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Abstract

In spite of mary recentadvancesin MEMS technologiedor integratedplanardevices, most
productsof the future will continueto requireassemblyfrom separatgartsbecausef differing
materialpropertyrequirementsthe needto have a three-dimensionadxtent, or becausef mary
differentenduserfunctionalneeds. Becausanary productswill be very smallandcomple, or
larger productswill incorporatesmallercomplex subproductstherewill be an increasingneed
to provide technologiegandsystemdor sensotbasedmicromanipulatiorandautomategrecision
assemblyFor the pastseveralyearswe have beendevelopinganarchitecturdor tabletopprecision
assemblyystemsOurgoalis toimprove thedesign deploymentandreconfiguratiorof automated
assemblypystemdor smallmechatroniproductgequiringhighprecision.Designandconstruction
of aprototypeminiaturefactoryaccordingo our “Agile AssemblyArchitecture’(AAA) isunderway
to validatethe researchand provide a uniqueand powerful reconfigurableplatform for assembly
researchand evaluationby industry We are currently operatingour prototypewith one sigma
motion resolutionsof 200 nm. Centralto the AAA conceptis that of a “virtual” factory which
is automaticallyregisteredand synchronizedvith the actualfactory As anapplicationexample,
a virtual minifactoryfor assemblingsmall electretmicrophoness presented.Thesemicrophones
are currently assembledinder stereomicroscopesy handwith tweezersand othertools. We
are working to provide “real” minifactoriesfor assemblingreal products. Methodscurrently
underdevelopmentby the micromanipulatiorcommunity eg. MEMS grippersand sensorscan
be incorporatednto future minifactory systems. Resultscould allow manufacturergo have the
capabilityfor developingdistributedmicroassemblygystemswith drasticallyreduceddeployment
times,higherquality, anda new level of manufacturingystemportability.
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1. Introduction

For awide rangeof differentproducts we assumehatthereis (andwill be)a needfor micro-
manipulatingndividualand/orlarge groupsof very smallpartsfor thepurposeof assemblingmall
products. Therearetwo principal problemsto be dealtwith. First is the problemof precisely
aligning partsto be mated,no matterwhattheir sizemaybe. The seconds thatof picking upand
placingpartswhosesmall sizepresentgreatdifficulties.

Recently attentionhasfocussedon the problemof graspingandreleasingsmall parts,where
electrostatidorces,surfacetension,andVan der Waalsforcesdominate. For example,Arai etal.
[1], have developedmicro endeffectorsfor micromanipulatiorin which arraysof micro pyramids
areemployedo reduceadhesie forceeffects.

Recently more attentionhasbeenplacedon the overall requirementdor the automationof
micro assemblyprocesse$2]. A productmay have one or moreinterfacesto its ervironment,
suchas electrical, optical, fluidic, or mechanicalcontacts. It may needto be assembledn a
hybrid build-up processnvolving several differentmaterialsand several disparatemanufacturing
processesTheremaybemary reasongor the assemblyof the productto be automatedincluding
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componentdimensiondoo smallto be effectively handledby people the needfor extremelyhigh
alignmentaccuracie®etweercomponents;ontaminatiorby humanoperatorsandtheinability of
humanoperatorgo focuson the micro-assemblyaskfor long periodsdueto exhaustion.Finally,
theremay be cleareconomicbenefitsin termsof rapid marketresponséf the automationcanbe
accomplishedhn ahighly flexible way.

It wouldseenthattheintegrationof forceandvisionfeedbackn microassemblyis of paramount
importance.Nelsonetal. [3] have demonstratedtision andopticalbeamdeflectiontechniquego
provide nanonaton-level forcefeedbackandnanometetevel positionfeedback.

It seemsclearthat progressis being madetoward automatedassemblyof fairly complicated
MEMS-like devices. Theability to individually assemble¢hesekinds of productss, however, still
a long way from achieving viable automation sincea greatdeal of flexibility and productflow
remainsto be integrated. It will not be very effective, for example,to have operatordoad and
unloadindividual partsandassemblieso andfrom tiny automatedssemblystations.

2. Minifactory

An ongoingprojectfor rapidly reconfigurableautomatecassemblyis being conductedn the
Microdynamic SystemsLaboratory at Carngie Mellon University For the pastseveral years,
we have beendevelopingan“Agile AssemblyArchitecture”(AAA) [4, 5] anda modulartabletop
precisionassemblysystem‘minifactory” [6] for theassemblyof smallmechatroni@roducts.

The principal componentghat form a minifactory are shovn in Fig. 1(z). The factoryfloor,
comprisedof alutting precisionplatentiles supportedoy baseunits, formsthe statorfor multiple
planardinearmotorsgliding aboreit onair bearingsandalsosenesasaprecisiorpositionreference
grid. Planarlinear motor courier robots[7], incorporatinga precision3-DOF ac magneticposi-
tion/anglesensof8], aprecisionopticalcoordinatiorsensoranda modularfixture, areresponsible
for carrying productsubassembliethroughthe factory andfor cooperatie precisionassembly
operationsEachcourieroperatingn thefactoryis attachedy flexible tethergo its own computer
andelectronics.

To affecta4-DOFassemblyperationgcouriersinteractwith verticaltranslatiorandrotation2-
DOF overheadnanipulatorghatpick partsfrom nearbypartsfeeders The overheadnanipulators
have interchangeablmodularendeffectors,someof which have built-in camerasndilluminators.
All endeffectorshave force/torquesensingcapability Theoverheadmanipulatorsandotherforms
of overheadprocessorsuchasscrev drivers,lasers prbital headformers,welders gluersandthe
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Figure2: Simplifiedexplodedview of microphoneassembly

like are clampedarnywherealongthe structuralbridges. Eachoverheaddevice canbe manually
adjustedn height. Thehorizontalbridgebeamcanalsobeadjustedn height,andcanbe manually
positionedarywherealongthebaseunit. Like the couriers gachoverheadnanipulatoior overhead
processohasits own computerandelectronics.

Figurel(b) shonsatypical minifactorylayout. Eachactive pieceof manufacturingequipmentn
aminifactoryis referredto asanagent Agentsaremechanicallyelectrically andalgorithmically
modular andareinterconnectety modularservicebuseswhich provide power, air, vacuum,and
networkconnections.

The designof truly flexible partsfeedingagentsremainsa difficult researchiopic. We are
consideringwo main typesof feeders.Thefirst is bulk parts feeding suitablefor low-costparts
that can be jumbled togetherin bins. The secondis precisionparts feeding suitablefor more
delicateandcostlyparts. A precisionpartsfeederconsistof a courierwhich servicesa setof parts
magazinesEachpartmagazinds a columncontaininga stackof trays,with eachtray containing
orientedandlocatedparts.

At presentpur prototypeminifactoryhasoneplaten,onecourier andoneoverheadobot. The
courieris operatingn closed-loopnodewith a 1o motionresolutionof 200nm[7]. Theoverhead
manipulatorcurrentlyoperatesvith about4 xm motionresolution.Theopticalcoordinatiorsensoy
usedto automaticallynmeasurehe spatialrelationshipetweencouriersandoverheaddevices,is
currentlyoperatingat a 1o resolutionof 150nm. We have demonstrategtery simplecoordinated
pick andplaceoperationswith small electronicparts. Our next setof hardware currentlyunder
constructionwill have six platentiles,four couriersandfour overheadnanipulatorslt is expected
thatthis collectionwill besuflicientto demonstratenary aspect®f minifactoryoperation.

3. Application Example: Microphone Assembly

As an applicationexample, we will look at using minifactory to automatethe assemblyof
small electretmicrophones. The currentassemblyof theseproducts,which are no morethana
few millimetersacrosqseeFig. 2), is doneby hundred=f workersusingstereomicroscopesind
tweezers.Thework is highly precise highly skilled, andhighly repetitve. The presenprocesss
adequatehut thelong leadtime for trainingassemblyvorkersmeanghatit is difficult to increase
productioncapacityin responsdo marketdemand.In addition,astechnologicabdwancesallow
theoreticallysmallerandsmallermicrophonesthe difficulties of usinghumanlaborin their mass
assemblywill only increase.To meetthesedemanddor this product,thereis anobviousneedfor
high precisionyetvery flexible, automation.

Minifactory andAAA pravide aplatformwhichwill supportandintegratethe variousprecision
manufacturingprocesseshat needto be developedto assembléghe tiny microphones.Figure 3
shownsavirtual (simulatedfactorywhich performamostof theassemblypf onetypeof microphone.
It wasrapidly developedin cooperatiorwith themicrophonemanufactureusingtheinterfacetool
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Figure3: Virtual minifactoryfor microphoneassembly

componenbf the AAA software. Minifactory’s flexibility and penasive modularity allowed us
to develop this factoryincrementallyi.e., startingwith factoriesthat build sub-componentsnd
subsequentibuilding up to the largerfactorydepictedn thefigure.

In thefirst factory, which consistednainly of platentiles A andB in Fig. 3, only theassembly
of the capacitorswhich arethe heartof the microphonejs performed. The factory takessheets
containingl6 electret‘charge plates;, which arethefixed, chagedpartof the capacitorcutseach
chage plateoff, preciselyformsit andplacesit on a ring/diaphragm—uwhiclis the elementthat
will vibratein responséo sound.Theresultingassemblys thengluedandcured.

Theinitial factory usedonecourieron platenA for fabricationof the chage plateandoneon
platenB for the assemblygluing, andcuring of the capacitor The factory on averageproduced
a capacitorevery 25 secondshut the agentsin the factory spentmuch of their time waiting for
otheragentssinceeachcourierwasinvolvedin atleastonetime consumingprocessFor example,
it takesabouta minuteto cut out all of the chage platesfrom the carrierand eachof the glued
subassembliesiustbe curedfor six secondsTheobviousway to improve factorythroughpuis to
addparallelism:insteadof having one courieron platenA, therearetwo sothatthe chage plate
feedemwill never have to wait for achage plateoncethefactorygetsupto speed Similarly, instead
of having onecourieron platenB, therearetwo sothatwhile onecourieris curingits productthe
otheris gettingits productassemblednd glued. The resultingfactory sgmenthasan average
throughpuif oneassembledapacitorevery 9 seconds.

Theagentcoordinatiorprimitiveswhicharepartof AAA maketheadditionof suchparallelism
fairly straightforward. It was unnecessaryo makesignificantchangedo the programsfor the
overheadmanipulatorsandthe programsfor the couriersneededo be madeonly slightly more
comple, i.e. by designatingsome“parking areas”for couriersto sit in while they arewaiting for
safepassagé¢o andthroughothermanipulators.

This simpleinitial factory doesshaov mary of the majorcomponent®f our minifactories. For
example thefirst stepin ary assemblyrocessnustbe partsfeeding.In thisinitial factory all parts
arefed into the systemon traysvia precisionpartsfeeders.

Most of the processem theinitial factorydo notrepresena high level of cooperatiorbetween
agents: a courierdrivesup to a precisespotunderneatta manipulatorwhich then performsan
action. Oneexampleof ahigh precisionhighly cooperatie operatioris gluing. Thecourierarrives
underthe gluing agentcarryingan assembleaapacitor andthenit mustperforma coordinated
“dance”underthegluing agentwhich will resultin tiny, precisestripesof gluebeinglaid down on
the assembly In this case the couriersare not simply high precisiondelivery vehicles,but they



mustperformacontinuouscooperatre operationwith thegluingagentto makesurethatthe proper
amountof glueis putin theproperlocation.

Thefinal 37-agenfactorypicturedin Fig. 3washuilt upincrementallyoneplatenatatime. The
processethattaketheassembledapacitorglueit to thebottommetaloutercupof themicrophone,
weld on a groundplate, attachthe circuitry, andattachthe top outercup of the microphonewere
addedanddehuggedin sequencelt is expectedhatthis incrementabpproactwill betypical, both
in simulationandin constructingeal minifactory systems.As assemblyprocessearedeveloped
anddelugged,the factory canbe reconfiguredo usethatassemblyprocess.In this manney the
developmentof an“all or nothing” style of automatioris specificallyavoided.

In developingthisfactory anadditionalkind of partsfeedingwasused.For example thebottom
cup of the microphonesdn this factory will be fed by a bulk feeder Operatorswill fill a “bin”
with bottom cupswhich the bulk feederwill thensingulateandorient appropriatelyfor pick-up
andtransferby the bottomcup manipulator Thetechnologyusedin this bulk feederhasnot been
determined/et, but couldusevibrationprocessesoupledwith simplesensors.

In addition, plausiblesimulatedprocessesuchas resistve welding had to be developedfor
this product. In a proposedninifactory resistve welder the effector hastwo prongs: one which
senesa doublepurposeasa gripperandan electricalconductomwhile anothersenespurelyasa
conductor The fixture on the courierwhich holdsthe bottom cup hasbeenspeciallydesignedo
have a conductingplate on the bottomwhich remainsin contactwith the bottomcup onceit has
beenfixtured. The effector canpick up anintermediateplate from a bulk feederandplaceit on
the bottomcupin the fixture. As the plateis placed,one prong of the effector comesin contact
with the conductingplateof the fixture, andcurrentcanbe run throughit to weld theintermediate
plateto the bottomcup. Sucha resistive welding processds actuallyextremelywell suitedto the
minifactoryparadigmsinceit allows precisepositioningandfasteningo happersimultaneously

With minifactory, therearemary differentchoiceso bemadefor how productdlow from place
to place. For example,we have deliberatelycomplicatedour final factory to makesomepoints:
Thereis a glue stationon platenB which is usedfor two completelydifferentgluing operations,
e.g. thegluing of the chage plateinto the diaphragmandthe gluing of the subassemblynto the
bottomcup. Thus,in thisfactory productsdo notjustflow from left to right aswould bepredicated
by anormalautomatedactorywith aline of work cellsconnectedy a corveyor belt. The bottom
cup getsbulk fed ontoa courieron platenC, moves“backwards”to platenB for gluing andthen
getstransportedackto platenC after gluing for curing, welding, and unloading. Minifactory’s
flexibility enablesa developerto easilyadjustthe productflow in responseo the delicatebalance
betweemmaximizingthroughputandminimizing the numberof agentsnvolvedin the factory In
this casepecausef thelengthycuringtimes,having only onegluing agentsharedy four couriers
performingtwo differentprocesseslid not prove to be a bottleneck. The throughputof thefinal
simulatedfactory was still the sameas the throughputof the original simple simulatedfactory
se@ment,i.e. oneassemblednicrophonevasfed into the outputprecisionpartsfeederon platenD
every nineseconds.

4. Future Research

In theapplicationexamplejustillustrated,the electretmicrophoneproduct(Fig. 2), while quite
small relative to humanassemblyconsiderationsis well within the rangeof sizesthat canbe
easilyhandledn aminifactoryusing“conventionally” producednicro-grippersand2D gray-scale
computewisiontechniqueslin thefuture,wewill belookingfor waysto robustly integrateMEMS
grippersandsensorinto theminifactorysystento dealwith evensmallerproducts.Thisintegration
will not beeasy Oneof the mostdifficult challengewill be dealingwith ernvironmentalvibration
levels. It is anticipatedthat active feedbackcompensationvill be necessaryor precisionsbelov
1000r 200nm.

5. Summary and Conclusions
Sensinggripping,andpositioningof smallpartsto high precisiorfor microassemliylis becomiry



anincreasinglyactive areaof researchTheassemblyprocesstself, regardlesof scale hasbeena
veryactivearedor roboticsfor mary years.Theseconsiderationsavebeerreferredo as‘assembly
in thesmall” by Whitney [9]. Herefersto thelargerfunctional,logistical,andeconomicaproblem
of assemblingiable productsas“assemblyin thelarge; which hasalsobeenextensiely studied.
In this paperwe have briefly discussechow “assemblyin the small” might meet“assemblyin
the large” throughthe AAA/minifactory paradigm.We have briefly presentedhe examplevirtual
assemblyof a small electretmicrophonewhosesize, thoughsmall, doesnot yet provide severe
challengesn termsof partspickingandalignmentprecisions.
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