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Abstract

Wehavedevelopednew methodsfor theautomatedassem-
bly of prototypestructuresandweillustratethemwith the
constructionof a simpleoneDOF 5mmsurgical wrist em-
ploying polyester�exures insteadof revolute joints. The
�r st stepin thestructural assemblyinvolvestheconstruc-
tion of hollow stainlesssteel triangular beamsthat are
usedfor the rigid elementsof the structure. It includes
thedevelopmentof a folding �xtur e to bendstainlesssteel
sheetsand the determinationof a folding anglesequence
by static analysisusing a compliant mechanismmodel.
Thesemi-automaticprocessof usinga millirobot (Ortho-
tweezers) to manipulateand assemblethe beamsand at-
tach the�exuresis describedin detail. Thepaperendswith
a descriptionof theprocedure usedto designthewrist.

1 Intr oduction

This paper describesa semi-automatedprocedurefor
rapidprototypingof millimeter-scaleroboticstructuresand
demonstratesit by building aprototypefor aoneDOFsur-
gical wrist. Thelong-termgoalof this work is to fully au-
tomatethe fabricationof suchstructures.This envisioned
automatedassemblywould includetheconstructionof the
structure(thebodyof therobot)andtheattachmentof ac-
tuators,sensors,and any necessarywiring. Becausethe
techniquesin the assemblyof structuresthesesizesare
largelyundeveloped,thisgoalencompassesaconsiderable
amountof unchartedterritory. 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 manipulationandpre-
cisepositioningof themicro parts).Theaim is to develop
ef�cient, reliable,yet �e xible fabricationtechniques.The
proposedmethodswill then constitutepart of a minimal
setof robustprimitivesthatcanbeeventuallycombinedto
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make a fully automateddesktopassemblyprocessfor mil-
lirobots.
The basic materialschosento constructtheseprototype
structuresare hollow triangularstainlesssteelbeamsfor
the rigid elementsandpolyesterfor the �e xible elements.
During theprototypingstage,wheremany designswill be
testedanddiscarded,thereadyavailability andlow costof
thesematerialsmake thema desirablecombination. The
rigid elements,madefrom folding 12:5mm-thick stainless
steelsheets,are strongyet lightweight and the polyester
�e xuresareableto withstandlargede�ectionsandfatigue
cycles for a relatively short size. Although a monolithic
structureis idealfrom theassemblyviewpoint,it is dif�cult
to �nd a singlematerialwith desirablemechanicalproper-
ties for both the rigid and�e xible parts. Furthermore,the
particularcombinationchosenherehasbeensuccessfully
usedin prototypingmillirobotsasdemonstratedby theMe-
chanicalFlying Insectproject [1]. In that case,however,
thestructureshadto bemadepainstakinglyby hand.
The presentwork extends previous work done at UC
Berkeley in the areaof microassembly. Shimadaet al.
[2] describethe developmentof the Ortho-tweezersused
in this work for manipulatingtiny blocksandthe folding
process(doneby hand)for the stainlesssteelbeamsand
provide referencesto previouswork in this area.Thomp-
sonandFearing[3] detail the additionof a userinterface
andsoftwareprimitivesusingforcefeedbackto theOrtho-
tweezerswhichmadethepickingandplacingof smallhan-
dling blockspossibleautomatically.
Figure1 shows a block diagramof the assemblyprocess
from a �at sheetto the �nal 3-D structureandthecurrent
statusof automationof eachstep. The presentwork de-
scribestheeffortsmadetowardstheautomationof thecon-
structionof the triangularbeamsandthe assemblyof the
beamsand�e xuresintoa2-Dassembly. Speci�cally, in the
sectiononbeamconstruction,wedetailtheconstructionof
a folding �xture to bendthethin stainlesssteelsheetsand
a theoreticalanalysisdoneto determinethesetof folding
angles. In the assemblysection,we describethe devel-
opmentof interchangeablepalletswherehandlingblocks
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Figure1: 3-D StructureAssemblyProcess

areattachedto theobjectsto bemanipulatedandthenthe
handlingblockandobjectcombinationis transportedto its
desiredposition.
The presentpaperillustratesthis procedurethrough the
constructionof a prototype for a one DOF wrist for
minimally invasive surgery (MIS). Thesesurgical proce-
duresrequire the developmentof innovative and dexter-
ousmillimeter-scaleinstruments.Although conventional
designsinvolving miniaturemachinepartshave beenpro-
posed(see[4] for example),suchmechanismsaredif�cult
to manufactureandassembleandareno longercosteffec-
tive beyonda certainlevel of miniaturization.In addition,
rotaryandsliding joints usedin conventionalmechanisms
involve surfacecontactcausingunacceptablehigh friction
and wear rates. Compliantmechanisms,in which �e x-
uresor �e xural hingesreplacethe conventional revolute
joints, arecapableof overcomingthesedisadvantagesand
arethereforehighly suitedfor this application. For these
reasons,we have chosento demonstrateour currentsemi-
automatedrapid prototypingassemblyprocessby build-
ing a oneDOF wrist for usein MIS instruments.Figure
2 shows a SolidWorks modelof the proposedwrist. The
presentdesignhasbeenkeptsimpleto illustratetheassem-
bly process,but thesameprocedurecanbeappliedto more
complicatedstructuresaswell.
The details of the triangular beamconstructionand the
assemblyprocessas well as the designprocessusedto
choosetheparametersof thewrist fabricatedaregiven in
thesectionsbelow.

2 Triangular BeamConstruction

As mentionedpreviously, we formedthetriangularbeams
from folding pre-cutand pre-scored12:5mm-thick stain-

Figure2: SolidWorksmodelof theProposed1 DOFWrist
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Figure3: Folding mechanism:(1)clamp-positionadjust-
ment screw, (2)alignment pin, (3)clamp point contact,
(4)upperrazor blade, (5)stainlesssteelsheet,(6)rotating
razorblade

lesssteelsheets.Thefolding process,althoughslowerthan
stamping,providesbendingthatismoreamenabletosmall,
thin sheets.It alsoallows for greater�e xibility in the re-
sulting cross-sectionalshapeof the beams.The stainless
steelsheetswerepre-cutandpre-scoredusingthe Micro-
lazelasermicromachiningstationasdescribedin [2]. The
processincludedpre-coatinga small stainlesssteelpiece
(approximately45mm£ 60mm) with polyimide (HD Mi-
crosystems,PI2525),blastingthepolyimidewith thelaser,
andetchingto producethecut andscorelines. The�xture
that we developedfor producingthe folds in the stainless
steelsheetsis shown in Figure3 andconsistsof threeba-
sic parts:(1) themechanismfor bendingthesheet,(2) the
baseon which the stainlesssteelsheetis placed,and(3)
theclampthatholdsthesteelin placeandthatalsoserves
asanedgeagainstwhich thesheetis folded.
In orderto reducethespringback(for a descriptionof the
factorsthataffect thespringbackandanapproximateway
to calculateit, see[2]), anautomatedfolding �xture must
provideanalmostpurebendingmomentandminimizethe
length over which the bendingtakes place. The folding
mechanismpicturedin Figure 3 hasbeendesignedwith



this aim in mind. A razorbladeattachedto theclampap-
pliesa line forcealongthebendline, anda rotatingrazor
bladeunderneaththe steelprovidesthe bendingmoment.
The rotating razorbladeis attachedto the basestructure
usingsimple �e xuresmadeof tape. The baseprovidesa
hard and �at surfaceon which to lay the stainlesssteel
piece. The basein the present�xture wasmoldedout of
polyurethanewith a 200mm-thick steelpiecegluedto the
areabeneaththeclamp.It incorporatestwo alignmentpins
to ensureaccurateplacementof the stainlesssteelsheet
eachtimea fold is made.
The clampis perhapsthe mostcritical part of the folding
�xture. It mustbe easyto lift up andplaceaccuratelyin
alignmentwith thebendline onthestainlesssteelpiecebe-
ing folded.Theclamp'sdesignfollowstheexactconstraint
designprinciples as describedin Blanding [5] to avoid
over-constraintproblemsthat leadto eitherloosely�tting
or bindingpartsthatarecontraryto preciseplacement.In
this case,the clamp usesthe exact constraintmethodof
a contactpoint coupledwith a nestingforce (providedby
tensionsprings). This methodis ideal for partsthat are
frequentlyremoved andreplacedbut needto be precisely
positioned[5]. In practicaluse,the clampis lifted anda
pre-cutandpre-scoredstainlesssteelpieceis placedonthe
alignmentpins. The clampis thenput down, the springs
areputin placeto holdit down,andadjustments(usingtwo
screwswith ball bearingsontheir tips)aremadesothatthe
clampedgelines up with the steelbendline. Finally, the
bottomrazorbladeis rotatedto completethe bend. This
processis repeatedfor all of thebends.
Thetriangularcon�gurationconsideredhererequiresthree
sequentialbends.Thefolding processin this caseconsists
of bendingthe sheetmetalsequentiallyat P3,P2,andP1
(Figure4) until thebentpiecejust touchestheclampsur-
faceat P4. Furtherrotation of P1P2by applying an in-
creasingmomentcausesthestructureto �e x somewhatand
changeits angularcon�guration. Initially, friction prevents
themotionof theendP4alongthesurfaceof theclamp,but
atsomevalueof theappliedmoment,themotionwouldim-
pend.To determinetheconditionsunderwhichtheedgeP4
will alwaysmovedown (ratherthanup,aswasobservedin
someinitial trials) theclampsurface,we needto carryout
a staticanalysis. It is not suf�cient to simply choosethe
anglesso that the sheetis physically angleddownward at
P4;whethertheimpendingmotionis up or down depends
onthedirectionof thereactive forceatP4.All possiblere-
sultantreactionsmustlie within aconewith apex atP4and
verticalsemi-angletan¡ 1m(theconeof friction, seeFigure
4). For impendingmotion up or down, the reactive force
mustlie on theright or left edgeof theconerespectively.
We received inspirationfrom Lu andAkella [6] to model
eachline shown in Figure4 asa robotic link. The static
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Figure4: Typical triangularbeamfolding con�guration
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Figure5: Freebodydiagrambasedonapseudo-rigidcom-
pliantmechanismmodel

analysispresentedhereis basedon thepseudo-rigidcom-
pliant mechanismmodel[7]. In this model,thecompliant
structureof Figure4 is replacedby a four barmechanism
with rigid links andtorsionalspringsplacedat the joints.
In thefree-bodydiagramsof Figure5 basedonthismodel,
the Ts representthe reactive torquesdue to the torsional
springs. It is easyto verify (by writing the force equilib-
rium equations)that the magnitudesof the x-components
of the reactionforcesat eachjoint are the same;andthe
sameis true for the y-componentsas well. Thesecom-
ponentsalongandperpendicularto the clampsurfaceare
designatedasF andN respectively in Figure5; atP4these
representthe friction andnormalforces. M is theapplied
moment.
ThetorquesT1, T2, andT3 dependontheequivalentspring
stiffnessk andthechangein joint angle.Theinitial values
of joint anglesa , b , andg (seeFigure4) aredetermined
from thecon�guration in which P4just touchestheclamp
surface.Representingtheinitial valuesby thesubscript0,
thespringtorquesaregivenby

T1 = k(a ¡ a0);T2 = k(b ¡ b0);T3 = k(g¡ g0) (1)

At the point of impending motion, the friction force
reachesits maximumvaluemN wheremis thecoef�cient



of friction. Theexperimentallydeterminedvalueof 0.2for
mwill beusedin thesubsequentcalculations.
It is convenientto representthe governingequationsin a
non-dimensionalform. Thefollowing transformationswill
beused:

M¤ = M
k N¤ = Nl

k F¤ = Fl
k

T¤
i = Ti

k (i = 1;2;3)

r¤
i = r i

l (i = 1;2;3;4)

(2)

Here,thestarredquantitiesarenon-dimensionalandl rep-
resentsa scalinglength. The link lengthsr2, r3, and r4
(seeFigure5) areconstantandassumedequalto thescal-
ing lengthl . The variabledistanceP1P4is designatedas
r1. Theanglesqi areshown on Figure5 andarerelatedto
the joint anglesby simplegeometricalrelationships.The
non-dimensionalgoverningequationsareasfollows:

cosq2 + cosq3 ¡ cosq4 = r1 (3)

sinq2 + sinq3 ¡ sinq4 = 0 (4)

¡ (g¡ g0) ¡ Fsinq2 ¡ Ncosq3 = 0 (5)

(g¡ g0) ¡ (b ¡ b0) ¡ Fsinq3 ¡ Ncosq3 = 0 (6)

M + (a ¡ a0) + (b ¡ b0) + Fsinq4 + Ncosq4 = 0 (7)

Theasterisksin theaboveequationshavebeendroppedfor
easeof writing, andall quantitiesarehenceforthpresumed
to be non-dimensional.Equations(3) and(4) arisefrom
geometricalconditions,andEquations(5), (6), and(7) are
momentequationswritten for eachof the free body dia-
gramsof Figure5. This systemof nonlinearequationscan
besolvedby avarietyof numericalprocedures;themethod
chosenhereemploys theMATLAB functionfsolve.
For the solutionto have a physical meaning,certaincon-
straintsmustbesatis�ed.Thenormalforceshouldbepos-
itive to ensurephysicalcontactat P4. In addition,q2 must
not exceed180degrees.Sincethedirectionof thefriction
force,(seeFigure5) waschosensoasto indicateimpend-
ing motiondown theclamp,anegativevalueof thefriction
force would indicatethe undesirablesituationof impend-
ing motion in the upward direction. Out of the feasible
setof anglesequences,we usevaluesa = 89, b = 101,
andg = 60 degreesin our work. Although currently the
folding mechanismis manipulatedby hand,the aim is to
fully automateit. Thusit is crucialto know a setof angles
that work consistentlyto obtaina triangularcrosssection
(ratherthananopensheet)asa �nished product.
Oncethetrianglehasbeenpre-bentinto shape,glueis ap-
plied with a needleapplicator. Thena �xture with 1mm
equilateraltrianglechannelcut into it is passedrepeatedly
overthetriangletoholdit in placewhile thegluedries.The

Figure6: Processusedto gluethebeamsin place

�xture is kept in motionwith small backandforth move-
mentsto preventany gluefrom attachingthetriangleto the
�xture (SeeFigure6).

3 The 3-D AssemblyProcess

Our efforts towardtheautomaticassemblyof thesebeams
into 3-D structuresinvolvedtheuseof theOrtho-tweezers
(seeFigure7(a)). Detailsof this systemcanbe found in
[2]. As demonstratedin [2] and [3], the Ortho-tweezers
reliably graspand manipulateblocks. The system's ca-
pabilities have beenextendedto manipulatingobjectsof
othershapesandsizesby �rst attachinga handlingblock
to the object,andthenusingthe Ortho-tweezersto move
theblock andobjectcombinationby graspingandmoving
the attachedblock. The handlingblock is attachedto the
objectusinglow melting-pointwax so that it canbe eas-
ily removedafter theobjecthasbeenput into position. A
successfuldemonstrationof 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 pallet of blocks,wax glue,and
theobjectsthatneedto beassembled.TheOrtho-tweezers
arethenusedto attachtheblocksto theobjects,thuscreat-
ing asecondinterchangeablepalletconsistingof theblocks
andobjectsattachedtogether(seeFigure7(b)). In thecase
wherethe objectsthat needto be manipulatedareall the
same,this stepcanbe doneaheadof time and the pallet
with block andobjectcombinationscanbe storedfor fu-
tureuse.
For thebeamassemblyprocess,thebeamsarestoredin V-
groovesatcertainde�nite angles(e.g.0, 45,60,90,or 120
degrees).TheseV-groovesareof thesameshapeasthose
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Figure 7: Ortho-tweezersand samplepallet (a) Ortho-
tweezercon�guration(b) samplepalletshowing theattach-
mentof handlingblocksto straingages

usedin thegluing processduringthetriangularbeamcon-
struction.In thefully automatedscheme,thesesamechan-
nelscanbeused.They would simply be�ipped over with
thetriangularbeamsinsideandslid into placein thepallet.
A pallet is constructedwith the blocks, spin-coatedwax
(15mm-thick), V-grooveswith the triangularbeams,anda
rubbermold with V-grooves in a 2-D pattern(a �attened
versionof the desired3-D structure).We constructedthe
V-groovesin the2-D patternusinga3-D printingmachine
(3D SystemsThermoJetmachine).A semi-automatedpro-
cessthenbegins wherethe useridenti�es the positionof
the block, wax, beam,andtarget location. Thenan auto-
matedprocessbegins wherethe block is grasped,dipped
in wax, andattachedto thebeam(seeFigure8(a)). Then
theblock andbeamcombinationis picked up (seeFigure
8(b)) andplacedin theappropriateV-groove in therubber
mold of the2-D pattern(seeFigure8(c)). This stepwould
berepeatedasnecessary.

(a) (b) (c)

Figure 8: Beam assembly: (a) handling block attached
to the beam(b) block andbeambeingraisedfrom the V-
groove (c) beaminsertedin V-groove of the2-D pattern

For the constructionof the surgical wrist, anotherpallet
wasconstructedwith polyesterstripsanda 2-D faceplate
(laser-cut from 12:5mm-thick stainlesssteelin 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 placethepolyesterstrip(16mm£ 1mm) onthe2-
D faceplate(seeFigure9). Exposureto UV light sealsthe
polyesterstripsin place.The�e xuresarecreatedfrom the

polyesterstrip by the gapsin the stainlesssteelfaceplate
below it. Note that in both pallets,the blocks,polyester
strips,andthe2-D faceplatearekepton top of Gel-Pak to
counteractthe sticking force of the partsto the tweezers.
(Seehttp://www.gelpak.comfor informationonGel-Pak.)

(a) (b)

Figure9: Attachingthe �e xures: (a) block andpolyester
strip being transported(b) strip beingput in its placeon
the2-D faceplate

Testsof themethoddescribedabove revealedthat it could
be successfullyperformedwith the user operating the
tweezersthroughtheuserinterface.However, in theauto-
matedprocedure,userinterventionwassometimesneeded
at thelifting of theblockandobjectcombinationandat the
�nal placementof theobject.Work is currentlybeingdone
to make thisprocessmorereliablyperformedwithoutuser
intervention.
As a �nal step,the faceplatewith the �e xure attachedis
taken and glued on top of the beamsin the 2-D mold,
removed from the mold, and assembledinto the �nal 3-
D structure. As the partsbeingmanipulatedhereareno
longer very small, this step is performedby hand. Fig-
ure10 shows the�nal results.Thestructurethatholdsthe
wrist in placewasconstructedfrom polyurethanefrom a
mold fabricatedusingtheThermoJetmachine.

(a) (b) (c)

Figure10: Wrist prototypeshown in differentcon�gura-
tions(a) tilted to theleft (b) centerposition(c) tilted to the
right

Finally, it shouldbenotedthattheabove procedureis eas-
ily tailoredto makeothertypesof 3-D structures.A similar
procedurecanalsobeusedto attachstraingagesto astruc-
ture. Furtherdetailsof the straingageattachmentcanbe
foundin [3] and[8].
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Figure11: Wrist con�gurationsfor platform orientations
rangingfrom -45 to +45degreesin 10degreeincrements

4 Wrist Design

This sectionpresentsthedesignprocessusedto determine
theparametersfor thewrist whoseassemblyprocessis de-
scribedabove. Figure2 shows a schematicof the planar
wrist. The two actuatorlinks manipulatethe upperplat-
form. The supportin the middle providesstability to the
platform andtakesup someof the load that would other-
wisebecarriedby thetwo legs. Thelegsareconnectedto
theupperplatformandtheactuatorlinks by �e xure joints
andareboth4mmlong.
The kinematicsand force analysisof the simple mecha-
nism is relatively straightforward. Figure 11 shows the
wrist con�gurationsfor platformorientationsrangingfrom
¡ 45 to + 45 degrees. From this geometricstudy, we de-
terminedthat the maximumanglethat the �e xureshave
to bendthroughis 90 deg. Similar calculationsshowed
that therequiredstroke lengthfor theactuatorsis approx-
imately2:5mm. Basedon anappliedtorque(asestimated
by [9]) of 2:2N ¤cm, the calculatedvalueof the actuator
forceis 18N.
Thestiffnessof the�e xuremaybeestimatedfrom elemen-
tary beamtheoryasEI=d, whereE is the Young's mod-
ulus, I is the cross-sectionalmomentof inertia, andd is
thepivot length.Thequantitiesthatneedto bespeci�edto
calculatethestiffnessesarethewidth (b), thethickness(h),
andthelength(d). It is noteworthy thattheaboverelation-
ship is accurateeven whenlarge de�ectionsareinvolved.
For optimumperformance,the �e xure stiffnessshouldbe
assmall aspossible.The stiffnesscanbe reducedby de-
creasingE andI (sinceI is proportionalto h3, aneffective
way to reduceI is to reducethe �e xure thickness)or by
increasingthe lengthd. The lastoption is not a desirable
onesincea long �e xuremaybuckleeasily.

For a simple (beam-type)�e xure, the appropriatestiff-
nessrelations can be found in any strengthof materi-
als book andaregiven by equations(12-16)of Goldfarb
and Speich[10]. The quantitiesthat should be consid-
eredwhendesigningsimplebeam�e xuresincludetheax-
ial stiffness(Ebh=d), the transverseor revolute stiffness
(Ebh3=12d), and the ratio of axial to transversestiffness
(12=h2). Ideally, thelastquantityshouldbeaslargeaspos-
sible. The maximumrotation that a conventional�e xure
cangothroughbeforeyielding is alsoanimportantparam-
eterandis givenby qmax= 2dsy=Eh. Thislastrelationship
canbeeasilyderivedfrom theformulafor maximumbend-
ing stressesin a beamsubjectedto purebending.Heres y
representstheyield stressof the�e xurematerial.As stated
earlier, animportantadditionalconsiderationin �e xurede-
signis thebucklingof the�e xure.Modelingthe�e xureas
alink thatis �x edatoneendandfreeontheother, thecriti-
calstrainasdeterminedfrom thestandardcolumnbuckling
relationshipsis givenby ( s

E )crit = p2

48( h
d )2. Also themin-

imum length of the �e xure for a given angleof rotation

andthicknessis dmin = h(p¡ q)(1¡ n+ n2)1=2

2(1¡ n2)(sy=E) (equation3 from
Reference[11]).
It is clear from the above relationshipsthat the material
propertiesplayanimportantpartin �e xuredesign.Ideally,
thequantitysy=E shouldbeaslargeaspossible.Themet-
als(sy=E = :004for stainlesssteel)arethereforepoorcan-
didatesfor �e xures.Wechoosepolyesterbecauseof its rel-
atively high sy=E value(.06)andsuperioradhesionprop-
erties. Basedon the above calculations,we chose12mm-
thick polyester, 1mmwide,and:25mmlong. Its properties
for someof thequantitiesdiscussedabove is shown in Ta-
ble 1. Theplatformlegscanwithstanda buckling loadof
up to 50N.
Although a variety of actuationmethodsarepossible,we
proposeto useSMA actuatorsbecauseof their smallsize.
The requireddimensionsof the actuatorsin the present
designcanbe calculatedeasilyby usingthe relationships
given by Waram[12]. The diameterof the actuatorwire
is given by D = (4F=ps )1=2 and the length is equal to
L = stroke=(e1 ¡ e). Here F is the actuatorforce, s is
thedesignstress,ande1 ande arethehigh andlow strain
values.Usinga conservative estimateof 25N for theactu-
atorforceandthestroke lengthof 4mm(2:5mmactual)we
needto useactuatorwires400mmin diameterand80mmin
length. We useds = 140MPa (to ensuregoodcycle life)
ande1 = 0:55%ande = 0:02%.



kaxial =ktransverse qmax Pcrit dmin

83;333(1=mm2) 143deg 6:5mN :30mm

Table1: Polyester�e xure properties. (The dmin value is
conservative sincesomeyielding is permissible.)

5 Summary and Futur eWork

Wehavedevelopednew methodsfor theautomatedassem-
bly of prototypestructures,andwe describetheconstruc-
tion of aoneDOFsurgicalwrist usingthisprocedure.The
wrist mechanismhasstainlesssteelhollow beamsfor its
rigid elementsandusespolyester�e xuresinsteadof con-
ventionalrevolute joints. The methodsdevelopedfor the
�rst step in the structuralassembly, the constructionof
thehollow triangularbeams,includethedevelopmentof a
folding �xture to bendstainlesssteelsheetsandthedeter-
minationof a folding anglesequence.Themanipulationof
thebeamsaswell astheattachmentof the�e xureswasper-
formedusingtheOrtho-tweezerssystem.For this system,
palletsweredevelopedwith interchangeablepartsso that
they couldbecustomizedto suit eachparticularassembly.
Partial automationof theassemblyprocessis madepossi-
ble throughtheuseof softwareprimitives. Theprocedure
works well with a user teleoperatingthe Ortho-tweezers
but more work needsto be doneto make the procedure
completelyautomated.
Futurework will involve building a self-containeddesk-
top rapid prototypingsystemfor millirobots suchas the
surgical wrist by combiningthefolding, bonding,andmi-
croassemblystepsdescribedin this paper. Even though
the wrist describedin this paperrepresentsa very simple
mechanism,the sameprocesscanassembleprototypesof
morecomplicatedstructures.Researchcouldalsobedone
in extendingthis processin assemblingstructuresof other
materials(such as polyurethaneand carbon �ber struc-
tures).
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