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Abstract

We havedevelopedaninteractivecomputer-aideddesign
programthatsupportsthemechanicaldesignof devicesfab-
ricatedin surfacemicro-machiningprocesses.Theprogram
automateskinematicanalysisvia anovel configurationspace
computationcode,performsreal-timesimulationandkine-
matic toleranceanalysis,andsupportskinematicsynthesis.
Designerscanvisualizesystemfunctionunderarangeof op-
eratingconditions,canfind andcorrectdesignflaws,andcan
optimizeperformance.We usedtheprogramto redesignand
validatea torsionalratchetingactuatorfabricatedat Sandia
with theSUMMiT V process.

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

1 Intr oduction

We havedevelopedaninteractivecomputer-aideddesign
programthatsupportsthemechanicaldesignof devicesfab-
ricated in surfacemicro-machiningprocesses,such as the
SandiaSUMMiT technology. Typical devicesincludegears,
ratchets,and transmissions[1]. Surfacemicro-machining
posessignificantdesignandanalysischallengesthat do not
arisein traditional,macroscopicdevices. It is a batchfab-
ricationmethod,somechanicalelementsmustbefabricated
in place,which subjectstheir clearancesand tolerancesto
thelimitationsof thefabricationprocess.Theclearanceand
toleranceeffects fall into threecategories: lithographyline
width andspacerules,sacrificialoxide spacing,andunilat-
eralsizetolerancesonthemechanicalelementsdueto release
processing. Thesefactorsinfluencethe device kinematics
anddynamicsin complex ways. Comprehensive computer
modelingis neededto assurecorrectfunctionwithoutexces-
sive prototyping,which is extremelyslow andexpensive.

Traditionalcomputer-aideddesignsoftwaresis inappro-
priatefor micro-mechanismdesignbecauseof thecurvedge-
ometry, contactchanges,andlargeclearances.VLSI design
softwareis not meantfor moving parts.Finite elementanal-
ysis is difficult and slow due to the large numberof parts,
the curvedgeometry, andthemany part contactchanges.It
is computationaloverkill for designsthatcanbemodeledas
rigid-body systems.Mechanicalsystemsimulatorsoffer an
efficient alternative to finite elementcodes,but are limited
to systemswith permanentpart contacts,suchaspin joints,
prismaticjoints,andinvolutegears.Theseconditionsareun-

realisticfor micro-mechanismsbecausethe fabricationpro-
cesscannotproduceidealjointsandbecausecontactchanges
(higherkinematicpairs)arecommon.

Our programautomateskinematicanalysis[2] [3], dy-
namicalsimulation[4], toleranceanalysis[5], andkinematic
synthesis[6]. Designerscanvisualizesystemfunction un-
dera rangeof operatingconditions,canfind andcorrectde-
signflaws,andcanoptimizeperformance.Theprogramhan-
dlesplanarsystemsof curved,rigid partswith custompairs,
openandclosedkinematicchains,andcontactchanges.An
early version,which lacked tolerancingandsynthesismod-
ules,wasusedto analyzea MEMS indexing pair [7].

In this paper, we show how our designprogramsupports
thedesignof a complex micro-mechanismusingtheSandia
SUMMiT V surfacemicro-machiningprocess.The mecha-
nism is a torsionalratchetingactuator:a novel electrostatic
actuatorthatis compact,easyto operate,andprovidesaccu-
ratepositioncontrol without feedback[8]. The mechanism
wasredesignedto increaserobustnessandto optimizeperfor-
mance.Thedesignprogramprovidedcomprehensiveperfor-
manceevaluations,detectedpotentialdesignflaws,andinter-
actively computedmodificationsthatrepairtheflaws. These
functionsreducedesigntime by an orderof magnitudeand
improvedesignquality.

2 Torsional ratcheting actuator

Figure1 shows theoriginal torsionalratchetingactuator.
Themechanismconsistsof adriver, aratchet,aring gear, and
ananti-reverse.Thegearandtheanti-reversearemountedon
thesubstratewith pin joints, while the ratchetis attachedto
the driver with a pin joint. (Theseare really flexures; pin
joints areanaccurate,simpleapproximation.)Thedriver is
attachedto the substrateby springsthat allow planarrota-
tion, but preventtranslation.Thedriver is rotated
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terclockwiseby anelectrostaticcombdrive. Theratcheten-
gagestheinner teethof thegearandrotatesit counterclock-
wise. Whenthevoltagedrops,thespringsrestorethedriver
to its start orientation,which disengagesthe ratchet. The
anti-reversepreventsthe gearfrom rotating clockwise. Its
outer, involuteteethdriveanexternalload.

The main purposeof the redesignis to ensurethat the
gearadvancesby onetoothpercycle. Theoriginaldesignex-
hibits overrunwheretheratchet/gearimpactcausesthegear
to jump two or moreteeth.An anti-overrunanda riserwere
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Figure 1: Torsional ratchetingactuator: (top) SEM image
courtesyof SandiaNationalLaboratoriesIntelligent Micro-
machineInitiative www.mems.sandia.gov; (bottom) Detail
of CAD model.

addedto thedesignto preventthis. A secondgoalis to ensure
correctfunctiondespitegearhubplay, which is estimatedat
0.5 microns. A third goal is to optimize performancefac-
tors, including voltage,power, wear, andarea. This paper
addressesthefirst two goals,which mostly involve thekine-
maticfunctionof themechanism.

Figure2 illustratesthemodifieddesign.Theriseris fixed
to thesubstrateandtheanti-overrunis attachedto thedriver
with a pin joint. It is rotated
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counterclockwiseby the

electrostaticcombdrive (a–c). The ratchetrotateswith the
driver, engagesthe inner teethof the gear(b), and rotates
it counterclockwise(c). The anti-overrun rotateswith the
driver, ridesover theriser(b), engagesthegear(c), andpre-
ventsfurthergearmotion.Whenthevoltagedrops,torsional
springsrestorethedrive wheelto its startorientation,which
disengagestheratchetandtheanti-overrun(d–e).As before,
theanti-reversepreventsthegearfrom rotatingclockwise.

3 Configuration space

Kinematicanalysisis performedby constructingconfig-
urationspacesfor theinteractingpairsof parts.Thesespaces
encodethe part interactionsin a uniform geometricformat
thatsupportsfunctionvalidation,simulation,tolerancing,and
synthesis. The configurationspaceof a pair is a manifold
with one coordinateper part degree of freedom. A gen-
eralplanarpair hasa three-dimensionalconfigurationspace
whosecoordinatesarethepositionandorientationof onepart
relative to theother. A pair of rotatingpartscanbemodeled
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Figure2: Simulationof modifieddesign.

with asimpler, two-dimensionalspacewhosecoordinatesare
the part orientationangles. Although our programhandles
bothcases,we will discussonly thesimplercase.

Figure3 showsthegear/anti-reverseconfigurationspace.
Thecoordinatesarethegearorientation
 andtheanti-reverse
orientation� in degrees.Thedotmarksthedisplayedconfig-
urationwherethe partsareengaged.The part contactsare
encodedby partitioning configurationspaceinto threedis-
joint classes:blocked space(grey) wherethe partsoverlap,
freespace(white)wherethey donottouch,andcontactspace
(black) where they touch without overlap. Blocked space
representstheillegalconfigurations,freespacerepresentsthe
independentpartmotions,andcontactspacerepresentsmo-
tion constraintsinducedby partcontacts.Contactspacecon-
sistsof many shortcontactcurvesthatrepresentcontactsbe-
tweenpairsof partfeatures(points,line segments,andarcs).
Thedisplayedconfigurationlies at themeetingpoint of two
contactcurves.

Theconfigurationspaceshowsthatthepairfunctionscor-
rectly. Theslantedcontactcurveto theright of thedisplayed
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Figure3: Gear/anti-reverseconfigurationspace.

configurationrepresentsthecontactbetweenthelongsideof
ageartoothandthetopof theanti-reverse.If thegearrotates
counterclockwise( � increases),this contactcausestheanti-
reverseto rotatecounterclockwise(  increases),asthecon-
figurationof thepair followsthecontactcurve. Thenearver-
tical contactcurve to the left of the displayedconfiguration
representsthecontactbetweentheshortsideof a geartooth
and the side of the anti-reverse. This contactpreventsthe
gearfrom rotatingclockwise,sinceevery directionin which
� decreaseslies in blockedspace.

The gear/ratchetpair hasa three-dimensionalconfigura-
tion spacebecausetheratchetrotatesaroundarotatingpoint,
hencehasthreedegreesof freedom.Theinteractionsarein-
variantwhenbothpartsarerotatedby thesameangle,sowe
cananalyzethe pair in a two-dimensionalspacewhoseco-
ordinatesaretheanglebetweenthepartsandtheratchetori-
entation.Equivalently, we freezethedriver at zerodegrees,
which alsofreezestheratchetcenterof rotation.

Figure4 shows theconfigurationspace.Thecoordinates
arethegearorientation� andthe ratchetorientation� . The
dot marksthe displayedconfigurationwherethe ratchetis
driving the gear. The nearvertical contactcurve to the left
representsthecontactbetweentheshortsideof a geartooth
and the ratchettip, which preventsthe gear from rotating
clockwiserelative to thedriver. Theconfigurationspacere-
vealsa designflaw: the curve slope is positive (and very
large),which implies that thegearcanrotateclockwise,es-
capethe ratchet,and jump to the next tooth. Friction will
prevent this until the driver torquereachesa critical value.
Loadvariationandhubplay canexacerbatetheproblem.

4 Simulation

Configurationspaceanalysisrevealsthe kinematiccon-
straintsdueto contactsamongthepartsof theactuator. We
combinethis analysiswith rigid body simulationto predict
thesystemfunction. Kinematicanalysisis a prerequisitefor
simulationbecausecontactscreateforcesthateffectpartmo-
tion. We have developeda simulatorthatcomputesthecon-
figurationspacesof the interactingpairsbeforethe simula-
tion and queriesthem at eachtime stepfor part collisions

g

r

-2.3 1.7

-2.3

1.7

Figure4: Gear/ratchetconfigurationspace.
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Figure5: Gear/ratchetcontactzone.

and contactchanges[4]. When theseoccur, the simulator
backsup to the changetime andupdatesthe contactequa-
tions. Runningon a personalcomputer, the simulatorhan-
dlessystemswith tensof moving partsat interactivespeeds.
It generatedthe simulationshown in Figure 2, which vali-
datestheinitial nominaldesign.It alsovalidatedtherevised
designdescribedbelow.

5 Toleranceanalysis

Our analysisignoresshapevariationandhub play. The
dominantfactor is gearhub play, which is estimatedat 0.5
microns. Flexureshave minimal play andshapevariations
arenegligible in theSUMMiT V process.Wemodelthegear
hubplaybyparameterizingthecenterof rotation ������������� and
allowing theseparametersto vary in theinterval ����� ��� � � ���"! .
Eachchoiceof parametervaluesgeneratesa different part
with its own gear/ratchet,gear/anti-reverse,and gear/anti-
overrunconfigurationspaces.We computezonesaroundthe
nominalcontactspaces,calledcontactzones,thatboundtheir
worst-casevariation[9] [10]. Figure5 showsthegear/ratchet
contactzone,which is displayedas light bandsaroundthe
contactcurves. The contactcurvesareguaranteedto lie in
the zonewhenever the parameterslie in the specifiedinter-
val.

The gear/ratchetcontactzoneshows that hub play can
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Figure6: Modifiedgear/ratchetconfigurationspace.

causeincorrectfunction. The nearvertical curve, which is
meantto preventjumping,canslopeto theleft without leav-
ing the contactzone. The gearwill then be able to rotate
clockwise and jump. The gear/anti-reverseand gear/anti-
overruncontactzonesshow correctfunctiondespitehubplay.

6 Synthesis

Wemodifiedthegear/ratchetpair to preventjumping,us-
ingourinteractivekinematicsynthesisprogram[6]. Wespec-
ified thekinematicchangesbymappingnominalcontactcon-
figurationsto desiredconfigurations.In Figure4, thenomi-
nal configurationsarethebasepointsof the two arrows and
thedesiredconfigurationsarethearrow heads.Theprogram
modifiesthedesignparametersto achievethechanges,while
preventingunintendedchanges.Figure6 showsthemodified
pair. The geartooth slopeand the matchingratchetslope
arelarger. In configurationspace,thenearhorizontalcontact
hasrotatedenoughthat its slopeis negative,andstaysnega-
tivedespitehubplay. Thegear/ratchetmodificationsalterthe
kinematicsof theotherpairs. We validatedtheentiremech-
anismvia configurationspacecomputation,simulation,and
toleranceanalysis.

7 Conclusions

We have presentedconfigurationspacemethodsof kine-
maticanalysis,tolerancing,andsynthesis.We have demon-
stratedtheir efficacy (and our implementation)on the re-
designof a torsional ratchetingactuatorthat is fabricated
in the SandiaSUMMiT V process.We plan to exploit this
methodologyto validatefutureMEMSdesignselectronically,
therebyreducingprototypingeffort anddesigntime.
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