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Abstract

We have developedaninteractve computeraideddesign
programthatsupportshe mechanicatlesignof devicesfab-
ricatedin surfacemicro-machiningorocessesThe program
automate&inematicanalysisvia anovel configuratiorspace
computationcode, performsreal-time simulationand kine-
matic toleranceanalysis,and supportskinematic synthesis.
Designersanvisualizesystenfunctionunderarangeof op-
eratingconditions canfind andcorrectdesignflaws, andcan
optimizeperformanceWe usedthe programto redesigrand
validatea torsionalratchetingactuatorfabricatedat Sandia
with the SUMMIT V process.

Keywords: MEMS, micro-mechanicatesign,configu-
rationspace Summit.

1 Intr oduction

We have developedaninteractive computeraideddesign
programthatsupportshe mechanicatlesignof devicesfab-
ricatedin surface micro-machiningprocessessuch as the
SandiaSUMMIT technology Typical devicesincludegears,
ratchets,and transmissiong1]. Surface micro-machining
posessignificantdesignand analysischallengeghat do not
arisein traditional, macroscopiaevices. It is a batchfab-
rication method,so mechanicaklementanustbe fabricated
in place,which subjectstheir clearancesind toleranceso
thelimitations of the fabricationprocess.The clearanceand
toleranceeffectsfall into threecateories: lithographyline
width and spacerules, sacrificial oxide spacing,and unilat-
eralsizetolerance®nthemechanicatlementslueto release
processing. Thesefactorsinfluencethe device kinematics
and dynamicsin complex ways. Comprehensie computer
modelingis neededo assurecorrectfunctionwithout exces-
sive prototyping,whichis extremelyslow andexpensve.

Traditional computeraideddesignsoftwaresis inappro-
priatefor micro-mechanisndesignbecausef thecurvedge-
ometry contactchangesandlarge clearancesVLSI design
softwareis not meantfor moving parts. Finite elementanal-
ysis is difficult and slow dueto the large numberof parts,
the curved geometry andthe mary partcontactchangest
is computationabverkill for designshatcanbe modeledas
rigid-body systems.Mechanicalsystemsimulatorsoffer an
efficient alternatve to finite elementcodes,but are limited
to systemswith permanenpart contacts suchaspin joints,
prismaticjoints, andinvolutegears.Theseconditionsareun-
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realisticfor micro-mechanismbecausehe fabricationpro-
cesscannotproduceidealjoints andbecauseontactchanges
(higherkinematicpairs)arecommon.

Our programautomatekinematic analysis[2] [3], dy-
namicalsimulation[4], toleranceanalysig5], andkinematic
synthesig6]. Designerscan visualize systemfunction un-
derarangeof operatingconditions,canfind andcorrectde-
signflaws,andcanoptimizeperformanceTheprogramhan-
dlesplanarsystemsof curved,rigid partswith custompairs,
openandclosedkinematicchains,andcontactchangesAn
early version,which lacked tolerancingand synthesismod-
ules,wasusedto analyzea MEMS indexing pair [7].

In this paperwe shav how our designprogramsupports
the designof a complex micro-mechanisnusingthe Sandia
SUMMIT V surfacemicro-machiningprocess.The mecha-
nismis a torsionalratchetingactuator:a novel electrostatic
actuatorthatis compacteasyto operateandprovidesaccu-
rate position control without feedbacl8]. The mechanism
wasredesignedo increaseobustnessndto optimizeperfor
mance.Thedesignprogramprovidedcomprehensie perfor
manceevaluationsdetectegotentialdesignflaws, andinter
actively computednodificationsthatrepairthe flaws. These
functionsreducedesigntime by an orderof magnitudeand
improve designquality.

2 Torsional ratcheting actuator

Figurel shows the original torsionalratchetingactuator
Themechanisntonsistof adriver, aratchetaring gearand
ananti-reverse.Thegearandtheanti-reversearemountecon
the substratewith pin joints, while the ratchetis attachedo
the driver with a pin joint. (Thesearereally flexures; pin
joints arean accuratesimpleapproximation.)Thedriver is
attachedto the substrateby springsthat allow planarrota-
tion, but preventtranslation.Thedriveris rotated2.5° coun-
terclockwiseby anelectrostaticombdrive. Theratcheten-
gagegsheinnerteethof the gearandrotatesit counterclock-
wise. Whenthe voltagedrops,the springsrestorethe driver
to its start orientation,which disengageshe ratchet. The
anti-reversepreventsthe gearfrom rotating clockwise. Its
outer, involuteteethdrive anexternalload.

The main purposeof the redesignis to ensurethat the
gearadvancesdy onetoothpercycle. Theoriginal designex-
hibits overrunwherethe ratchet/geaimpactcausegshe gear
to jump two or moreteeth. An anti-overrunandariserwere
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Figure 1: Torsionalratchetingactuator: (top) SEM image
courtesyof SandiaNationalLaboratoriedntelligent Micro-
machinelnitiative www.mems.sandia.gg (bottom) Detail
of CAD model.

addedothedesignto preventthis. A secondjoalisto ensure
correctfunction despitegearhub play, which is estimatecht

0.5 microns. A third goalis to optimize performancefac-

tors, including voltage, power, wear and area. This paper
addressethefirst two goals,which mostlyinvolve the kine-

maticfunctionof themechanism.

Figure2 illustratesthemodifieddesign.Theriseris fixed
to the substrateandthe anti-overrunis attachedo the driver
with apin joint. It is rotated2. 5° counterclockwisdy the
electrostaticcombdrive (a—c). The ratchetrotateswith the
driver, engagedhe inner teeth of the gear(b), and rotates
it counterclockwisgc). The anti-overrunrotateswith the
driver, ridesovertheriser(b), engageshe gear(c), andpre-
ventsfurthergearmotion. Whenthe voltagedrops,torsional
springsrestorethe drive wheelto its startorientation,which
disengagetheratchetandthe anti-overrun(d—e).As before,
the anti-reversepreventsthe gearfrom rotatingclockwise.

3 Configuration space

Kinematicanalysisis performedby constructingconfig-
urationspacedor theinteractingpairsof parts.Thesespaces
encodethe partinteractionsin a uniform geometricformat
thatsupportfunctionvalidation,simulation tolerancingand
synthesis. The configurationspaceof a pair is a manifold
with one coordinateper part degree of freedom. A gen-
eral planarpair hasa three-dimensionatonfigurationspace
whosecoordinatesirethepositionandorientationof onepart
relative to the other A pair of rotatingpartscanbe modeled
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Figure2: Simulationof modifieddesign.

with asimpler, two-dimensionaspacevhosecoordinatesire
the part orientationangles. Although our programhandles
bothcaseswe will discussonly thesimplercase.

Figure3 shavsthegear/anti-reerseconfigurationspace.
Thecoordinatesrethegearorientation andtheanti-reverse
orientation in degrees.Thedotmarksthedisplayedconfig-
urationwherethe partsare engaged.The part contactsare
encodedby partitioning configurationspaceinto threedis-
joint classesblocked space(grey) wherethe partsoverlap,
freespacgwhite) wherethey donottouch,andcontactspace
(black) wherethey touch without overlap. Blocked space
representtheillegal configurationsfreespaceepresentthe
independenpart motions,andcontactspacerepresentsno-
tion constraintsnducedby partcontacts. Contactspacecon-
sistsof mary shortcontactcurvesthatrepresentontactse-
tweenpairsof partfeaturegpoints,line sggmentsandarcs).
The displayedconfigurationlies at the meetingpoint of two
contactcurves.

Theconfiguratiorspaceshowvsthatthe pair functionscor-
rectly. Theslantedcontactcurve to theright of thedisplayed
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Figure3: Gear/anti-rgerseconfiguratiorspace.

configurationrepresentghe contactbetweerthelong sideof
ageartoothandthetop of theanti-reverse.If thegearrotates
counterclockwisé€ increases)this contactcauseghe anti-
reverseto rotatecounterclockwis€ increases)asthe con-
figurationof thepairfollowsthecontactcurve. Thenearver-
tical contactcurve to the left of the displayedconfiguration
representshe contactbetweerthe shortsideof a geartooth
and the side of the anti-reverse. This contactpreventsthe
gearfrom rotatingclockwise,sinceevery directionin which
decreaselesin blockedspace.

The gear/ratchepair hasa three-dimensionatonfigura-
tion spacebecausdheratchetrotatesaroundarotatingpoint,
hencehasthreedegreesof freedom.Theinteractionsarein-
variantwhenboth partsarerotatedby the sameangle,sowe
cananalyzethe pair in a two-dimensionakpacewhoseco-
ordinatesarethe anglebetweerthe partsandtheratchetori-
entation. Equivalently, we freezethe driver at zerodegrees,
which alsofreezegheratchetcenterof rotation.

Figure4 shows the configurationspace.The coordinates
arethe gearorientation andthe ratchetorientation . The
dot marksthe displayedconfigurationwherethe ratchetis
driving the gear The nearvertical contactcurve to the left
representshe contactbetweerthe shortsideof a geartooth
and the ratchettip, which preventsthe gearfrom rotating
clockwiserelative to the driver. The configurationspacere-
vealsa designflaw: the curve slopeis positive (and very
large), which impliesthatthe gearcanrotateclockwise,es-
capethe ratchet,and jump to the next tooth. Friction will
prevent this until the driver torquereachesa critical value.
Loadvariationandhubplay canexacerbatehe problem.

4 Simulation

Configurationspaceanalysisrevealsthe kinematiccon-
straintsdueto contactsamongthe partsof the actuator We
combinethis analysiswith rigid body simulationto predict
the systemfunction. Kinematicanalysisis a prerequisitefor
simulationbecauseontactreateforcesthateffectpartmo-
tion. We have developeda simulatorthatcomputegshe con-
figuration spacef the interactingpairs beforethe simula-
tion and queriesthem at eachtime stepfor part collisions
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Figure4: Gear/ratchetonfigurationspace.
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Figure5: Gear/ratchetontactzone.

and contactchangeq4]. Whentheseoccur, the simulator
backsup to the changetime and updateghe contactequa-
tions. Runningon a personalcomputey the simulatorhan-
dlessystemawith tensof moving partsatinteractive speeds.
It generatedhe simulationshowvn in Figure 2, which vali-

datestheinitial nominaldesign.It alsovalidatedthe revised
designdescribecdelow.

5 Toleranceanalysis

Our analysisignoresshapevariationandhub play. The
dominantfactoris gearhub play, which is estimatedat 0.5
microns. Flexureshave minimal play and shapevariations
arenggligible in the SUMMIT V processWe modelthegear
hubplay by parameterizinghecenterof rotation and
allowing theseparameterso vary in theinterval b5,
Eachchoice of parametewvaluesgenerates different part
with its own gear/ratchetgear/anti-rgerse,and gear/anti-
overrunconfigurationspacesWe computezonesaroundthe
nominalcontactspacesgalledcontactzonesthatboundtheir
worst-casevariation[9] [10]. Figure5 shavsthegear/ratchet
contactzone, which is displayedaslight bandsaroundthe
contactcurves. The contactcurvesare guaranteedo lie in
the zonewhenever the parameterdie in the specifiedinter-
val.

The gear/ratchetontactzone shavs that hub play can
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Figure6: Modified gear/ratchetonfigurationspace.

causeincorrectfunction. The nearvertical curve, which is
meantto preventjumping, canslopeto theleft without leav-
ing the contactzone. The gearwill thenbe ableto rotate
clockwise and jump. The gear/anti-rgerseand gear/anti-
overruncontactzonesshav correctfunctiondespitehubplay.

6 Synthesis

We modifiedthegear/ratchepairto preventjumping,us-
ing ourinteractvekinematicsynthesigprogram6]. We spec-
ified thekinematicchange®y mappingnominalcontactcon-
figurationsto desiredconfigurations.In Figure4, the nomi-
nal configurationsarethe basepointsof the two arrons and
the desiredconfigurationsarethe arrov heads.The program
modifiesthedesignparameterso achiezethechangeswhile
preventingunintendecthangesFigure6 shovsthemodified
pair. The geartooth slopeandthe matchingratchetslope
arelarger. In configurationspacethenearhorizontalcontact
hasrotatedenoughthatits slopeis negative, andstaysnega-
tive despitehubplay. Thegear/ratchemodificationsalterthe
kinematicsof the otherpairs. We validatedthe entiremech-
anismvia configurationspacecomputation simulation,and
toleranceanalysis.

7 Conclusions

We have presentedonfigurationspacemethodsof kine-
matic analysistolerancingandsynthesis We have demon-
stratedtheir efficacy (and our implementation)on the re-
designof a torsionalratchetingactuatorthat is fabricated
in the SandiaSUMMIT V process.We planto exploit this
methodologyto validatefutureMEMS designslectronically
therebyreducingprototypingeffort anddesigntime.
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