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ABSTRACT

We describea new algorithmwe havedevelopedor mak-
ing partially hollow layeredpartswith thin, densewalls of ap-
proximatelyuniformthicknessfor fasterbuild timesandreduced
materialusage.We haveimplementedur algorithmon a fused
depositionmodeling(FDM) machine,usingseparatéuild vol-
umesfor a loosely®Illedinterior anda thin, solid, exteriorwall.
The build volumesarederivedas simplebooleancombinations
of slicecontoursandtheir offsets.We makeuseof anef®ciental-
gorithmfor computingtheVoronoidiagramof agenerapolygon
aspartof the procesf creatingoffsetcontours.Our algorithm
guaranteethat the surfaceof the ®nalpartwill be densewhile
still allowing anef®cientbuild.

INTRODUCTION

Designerswho want to make prototypesof solid three-
dimensionalpartsdirectly from CAD descriptionsare increas-
ingly turning to a classof technologiesollectively referredto
as layeredmanufacturingor solid freeform fabrication (SFF).
ThesetechnologiesncludestereolithographySLA), 3-D print-
ing, fuseddepositionrmodeling(FDM), selectivelasersintering
(SLS), and laminatedobject manufacturing(LOM)(4). In all
theseprocessestriangulatedoundaryrepresentatiotb-rep)of
the CAD modelof the partin STL format(1) is slicedinto hor-
izontal, 2.5-D layersof uniform thickness.Eachcrosssectional
layeris successivelylepositedhardenedfused,or cut, depend-

ing on the particularprocessandattachedo the layer beneath
it. (FortechnologiesuchasSLA andFDM, a sacri®ciakup-
port structuremustalsobe built to supportoverhanginggeom-
etry) Thestackedayersform the®nalpart.

With most additive layered SFF processesbuild time is
roughly proportionalto the solid volumeof the ®nalpart. With
FDM, it is proportionalto the amountof materialdepositedfor
thepartandfor supports)With SLSor SLA, it is proportionato
thescananddwell time of thelasersolidifying thebuild material.

Whenmakingamodelof asolid partwith alow surfacearea
to volumeratio,usingaprocessuchas(FDM), we cancomplete
thebuild considerablyasterif wedon't ®lltheinteriorof thepart
densely Forafairly sturdy®nalpart,we can®Il theinteriorwith
aloosecross-hatchepatterrfor supportwith asolidwall several
layersthick atthe surface.

The QuickSlice6.2 software(19) that currently shipswith
theStratasy$DM machinaéncludesafastbuild option. Thesoft-
wareidenti®eslicesthatare*hidden®by slicesaboveandbelow
andfor thesdt buildsadenseshellconsistingof threeconcentric
aroadsCinsidetheperimeterand®llstheinterior(thehiddenpart)
with alooser®Il patternasshownin ®gurel.

Thedrawbaclkof this straight-forwardapproachs thatif the
slice intersectsany part surfacesthat approachhorizontal, the
softwarewill justdoasolid®llontheentireslicebecaus¢hecon-
centricouterroadsmightnotentirelyhidetheloose®Il patternn
adjacentayers.Forlargelayerswhoseinteriorswould bealmost
entirelyhidden thisis awasteof time andmaterial.Experienced
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Figure1l. FOR A SIMPLE RECTANGULAR BLOCK, ALL OF THE INTE-
RIOR SLICES ARE 2HIDDEN® AND THUS CAN BE BUILT USING THE
FAST BUILD STYLE PICTURED ON THE LEFT. FOR CONTRAST, THE
REGULAR BUILD STYLE USED ON THE TOP AND BOTTOM SLICES
IS PICTURED ON THE RIGHT, WITH DENSELY SPACED PARALLEL
ROADS IN THE INTERIOR. IN AREAS WHERE A PART SURFACE
SHOWS A SHALLOW SLOPE WITH RESPECT TO THE BUILD PLANE,
THE BUILD STYLE ON THE LEFT CANNOT BE USED.

userof FDM machinesnaymanuallyre-assigrsuchlayersto be
built with thefastbuild optionandchangehenumberof concen-
tric roads butif they aretoo aggressiveéheresultis a partsuch
astheonepicturedin ®gure2.

Ideally, wewouldlike to divide thepartinto athin outerwall
region(for thesolid®Il) andinteriorregion(s)for theloose®Il).
Thisdivisioncouldbeaccomplishethy ®ndingtheexactinterior
offsetsurfacen 3D andthenslicingthis offsetsurfacealongwith
the original part; unfortunately calculatinga 3D offsetis slow,
dif®cultto program,andsubijectto failurescausedy numerical
accuracylimitationsin “oating pointcalculations Sincethewall
neednot be of perfectlyuniform thicknesswe canusearobust,
easieito-computeapproximatiorwhile still obtainingfull cover
ageatthepart's surface.

RELATED WORK

Yu et al (22) describeapplyingRossignac solid offsetal-
gorithmfor 3D constructivesolidgeometry(CSG)solids(16)in
orderto obtainoffsetsurfacegor fasterapidprototyping.Forin-
putdescribedvith ab-rep,theysuggesbffsettingeachslicecon-
tourindividually in 2D, anapproachhatis clearlyinadequatet

Figure 2. A PART BUILT WITH AN OVER-AGGRESSIVE MANUAL EX-
TENSION OF THE QUICKSLICE SOFTWARE'S FAST BUILD REGION.
NOTE THE GAPS IN THE SURFACE ON THE NEAR-HORIZONTAL
FACES.

horizontalandnearhorizontalfaces.Theimplementatiorof the
CSGsolid offsetalgorithmappliedto SLA is describedn Li et
al (10). In Lametal (8), theyexpanduponthis work by describ-
ing howto deriveanexplicit representatiofor the FDM interior
supportgeometryusinganoctree.

Allen and Dutta havestudiedthe relatedproblemof mini-
mizing the needfor supportsn FDM by selectivelythickening
differentwall areaslin (2) theydescribeheiralgorithmfor build-
ing asubsetf thin shellsurfacesvithoutanysupportsandmin-
imizing supportdor moregenerakurfacesandsolids. Theorig-
inal implementatiorwasfor surfacegndsolidsof revolution.In
(3) theydetailanextensiorof thealgorithmto generatlosedsur
faces. This algorithmdiscretizesachlayer to a grid, reclassi-
®e<cellsinsideeachoriginal contourto be solid or supportcells
dependingon the propagatiorof informationfrom neighboring
cells,andthenderivesnewcontoursaaroundconnectedroupsof
solidandsupportcellsfor inputto theFDM machine.Thisalgo-
rithm is not designedo producewalls of uniformthickness.

OUR THIN-WALLED ALGORITHM

Our algorithmusesinternal2D offsetcontoursandregular
ized booleansetoperationdo approximatethe true internal 3D
offsetsurface We generatehethin-walledregion,onelayerata
time, basedonly onthe 2D sliceinformationof the currentslice
andafew slicesaboveandbelow

We useregularizedoolearsetoperationgo ensurehatour
resultingcontoursareclosedandhavenon-zercarea.A regular
izedbooleanoperationis de®nedasthe closureof theinterior of
theresultof the correspondingtandardooleanoperation(15).

Foreachayer, attheleastwe wantthesolid®ll patternin the
regionbetweerthe boundaryof theslice andits 2D inneroffset.
We will referto this regionasthe?slice offsetregion.® For the
innerlayersin the partshownin ®gure3, the only regionwhere
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we needa solid®llis thesliceoffsetregion. Call this slice offset
regionRegionl.

Figure 3. FOR THIS CENTRAL SLICE, THE AREA WE WANT TO FILL
DENSELY WITH THE BUILD MATERIAL (A SOLID FILL) IS SIMPLY THE
SLICE OFFSET REGION (REGION 1). THE INTERIOR REGION OF
THIS LAYER WILL BE FILLED WITH A LOOSER CROSS-HATCHED
PATTERN FOR SUPPORT.

Butnotall of oursliceswill bethroughverticalfaces.At hor-
izontalfaceswe wantasolid ®ll patternnotonly in theslice off-
setregionbutalsoin thewholehorizontalregion,sinceit will be
visible from the exteriorof the part,asshownin ®gure4. At an-

Figure 4. WE USE A SOLID FILL IN THE SLICES DIRECTLY ABOVE
OR BELOW HORIZONTAL FACES (REGION 2).

gledfaces,we wanta solid ®ll patternin the regionof the cur
rent slice that is not coveredby the two adjacentlices, since
this will alsobe visible from the exterior of the part, asshown
in ®gure5. For nearvertical faces,this regionwill be a subset
of Regionl, butwe will needto explicitly calculateit for near
horizontalfaces.Boththesecasest horizontalfacesandangled,

Figure 5. WE ALSO USE A SOLID FILL AT ANGLED FACES ANY-
WHERE THE CURRENT SLICE IS NOT COVERED BY THE SLICE
ABOVE OR BELOW (REGION 2).

nearhorizontalfacest aretakencareof by doinga solid ®lIl (in
additionto inside Region1) inside any partof the currentslice
thatdoesnt appeain theslicebelowor aboveit. We subtracthe
sliceaboveandtheslicebelowfrom the currentsliceto ®ndthis
region.Call this Region2.

Thiswill give usasolid®Il atthevisible surfaceof the part,
butwe won't haveavery goodapproximatiorof a thin wall yet.
Wherehorizontalor nearhorizontalfacesmeetverticalfaces for
examplewe'll getdgaps®in theinteriorboundaryof thewall as
shownin ®gures.

KEY

—— Regionl

—— Region 2

OIIIIIIIIIIIIIO

Figure 6. HERE WE ARE LOOKING AT A CROSS-SECTION OF THE
PART. ALL OF THE REGIONS THAT ARE IN THE SLICE OFFSET RE-
GIONS ARE LABELED WITH REGION 1 SHADING. THE REGIONS
THAT WERE IN REGION 2 BUT NOT REGION 1 ARE LABELED WITH
REGION 2 SHADING. THE @GAPS°IN THE THIN WALL ARE CIRCLED.

To avoid suchgaps,we alsodo a solid ®Il anywheren the
currentslice that also appearedn the slice offset of the slice
aboveor below (this is equivalentto the intersectiorof the cur
rentslice with both of the two adjacenslice offsets). Call this
Region3.
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Solid®lling thesethreeregions we cangeta goodapproxi-
mationof a one-slicethick offset(see®gurer).

KEY

1 Region1
C—— Region 2

—— Region 3

Figure 7. LOOKING AT THE SAME CROSS SECTION, WE SEE THE
ADDITIONAL AREAS THAT ARE SOLID FILLED WHEN WE ADD RE-
GION 3.

We canexpresghe combinatiormathematicallyasfollows:
Calltheregionof thenth slice S,, andcall its slice offset(there-
gion betweerits boundaryandits inneroffset) Of fse S, .

Regionlis Offsd S, .

Region2is S & 1

Region3is $,

S S
Of fsd Si1 Of fsd Si1

Takingthe union of thesethreeregions,the formulafor the
entireregionthatwill getsolid®ll atthenth layeris:

Offse & S S S S S
Of fsd Si1 Of fsd Si1

Typically thewall shouldbethickerthanonly a singlelayer
to obtainasturdypart. ForRegionl, we simplychangeheoffset
distancebasedn our desiredwall thickness For Regions? and
3, we canmodify ourpreviousormulasto takeslicesfurtherthan
onelayerawayinto considerationto geta thickerwall.

For Region2 (the horizontaland nearhorizontal region),
we wantto extendthis regiondown or up, dependingiponthe
orientationof the face,throughasmanylayersaswe want our
wall to be thick, asshownin ®gure8. Of coursewe only want
to ®ll this extensionif it falls insideour currentslice. Call the
numberof layers neededto achieveour desiredthicknessT.
Thentheextendedregion2/2+for layern is:

-
S Si1 S
i1
Similarly for Region 3 (the extensionof the neighbots
offsetslice),we extendtheregionupanddownT layers,aslong
asit falls insidetheseslices,asshownin ®gure® and10. The
extendedregion3/3+for layernis:

Si1 S

KEY

Region 1/1+
Region 2
Region 3

NI

Region 2+

Figure 8. FOR A WALL THAT WE WANT TO BE TWO LAYERS THICK,
WE MUST EXTEND REGION 2 UP AN ADDITIONAL LAYER ABOVE
DOWN FACES AND DOWN AN ADDITIONAL LAYER BELOW UP
FACES.

KEY

Region 1/1+
Region 2
Region 3

Region 2+

I

Region 3+

Figure 9. THE CROSS SECTION OF THE FULL 2-LAYER THICK
WALL, SHOWING THE ADDITION OF THE EXTENDED REGION 3.

KEY

Region 1/1+
Region 2
Region 3

Region 2+

I

Region 3+

)
v 4

A

Figure 10. AN EXAMPLE WHERE IT IS NECESSARY TO CLIP THE
EXTENDED REGION 3 AGAINST THE BOUNDARY OF THE CURRENT
SLICE.

S Offsd S, i
i1
Combiningthesethreeextendedregions,the ®nalformula
for theregionthatwill besolid®lledatthenth layeris:

Offsd S, i

Offsda S,
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S _ S S
Of fsd S~,I il Offsd S, i

Si S

This yields a very closeapproximationto a wall T layers
thick.

THIN WALL IMPLEMENTATION

Ouralgorithmtakesatessellatet#h-repasinput,eitherin STL
(1) or in SIF, our Solid Interchangé-ormat(14; 12). We useour
slicing softwaredescribedn (13) to slice the input, exploiting
geometricandtopologicalinter-slice coherenceo outputclean
sliceswith explicit nestingof contours.We outputthe slicesin
our neutrallayerformat, L-SIF (LayeredSolid Interchangd-or-
mat) (21). The L-SIF formatdescribesachlayer asa boolean
combinatiorof closed prientedcontourssowe canalsoexpress
the booleancombinationof the layersandtheir offsets,derived
usingthe formulaabove,in L-SIF. The 2D offsettingalgorithm
is describedn detailin thesectionbelow For moreef®cientcal-
culationswe storetheintermediateesultytheoffsets thediffer-
encedetweerndjacenslices,andsubset®f the summationof
unions)for reusein neighboringslicecalculations.

To go from L-SIF to the FDM machine we havewritten a
programthat resolvesthese2D booleansand outputsoriented,
nestedcontourdn the SSL sliceformatusedby QuickSlice(19).
We thenrely on QuickSliceto calculatewhereexternalsupports
for overhangareneededndto computethe actualroads,using
theloose-®lleédndsolid-®lleduild stylesasspeci®eth our SSL
®le.

A bugin the QuickSlice6.2 softwaremanifeststself when
we useidentical contoursto describethe outer contourof the
loosely-®llednnerregionandtheholecontourfor thesolid-®lled
outerwall region. Unfortunatelyif we describeéhemwith identi-
cal coincidentcontoursthefact thatthe two regionsthey bound
havedifferentbuild characteristiceonfuseghe softwareandit
overwritesheloosely-®lleduild stylewith thesolid-®lledbuild
styleon alternateslices. As a work-aroundwe assigrnthe build
characteristicef the loosely-®lledbuild style to both copiesof
thecontour eventhoughonecopyboundgheinsideof thesolid-
®lledregion,andthen QuickSliceproduceghe resultwe want
whenit generatesoads.

GENERATING OFFSET CONTOURS

Oneof the stepsin our algorithmfor the creationof athin-
walledpartfor SFFis thecreationof 2D offsetcontoursor each
of the 2D slicesthroughthe 3D input polyhedron.Therearetwo
typesof algorithmsfor creating2D offset contours:algorithms
thatoffsetall edgesandverticesof a contourseparatelyandthen
trim theresultingoffsetsegmentsr algorithmghatusethecom-

binedVoronoidiagramof all the input contours.We presentan
algorithmthatcomputeghe combinedVoronoidiagramof a set
of orientednputcontoursanduseghisVoronoidiagranto create
the offsetcontours.

Offsetting

Algorithmsthatoffseteachsite of a contourseparatelyen-
erateoffset segmentshat self intersecteachother Thesetech-
nigueghenrely onboolearintersectionso trim awayexces®ff-
setgeometry It is necessaryo compareand possiblycompute
theintersectiorof everypairing of offsetsegmentssotheworst
caserunningtimeis O n? . Theboolearoperationsrealsosus-
ceptibleto numericdrift becaussomeroundoff errorisincurred
duringthecreationof eachintersectiompoint.

Offsetting algorithmsthat use the combinedVoronoi dia-
gram (VD) of all the input contourscanbe fasterand morero-
bustnumericallythan algorithmsthat offset eachsite indepen-
dently The Voronoidiagramof a setof contourspartitionsA 2
into a meshof Voronoifaces(VF's). EachVF is associatevith
asingleinput site 5. Theinput sitesarethe verticesandedges
thatarepartof the input contours. The edgescanin generabe
straightline segmentsgirculararcs,or anyfree form curve. For
thepurpose®f thisdiscussiomf Voronoidiagramswewill limit
our contoursto be constructeaut of straightline segmentsand
circulararcswith Q p. EachVF containghe setof pointsin
AZ thatarecloserto s thanany otherinput site. VF's are con-
tinuous. VF will haveanin®niteareaif s is the closestsiteto
pointsatin®nityin somesetof directions.VF' sareboundedand
connectediy Voronoiedges(VE's). VE's arethe setof points
whichareequidistanfrom two input sites.VE' s aresegmentsf
straightlines, parabolashyperbolaspr ellipses.If we limit our
setof input sitesfurtherto only verticesandstraightline edges,
thentheVE swill besegmentsf straightinesor parabolasVE's
areboundedandconnectedy Voronoivertices(W's). W'sare
pointsin A? thatareequidistanto atleastthreeinputsites. The
Voronoidiagramis themeshconsistingof all theVF's,VE's,and
W's. Foramoredetaileddescriptionof Voronoidiagramsgcon-
sultHeld (11).

TheVD is usefulin the creationof contouroffsets. TheVD
encodeshedistancdunctiontotheclosesinputsitefor A 2. This
distancefunction canbe viewedin 3D asthe Voronoimountain
(20). TheVoronoimountairisgeneratedylifting eachpointp of
AZin zbyits signeddistanceo thenearesinputsite. Thesigned
distancds positiveif p is insidethe generapolygonde®nedy
the orientedinput contoursandit is negativeif p is outsidethis
polygon. Applying this lifting maptransformsthe 2D Voronoi
meshinto a 3D mountainousurfaceasshownin ®gurel2. The
VF of aline segmensite turnsinto a pieceof a45 tilted plane.
TheVF of avertexor circulararcsegmensiteturnsinto a piece
of a45 anglecone.TheVE's becomeheintersectiorcurvesof
theseplanesandcones. The VD providesglobal nearesneigh-
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Figure 11. INPUT CONTOUR (THICK BLACK), VORONOI DIAGRAM
(THIN GRAY), AND OFFSET CONTOUR (THICK GRAY).

Figure 12. INPUT CONTOUR IN Z O (THICK BLACK), VORONOI
MOUNTAIN (THIN GRAY), AND OFFSET CONTOUR INZ  d (THICK
GRAY).

borinformationof theinputsitesby theVF adjacenciesencoded
intheVE's. Theoffsetcontourmaystepdirectlybetween/F's of
inputsitesthatwerenotconsecutiveitesin theinputcontour An
examplds illustratedin thelower right cornerof the offsetcon-
tourin ®gurell. This nearesneighborinformationeliminates
the extraneougpairwisecomparison®f sitesfoundin the brute
forcebooleamapproacttio offsetting.

Thelower boundon creatingthe Voronoidiagramof thein-
putcontourdss O nlogn . Thisis truebecauséhecreationof the
VD canbereducedo sorting. Algorithmsthatusethe VVoronoi
diagramto createoffset contourscanrunin O n time, sototal
runningtime includingthe creationof the Voronoidiagramhasa
lowerboundof O nlogn . It is alsoeasierto createnumerically
stablealgorithmsfor creatingvoronoidiagramshanit is for per
forming boolearoperations.

Kim (6) describeanO n algorithmfor constructinganoff-
setcontourof a simpleinput polygonusingthe Voronoidiagram
of the polygonandtwo stackso managehe creationof disjoint

contourloopsin the offsetcontour The algorithmproceeddy
walking aroundtheinput contour creatingoffsetsegmentsvhen
theyexist,andjumpsto createnewcontourloopswhendisconti-
nuitiesareencounteredT hisonly worksfor asinglesimpleinput
contour
A moregenerabpproactio creatingthe offsetcontourssto

slicetheVoronoimountainby aplanez  d whered is thesigned
offsetdistanced 0 offsetsthepolygoninward,d Oistheset
of input contours,andd 0 offsetsthe polygonoutward. The
offsetcontoursatadistanced areequivalento theslicecontours
createdy slicingtheVoronoimountainwith theplanez d and
thenprojectingbackintothez 0 plane.

Voronoi Diagrams

Many algorithmsexist for the creationof the Voronoi dia-
gramof acontour A majorclassof thesealgorithmss thedivide
andconquemlgorithms.Thesealgorithmswverederivedfrom the
divide andconqueralgorithmusedby ShamosandHoey (17) to
createthe Voronoidiagramof a setof verticesin A2. Thealgo-
rithm dividestheinputverticesinto two half setsv, andVg based
ontheirgeometrigoosition,recursivelycreatesheVD, andVDg
of thosetwo setsrespectivelyandthenmegesVD, andVDg to
createthe VD of the whole set. The key operationin the algo-
rithmistheO n megestep.Themegebuildsthebisectomoly-
line thatseparatethe sitesof V| andVg, andit prunesawaythe
defunctgeometryfrom theVVD_ andVDg. Thekeyinsightin the
meigestepis thatall portionsof VD, thatlie to theright of thebi-
sectomolylinewill notbein the®naND, andviceversa.Others
((9) and(5)) describealgorithmsthatdo the samework in creat-
ing the Delaunaytriangulationof asetof vertices.TheDelaunay
triangulationis the planardualof the Voronoidiagram.

Held (11) and Kim et al (7) describealgorithmsthat cre-
atethe VD of aninput polygonwith straightlines and circular
arcsasedges.Thesealgorithmsareboth generalizationsf the
Voronoidiagramfor pointsets.Insteadf dividing theinputsites
by geometricposition, thesealgorithmsdivide the contourinto
two halvesbasedon the topologicalcounterclockwiserdering
aroundthe input contour Both algorithmslimit themselvego
creatingheVD of theinsideof thecontouronly. Bothalgorithms
createhebisectompolylineduringthemege stepby creatingrep-
resentation®f the VE's betweentheVF's andthenintersecting
theVE's. Themajordifferencebetweerthetwo approacheis the
representatioof thefunctionsfor theVE's. Heldusesanimplicit
form parameterizetly the distanceo theinput contour Kim et
al userationalquadraticBéziersegmentso representhe conic
curvesfor the VE's. Held's approachgivesa parameterization
thatis very intuitive, but it doesnot alwayshaveuniquepoints
for aparametevalue.Kim etal createVE s with monotonicpa-
rameterizationgowhenoffsettingtheparameterizatiopieldsat
mostoneuniquepoint. Kim et al areableto simplify codingto
asingleoperationtheintersectiorof arationalBézierwith ara-
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tional Bézier but this may comeat the expensef somenumeri-
calaccuracyHeld'salgorithmhasmanymoreintersectiorcases,
butit is possiblefor it to generatéighernumericaccuracyHeld

speci®callynentionghe handlingof a singlegenerabutercon-

tour with convexinner contours. It is not clearwhetherthe al-

gorithm canbe extendedo handleisland contoursof arbitrary
shapesThesedivide andconqueralgorithmsareworstcaseop-

timal with O nlogn .

Our Offset Implementation

Whencreatingoolygonoffsetsfor SFF it isnecessario han-
dle contoursmadeup of arbitrarystraightline segmentsvith ar
bitrary island contours. The 2D contoursarecreatedoy slicing
3D polyhedralapproximation®f free form shapes.The primi-
tivesarealwayslinear, butthecon®gurationsanbeverygeneral
andmay be higherin complexitythanexamplesiormally expe-
riencedin NC pocketmachining. Our approachs to createthe
Voronoidiagranof thesecontoursandthencreateheoffsetcon-
toursby conceptuallyslicing the Voronoimountain.

We constructthe Voronoi diagramusing a divide and con-
guermethodthat builds the Voronoi diagramon the insideand
on the outsideof eachinput contour By computingthe inside
andoutsideVoronoidiagram,it makesit possibleto handlear
bitraryislandcontoursasshownin ®gurel3. A majorconcernin
thisalgorithmis numericaccuracysowe arecarefulto makeall
calculationdasedn theoriginal input datawithout creatingin-
termediatéisectorrepresentationsn thefuture,we planonin-
corporatingheexactarithmeticmethodgpresentethy Shewchuk
(18)whencalculatingtheW's. TheindividualcontoutVD's can
be combinedusingthe samemeige operationto form the com-
binedVD of all theinput contours.Detailsfor megingtheVD's
of islandcontoursarediscussedby Held (11).

R

Figure 13. INPUT CONTOUR (THICK BLACK) AND VORONOI DIA-
GRAM (THIN GRAY).

OncetheVD is createdwe computethe offset contoursby

walking the edgesof the VD as shownin ®gurel4. The algo-
rithm startsby markingall of the VE's asunprocessedlt then
picksthe®rstunprocesseWdE. If it doesnothaveanintersection
pointwith theoffsetplaneit is ignoredandmarkedasprocessed.
If it doesintersectthe offset plane,thenit becomeghe starting
VE in acrawl of theVD to recoverasingleoffsetcontouraround
a single peakof the VVoronoimountain. The crawl proceeddy
walkingtheinterior sidesof theedgef theVF in clockwiseor-
deruntil the nextVE intersectedy the offset planeis encoun-
tered. A contoursegments createdbetweerthe previouspoint
andthe newpoint. Thenwe stepoverthe newly intersected/E
into theadjacen¥F. We continueto traceoutthe offsetcontour
in counterclockwiserderaroundthe peakuntil the startingVE
is encounteredgain.All edgeghataretouchedn thiswalk are
markedasprocessedThealgorithmrepeatauntil all edgeshave
beerprocessedThis offsettingalgorithmworksfor arbitrarysets
of input contoursandcanoffsetinwardsor outwardsas shown
in ®gurel4. Therunningtime of theoffsettingalgorithmonly is
O n becausd touchesachof theedgesf theVoronoidiagram
aconstannumberof times.

Figure 14. INPUT CONTOUR (THICK BLACK), VORONOI DIAGRAM
(THIN GRAY), AND ONE INNER AND TWO OUTER OFFSET CON-
TOURS (THICK GRAY).

RESULTS

We have manufacturedhe simple test part shownin ®g-
urel5,averyshortasymmetricapyramidwith anearhorizontal
faceontheright. Usingour algorithmanda desiredwall thick-
nessof T 3, thebuild time for this partwas110 minutesand
it used203inches(5.2m) of material. The QuickSlicesoftware
didn't ®ndany slicesto manufacturevith the fastbuild stylefor
this part. Using the regularbuild style, the build time was131
minutesandit used252inches(6.4 m) of material,taking 19%
longerandusing24%morematerialtthanwith ouralgorithm,and
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producinga partwhich looksidenticalon the outside,asshown
in ®gurel6.

Figure 15. A SIMPLE TEST PART WITH A SOLID THIN EXTERIOR
WALL AND LOOSE FILLED INTERIOR BUILT USING OUR ALGO-
RITHM.

Figure 16. THE SAME PART BUILT USING THE FDM'S MACHINE'S
QUICKSLICE SOFTWARE. THE PART LOOKS IDENTICAL ON THE EX-
TERIOR.

In this simpletestpart,thevolumeto surfaceratiowasquite
small. For a partwith a highervolumeto surfaceratio, suchas
the screwpartshownin ®gurel?, thedifferencesn build times
canbemoredramatic.Forthispart,thegentleslopeof thescrew
threadspreventshe QuickSlicesoftwarefrom applyingits fast
build algorithm(®gurel8), but our algorithmstill builds a thin-
walled part (®gurel9). Using our algorithmanda desiredwall
thicknessof T 5, the build time for this part was 232 min-
utes(3:52) andit used301 inches(7.6 m) of material. Using
the QuickSlicesoftwaredirectly, the build time was504 minutes
(8:24) andit used872inches(22.1 m) of material,taking2.17
timesaslongandusing2.9timesasmuchmaterial.

Figure 17. THE SCREW PART MANUFACTURED USING OUR ALGO-
RITHM. USING THE QUICKSLICE SOFTWARE DIRECTLY, THE BUILD
TOOK OVER TWICE AS LONG TO COMPLETE.

Figure 18. A SAMPLE SLICE THROUGH THE SCREW PART, USING
THE QUICKSLICE SOFTWARE'S FAST BUILD OPTION. ALL OF THE
ROADS ARE DENSELY SPACED.

CONCLUSION

In this paperwe havedescribed conceptuallysimplealgo-
rithm for makingpatrtially hollow layeredpartswith thin, dense
wallsof approximatelyuniformthickness We haveimplemented
thisalgorithmfor anFDM machineo producdighterpartsusing
lessmaterialandin lesstime thanwith thecommerciakoftware.

The techniquesdescribedin this paper with small modi-
®cationsshouldalso speedup manufacturingwith other calli-
graphic(random-scanpFFtechnologiessuchasSLA andSLS.
With thosetechnologieshowevermodi®cationso thealgorithm
would be neededo obtainthe samematerialsavings,sinceit
would benecessaryo eliminatethetrappedvolumesof material
in the partinteriors.
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Figure 19. THE SAME SLICE USING OUR ALGORITHM. THE INTE-
RIOR ROADS ARE LOOSELY FILLED FOR A FASTER BUILD.
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