuration space [38]) reports the total degrees of freedom
(DOF) of the device motiorSetupreports the possible DOF to initialize the device’s initial pose (position and orientation) prior to the motion either manually
with a pair of microprobesManual), or in an automated fashio/(to). The three classes of device are shown. Panel (a) characterizes the behavior of previous
tethered scratch drive actuators (SDAs). The paths of these devices are constrained to fixed lines [26], [27], [30], [31] or circles [5], [12DtitafRiajn
configuration space. Panel (b) describes the untethered actuators presented in the current paper. These new devices also operate indhditrifigicati

be manually initialized in the spad®@? x S*', wherelR? is the Euclidean plane of the substrate, &ids the group of 2-D rotations corresponding to the device’s
orientation. Hence, these untethered devices can move along arbitrary lines in the plane (as opposed to fixed paths, as in tethered SDAY,[B0O[2E31[27
Furthermore, while tethered SDAs are confined to disjoint lines, untethered SDAs can move along lines that overlap. Panel (c) characterizes tbfeabeha
(hypothetical) steerable microlocomotive platform. The untethered power delivery mechanism described in this paper enables the freedonmiofegoivethe

for microdevices capable of the motions shown in panels (b) and (c).

Il. BACKGROUND-TETHERED SCRATCH DRIVE ACTUATORS [5], [26], by a flexible connection to an anchor [27], [30], or by

A scratch drive [5], [26]-[31] is atype of direct-drive actuatof sliding contact with a rail [26], [31]. To allow for motion in

that operates through electrostatic attraction. It is composed St arbltrary dlrect|0n_, a power dehyery mechgnlsm that does
o constrain the motion of the device is required. This paper

.thm p.olysm.con plate with a bushing at. the front end. The plamtroduces such a mechanism, and describes its use in the first
is typically in the range of 8@m on a side, and 1-2m thick. .
untetheredscratch drive actuator.

The bushing height is typically in the 1+@n range. The plate

is electrically connected to a voltage source through the same

spring tether, rotor, or rail that provides it with physical connec-

tion to the substrate. The substrate is grounded, and insulate@ne way to deliver power without restraining device motion

from the scratch drive by a thin layer of dielectric. is through a capacitive coupling with the substrate. This type
The scratch drive operates as shown in Fig. 2. When a voltagfgpower delivery mechanism has been successfully used in the

is applied between the polysilicon plate and the substrate Isievelopment of gas-lubricated micromotors [32] and has been

neath it, the plate is drawn down into contact with the dielectrroposed for use in flying insect-model microrobots [7].

layer. Since the front of the plate is supported by the bushing,To use capacitively-coupled power for fully 2-B,(y, #) lo-

strain energy is stored in the plate, and the edge of the bush@ignotive platforms, the operating environment must be struc-

is pushed forward. When the voltage is removed, the straintiged so that a constant voltage is maintained as the actuator

released and the scratch drive plate snaps back to its origif@@nges its position and orientation. To do this, we cover the

shape, slightly in front of where it began. When a periodic pulgé!rface of the substrate with a sequence of insulated electrodes,

is applied, this cycle is continuously repeated, and the scrafghshown in Figs. 2 and 3. _ _
drive moves forward in a stepwise manner. When power and ground are applied to adjacent electrodes,

The typical average step size achieved by a scratch drive ap-untethered scratch drive actuator placed in any orientation
tuator is around 30 nm. This makes the scratch drive an ideal 88-these electrodes forms the capacitive circuit shown in Fig. 2.
tuation mechanism for thin film microrobots. It allows for high!he potential applied to the scratch drive plate is the potential
precision of movement, while providing the possibility of fasPn the wire between the two capacitors in this circuit:
speeds when the_ actugtors are drivgn at high frequer_mies. ViCy + Vo Oy

The problem with using scratch drives as the actuation system Vplate = YN (1)
for a thin-film microrobot is that the power delivery mechanisms ! 2
previously developed for SDAs rely on afixed track along whictvhereV; andV; are the applied voltages, adg andCs, are
the device travels. This track is defined by a rigid tether to a rottite capacitances.

I1l. POWER DELIVERY MECHANISM
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Fig. 2 (a) Schematic of the operation of a tethered scratch drive actuator [26], [27]. (b) Schematic of a capacitively coupled power deliverynm@chanis
untethered scratch drives. The potential induced on the actugigr is approximately the mean &f, andV%.

@ (b)

Fig. 3 (a) Electron micrograph of a capacitively coupled untethered scratch drive actuator atop an array of insulated elctrodes. (b) Two feardefsoemteam
SEM video of an untethered actuator in motion. At top, a small dc priming voltage can be seen on the electrodes. At bottom, a large voltage bewbtertethe ele
pulls the scratch drive plate into flat contact with the substrate. The changes in resolution and intensity between the top and the bottom dtaheeshafige

in capacitively coupled voltage on the actuator.

The capacitance§; andC, are proportional to the area ofative to the underlying electrodes. In addition, the power de-
overlap between the scratch drive plate and the low-voltage divéry mechanism was demonstrated to be robust with respect
high-voltage electrodes, respectively. If the dimensions of the the electrode width. Actuators were even observed to con-
actuator greatly exceed the width of each electrode, then the ainae operating (albeit at reduced speed) after walking off of the
of high-voltage overlap will always be maintained roughly equahain Poly0 electrode panels (18n width, 20,m pitch) onto
to the area of low-voltage overlap. So, the potential induced ke connecting Poly0 wires (@n width, 20,m pitch) that de-
tween the actuator and any of the electrodes beneath it will Ipger power to the main electrodes from the bonding pads (see
roughly half that applied between the electrodes themselves, Table V, entries marked)).
gardless of the position and orientation of the drive.

Charging of this circuit produces the electrostatic attraction
between the scratch drive and the electrodes, which in turn bows
the actuator’s plate downward and its bushing forward as shownThe major components of the untethered actuators are the
in Fig. 3. scratch drive plates, the bushings, and the electrodes. In addi-

We have verified this power delivery mechanism by drivingjon, we must fabricate anchors that provide physical connection
untethered scratch drive actuators in a variety of directions, @fsthe actuators to the substrate during processing, and sacrifi-
shown in Fig. 4. In particular, we have successfully driven thes@l tethers that connect the actuators to the anchors. Removal of
actuators in parallel, perpendicular, and diagonal directions riie sacrificial tethers will be described in Section VI. In order

IV. DEVICE DESIGN
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(a) (b)

Fig. 4 Motion of untethered scratch drive actuators is independent of their orientation relative to the underlying electrodes. Here, fragifrentnadeo of
the devices in motion show untethered actuators moving: (a) parallel to the electrodes and (b) diagonally with respect to the electrodes.

-
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Fig. 5. Plate design for untethered scratch drive actuators. The size of an untethered scratch drive actuator relative to its underlyingaldevedsgmficant

effect on the voltage delivered to the device. Ideally, this voltage will be independent of the actuator’s position and orientation. The lerdfthafridenactuator

can be chosen to make this approximately true. Part (a) shows the maximum possible deviation in voltage for an actuator in any position or ®hentation.
maximum normalized plate voltag®i... — V1)/(V> — V1) is plotted against the actuator’s length and width (expressed as multiples of the electrode width).
Maximum deviation from the mean voltage (normalized voltag®.5) is small for actuators that are large compared to the electrode width, and for actuators
whose sides are even integer multiples of the electrode width. Good locations in the design space are marked hirewithocations leading to highly variable

power delivery are marked witk's. Part (b) shows the normalized plate voltage for one of the actuator designs that we fabricated, as a function of position and
orientation defined relative to the electrodes as shown in the inset. This actuator has a lengtpaf 820idth of 80um, and lies above a series of 2@Ga-wide
electrodes. The normalized voltage is approximately 0.5 for all poses, with a maximum deviation of 0.0158.

to leverage existing MEMS infrastructure, we have fabricatd¢tbde pitch is always maintained at 2th. When wires need to
the actuators using the PolyMUMPs multiproject wafer processoss in order to provide different signals to adjacent electrodes,
provided by Cronos Integrated Microsystems [33]. electrical bridges are introduced on the Poly1 layer.

A. Electrode Design B. Scratch Drive Design

Electrodes are fabricated from the PolyO layer, and are de-tis important that the voltage delivered to the actuator be ap-
signed as long, narrow strips to make it easy to cover a large apgaximately independent of the actuator’s position and orienta-
without complicated wiring. The electrodes are /18 wide, tion (see Section lll). If the electrodes are very thin relative to the
with a 2 um interelectrode separation. That is to say, the eledimensions of the actuator, this willalways be the case. However,
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Poly1 -fonQ-Via
Dimple Etch

Anchor2

Fig. 6 Layout of the scratch drive actuator. Two types of bushings are shown. (a) Dimple etch is used to forpwa Bughing in a plate form Poly2. (b) Sheet
of Poly1 is connected to the Poly2 plate by a thin line of Poly1-Poly2-Via etch. Dimple etch combines with this to forpua Aushing

since the scratch drive actuators must have plate dimensions «
the order of 10Qum, and since the electrode pitch is 2, it is
possible for the voltage to vary somewhat. The amount that th
voltage can vary depends on the dimensions of the scratch driv
The variation in the voltage applied to the actuator can be mini:
mized if the length and width of the scratch drive are both ever
integer multiples of the electrode pitch, as shown in Fig. 5.
The scratch drive plates are fabricated from a single sheet ¢
Poly2 that is either 80 or 120m wide, and either 40, 60, 80, or
100 pm long. This allows the plate dimensions to be (in all but
the 60um case) even integer multiples of the electrode pitch. In
this way, the power delivered to the devices can be maintained
a constant level, regardless of their position and orientation. Th
plates are patterned with holes a3 intervals to make the un-
derlying oxide accessible to the etchant during sacrificial release
Two different scratch drive bushings were designed with
heights of 0.75um and 1.5um. The shorter bushings were

- i ; ; ig.7 SEM of atether used in the manual release process. The tether is creased
defined by conformalities in the P0|y2 Iayer resultlng fron!i\the center (a) and scored where it joins the actuator and the anchor (b) and (c),

the Dimple Etch pattern. Taller bushings combined a Dimplg that a very light lateral pressure with a microprobe will snap it atits endpoints.
Etch conformality with a sheet of Polyl anchored to the Poly2

layer. In these latter designs, the Polyl-Poly2-Via etch adds an i

additional 0.75.m to the bushing height. The bushings must pB- Component Integration

wider than the interelectrode spacing to prevent the actuatorsf the actuators are fabricated directly above the electrodes,

from getting stuck in surface features. Since the PolyMUMREey will exhibit conformalities corresponding to the interelec-

design rules require the spacing between the electrodes totdogle gaps. For this reason, it is best to fabricate the actuators

at least 2um, the bushings were designed with widths of 4, Gbove a flat region of the die. The actuator must then be moved

and 8um. Layouts for scratch drives with both bushing heightifito position above the electrodes at some point prior to opera-

appear in Fig. 6. tion. Section VI presents a way that this placement can be per-
formed in an automated fashion.

J

C. Sacrificial Tether Design

Substrate anchors are formed from a sheet of Poly2 con-
nected by the Anchor2 etch to an underlying sheet of PolyO.
The scratch drive actuators are connected to these anchdfollowing the sacrificial etch that completes the PolyMUMPs
points by means of sacrificial tethers. These tethers, shownpirocess, there is no layer of insulator between the Poly2 layer
Fig. 7, are composed of simple beams on the Poly2 layer. Thésa which we fabricate the actuators) and the PolyO layer (on
beams are notched where they join the actuators so that, whérich we fabricate the electrodes). For power to be delivered
under flexure, they concentrate stress at the joint. This way, tieethe devices through the process described in Section IV, we
tethers break cleanly, and do not leave a significant flange mifust add an insulating lay&etweerPoly0 and Poly2. In this
material on the actuators after release. section, we describe a postprocessing sequence for providing

V. FABRICATION PROCESS
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Restraining
Anchor Beam Actuator

Electrodes Contact Pad
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Fig. 8 Plan view and cross-sections of the postprocessing sequefadyMUMPs sacrificial release produces suspended microstructir®get oxidation
produces insulator on both the top and bottom of the released deniicéssulator is etched from contact pads to allow power to be delivered to the electrodes.
iv: Restraining beams are broken at the score mark (left) to release the actuators.

this intermediate insulating layer on released polysilicon minderside of all released devices. However, since the channel be-
crostructures. tween a released device and the substrate is only&wide,

Of course, when devices are received from the PolyMUMPsidants are delivered more slowly to the underside of a device
process, there is already a layer of silicon dioxide between tthan to its top surface. As aresult, oxide growth is uneven on the
Poly0 and Poly2 layers—namely, the first and second sacrifictao surfaces. Stress will not be balanced on the top and bottom
oxides. However, these layers must be removed in order to odthe device, resulting in out-of-plane curvature.
lease the devices. A portion of this oxide must be replaced toA slow oxidation at low temperature resolves this problem.
provide insulation, but the devices must remain released. The devices were oxidized at 580 for a duration of 8 days.

We use wet thermal oxidation to grow a new layer of insu®@xide thickness data were obtained through ellipsometric mea-
lation around the released devices. This leads to a nhumbersafements of n-type silicon test wafers that shared the furnace
important considerations. with the PolyMUMPs dice. Using this process, the curvature

First, all released devices must be supported above the surfauced in the released structures is negligible. Fig. 8(ii) shows
of the substrate, so as to expose them to the oxidant throughttiee devices after the oxidation step has been performed.
carrier gas, and prevent them from fusing to underlying layersFollowing oxidation, the dice undergo photolithography to
during oxidation. It is very important, therefore, that the effectepen contact holes above the pads. The dice are first spin-coated
of stiction following the release process be as small as possiifehexamethyl disilazane (HMDS) to promote adhesion of the
For this reason, we dry the devices using supercritita. photoresist to the oxidized surfaces, and then in photoresist

Second, there must be no gold (or other high-mobility m@Shipley 1813, Shipley Company, Marlborough, MA) and
terials) on the die. Gold will diffuse through the nitride layeexposed. The pattern is then transferred into the oxide with a
during oxidation, causing short circuits. For this reason, tH® : | buffered hydrofluoric acid wet chemical etch.

PolyMUMPs Metal layer is not used. Electrical wiring is done After etching contact holes, the photoresist is removed by a
with the PolyO layer, and contact pads are fabricated from stad®&min soak at 60C in an amine-based positive photoresist
of all three polysilicon layers. stripper (ACT, Ashland-ACT, Eaton, PA) using gentle agitation.

Third, a means must be provided for making electrical coifhis removes the top coat of photoresist, and also any resist that
tact with the devices once processing is complete. During dxas been trapped in the 2.7/ channel between the released
idation, the contact pads will become insulated, and this insdevices and the underlying substrate. This is followed by a triple
lator must be subsequently removed. We have done this by usiimge in deionized water to wash away the solvent. The use of hot
photolithography followed by a buffered hydrofluoric acid weACT solvent for photoresist removal at this step reduces stiction
chemical etch. Narrow channels between the released devidéfculties in the completed devices.
and the substrate provide opportunities for residual photoresisThe dice are transferred to an ethanol bath, and dried once
scum from this process step to adhere to the die. Care mustlgain in supercritical O,. To complete the process, the dice are
taken, as described below, to avoid this problem. then wire-bonded to ceramic leadless chip carriers. Because the

These three considerations lead to the process describedadntact pads are bare silicon, wire bonding must be performed
Fig. 8 and Table I. Note the unusually low (580) tempera- at a temperature of 120C to obtain adequate adhesion to the
ture of the oxidation step. Because the oxidation is performedds. At this point, the chemical processing is complete, and the
aftersacrificial release, oxide will grow on both the top and thdevices appear as shown in Fig. 8(iii). It remains only to remove
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TABLE |
SEQUENCE OFPROCESSSTEPSUSED TO PERFORMINSERTION OFDIELECTRIC LAYERS

Process Step Method
PolyMUMPs process: Performed by Cronos Integrated Microsystems [33].
Sacrificial Release: PolyMUMPs release etch.

CO; critical-point dry.

Oxide Growth: 8-day 550° C wet thermal oxidation.
Carrier Gas: Nitrogen

Flow Rate: 1.5 SCFS

Bubbler Temperature: 94° C
Pattern Contact Holes: Spin on HMDS at 4000 RPM.

Spin on photoresist (Shipley 1813) at 4000 RPM.
Soft-bake on hot plate for 3 minutes at 120° C.
Expose through dark-field mask.

Post-bake on hot plate for 3 minutes at 120° C.
Contact Etch: 5-min. 10:1 BHF etch.

DI triple rinse.
10-min. 60° C ACT soak.

DI triple rinse.

CO; critical-point dry.

the tethers that were used to hold the devices above the substogitehich the actuators can perform their own electromechanical
throughout the fabrication process. This mechanical release stelpase, requiring only an electrical signal from the operator.
is described in detail in the following section.
Yield measurements taken from devices produced through Manual Release
this process are as follows. Ninety-four percent of the deviceswe have released the devices manually, with a pair of mi-
survived the oxidation and lithographic postprocesses withadfoprobes. The first probe applies downward pressure on the
visible damage. Of those, 74% survived the mechanical relegseatch drive plate, creating a large area of contact with the sub-
step without fracture. Of those, 24% were operational, for @rate and immobilizing the actuator. The second microprobe ap-
cumulative process yield of 17%. Because each untethefsiigs lateral pressure on the tether. The stress from this action is
actuator is independent of the others, yield difficulties deoncentrated in the score mark that was fabricated in the tether,
not have multiplicative effects within a die, as they wouldkesulting in fracture at the desired location. The lateral force re-
for example, in microarrays [34]-[37]. So, low yields can bguired to break the tether can be reduced by scoring the beam
compensated by fabricating a larger number of devices thianthree locations as shown in Fig. 7. This reduces the down-
are required. ward pressure required to immobilize the actuator, resulting in
a lower likelihood of damage to the device.
VI. MECHANICAL RELEASE Once the actuator has been released, it must be positioned

Following the postprocessing sequence described in S@P—Ofve a Zheet of (Iallectrohdes before Ot?erat_'ﬁ@'s Erocess 1S g
tion V, the actuators are still attached to the substrate ?r ormed manually W't a MICroprobe. S_mcet € power ade-
physical tethers. These tethers, shown in Figs. 2 and 7, YETY. mechan_ls_m IS mdepend_ent .Of position and orientation,
strong enough to withstand the rigors of the fabrication proce%@,ry little precision is required in this placement step. Once the

but are designed to break in a controlled fashion under a Sn%qruators have been mechanically released and placed on top of
amount of mechanical pressure. the electrodes, they are fully operable.

We hqve performed pontrolled mechanical release _of the &¢- A tomated Self-Release
tuators in two ways. First, we have released the devices man- o _
ually, with a pair of microprobes. This is simple to do, and is FOr purposes of batch fabrication, we would like to be able to
quite practica| for research purposes, where the number of a&ﬁrform this assembly process in an entlrely.automated fashion.
ators to be released is small. In a production setting, where thae process has two steps. The actuator is operated to walk
qumber of actuators would be much larger, an automated SOl e actuator were fabricated directly above the electrodes, it would exhibit
tion would be required. Therefore, we have developed a meansformalities above the interelectrode gaps.
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Fig. 9 Layout of the self-release mechanism. The assisting spring-tethered scratch drive (a) moves forward while the target actuator reteads bopddat
down to the substrate by electrostatic attraction. The restraining beam (c) breaks at the score mark (see Fig. 8 adjacent to the untethered actuator).

onto an electrode-covered area of the substrate, and is then eleg-target actuator, and the beam breaks at the desired location.
tromechanically released from its fabrication tethers. The setbames captured from video footage of this self-release process
for this assembly process is shown in Fig. 9. are shown in Fig. 10.

We used a spring-tethered assisting scratch drive actuator tét this point, the assembly of the target actuator is complete.
pull the target actuator into position above a set of electroddsperiodic potential applied between the underlying electrodes
The two actuators are attached at the bushing by a polysilic@sults in untethered actuation.
beam, which provides both physical and electrical connection.

A voltage is applied to both actuators through the spring that VII. DEVICE PERFORMANCE

anchors the assisting actuator to the nitride-coated substrate. Untethered tch dri tuat bl id
Initially, both actuators lie over a flat sheet of (oxide-insu- ntethered scralch drive actuators are operable over a wide

range of design and control parameter values. We operated

lated) Poly0, which is connected to ground. A periodic volta . .
is applied between the actuators and the underlying Poly0 Sh%%t,ethered scratch drives that were 80120 wide, between

. . . . m and 100pm long, and had bushing heights of 0.4m
in order to cause forward motion of both scratch drives. Since /' / 9 g height &
. : and 1.5um. Untethered actuators from two different Poly-
the two scratch drives have the same length, width, and bush .
: MPs runs were observed to have correct operation. The
height, they move forward at the same speed.

- evices were operated in a variety of directions, including
As the actuators move forward, the path of the assisting ac Léirallel, perpendicular and diagonal relative to the underlying

ator continues to be paved with a single flat sheet of oxide-in égectrodes and were found to be operable in all orientations.
IatgdklPoI)r/wO. The Pith of tr?e E[ar?etl acttua(ljtor, on tlhe _(I?Lher haln To operate the devices, half ofthe electrodes were set to ground
quickly changes Into & sheet of eleclrote panels. 'Nese €5t i) while the other half received a square-wave signal. We
trodes are all held at ground potential, so that the motion of b asured the speed of actuators with 80- andbaGlate di-

scratch drives continues as before. However, once the target@%’nsions and 0.76m bushings. Many different drive signals
tuator h_as moyed completely onto the eIectrqde surface, a Sre used, as shown in Tables Il and Ill. These signals incorpo-
voltage is applied to the electrode panels. In this way, as the PQied peak-to-peak electrode voltage$ 100 V or 120 V, and
tential of the scratch drives oscillates between high-voltage aﬁléquencies of 50 Hz 100 Hz. 1 kHz. or 10 kHz (Durir;g these
ground, there is always an attractive force between the tar eriments. the unc’ierlying ’substra’te was held at ground po-
actuator and the surface beneath it. So, the target actuator h? Sial ) The,motion of the devices was filmednd the video
down electrostatically to the substrate, thereby causing fricti ames were extracted as still images. Interframe motion esti-
which immobilizes the actuator with respect to both translation
and rotation. The assisting actuator continues moving as before, i din Section Il interelectrode vort (100 and 120V result
fati : H S discussed In section 1, Interelectroae voltages o an resu

As the assisting actuator continues to mO\_/e’ it bends_ the beﬂ@%Vand 60 V potentials between the actuator and the electrodes, respectively.
that anneCtS the two actuators. Th? resulting stress is Cor?c_eEVideo was taken with both analog and digital cameras, and was then im-
trated in the score mark that was fabricated where the beam jginsed for analysis and processing with Adobe Premiere and Matlab.
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<

() (b) (©)

Fig. 10 Frames captured from video footage of the self-release process. (a) Target drive (T) holds down electrostatically to the substraiag(b)ivesss)
continues actuating. (c) Tether snaps at the score mark, releasing the target actuator.

TABLE I
AVERAGE SPEED AS A FUNCTION OF FREQUENCY
(PLATE VOLTAGE = 50 V)

Device Length | Width Speed (um/sec)
(um) (um) 50 Hz | 100 Hz | 1 kHz 10 kHz
1 80 100 6.0 33
2 80 100 4.6 25
3 100 80 5.1 34
4 100 80 38
5 100 80 1.8 4.0 37
6 100 80 1.7 3.7 39
7 100 80 2.4 4.8 38
8 100 80 32 262
9 100 80 2.5 28 279
10 100 80 3.1 40
11 100 100 47
Mean 2.3 4.7 35.5 270.5
Std. Dev. 0.6 0.8 6.1 12.0
Predicted Range 14-17 | 2.8-34 | 28-33 | 280 - 330
(Egs. 2-3)

mates were then used to determine the speed of the actuaBwsit is more appropriate to measure the maximum speed be-
based on the frame rate of the video. The resulting data &aneen any two adjacent frames of the video than to take an av-
shown in Tables Il and Ill, and Fig. 11. The average step sieeage speed across many frames. Data taken in this fashion for
of the actuators)z, can be calculated from the ratio of the acactuators driven at 10 kHz and 100 kHz appear in Tables IV and
tuator speed to the frequency of the waveform. V, and in Fig. 11.

At frequencies near 100 kHz, the motion of the actuators oc-From the measured speed of an actuator and the frequency
curs in short, sporadic bursts on the order of a tenth of a secoafithe applied waveform, we can calculate the average step size
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TABLE Il
AVERAGE SPEED AS A FUNCTION OF FREQUENCY
(PLATE VOLTAGE = 60 V)

Device Length | Width Speed (um/sec)
(um) (um) 100 Hz 1 kHz 10 kHz
12 100 60 2.5 22 183
13 100 80 3.6 34 316
14 100 80 2.5
15 100 80 2.7 28 285
16 100 80 4.1 27 265
17 100 80 3.7 37 313
18 100 80 3.1 31
Mean 3.2 29.8 272.4
Std. Dev. 0.6 53 54.2
Predicted Range 3.1-37 | 31-37 | 310 - 370
(Egs. 2-3)
- :
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Fig. 11 Actuator speed as a function of frequency. Control of untethered microactuators is possible at a wide range of frequencies and spestdsnaetagoi
with “o” (in blue) reflect average speeds. Data points marked with a dot (in red) reflect maximum interframe speeds. Circled data points (in gray)oeftbet mot
occurred off of the intended electrodes and above (much thinner) electrical wiring. The slope of the plot shown in log—log space above, rditeitcieakg

in the step size of the actuators as the frequency increases across four orders of magnitude.

during travel. A scratch drive actuator’s step size can be madd-whichk is the dielectric constargy is the permittivity of free

eled analytically as follows [29]: spacef is the bushing height? is the Young’s modulus of the
plate materiald is the thickness of the insulating layer, anid
Az = PVV (2) the thickness of the scratch drive plate.
To calculate the expected step size for the actuators used in
whereP is a constant defined by this experiment, we need to know the thickness of the insu-

) lating oxide laye(d). While ellipsometric measurements of test
P 27keghS\ * 3 wafers give us an approximation of the oxide thickness on the
“\ 4Edt3 ©) top of the electrodes (508), the oxide on the underside of the



DONALD et al. POWER DELIVERY AND LOCOMOTION OF UNTETHERED MICROACTUATORS 957

TABLE IV curred. Speed measurements were taken during intervals of con-
MAXIMUM SPEED FORHIGH-FREQUENCY DRIVE SIGNALS stant drive waveform poIarity.

PLATE V =50V ) .
(PLATE VoLTAGE ) Video of these untethered actuators can be viewed on

Device Length | Width Speed (um/sec) the internet at: www.cs.dartmouth.edu/~brd/Research/MEMS/
(um) (um) 10 kHz 100 kHz Movies/
8 100 80 327 VIII. C ONCLUSIONS AND FUTURE WORK
9 100 80 423 . . .
This work provides basic components that enable untethered
10 100 80 1635 locomotion at the MEMS scale. We provide a power delivery
Mean 375.0 1635 mechanism that is independent of device location and orien-
Std. Dev. 67.9 N/A tation, an automated release process, and a microfabrication
) process for building untethered devices. We have demonstrated
Pre?E'c‘;:_dzggnge 280 - 330 | 2800 - 3300 ¢ feasibility of these components through the development of
untethered scratch drive actuators, and have characterized the
performance of these devices.
TABLE V In the course of producing untethered scratch drive actuators,
MAXIMUM SPEED FORHIGH-FREQUENCY DRIVE SIGNALS we have developed a novel postprocessing technique for post

(PLATE VOLTAGE = 60 V) hoc insertion of dielectric layers between previously-deposited

polysilicon films. We have successfully employed this tech-

Device Length | Width Speed (um/sec) ) . . ’ .
nique to insulate devices fabricated with the PolyMUMPs
(um) (um) 10 kHz 100 kHz process. As discussed in Section V, device yield from this
12 100 60 264 process has been measured at 17%. We expect that much of
13 100 30 286 the device loss is due to a combination of stress gradients from
19 100 20 1825 oxidation, dielectric breakdown of the oxide, and residual pho-
, toresist from the postrelease lithography step. If higher yields
14 100 80 387 488" are required, lower oxidation temperatures (and longer oxida-
15 100 80 386 5537 tion times) may be useful to reduce any remaining stress. More
16 100 80 479 aggressive photoresist removal steps, such as oxygen plasma
17 100 %0 474 1947 cleaning, may prove bgneﬁual for clgarlng the gnderS|des of
the actuators from residual photoresist. Dielectric breakdown
Mean 379.3 1886 in the oxide was associated with discolorations that suggested
Std. Dev. 90.6 86.3 contamination prior to oxidation. Cleaner handling practices
Predicted Range 310 - 370 | 3100 - 3700  Would likely reduce these defects. In addition, optimization of
(Egs. 2-3) the device geometry may produce a further increase in yield,

as discussed by [27] and [30].

It is hoped that the techniques presented in this paper will be
actuators grows at a slower rate, due to restricted gas transpaftiable for future work on autonomous locomotion of MEMS
through the small channel between the actuator and the sdbvices. Given the ability to locomote freely on the substrate, the
strate. Since the total insulator thicknedsjs the the sum of natural next step is to devise steering mechanisms and control
these two layers, we modeled the thickness to lie between &@tems for untethered MEMS actuators. Work is underway to
and 1000A. For actuators driven at 50 V, this predicts a step sizfirsue this goal.
between 28 and 33 nm. For actuators driven at 60 V, the range is

from 31 to 37 nm. The.observed values fell near this predicted ACKNOWLEDGMENT
range, and are shown in Tables Il and*lV. ) ) )
The actuators achieved speeds of over 38(0's at drive fre- Devices were fabricated in part through the PolyMUMPs

quencies of 10 kHz. At higher frequencies, even higher spedf@cess at Crones Integrated Microsystems, and were later
were observed. At 100 kHz, the maximum drive frequency ajire-bonded at the Micro-Technology Lab of the Massachu-
lowed by the voltage source, actuators were observed to exc88HS Institute of Technology. The motion estimation code for
speeds of 1.5 mm/s (see Tables IV and V). Occasionally, tAeasuring actuator speed was generously provided by H. Farid
devices Stopped moving due to electrostatic Charge accumLﬂﬁd S. Periaswamy. The authors would like to thank C. Sullivan
tion on the insulating layer. Reversal of the polarity of the drivi®" the use of bench space in his lab; L. Ray for the use of
waveform allowed the devices to continue walking after this ofer Piezo Amplifier; and C. Daghlian and the Rippel Electron
Microscopy Lab for the use of the{tO, critical-point drying
“while the average speed of the devices run at 50 V exceeds that of the ggstem, their SEM, and their many helpful suggestions. Finally,

vices run at 60 V, this difference is not statistically significant (Studentést, :
p < 0.01). The relationship between drive voltage and step size is discuss@]any thanks to K. BOhrmger' Z. Butler, . Paprotny, and K.

extensively in [26], [29]-[31]. Kotay for their advice and discussions.
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