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Abstract

Solid modelingof objectsforms animportanttaskin designand manugcturing.
Recendevelopmentsn thefield of layeredmanufcturing(LM) have shavn potential
for the physicalrealizationof heterogeneougnulti-material)objects.Thus,thereis a
needto represenmaterialinformationasanintegral partof the CAD modeldata.

Slicing of the CAD modelis aninherentpartof procesglanningfor LM. Thereis
a needfor a neutral2D slice formatto transferdatafrom the CAD system(slicing is
doneonthe3D CAD model)to thecommercialLM machine.Thiscanalsobeusedas
afile formatto demonstratinteroperabilityamongLM machinedavzing comparable
layer thicknessspecifications. To fabricateheterogeneousbjects,the slice format
shouldbe capableof representindgpothmaterialandgeometryinformation.

Informationmodelsfor the representationf productdataarebeingdevelopedas
aninternationalstandard1SO 10303)informally called STEP However, the current
applicationprotocolsfocuson the representationf homogeneousbjectsonly. This
papersuggestaninformationmodelto represenheterogeneousbjectsusingthein-

formationmodelingmethodologydevelopedfor ISO 10303. The informationmodel

*Addressall correspondenc this author



is thenextendedo representhe 2D sliceinformationusingconceptdrom 1ISO 10303.
Theproposedormatsarevalidatedby physicalrealizationof objectson differentLM
machinesThis informationmodelwill helpin providing a uniformbasein the devel-
opmentof heterogeneousolid modelingsystemslt will alsoequipthesolid modeler
with theability to integratewith otherapplicationsandprocesplanningin thedomain

of layeredmanufcturing.

1 Introduction

Layeredmanufcturing/ rapidprototyping,alsoknown assolid freeformfabrication(SFF),
is anadditve manufcturingprocessn which objectsareconstructedby depositiorof ma-
terial in layers,usuallyin termsof a sequencef parallelplanarlaminae. Many layered
manuhcturing(LM) processedave beendevelopedin recentyears,usingdifferentma-
terialsandbondingmethods. Although LM was originally usedfor rapid prototypingto
help the designerverify part form andfit (geometry),it is now progressingowardsthe
productionof functionalparts. It hasalsoshawn significantpotentialfor the manufcture
of uniqueandsmallbatchproductionparts.

Until recently the domainof solid modelingfocusedmainly on modelingof solids
to capturegeometryand topology of external and internal features. Information about
materialgradationhasnot beenan integral part of the ComputerAided Design (CAD)
modeldata. Thus,all down-line procesglanningassumeshe presencef homogeneous
materialdistribution throughoutheinterior of the solid.

The exigenciesof optimal designspecify the needfor functionally gradedor non-
homogeneoumaterialcompositionsTheseheterogeneousbjectsarecomposeaf differ-
entconstituentmaterialsand canexhibit continuouslyvarying compositionand/ormicro-
structurethusproducinga gradationn their propertieq1]. Dueto its additve nature LM
is well suitedto the fabricationof heterogeneousbjects. It candepositseveral materials
in varyingcompositiongvithin alayerandwith variationsbetweeradjacentayers.

Heterogeneousbjectshave foundusein severalengineeringapplications.Therefore,

thereis a needto be ableto designandmanufctureheterogeneousbjects[1]. However,



currentlytheredoesnot exist the capabilityto createa three-dimensiondBD) CAD model
thatcanrepresena productssolidinterior, in termsof continuouslyaryingmaterialcom-
positions.It is expectedthatthe developmentof a representatiosuitablefor this areacan
alsobe appliedto representolor, porosity andotherpropertiesthat have gradientchar

acteristics. Someof the reasonghat make sucha representatiomssentiain the design

domainareasfollows:

e All LM technologiesarecomputebasedandusethe CAD modelfor the purposeof

procesplanningandfabricationof thepart.

e Orientationof an objectto be fabricatedwill dependon materialcompositionand

variationin a particulardirectionandacrossa cross-sectiomaswell.

e Slicingcalculationsill requirematerialinformationbecaus¢éheminimumandmax-

imum allowedlayerthicknessesary with differentmaterials.

e Applicationsfor analysis(thermal,structural,etc.) will requiresuchinformationto

beincorporatedn the CAD modelitself.

Slicing is aninherentpart of the procesf LM. However, slicing may bestbe done
in the CAD systemon the 3D solid modelitself [2]. The needfor a neutralformatfor the
purposeof sliceinformationis presentedn [2]. Suchaformatshouldencapsulatexact,
ratherthanfacetedgeometrianformation. Thereis no defactostandardo represensuch
sliceinformation.With theadwentof LM techniqueso manufctureheterogeneousbjects,
the neutralformat shouldalso be able to represenboth the materialand the geometry
informationin the 2D slicedomain.

Thus,theabsencef representation® integratematerialandgeometryinformationat
thedesignstagewill hindernewn developmentsn LM technologyaskey procesglanning
stepglependnsucharepresentatiorA standardnformationmodelfor thisrepresentation

Is requiredto realizethefollowing objectves:

e Provide auniformbaseto developheterogeneousolid modelingsystems.



e Transferof datain a standardormatamongvariousCAD/CAE systemssuchthatit
canbe usedefficiently for the engineeringanalysisandprocesgplanningin the LM

ervironment.

ISO 10303(informally known asSTEP)is aninternationaktandardor the electronic
exchangeof productdatabetweencomputeraideddesignand othercomputetbasedsys-
temsusedin the productlife-cycle. This paperfocuseson anaspecbf therepresentation
of heterogeneousbjects andutilizesa modelingmethodologysuitablefor possibleusein
theapplicationof STEPto layeredmanufcturing.

This paperis built uponthe work reportedin [3]. This work focusedon the devel-
opmentof an ISO 10303 representatiorschemefor heterogeneousolids. However, an
informationmodelto represenheterogeneouslicesis necessarypecauseslicing formsa
fundamentaktepin the procesglanningfor LM [2]. A slicelevel representatiois also
ameando validatethe 3D representatioby fabricationof physicalparts. This paperalso
presentadataplanningmodelto represenslicelevel information.It furtherreportsdevel-
opmentof softwareto corverttheslicerepresentatiofile to machine-specifisliceformats
sothatexamplepartscanbe physicallyfabricatedon commerciamachines.

Section2 presentsa brief review of variousapproache$or heterogeneousolid rep-
resentatiorand considersone of themfor elaborationin subsequensections. Section3
focuseson the motivationto useSTEPfor sucha representationDetailsof the proposed
informationmodelsare discussedt two levels (solid level andslice level) in Section4.
Validationof the proposediataplanningmodels(DPM) is presentedn Sectionss and6.

The paperconcludesvith someobsenationsandissuedor futureresearch.

2 Heterogeneous solid modeling schemes

Heterogeneousolid modelingaimsto incorporatenformationaboutmaterialdistribution
alongwith geometridnformationinto a CAD model. This necessitatethe definitionof a
functionthat canrepresenthe materialmacrostructureThis sectionsummarizevarious

researcleffortsin modelingheterogeneousbjects.



Irregular tetrahedral decompositionsf the finite elementtype provide possibilities
for modelingof materialdistributions. A solid modelcreatedon a state-of-the-arCAD
systemis meshednto finite elementqtetrahedra).The topologyis maintainedusingthe
cell-tuplestructureasa graphof cells. Every cell is thenassociateavith informationabout
the compositionandthe geometry Material spaces definedasM, spanninghed,, mate-
rials availableto the LM machine.The materialcompositionof the modelis represented
asavectorvaluedfunctionm(x) definedovertheinterior of themodel. Thedesignespec-
ifies the overall variationin termsof distancerom a particularfeature.This expressions
usedto obtainthe volumefractionsat the verticesof eachtetrahedron.The composition
in the interior of the cell is thenobtainedin termsof a setof control pointsand control
compositiondlendedwith barycentridBernsteinpolynomials.Representingbjectsusing
this stratgy is the subjectof [4].

Voxelbasedrepresentations a specialcaseof cell decompositionThecell is cubical
in shapeandis locatedin afixedgrid. A voxel (x,y,z) in a 3D discretespaces definedby
a unit cubecenteredat (x,y,z). Voxelizationis the processof corverting a geometrically
represente@D objectinto a voxel modeldefinedby a setof voxels. The voxelizationis
suchthatthe voxel sizeis uniform andevery voxel is smallenoughto be consideredasa
homogeneousimp. A scalarvalueassociatewith everyvoxelindicategshematerialthatis
associatewith thatvoxel. Voxelizationis independenof thematerialdistributionfunction.
This representatioallows the designeto selectvely assignmaterialgo individual voxels.
More detailson this representationanbefoundin [5].

The R-functionmethodinterpolatedboundaryconditionsdirectly from the geometric
model using normalizedfunctions. Normalizedfunctionsare smoothfunctionsthat ap-
proximatedistancefunctionsin the neighborhoof the boundaryandcanbe constructed
automaticallyfrom mostgeometricrepresentationg.g. boundaryrepresentationjising
thetheoryof R-functions.More detail on this theorycanbe obtainedfrom [6]. Thisthe-
ory appeargo have the potentialto representhe variationof materialcompositionin the
interior of asolid.

Along with theabove, severalotherschemesirebeingproposedor therepresentation

of heterogeneousbjects[7, 8].



Ther, objectmodelis a setbasedapproacho represenmulti-materialobjects.It is
basedon exactrepresentationf geometryandassociating materialdistribution function
with thisgeometry Theproductspacel = E2 x R" formsthemathematicaspaceo model
heterogeneousbjects. Material pointsarerestrictedto lie in the materialspacevV c R".
Eachpoint p in theobjectSis acombinationof n primarymaterialsandis specifiecby the
volumefractionsof theseprimary materials. Thesevolume fractionsmustsumto unity.
Thus, eachpoint p € S canbe modeledasa point (x € E3, ve V) in T, wherex andv
representhe geometricand materialpointsrespectrely. This approachs basedon the
notionof anry, setwhichis definedasasubseD = (P,B) of T whereP c E3 is anr-set[9]
andB C V assignsnaterialto ther-setP. ThesetB is specifiedby a materialfunctionF
whichis requiredto beC”. Thus,anr, setcanalsobedefinedasthepair (P, F) wherethe
subseB is definedmplicitly throughits materialfunctionasF (P). To represenaphysical
object,anrm-objectis thendefinedasa finite collectionof ry-sets{( Pj, Bj)} suchthatthe
rm-setsareminimal andaregeometricallyinterior-disjoint. More detailson this approach
canbeobtainedn [1].

HeterogeneouSolid Modeling is animportantnew topic thatis receving increased
attention. Our brief surey wasnot intendedto be exhaustve andthe interestedeaderis
urgedto delveinto thereference$or moredetailsandfurtherliteratureon this andrelated
topics.

Thefocusof this paperis not the representationf heterogeneousbjectsperse. In-
steadwe considerone representatiorschemefor heterogeneousbjectsand investigate
extensionmecessaryithin ISO 10303(STEP)for supportingt. While all representation
methodsstudiedabove have their advantagesand disadwantageswe chosethe r,-object
modelapproactsincewe aremostfamiliar with it. In the remaindeiof this paper all dis-
cussiomaboutheterogeneousolid representationandSTEPextensiongs in the context of

thisscheme.



3 Motivation for the use of 1SO 10303

Informationaboutexactgeometrymaterialsandtheir distribution, andtoleranceseedgo
berepresentedndexchangedn computercompatibleformat. A detailedstudyof existing
standardg$or representingbjectsin LM anddataformatsfor exchangingmodelinforma-
tion in thedomainof LayeredManufacturinghasbeenpresentedh [2, 10].

The needto represenaind manufctureheterogeneousolids coupledwith the pos-
sibility that somestagesof procesplanningmay migrateinto the CAD domainleadsto
the necessityof developmentof a standarddatarepresentatiofor layeredmanufcturing.
Thereis amplejustificationfor the suitability of ISO 10303for this purposg2, 10, 11].

1SO 10303 (STEP)

ISO 10303 (informally knowvn as STEP- STandardfor the Exchangeof Productmodel
data)is anevolving internationaktandardor thecomputetinterpretableepresentatioand
exchangeof productdatafor engineeringpurposesThe natureof this descriptiormalesit
suitablefor neutralfile exchangeandalsoasa basisfor implementingandsharingproduct
databasefl2].

ISO 10303is intendedultimately to cover a wide rangeof producttypesand prod-
uct life-cycle stages.It is beingissuedasa seriesof parts,including GenericResources,
DescriptionMethods, ImplementatiorMethodsandApplication Protocols(APs). APsare
comple datamodelsusedto describespecific product-dataapplicationsand are meant
to be implementable. Thesepartsdescribenot only what datais to be usedin describ-
ing a product,but alsohow the datais to be usedin the model. Thusactualinformation
exchangesarebasedn theapplicationprotocols.

Currently thereis no STEPAP in the areaof LM. However, following severalmeet-
ings of aninformal interestgroup, a formal projecthasbeenrecentlylaunchedin 1ISO
TC184/SCA4the sub-committe@esponsibldor ISO 10303development)o fill this gapin

the spectrunof manugcturingrelatedactiities coveredby 1ISO 10303.



Tablel: Capabilityrequirementsatisfiedoy ISO 10303
Capabilityrequirement | Correspondingesourcean ISO 10303

Geometry& Topology | Part42,AIC 511,AIC 514
Materialinformation Part45

Tolerances Part47,AIC 519

Mathematicatonstructs| Part50

Suitability of SO 10303

The possibility of usingresourcesrom the STEPdocumentatioprovidesseveral advan-
tagesin developingthe proposed_.M datarepresentatiomodels.The APsusethe under
lying informationresourcesn well definedcombinationsand configurationgo represent
a particulardatamodelwithin a given applicationcontext. Theseresourcesncludethe
EXPRESSnformationmodelinglanguaggPart 11 of ISO 10303),a seriesof Integrated
GenericResourcegParts41 - 49 of ISO 10303),anda seriesof Application Interpreted
ConstructgAICs) (Parts500+).

Someof therequirementshatareneededor the developmenif a standardiatarep-
resentatiorior layeredmanugcturingaredirectly satisfiedn the currentdocumentatiorf
ISO 10303.A summaryof thecapabilityrequirementsatisfiedoy the STEPdatastructure
is presentedh Tablel.

Part42 [13] andthe AICs basedon it allow the exactrepresentatioandmodelingof
the geometryandtopologyof an object. Otherpartsprovide the capabilitiesto represent
materialtype andtolerancespecifications.The representatioproposedn this paperuti-
lizestheseexisting capabilities.In the domainof 2D slices,|SO 10303hasthe capabilities
for exactrepresentatioof thegeometryof a 2D contour[13].

However, somerequirementgrespecificto the applicationdomainof heterogeneous
objects.Thesemustberepresentedniquelybecaus®f theabsenc®f thesespecifications
in 1ISO 10303.0neof theseis the specificatiorof continuouslyaryingmaterialcomposi-
tion to createa materialgradient.In orderto accommodatéhis property it is necessaryo

createa STEP-compliantepresentatiothatcanbe usedin the proposedstructureof het-



erogeneousolid modeling[14]. Thisleadsto theintroductionof new entitiesconforming
to the STEPdatastructure.A specializatiorof this informationmodelto the 2D domain
will senefor therepresentationf gradedmnaterialdistributionsin theinterior of 2D slices.

After astudyof ISO 10303andheterogeneousolid modeling,a dataplanningmodel
(DPM) is proposedasafirst steptowardstherepresentationf heterogeneousolidsin the

domainof ISO 10303.Theremaindeiof the paperdiscusseshis DPM.

4 DataPlanning Model (DPM)

A dataplanningmodelillustratesthe primary conceptsf the applicationdomainandthe
generarelationship@amongthemajorconceptslit doesnotfully describehedetailsof the
relationshipslit providesanoverview of thescopeof theapplicationdomain.

Thestructureof ISO 10303wasreviewedandspecificdocumentgparts)in ISO 10303
werestudiedin detail. Thesepartswereanalyzedo determindf they satisfiedherequire-
ments.It wasfoundthatsomeentitiesrequiredor representingpeterogeneousolidmodels
arenot availablein 1ISO 10303. Therefore appropriateentitieswere createdusingorigi-
nal datarepresentationaritten in the STEPcomputefinterpretablenformationmodeling
languageEXPRESJ15].

Dataplanningmodelsareproposedttwo levelsof thedatatransferfor layeredmanu-
facturing.TheDPM presentedh Sectiord.1is aproposedstructureto represenheteroge-
neoussolid objectsin thedomainof datatransferas3D CAD models.Section4.2 presents
a proposedstructureto represeninformationin a 2D slice domainof layeredmanufctur
ing. Boththesemodelsaccountfor the materialgradationandareaimedto bethe basisof
neutralfile formatsfor datatransferamongvariouscommercialLM machines.

The proposediataplanningmodelsdepictonly a high level presentatiorof the pro-
posedformatsusing the EXPRESS-Gmodelinglanguage. The EXPRESS-Gmodeling
languageis a formal graphicalnotationfor the display of dataspecificationgdefinedin
the EXPRESSanguagq15]. The DPMsdo not provide detailedinternalworking of the
structure.However, they provide anoverall structureandthe necessargapabilitiesof the

representatiomeforedevelopinga more detailedlow level representationf the specific
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Figurel: Dataplanningmodelto represenheterogeneousolidsin STEP

data. It shouldbe notedthatevery entity will be definedin furtherdetailthroughattribute

specifications.

4.1 Representation of heterogeneous solids

Figurel shavstheDPM for the proposedstructureto represenheterogeneousbjects.Ex-
actgeometryis representedith the helpof existing resourcesn STER while new entities

areproposedo representontinuousvariationof materialcomposition.

Entity descriptions

Theentitiesshavn in the DPM in Figurel aredescribedn this section.

A material_solid_model_representation is an organizedcollectionof dataelements,
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collectedtogethelto represenary solid modelwith materialpropertiesassociatedavith it.
It thusrepresentanrmy-object.

The entity material_solid_representation_item forms an attribute of the entity mate-
rial_solid_model_representation. Thus,material_solid_model_representation comprisesn-
stancesof material_solid_representation_item to representn individual materialset (rmy-
set) of the objectmodel. The existenceof morethanonery-setin the materialobjectis
representetdy multiple instance®f a material_solid_representation_item within the same
materials_solid_model_representation.

The geometryand the topology of the 3D solid are representedby attributesgeo-
metric_representation_item and topological_representation_item respectiely. Theseare
definedin Part 514 [16] of the ISO 10303documentation.The materialpropertiesand
the compositionis representedy an entity called material_representation_item. This
correspondgo the definition that an r,-objectis definedasa finite collectionof rpy-sets
{(R,B))}.

Entity material_solid_representation_item hasan attribute with an integer datatype
(no_of_materials) to representhe numberof the materialsusedin the representatiofor
a rp-set. Every material_solid_representation_item comprisesa set of no_of materials
numberof instance®f the material_representation_item. This consistof the entity mate-
rial_property asoneof its attributes. This entity constitutegheindividual propertiesof the
materialin concernPart45[17] of ISO 10303senesasthebasisfor this entity.

Therecanbe multiple methodgo representhe materialgradientfunction. Therefore,
alocal co-ordinatesystemis definedto aid in thedefinitionof the materialfunction. Local
co-ordinateaxesarerepresentely axis2_placement_3d. Geometryinformationmay also
beassociatewvith thedefinitionof thematerialdistributionfunction. Thereforeanoptional
selecttype entity, reference_item is introduced.This selectsone of the entitiesviz. point,
curve, surface asthereferenceentityfor variablesn thefunction. Theseentitiesarealready
definedin Part42[13] of thelSO 10303documentation.

The compositemathematicafunctionthatrepresentshe materialcompositionfor an
instanceof the ry-setis representedby the attribute function_application (usedfrom the

mathematical_constructs_schema [18]). It utilizesa maths_function anda corresponding

11



list of arguments. This (function_application) representshe operationof applyinga math-
ematicafunctionto anappropriatesetof alguments.Theentity maths_function represents
thefunctionto beapplied.Theargumentsn this casewould bethetuple(x,y, 2) thatrepre-
sentgheCartesiarco-ordinate®f thegeometrigointin thatr-set. Thefunctionthus,may
berepresentedsF (x,Y, z). A moredetailedexplanationof thisentity (function_application)
canbefoundin [18].

Therepresentatiois suchthatany assembly/patb bephysicallyrealizedcanbein the
domainof heterogeneousbjects.A componentvith ahomogeneoumaterialdistribution
will becharacterizethy exactly onematerial(no_of _materials = 1) andthe corresponding
materialdistribution functionwill beF = 1.

A shape_aspect is associateavith every material_solid_model_representation. This
attributedis referencedrom product_property_definition_schema. Entitiessuchasdatum,
datum_feature andtolerance_zone aredefinedin this schemeTheseentitiesrepresenthe
tolerancesssociatedavith anobject. Detailedexplanationsof theseentitiescanbe found
in Part47[19] andAIC 519[20].

4.2 Representation of heterogeneous slices

The ability of LM machinego fabricateheterogeneousbjectssuggests needfor incor-
poratingvaryingmaterialcompositiorinto thesliceinformation.Sectior4.1discussedhe
representationf heterogeneousolidsusingconceptgrom ISO 10303.A similarapproach
canbe utilized to represent gradientin the materialcompositionin the 2D slice domain.
Figure 2 shavs the dataplanningmodelfor the proposedstructureto represenslice in-
formationfor heterogeneousbjects.This modelis alsopresentedisingthe EXPRESS-G
notation.Theability of ISO 10303to represenexactgeometriess utilizedto representhe
contoursn aslice. Thus,poly-line approximatiordoesnot form the basisof this represen-

tation.

Entity descriptions

Theentitiesgivenin the DPM of Figure2 aredescribedn this section.
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Figure2: Dataplanningmodelto represensliceinformation

A material_solid_model_representation representsa heterogeneousolid. It is pro-
cessedhroughthe orientationmoduleandan appropriateorientation is determined.This
orientationis representedly the entity direction. The entity direction is definedin geome-
try_schema of Part42[13] of the ISO 10303documentationThusorientation represents
thedirectionof stackingtheslices.Theslicesaregenerateshormalto this direction.

As aresultof slicing, a material_solid_model_representation comprisesa finite setof
slice_representation_item. Eachslice_representation_item represents&n individual slice.
Slice thickness andheight of the slice from the baseare attributesassociatedvith every

slice. They arerepresentedsrealnumbers.
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Every sliceis anorganizedcollectionof dataelementgepresentethy the entity ma-
terial_region_representation_item, which representa 2D region ontheslice. Theunionof
suchregionswhich have disjointgeometrianteriorsrepresenta singleslice.

The geometryof the region canbe representedsan advanced_face definedin Part
511[21]. It is a specialtype of face_surface thathasadditionalconstraintdo ensurethat
the geometryis directly andcompletelydefined. It is requiredto be fully boundedby at
leastoneface_bound which is a topologicalentity representing loop. In this case,the
sliceis a planarentity. Therefore the facegeometryshall be restrictedto a plane. More
informationon theseentitiescanbeobtainedn [13, 21].

The material_region_representation_item hasan attribute with an integer datatype
(no_of materials) to representhe numberof the materialsusedin the representatiomf
theregion. Every material_region_representation_item consistof a setof no_of materials
numberof instance®f the material_representation_item. This consistf the entity mate-
rial_property asoneof its attributes. This entity constitutegheindividual propertieof the
materialin concern.Part45[17] of ISO-10303enesasthebasisfor this entity.

Therecanbe multiple methodsto representhe function for representinga material
gradient. In orderto addressthis ambiguity a local co-ordinatesystemis definedto
aid in the definition of the materialfunction. Local co-ordinateaxes are representedby
axis2_placement_2d, which is an entity alreadydefinedin Part 42 [13] of ISO 10303.
Geometryinformationmay alsobe associatedvith the definition. Therefore,an optional
selecttype entity reference_item thatselectsa point or a curve asthe geometricreference
entity for the variablesin the function. Both of theseentitiesarereferencedrom the ge-
ometry_schema of Part42[13] of ISO 10303.

The compositemathematicafunction to representhe gradientin materialcomposi-
tion in the region is representedby the attribute function_application (usedfrom mathe-
matical_constructs_schema [18]). This utilizesa maths_function anda correspondindjst
of arguments. It (function_application) representshe operationof applyinga mathemati-
cal functionto an appropriatesetof aguments.The entity maths_function representshe
functionto be applied. Theargumentsn this casewould bethetuple (x,y) thatrepresents

the Cartesiarco-ordinatef a geometricpointin thatregion. The functionthus,may be

14



representedsF (x,y). A moredetailedexplanationof the entity function_application can
befoundin [18].

Thisinformationmodelis basedntheset-basedthethodof heterogeneousolid mod-
eling[1]. Thetheoryis appliedto a2D domain.A slicecanbeconsideredo beequivalent
to anrm-object.It consistof geometricallyinterior-disjointregions.Eachregionis equiv-
alentto anry-set. Theadvanced_face representshe geometryof the region. A material

distribution functionis usedto representhe materialgradientin this region.

5 Validation

The dataplanningmodelsproposedn Section4 needto be validatedto checkfor the
correctnessf therepresentation.

In the domainof ISO 10303validationmeanstestingwhetherthe syntaxof an EX-
PRESSschemas correctandwhetherall appropriatesxternalreferencegto entitiesde-
finedin otherschemapremade.It shouldbenotedthatthisis nottheconcepof validation
consideredn this section. However, this validationprocesds a requiredcomponenfor
developmenbf anev STEPAP.

A two-level validation scheme pbasedon the available resourcesyas developedto

physicallyfabricatepartsrepresented the proposedTEPformat.

5.1 Validation of the solid model representation

Several samplecasestudieswere consideredor validation. Datafiles conformingto the
proposedormatand STEPrulesfor mappingEXPRESSo physicalfile formatwerefirst
generatednanually Theseweremanuallychecledto seeif the proposedormatcontained
all the requiredinformationaboutthe geometryintegratedwith the materialinformation.
However, for physicalfabricationof parts,the solid modelhasto be sliced. The manual
checkis thuscomplementedy the developmentof a slice level representatiomvhich is

usedto fabricatephysicalpartsat the University of Michigan,Ann Arbor.
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Figure3: Cornversionof slicedatain STEPformatto otherslicefile formats

5.2 Validation of dicelevel representation

An orientationof the 3D modelis determinedor the purposeof fabrication. It is then

subjectedo slicing to generateslicesin the directionnormalto the orientation.Datafiles

conformingto the proposedormat (Figure2) and STEPrulesfor mappingEXPRESSo0

physicalfile formataregeneratednanually Thefile formatfor the physicalfabricationof

the partis specificto the machineon which the partis to be produced.So, the proposed

format shouldbe cornvertible to the commercialformatsfor slice information. This will

testthe ability of the proposedformat to encapsulatslice information as supportecby

slice formatsof commercialLM machines. For this purpose,software (Figure 3) was

designedandimplementedo corvert the proposedSTEPfile format to the slice format
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of commercialLM machines. A successfutornversionis validatedby visualizing the
generatedlicefiles usingthe proprietarysoftwareof the LM machinesFabricationof the
final physicalparton the commercialLM machinegprovidesa physicalvalidationto the
encapsulationf informationof the slicegeometry

The corversionsoftware (Figure 3) readsin all informationrepresentedh the pro-
posedheutralslicefile andstorest in a classstructurecompatiblewith the proposedtruc-
turein 1SO 10303 (Figure 2). The hierarchicalnatureof the datastructurein STEPfa-
cilitatesits implementatiorin the objectorientedparadigmusing C++ asa programming
tool.

Theclassdiagramin Figure3 is shavn in accordancavith the OMG Unified Model-
ing LanguageSpecificatior[22]. ClassStepObjecis the parentabstractlass.Thevirtual
methodreadStepHe is usedto readthe physicalSTEPfile (containingslice information).
MatSolidRepesentatiorrepresents sliced heterogeneousolid. Thus, SliceRepesenta-
tionltem (2D ry-object) forms the elementdor the compositionof a MatSolidRepesen-
tation. Every sliceis composedf a finite numberof MatReayions (2D rp,-set). One Ad-
vanced@ce anda finite numberof MatRepesentationltem$rm one MatReyion. Each
MatRepesentationltens definedby a mathematicalunctionto representhe materialdis-
tribution. Every AdvancedBiceis definedby a finite numberof boundariegFaceBounil
A closedFaceBounds madeof oneor moreEdges An Edge is composedf a Curve
ClassCurveis anabstractlassthatcanberepresentedsaline, aCircle or aBSpline

This information storedin the memoryof the computerhasto be corvertedinto a
machinespecificphysicalfile format. This purposes solved by writing routinessuchas
WriteFDM to corverttheinformationinto the FDM sliceformat. The samedatastructure
canbe utilized to outputinformationthrougha moduleto print the informationin a par
ticular slicefile format. The softwareis thusa post-processahatprocesseSTEPbased
sliceinformationto the machinespecificsliceinformation.

Thesliceinformationfor thefabricationof a parton oneparticularLM machinemay

bevalid for thefabricationof the partusinga differentLM technologyA singleSTEPfile

1The StratasysFDM 3D modelerand SandersPrototypes Modelmaler are usedas representatie ma-

chines
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Figure4: Model of bi-materialobjectwith threer,-sets

(for oneheterogeneousbject)canbe usedto fabricatea parton variousmachineghaving
comparabldayer thicknessspecifications)y cornversionto respectre machinespecific
slice formats. Thus,this corversionalsovalidatesthe conceptof inter-operabilityof LM

data(atslicelevel) similarto CutterLocationdatain NC machining.

6 Casestudy

A physicalvalidationof thedataplanningmodelsproposedn Sectioréd is presentedh this
sectionby consideringanexamplecomponento represenheterogeneousbjects.

The objectshawvn in Figure 4(a), adaptedfrom [1] is a heterogeneousbject with
rectangulageometry |t is arepresentate objectto explaintherepresentationf amaterial
objectcomprisingmorethanonery-set. The objectmodelis representeth Figure4(b).
The definition of anry-setis suchthatthe materialdistribution functionis C* [1]. Thus,
thery, objectwith apiecavisecontinuousnaterialdistributionfunctionis decomposeahto
threerp-setsasshown in Figure4(b). Figure5 shaws the representationf this objectas
pertheDPM in aschematicSTEPphysicalfile format.

Figure 5 schematicallyshaws that the proposeddataplanningmodel canrepresent
completelyan ry,-object comprisingmore than one ry-set. The mathematicafunction

givenby (0.01 x x)? representshe materialdistribution for materiall. This is modeled

18



#1002=MATERIAL_SOLID_MODEL_REPRESENTATION(", #1003, #3001, #5001);
#1003=MATERIAL_SOLID_REPRESENTATION_ITEM(' RMSET1',2,#1004,#1005,#1006);
#1004=MANIFOLD_SOLID_BREP('RSET1’,...);
#1005=MATERIAL_REPRESENTATION_ITEM(' MATY1’ ,#1010,#1011,#1020);
#1006=MATERIAL_REPRESENTATION_ITEM(' MAT2’ ,#1010,#1021,#1024);

#1018=ELEMENTARY_FUNCTION(", .EF_EXPONENTIATE_R);
#1019=FUNCTION_APPLICATION(' EPONENY’, #1018, (#1012, 2.0));
#1020=FUNCTION_APPLICATION(' FUNC11’, #1019, (#1012, #1013, #1014));
#1021=MATERIAL_PROPERTY(...);
#1022=ELEMENTARY_FUNCTION('SUB’, .EF_SUBTRACT_R);
#1023=FUNCTION_APPLICATION(' SUBFUNC’, #1022, (1.0, #1019));
#1024=FUNCTION_APPLICATION(' FUNC12’, #1023, (#1012, #1013, #1014));

#3001=MATERIAL_SOLID_REPRESENTATION_ITEM('RMSET2’,2,#3002,#3003,#3004);
#3002=MANIFOLD_SOLID_BREP('RSET2’,...);
#3003=MATERIAL_REPRESENTATION_ITEM (' MAT1' #3008, #3009, ...);
#3004=MATERIAL_REPRESENTATION_ITEM( MAT2’,...);

#5001=MATERIAL_SOLID_REPRESENTATION_ITEM('RMSET3’,2,#5002,#5003,#5004);
#5002=MANIFOLD_SOLID_BREP('RSET3’,...);
#5003=MATERIAL_REPRESENTATION_ITEM( MATY’,...);

Figure5: Representationf multiple ry-sets(Figure4) in ISO 10303

#1001 = MATERIAL_SOLID_MODEL_REPRESENTATION(", #1008) ;
#1002 = SLICE_REPRESENTATION_ITEM(”, 0.1, 0, #1003, #1100, #1200) ;
#1003 = MATERIAL_REGION_REPRESENTATION_ITEM(”,2,#180,#1005,#1006) ;

#1100 = MATERIAL_REGION_REPRESENTATION_ITEM(",2,#181,#1005,#1006) ;
#1200 = MATERIAL_REGION_REPRESENTATION_ITEM(",2,#182,#1005,#1006) ;
#1201 = SLICE_REPRESENTATION_ITEM(”, 0.1, 0.1, #1003, #1100, #1200) ;

#180=ADVANCED_FACE(",(#177),#228,.T.);
#181=ADVANCED_FACE(",(#178),#229,.T.);
#182=ADVANCED_FACE(",(#179),#230,.T.);

Figure6: Representationf slicescomprisingmultiple ry-sets(Figure4) in 1ISO 10303
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Figure7: Slicedbox (Figure4) asseenon the softwarefor FDM

in theabove representatioas#1020usingentity function_application of Part50[18].

Thesolid modelis subjectto slicing andslice datais generatedThe proposedSTEP
file that representslicesof the box is shavn in Figure6. The cross-sectiorf the box
is uniform. Thus,all the slicesthat representhe objectareidentical. The STEPformat
schematicallyrepresentshe slice level informationfor heterogeneouslicesof the box.
The presencef the threeinstance®f the entity advanced_face indicatesthe presencef
threer,-sets.

The software mentionedin Section5 is usedto corvert this STEP-basedile to the
slice formatfor the FDM 3D modelerandthe Sandergrototypingmachine.During this
corversion,informationaboutthe geometryof the partis utilized while informationabout
the materialgradationis lost becauséhe machinesare not capableof handlingthis in-
formation. Theslicefile is thenviewed usingthe proprietarysoftware of thesemachines.
Figure7 depictsasinglesliceasviewedby thesoftwarefor theFDM 3D modeler It is seen
thatalthoughmaterialinformationin the slice is lost, the informationof the existenceof
threer,-setsin the objectis storedandtransferredo the machinespecificfile format. This
effectis demonstratedh Figure7 by the existenceof threegeometriesandthe variation
in the rasterdepositionin the threedifferentgeometries.A physicalprototypewas also
fabricatedon the prototypingmachine.The fabricationvalidatesthe practicalapplication
of the proposednformationmodel.

However, Figures5 and 6 do not provide detailsof representationf the geometry
This is donebecausdSO 10303hasa well-developedapplicationprotocol (Part 203) to

representhe geometryof anobject. Thus,geometryis depictedn theform of a manifold
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b-rep solid representatiorior the solid and advancedface for the slice. The details of
the representatiomf this solid geometryis shavn in AppendixA. It presentsa typical

representatioandothergeometriecanberepresentedh a similarmanner

7 Conclusion

The DPM (Data PlanningModel) proposedn Section4.1 provides an overviev of the
methodologyandthestructureto represenheterogeneousolidsusingthe conceptof ISO
10303.The DPM representa completeintegrationof materialinformationwith the corre-
spondinggeometryto represenheterogeneousbjectsasproposedn [1].

TheDPM proposedn Sectiord.2providesaslicelevel representatioachemelt helps
in validationof the DPM for representindneterogeneousolidsby physicalrealizationof
the objects. It canalsobe usedto demonstratan initial conceptof utilizing slice level
informationasa neutralfile formatfor the transferof dataamongdifferentLM machines.

Useof ISO 10303(STEP)asthebasiswill allow for fasterstandardizatiomndadop-
tion becausehe core STEPfunctionality hasreachedonsensuandhasbeenalsoimple-
mentedn softwaresystems.

To enablecompleteSTEP-basedatatransferin LayeredManufacturing,additional
aspectf heterogeneousolid modelingand the down-line transferof datafor process

planningneedto be consideredSomeof theseareasfollows:
1. Representationf objectpropertiessuchascolor andsurfacefinish.

2. Developmentof aninformationmodelto representiatarequirementgor the entire

procesplanningfor layeredmanugcturing

The format of representatiolf heterogeneousbjectsin a standardizedormat will
be animportantsteptowardsthe successfuphysicalrealizationof heterogeneousbjects

throughlayeredmanufcturing.
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Appendix A
Representation of a typical geometry in STEP

Thefollowing representa partof the ISO 10303(STEP)representationf thegeom-
etry denotedasP; in Figure4(b). Thisfile is obtainedoy submittingtherelevantACISfile
overtheworld wide websenerto the STEPtranslatiorserviceofferedby STEPToolsInc.

at http://wwwsteptools.com/anslate/tandate.cgi
#10=PLANE(",#13);

#11=CARESIAN_POINT(",(0.,0.,5.));

#12=DIRECTION(",(0.,0.,1.));
#13=AXIS2_PLACEMENT_3D("#11,#12,9);

#14=PLANE("#17);

#83=CARTESIAN_POINT(",(25.,0.,0.));
#84=DIRECTION(",(1.,0.,0.));

#85=DIRECTION(",(0.,0.,1.));
#86=MANIFOLD_SOLID_BREP(",#87);
#87=CLOSED_SHELL(",(#88 #111,#134,#145 #154,#163));
#88=ADVANCED_FACE(",(#89),#10,.T);
#89=RCE_BOUND(",#90,.T);

#101=VER EX_POINT("#102);
#102=CAR'ESIAN_POINT(",(-25.,12.5,5.));
#103=ORIENTED_EDGE(",**#104,.J:
#104=EDGE_CURE(",#101,#106 #105,.J:
#105=INTERSECTION_CURE(" #34,(#10,#30),.CURE_3D.);

#153=ORIENTED_EDGE(",* *#104,.F
#154=AD/ANCED_FACE(",(#155),#22,.5;
#155=RACE_BOUND(",#156,.T);
#156=EDGE_LOOP(",(#157,#160,#161 #162));
#157=ORIENTED_EDGE(",* *#158,.J;
#158=EDGE_CURE(",#96 #117 #159, J;
#159=INTERSECTION_CURE(" #78,(#22,#14), CURE_3D.);
#160=ORIENTED_EDGE(",* *#132,.F
#161=ORIENTED_EDGE(",**#149,.F
#162=ORIENTED_EDGE(",**#99, [
#163=AD/ANCED_FACE(",(#164),#14,.5;
#164=RCE_BOUND(" #165,.T);
#165=EDGE_LOOP(",(#166,#167 #168 #169));
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