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Abstract

We havedevelopednen methoddor theautomatedassem-
bly of prototypestructuesand weillustrate themwith the
constructionof a simpleoneDOF 5Smmsurgical wrist em-
ploying polyester e xures insteadof revolutejoints. The
r st stepin the structural assemblyinvolvesthe construc-
tion of hollow stainlesssteel triangular beamsthat are
usedfor the rigid elementsof the structue. It includes
the developmenbdf a folding xtur e to bendstainlesssteel
sheetsand the determinationof a folding angle sequence
by static analysisusing a compliant metanismmodel.
The semi-automatiprocessof usinga millirobot (Ortho-
tweezes) to manipulateand assemblghe beamsand at-
tach the e xuresis describedn detail. Thepaperendswith
a descriptionof the procedue usedto designthewrist.

1 Intr oduction

This paper describesa semi-automatedprocedurefor
rapidprototypingof millimeter-scaleroboticstructureand
demonstrates by building a prototypefor aoneDOF sur
gical wrist. Thelong-termgoal of thiswork is to fully au-
tomatethe fabricationof suchstructures.This ervisioned
automatedissemblywould includethe constructiorof the
structure(the body of the robot) andthe attachmenbf ac-
tuators,sensorsand ary necessarwiring. Becausethe
techniquesin the assemblyof structuresthesesizesare
largely undeveloped this goalencompassesconsiderable
amountof unchartederritory. Thus,asa rst step,thecur
rent work focuseson automatingthe constructionof the
3-D structure.More speci cally, it focuseson automating
or creating xtures for thosetasksthataremostdif cult to
performby hand(for example,the manipulationand pre-
cisepositioningof the micro parts). Theaim s to develop
efcient, reliable,yet e xible fabricationtechniques.The
proposedmethodswill then constitutepart of a minimal
setof robustprimitivesthatcanbe eventuallycombinedo
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male afully automatedlesktopassemblyprocesdor mil-
lirobots.

The basic materialschosento constructtheseprototype
structuresare hollow triangular stainlesssteel beamsfor
therigid elementsand polyesterfor the e xible elements.
During the prototypingstage wheremary designswill be
testedanddiscardedthe readyavailability andlow costof
thesematerialsmalke them a desirablecombination. The
rigid elementsmadefrom folding 12.5nmmthick stainless
steelsheets,are strongyet lightweight and the polyester
e xuresareableto withstandlarge de ectionsandfatigue
cyclesfor a relatively shortsize. Although a monolithic
structurasidealfrom theassemblyiewpoint, it is dif cult
to nd asinglematerialwith desirablemechanicaproper
tiesfor boththerigid and e xible parts. Furthermorethe
particularcombinationchosenherehasbeensuccessfully
usedn prototypingmillirobots asdemonstratetly the Me-
chanicalFlying Insectproject[1]. In thatcase however,
thestructureshadto be madepainstakinglyby hand.

The presentwork extends previous work done at UC
Berkeley in the areaof microassembly Shimadaet al.
[2] describethe developmentof the Ortho-tweezeraised
in this work for manipulatingtiny blocks andthe folding
procesgdoneby hand)for the stainlesssteelbeamsand
provide referenceso previous work in this area. Thomp-
sonand Fearing[3] detail the additionof a userinterface
andsoftwareprimitivesusingforcefeedbacko the Ortho-
tweezersvhichmadethepickingandplacingof smallhan-
dling blockspossibleautomatically

Figure 1 shavs a block diagramof the assemblyprocess
from a at sheetto the nal 3-D structureandthe current
statusof automationof eachstep. The presentwork de-
scribegheefforts madetowardstheautomatiorof thecon-
structionof the triangularbeamsand the assemblyof the
beamsand e xuresinto a2-D assemblySpeci cally, in the
sectionon beamconstructionyve detailthe constructiorof
afolding xture to bendthethin stainlesssteelsheetsaand
atheoreticalanalysisdoneto determinethe setof folding
angles. In the assemblysection,we describethe devel-
opmentof interchangeablgalletswherehandlingblocks
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Figurel: 3-D StructureAssemblyProcess

areattachedo the objectsto be manipulatedandthenthe
handlingblock andobjectcombinationis transportedo its
desiredposition.

The presentpaperillustratesthis procedurethrough the
constructionof a prototype for a one DOF wrist for
minimally invasive sumgery (MIS). Thesesumical proce-
duresrequirethe developmentof innovative and dexter-
ous millimeterscaleinstruments. Although corventional
designsnvolving miniaturemachinepartshave beenpro-
posed(see[4] for example),suchmechanismaredif cult
to manukctureandassembl@ndareno longercosteffec-
tive beyond a certainlevel of miniaturization.In addition,
rotary andsliding joints usedin corventionalmechanisms
involve surfacecontactcausingunacceptablé@igh friction
and wear rates. Compliantmechanismsjn which e x-
uresor exural hingesreplacethe conventionalrevolute
joints, arecapableof overcomingthesedisadwantagesand
arethereforehighly suitedfor this application. For these
reasonsyve have chosernto demonstrat®ur currentsemi-
automatedrapid prototyping assemblyprocessby build-
ing a one DOF wrist for usein MIS instruments.Figure
2 shaws a SolidWbrks model of the proposedwrist. The
presentesignhasbeenkeptsimpleto illustratetheassem-
bly processbut thesameprocedurecanbeappliedto more
complicatedstructuresaswell.

The details of the triangular beamconstructionand the
assemblyprocessas well as the designprocessusedto
choosethe parameter®f the wrist fabricatedaregivenin
thesectionselaw.

2 Triangular BeamConstruction

As mentionedoreviously, we formedthetriangularbeams
from folding pre-cutand pre-scoredl2:5mm-thick stain-

Figure2: SolidWorksmodelof the Proposed. DOF Wrist

Figure 3: Folding mechanism:(1)clamp-positioradjust-
ment scrav, (2)alignmentpin, (3)clamp point contact,
(4)upperrazor blade, (5)stainlesssteel sheet,(6)rotating
razorblade

lesssteelsheetsThefolding processalthoughslowverthan
stampingprovidesbendingthatis moreamenabléo small,
thin sheets.It alsoallows for greater e xibility in the re-
sulting cross-sectionadhapeof the beams. The stainless
steelsheetswvere pre-cutand pre-scoredisingthe Micro-
lazelasermicromachiningstationasdescribedn [2]. The
processncludedpre-coatinga small stainlesssteelpiece
(approximately4smm£ 60mm) with polyimide (HD Mi-
crosystemsP12525) blastingthe polyimidewith thelaser
andetchingto producethe cutandscorelines. The xture
thatwe developedfor producingthe folds in the stainless
steelsheetds shavn in Figure 3 andconsistsof threeba-
sic parts: (1) the mechanisnior bendingthe sheet(2) the
baseon which the stainlesssteelsheetis placed,and (3)
the clampthatholdsthe steelin placeandthatalsosenes
asanedgeagninstwhich the sheets folded.

In orderto reducethe springback(for a descriptionof the
factorsthataffect the springbackandan approximatenay
to calculateit, see[2]), anautomatedolding xture must
provide analmostpurebendingmomentandminimizethe
length over which the bendingtakes place. The folding
mechanisnpicturedin Figure 3 hasbeendesignedwith



thisaimin mind. A razorbladeattachedo the clampap-
plies aline force alongthe bendline, anda rotatingrazor
bladeunderneattihe steelprovidesthe bendingmoment.
The rotating razor bladeis attachedo the basestructure
usingsimple e xuresmadeof tape. The baseprovidesa
hardand at surface on which to lay the stainlesssteel
piece. The basein the presentxture wasmoldedout of

polyurethanewith a 200mm-thick steelpiecegluedto the

areabeneatttheclamp. It incorporateswo alignmentpins
to ensureaccurateplacementof the stainlesssteel sheet
eachtime afold is made.

The clampis perhapshe mostcritical part of the folding
xture. It mustbe easyto lift up andplaceaccuratelyin
alignmentwith thebendline onthestainlessteelpiecebe-
ing folded. Theclamps designfollows theexactconstraint
design principles as describedin Blanding [5] to avoid
over-constraintproblemsthatleadto eitherloosely tting
or binding partsthatarecontraryto preciseplacement.In
this case,the clamp usesthe exact constraintmethodof
a contactpoint coupledwith a nestingforce (provided by
tensionsprings). This methodis ideal for partsthat are
frequentlyremoved andreplacedbut needto be precisely
positioned[5]. In practicaluse,the clampis lifted anda
pre-cutandpre-scoredtainlessteelpieceis placedonthe
alignmentpins. The clampis thenput down, the springs
areputin placeto holdit down, andadjustmentgusingtwo
scravswith ball bearingsontheirtips) aremadesothatthe
clampedgelines up with the steelbendline. Finally, the
bottomrazorbladeis rotatedto completethe bend. This
processs repeatedor all of thebends.

Thetriangularcon gurationconsideredhererequireghree
sequentiabends.Thefolding processn this caseconsists
of bendingthe sheetmetal sequentiallyat P3,P2,andP1
(Figure4) until the bentpiecejust touchesthe clampsur
faceat P4. Furtherrotation of P1P2by applying an in-
creasingnomentcauseshestructureo e x somavhatand
changats angularcon guration. Initially, friction prevents
themotionof theendP4alongthesurfaceof theclamp,but
atsomevalueof theappliedmomentthemotionwouldim-
pend.To determingheconditionsundemwhichtheedgeP4
will alwaysmove down (ratherthanup, aswasobseredin
someinitial trials) the clampsurface,we needto carry out
a staticanalysis. It is not sufcient to simply choosethe
anglesso thatthe sheetis physically angleddownward at
P4;whethertheimpendingmotionis up or down depends
onthedirectionof thereactve forceat P4. All possiblere-
sultantreactiongnustlie within aconewith apex atP4and
verticalsemi-angléani 1 m(theconeof friction, seeFigure
4). For impendingmotion up or down, the reactve force
mustlie ontheright or left edgeof the conerespectiely.

We receved inspirationfrom Lu and Akella [6] to model
eachline shavn in Figure4 asa roboticlink. The static

Friction cone

Figureb: Freebodydiagrambasedn a pseudo-rigiccom-
pliantmechanismmodel

analysispresentednhereis basedon the pseudo-rigidccom-
pliant mechanismmodel[7]. In this model,the compliant
structureof Figure4 is replacedby a four barmechanism
with rigid links andtorsionalspringsplacedat the joints.
In thefree-bodydiagramsf Figure5 basednthis model,
the Ts representhe reactie torquesdue to the torsional
springs. It is easyto verify (by writing the force equilib-
rium equations}hat the magnitudesof the x-components
of the reactionforcesat eachjoint arethe same;andthe
sameis true for the y-componentsaswell. Thesecom-
ponentsalongandperpendiculato the clampsurfaceare
designatedsF andN respectiely in Figure5; at P4these
representhe friction andnormalforces. M is the applied
moment.

ThetorquesTy, T, andTz dependntheequialentspring
stiffnessk andthe changein joint angle. Theinitial values
of joint anglesa, b, andg (seeFigure4) aredetermined
from the con gurationin which P4 just toucheghe clamp
surface.Representingheinitial valuesby the subscript0,

thespringtorquesaregivenby

Ti=k(ai ao);T2=k(bi bo);Tz=k(gi @) (1)

At the point of impending motion, the friction force
reachests maximumvalue mN wheremis the coefcient



of friction. Theexperimentallydeterminedralueof 0.2for
mwill beusedin the subsequentalculations.

It is corvenientto representhe governingequationsn a

non-dimensiondlorm. Thefollowing transformationsvill
beused:

o_ M o NI o _ FI
Me=M  Ne= N pec E

To= 1 (i=129 )
=1 (i=1234)

Here,the starredguantitiesarenon-dimensionahnd| rep-
resentsa scalinglength. Thelink lengthsry, r3, andrg
(seeFigureb) areconstanandassumeaqualto the scal-
ing lengthl. The variabledistanceP1P4is designatedis
r1. Theanglesqg; areshavn on Figure5 andarerelatedto
the joint anglesby simple geometricakelationships.The
non-dimensionajjoverningequationsareasfollows:

COSy2 + COxYzj COYy = I ©))
sing; + singzj sings= 0 4)
i (gi @)i Fsingzi Ncoggzs=0 (5)

(9i )i (bi bo)i Fsingsj Ncosgiz=0  (6)
M+ (ai ao)+ (bi bo)+ Fsinga+ Ncosga= 0 (7)

Theasterisksn theabove equationdave beendroppedor
easeof writing, andall quantitiesarehenceforthpresumed
to be non-dimensional.Equations(3) and (4) arisefrom
geometricatonditions,andEquationg5), (6), and(7) are
momentequationswritten for eachof the free body dia-
gramsof Figure5. This systemof nonlinearequationsan
besolvedby avarietyof numericalproceduresthemethod
choserhereemplo/sthe MATLAB functionfsolve

For the solutionto have a physical meaning,certaincon-
straintsmustbe satis ed. The normalforce shouldbe pos-
itive to ensurephysical contactat P4. In addition, g, must
not exceed180degrees.Sincethe directionof the friction

force, (seeFigure5) waschosersoasto indicateimpend-
ing motiondown the clamp,a negative valueof thefriction

force would indicatethe undesirablesituationof impend-
ing motion in the upward direction. Out of the feasible
setof anglesequencesye usevaluesa = 89, b = 101,
and g= 60 deggreesin our work. Although currentlythe
folding mechanisms manipulatecby hand,the aim is to

fully automatat. Thusit is crucialto know a setof angles
thatwork consistentlyto obtaina triangularcrosssection
(ratherthananopensheetlasa nished product.

Oncethetrianglehasbeenpre-bentnto shapeglueis ap-
plied with a needleapplicator Thena xture with 1mm
equilaterakrianglechannelutinto it is passedepeatedly
overthetriangleto holdit in placewhile thegluedries. The

Figure6: Processisedto gluethebeamsn place

xture is keptin motionwith smallbackandforth move-
mentsto preventary gluefrom attachinghetriangleto the
xture (SeeFigure6).

3 The 3-D AssemblyProcess

Our efforts toward the automaticassemblyof thesebeams
into 3-D structuresnvolvedthe useof the Ortho-tweezers
(seeFigure 7(a)). Detailsof this systemcanbe foundin
[2]. As demonstratedn [2] and[3], the Ortho-tweezers
reliably graspand manipulateblocks. The systems ca-
pabilities have beenextendedto manipulatingobjectsof
othershapesandsizeshy rst attachinga handlingblock
to the object,andthenusing the Ortho-tweezerso move
the block andobjectcombinationby graspingandmoving
the attachedblock. The handlingblock is attachedo the
objectusinglow melting-pointwax so thatit canbe eas-
ily removed afterthe objecthasbeenputinto position. A
successfutiemonstratiorf this methodfor moving strain
gagesmay be found in [3]. The useof handlingblocks
allows the systemto move objectswhosehigh aspectra-
tio or fragility would precludethem from being handled
by conventionaltweezers.Thusin our assemblyprocess,
the rst stepis to createa palletof blocks,wax glue, and
the objectsthatneedto be assembledThe Ortho-tweezers
arethenusedto attachtheblocksto theobjects thuscreat-
ing asecondnterchangeablpalletconsistingof theblocks
andobjectsattachedogether(seeFigure7(b)). In thecase
wherethe objectsthat needto be manipulatedare all the
same,this stepcanbe doneaheadof time andthe pallet
with block and objectcombinationscanbe storedfor fu-
tureuse.

For thebeamassemblyprocessthe beamsarestoredin V-
groovesatcertainde nite anglege.g.0, 45,60,90,0r 120
degrees).TheseV-groovesareof the sameshapeasthose
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Figure 7: Ortho-tweezersand samplepallet (a) Ortho-
tweezeicon guration(b) samplepalletshaving theattach-
mentof handlingblocksto straingages

usedin the gluing processluringthetriangularbeamcon-
struction.In thefully automatedchemethesesamechan-
nelscanbe used.They would simply be ipped over with

thetriangularbeamsnsideandslid into placein the pallet.
A palletis constructedwith the blocks, spin-coatedvax
(15nmthick), V-grooveswith the triangularbeamsanda
rubbermold with V-groovesin a 2-D pattern(a attened
versionof the desired3-D structure). We constructedhe
V-groovesin the 2-D patternusinga 3-D printing machine
(3D SystemsThermoJetmachine). A semi-automategdro-

cessthenbegins wherethe useridenti es the position of

the block, wax, beam,andtamgetlocation. Thenan auto-
matedprocesshagins wherethe block is graspeddipped
in wax, andattachedo the beam(seeFigure8(a)). Then
the block andbeamcombinationis picked up (seeFigure
8(b)) andplacedin the appropriaté/-groove in the rubber
mold of the 2-D pattern(seeFigure8(c)). This stepwould

berepeatedisnecessary

@ (b) (©

Figure 8: Beamassembly: (a) handlingblock attached
to the beam(b) block andbeambeingraisedfrom the V-
groove (¢) beaminsertedn V-groove of the 2-D pattern

For the constructionof the sumical wrist, anotherpallet
was constructedvith polyesterstripsanda 2-D faceplate
(lasercutfrom 125mmthick stainlessteelin againa at-
tenedversionof the desired3-D structure)replacingthe
V-groovesandthe2-D mold. A thin layerof UV-cureglue
was placedon top of the 2-D faceplate. Then a similar
processas describedfor manipulatingthe beamsis per
formedto placethe polyesteistrip (16mmE 1mn) onthe2-
D faceplatgseeFigure9). Exposureo UV light sealsthe
polyesterstripsin place.The e xuresarecreatedrom the

polyesterstrip by the gapsin the stainlesssteelfaceplate
belov it. Note thatin both pallets,the blocks, polyester
strips,andthe 2-D faceplatearekepton top of Gel-Pak to
counteracthe sticking force of the partsto the tweezers.
(Seehttp://lwww.gelpak.confor informationon Gel-Fak.)

(@) (b)

Figure9: Attachingthe e xures: (a) block and polyester
strip being transportedb) strip being put in its placeon
the2-D faceplate

Testsof the methoddescribedabove revealedthatit could

be successfullyperformedwith the user operatingthe
tweezerghroughthe userinterface. However, in the auto-

matedprocedureyserinterventionwassometimesieeded
atthelifting of theblockandobjectcombinatiorandatthe

nal placemenbf theobject.Work is currentlybeingdone
to make this processnorereliably performedwithout user
intervention.

As a nal step,the faceplatewith the e xure attacheds
taken and glued on top of the beamsin the 2-D mold,
removed from the mold, and assemblednto the nal 3-
D structure. As the partsbeing manipulatedhereare no
longer very small, this stepis performedby hand. Fig-
ure10 shanvsthe nal results.Thestructurethatholdsthe
wrist in placewas constructedrom polyurethandrom a
mold fabricatedusingthe ThermoJemachine.

(@) (b) (©

Figure 10: Wrist prototypeshavn in differentcon gura-
tions(a) tilted to theleft (b) centemosition(c) tilted to the
right

Finally, it shouldbe notedthatthe above proceduras eas-
ily tailoredto make othertypesof 3-D structuresA similar
procedureanalsobeusedto attachstraingagesto astruc-
ture. Furtherdetailsof the straingageattachmentanbe
foundin [3] and[8].



Figure 11: Wrist con gurationsfor platform orientations
rangingfrom -45to +45 degreesin 10 degreeincrements

4 Wrist Design

This sectionpresentthe designprocesaisedto determine
the parameterfor thewrist whoseassemblyprocesss de-
scribedabove. Figure2 shavs a schematioof the planar
wrist. The two actuatorlinks manipulatethe upperplat-
form. The supportin the middle provides stability to the
platform andtakesup someof the load that would other
wise be carriedby thetwo legs. Thelegsareconnectedo
the upperplatform andthe actuatorinks by e xurejoints
andareboth4mmlong.

The kinematicsand force analysisof the simple mecha-
nism is relatively straightforvard. Figure 11 shows the
wrist con gurationsfor platformorientationgangingfrom
i 45to + 45 degrees. From this geometricstudy we de-
terminedthat the maximumanglethat the e xureshave
to bendthroughis 90 deg. Similar calculationsshoved
thatthe requiredstroke lengthfor the actuatords approx-
imately 2:.5mm Basedon anappliedtorque(asestimated
by [9]) of 2.2N mcm the calculatedvalue of the actuator
forceis 18N.

Thestiffnessof the e xuremaybeestimatedrom elemen-
tary beamtheoryasEl=d, whereE is the Young's mod-
ulus, | is the cross-sectionainomentof inertia, andd is
the pivot length. The quantitieghatneedto be speci edto
calculatethestiffnessesrethewidth (b), thethicknesgh),
andthelength(d). It is noteworthy thattheabove relation-
shipis accurateeven whenlarge de ectionsareinvolved.
For optimum performancethe e xure stiffnessshouldbe
assmall aspossible. The stiffnesscanbe reducedby de-
creasingE and| (sincel is proportionalto h3, aneffective
way to reducel is to reducethe e xure thickness)or by
increasinghelengthd. Thelastoptionis nota desirable
onesincealong e xuremaybuckle easily

For a simple (beam-type) e xure, the appropriatestiff-
nessrelations can be found in ary strengthof materi-
als book and are given by equationg12-16) of Goldfarb
and Speich[10]. The quantitiesthat should be consid-
eredwhendesigningsimplebeam e xuresincludethe ax-
ial stiffness(Ebh=d), the trans\erseor revolute stiffness
(Ebh®=12d), andthe ratio of axial to trans\ersestiffness
(12=h?). Ideally, thelastquantityshouldbeaslargeaspos-
sible. The maximumrotationthat a corventional e xure
cangothroughbeforeyieldingis alsoanimportantparam-
eterandis givenby gmax= 2dsy=Eh. Thislastrelationship
canbeeasilyderivedfrom theformulafor maximumbend-
ing stresse#n a beamsubjectedo purebending.Heresy
representtheyield stresof the e xurematerial.As stated
earlier animportantadditionalconsiderationn e xurede-
signis thebuckling of the e xure. Modelingthe e xureas
alink thatis x edatoneendandfreeontheother thecriti-
calstrainasdeterminedrom the standaracolumnbuckling
relationshipss givenby (& )crit = ﬁ—é(g)z. Also the min-
imum length of the e xure for a given angle of rotation
andthicknessis dp, = "1 O n+n?)= (equation3 from
2(1i n?)(sy=E)
Referencgl1]).
It is clear from the above relationshipsthat the material
propertieplay animportantpartin e xuredesign.ldeally,
the quantitys,=E shouldbe aslarge aspossible. The met-
als(sy=E = :004for stainlessteel)arethereforepoorcan-
didatedor e xures.Wechooseolyestebecausefitsrel-
atively high sy=E value(.06) andsuperioradhesiorprop-
erties. Basedon the above calculationswe chosel2mm-
thick polyester iImmwide, and:25mmlong. Its properties
for someof the quantitiesdiscussedbove is shavn in Ta-
ble 1. The platformlegs canwithstanda buckling load of
upto 50N.

Although a variety of actuationmethodsare possible we
proposeto useSMA actuatordecausef their smallsize.
The requireddimensionsof the actuatorsin the present
designcanbe calculatedeasily by usingthe relationships
given by Waram[12]. The diameterof the actuatorwire
is given by D = (4F=ps)?2 andthe lengthis equalto
L = sroke=(e1j €). HereF is the actuatorforce, s is
thedesignstressand e, ande arethe high andlow strain
values.Usinga conserative estimateof 25N for the actu-
atorforceandthe stroke lengthof 4mm(2:5mmactual)we
needto useactuatomires400mmin diameterand80mmin
length. We useds = 140MPa (to ensuregoodcycle life)
ande, = 0:55%ande = 0:02%.



Qmax I:)crit dmin
14xdeg | 6:5mN | :30mm

Kaxial =Kiransvese

83,333 1=mn?)

Table 1: Polyestere xure properties. (The dpin valueis
conserative sincesomeyielding is permissible.)

5 Summary and Futur e Work

We have developednen methoddor theautomatedssem-
bly of prototypestructuresandwe describethe construc-
tion of aoneDOF sumical wrist usingthis procedureThe
wrist mechanismhasstainlesssteelhollow beamsfor its
rigid elementsandusespolyester e xuresinsteadof con-
ventionalrevolute joints. The methodsdevelopedfor the
rst stepin the structuralassembly the constructionof
the hollow triangularbeamsjncludethe developmentof a
folding xture to bendstainlesssteelsheetaandthe deter
minationof afolding anglesequenceThemanipulationof
thebeamsaswell astheattachmenof the e xureswasper
formedusingthe Ortho-tweezersystem.For this system,
palletswere developedwith interchangeablpartsso that
they couldbe customizedo suit eachparticularassembly
Partial automatiornof the assemblyprocesss madepossi-
ble throughthe useof softwareprimitives. The procedure
works well with a userteleoperatinghe Ortho-tweezers
but more work needsto be doneto malke the procedure
completelyautomated.

Futurework will involve building a self-containeddesk-
top rapid prototyping systemfor millirobots suchasthe
suigical wrist by combiningthefolding, bonding,andmi-
croassemblystepsdescribedin this paper Even though
the wrist describedn this paperrepresents very simple
mechanismthe sameprocesscanassemblegrototypesof
morecomplicatedstructuresResearcltould alsobe done
in extendingthis processn assemblingstructuresof other
materials(such as polyurethaneand carbon ber struc-
tures).
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