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ABSTRACT

The first walking batcHabricatedsilicon micro-robot
able to carry loads has been developed and
investigated. The robot consists afays of movable
robust silicon legs having a length of 0.5lomm.

micro—robot capable of carrying large loads. The main
problem associatedwith the fabrication of silicon
robots is toachieveenough strength in the movable
legs and in the rotating joints. Mosfforts to realize
micromachinedobots utilizesurfacemicromachining

Motion is obtained bythermal actuation of robust techniqueswhich results in thinand fragile legs.

polyimide joint actuatorsusing electrical heating.
Successful walking experimentsve beerperformed
with the 15x5 mnt sized micro-robot. Walking
speeds up t® mm/s with high load capacity has
been achievedThe robotcould carry amaximum
external load of 2500 mg on itsack (> 30times the
dead-weight of the robot).

INTRODUCTION

Pister et al. proposed surface micromachined micro-
hinges forjoints, poly-Si beamdor legs and linear
electrostatic stepper motor actuation for tealization
of a micro-robot [4]. Brighet al. has made prototypes
of micro-robots using thermal actuation afin
manually erected silicon legs [5]. Miuraet al.
introducedthe concept of creating insect-likenicro-
robots with exoskeletonsmade from surface
micromachined polysilicon plates and polyimide

of manipulating and controlling things on small
scale” using micro-machines wasddressedor the
first time [1]. These problemsvere further discussed
tenyearsago at the MEMS’89 workshop bBarret
et al.[2]. They discussed the benefits of scaldayn
the rest of the subsystems of a robot to the sscake
as the control systems. By integratingotors,
sensors, computatiomnd power supplies onto a

suitable micro-joint material [6]. Allenet al.
demonstratedanother type of actuator based on
polyimide joints usingelectrostatic actuation [7].
However, thedrawback with that solution is the
difficulty to integrate the actuators inarray
configurations. Furthermore, it may be problematic to
createtrue three dimensional structures whicén be
rotationally well controlled out-of-plane.

single piece of silicon, enormousadvantages can be We have recentlydeveloped anew robustand self-
obtained inthe form mass producability, lower costs assembledpolyimide micro-joint based on bulk
and fewer connector problems encountered when micromachining which is suitable for thealization

combiningdiscretesubsystems. Thigind of silicon

of micro-motion systems using arrays of thieected

microfabricated robot-system follows the definition of silicon legs [8-10].

a true "micro-robot” according to Darét al. [3]. The

As a steptowardsthe goal ofcreating autonomous

robot by Barretet al. [2] is classified as a ‘miniature \yireless silicon micro-robots we present therlds

robot” not a ‘micro-robot’. Rethinking the robot st

walking micro-robot fabricated with a

technology can solve many problems more cost monglithically silicon batch-fabricationprocess. The

effectively, albeit in novel ways [2, 3].

During the past 10 years, marjifferent concepts
have been proposed to realizgdicon micro-robotic

applications for such micro-world operating,
potentially low-cost robotincludethe assembly of a
whole microsystem frondifferent microcomponents

devices. To the best of our knowledge, nobody has ydt.e. micro-factories), tools for assembliagdtesting

succeeded in achieving a walking microfabricated
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Fig. 1. Design and actuatiorprinciple for the legmovementsdased on dour V-groovejoint. By heating
the joint a horizontal displacememix, is obtained due to larger absolute thermal expansion opthgmide
at the top 6the Vgroove than at the bottono{-AT-a > arAT-b).
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Fig. 2. Operation principle for the asynchronous
driven micro-robot. A displacemergqual to 2Ax is
obtained duringone period due tothe fixed phase
difference of 9Qdegreesbetween théwo sets oflegs
(x"and x). A 180degreegphase-shift between xand
x will results in walkimg in the opposite direction.

PRINCIPLE
The operation principle of the polyimidgoint
actuator isshown in Fig. 1[8-10]. The legs are
rotated out-of-plandthe self-assembledstatic mode)
due tothermal shrinkage&f when the polyimide in
the V-grooves iscured. Byusing polysiliconheaters,
local heating isachieved inthe joint resulting in
thermal expansiona-AT) of the polyimide (the
dynamic mode). The V-shape of tfgnt allows for a

microfabrication techniques|[5, 12]. The first
proposed [13hnd realized11] micro motion system
(i.e. conveyancesystem) wasbased onthe ciliary
motion principle adoptedfrom nature. Due to the
simplicity of implementing MEMS-technology, the
same principle isised inthis work. The simple on-
off actuator controlcan be easily realized with
saturated FET-transitors eliminating theneed for
integrating electronics on the micro-rokitgelf. The
basic principle of the asynchronoustfriven one
dimensional micro-robot is shown iRig. 2. The
robot is steered forward afhckward bychanging the
phase-shift betweext andx. The robot issteered in
the right-leftdirections by drivingthe left and right
legs atdifferent speeds ostroke length (in thesame
way a caterpillar does).

Fig. 3 illustrates the robot dimensioasdthe layout
of the legs.

FABRICATION

The fabrication process is schematically shown
Fig. 4 [10, 14].The key stepsre: (a) forming the
integrated heatausing LPCVD-depositecpoly-silicon
encapsulated in low-stressedilicon nitride and
anisotropic KOH etching of 3dm deepV-grooves.
(b) local silicon dioxide (LOCOS) growth, forming
via holes to the heaters, patterning thé um thick
aluminium conductors deposited bgputtering. (c)
spinning and patterning the polyimide in the
V-grooves, abackside500um KOH silicon etch.
(d) dicing the robot (from the back-side), a Bidkide
etchandsolvent cleaning taeleasehe 30um thick
silicon legs and the protecting wafer, finally a
polyimide curing in an oven to erect the legs.

Several different versions of the micro-robohave

been fabricated:

* Polyimide joint actuator variantswith 3 and 4
V-grooves

* Leg variants: 2x6 with a length of 5@0n and 2x4

larger absolute expansion length at the top of the jth a length of 100um

V-groovethan at the bottom resulting in dynamic
motion, Ax.

Living organismsoffer good models for designing

« Steering variants: two groups of four or six legs (
bonding pads for backndforth) andfour groups of
two or three legs (5 bondingadsfor backandforth

micro motion systems [11, 12]. Mimicking the way + right and left)
six-legged insects walk hasbeen proposed for
designing multi-legged robots implementedsing

* Two DOF-legs (bothknee and ankle joint) for
walking up/down steps or on rougkurfaces.

Fig. 3. An up-side dowwiew d
the micro-robotwith two set oflegs
(four of each X and x). With three
bonding pads the robot can walk
forward and backward. Bydriving the
legs on the 1 and right side at
different speeds or strokength like a
caterpillar (requires 5wires) therobot
canmake left-right turns. Th&EM-
photos show silicon leg with a length
of 500 um and aclose-up 6 a five
V-groove polyimide joint.
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Fig. 5. The micro-robot during aload test. The
Soft baked /E load of 2500 mg is equivalent to maximum

legs (arranged intwo groups of four legs). The leg
length is1 mm andthe legsare connected to the
robot body by polyimide joints containingthree
V-grooves having a statibending anglejust under
90°. Thedifferentjoints arethermally actuatedusing
the asynchronous driving mode described in Fig. 2.

The velocity wagneasured at differerngowers, loads
andfrequencies, ashown in Fig. 6. The maximum
measuredvalking speedwas 6 mm/s at anapplied
squared voltage of 18 V (approximatdlyl W) and a
frequency around 100 Hz. This speed limit was set by
the maximum supply voltageallowed by the

Cured polyimide
(250-400C)

Fig. 4. Schematic of theabrication process electronic circuits waised andhot by thepolyimide
based on SOIl-wafers. joint actuators. Higher speeds are therefore possible to
achieve by increasingoth the heatingpowerand the
EXPERIMENTAL RESULTS frequency. During the first measurements the walking

Measurementand characterization ofthe polyimide  gistance was limited to a couple of centimeters by the

joint actuators concerningpeed(actuationfrequency), length of the gold wires used for the power supply.

Pnowia]rc;]ci)n;u%ptlog, streng:ha rot;wsén%wfr?élure Temperaturevariations in the polyimideduring the
echanisms has begresented earligB-10] and are actuation cycleare dependent othe frequency[10].

partially summarlzed in Table 1. o For frequenciesabove thecut-off frequencyf, (where
The long-time performance ofthe polyimide joint  {he stroke lengtidx is reduced by -3 dB), thiermal
actuators was investigated in aoceleratedife-time 1355 of the polyimideounteracts fast heating and
study [1Q]. The actuatonserestill working without cooling which reduces th@aximum temperaturdand
degradation after more than 2*16ad cycleequal t0  increaseghe minimumtemperature). Therefore, it is

a walking distance of approximately 7,000 meters). possible to compensate for the small displacements at
To evaluatethe function of the new micro-robot,

basic walking experimentsvere performed on an WY F e T T

. . . i Y [ | —~—load= 4 times robot weight|

isolated (SiO,-covered) non-polished silicon wafer 6 P= 70 mWi/leg _ N ]
with the micro-robot shown iiFig. 5. This forward E I —k'g,’jdl:?’gr‘]'q“\]@fe;"b"‘we'ght oK

and backwardvalking robot consists of eight silicon > 5S¢ _O_:é’f‘dfg 525m t\iNm/Ieesgrobotweig ; ]
Table 1. Characteristic measurements of the § 4 r E
polyimide joint actuators. Fab ]
Curing temp;T / 350°C / 40% (3 V-grooves) _8 2 7 E
shrinkageg 280°C / 30% (4 V-grooves) %

Life-time > 2.16 load cycles S1r ]
Stroke lengthAx / < 340pum /< 175 mW 0

1 10 100 1000

o3
=g

power consumptiorR (for 1 mm leg with 4 V-grooves)
Cut-off frequencyf, 3-4Hz (-3dB) Frecuency, f [Hz]
Force / displacement 54 190 N/ 250-40am Fig. 6. Walking speed as fanction offrequency

(before plastic deform.) for different loads and power.




higher frequencies byincreasing the heatingower
without going over the maximum temperature at
which the jointsare destroyedThe walking speed
increased with increased power as illustrateBiqm 6.

CONCLUSION

This paper has presentedthe first batch fabricated
walking silicon micro-robot capable of carryihgads.
The polyimide joint basedrobot could carry loads

The walking speed also increases with frequency up tmore than 30 times thdead-weight ofthe robot

a specific frequency whereghe maximumspeed is
achieved.Due to small variations in the static leg
position, the robot could not move at all\ary high
frequencies due tthe smalldisplacements othe leg.
The leg has tmvercomeboth the surfaceroughness
(approximately2-5um for the unpolishedsilicon
wafer) andthe variationsbetween the different static
leg position.

By increasing the load to 2times thedead-weight of

the robot itself, aunwanted reduction ofhe stroke

length foreachleg resulted.This translates into a

lower walking speed and dower top frequency at

which the robot stops to walk.

The steering function of the robot habkeen

demonstrate@xperimentally.There arefour different

approaches to ste¢ne micro-robot to the left and

right by imitating a caterpillar:

« phase: one side is drivirfgrward andthe otherside
is driving backwards.

e power: longer strokelengthd\X) on oneside by
increasing theower (also means highsteps Qy)
=> the robot walks with a stoop).

itself. The maximummeasuredwalking speed was
6 mm/s with potential to improve by modifying the
steering. The challenge for the future iscteate tele-
operated andautonomous micro-robots on a single
silicon chip.
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