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Figure 1: Tools for interactive editing: (a) interactive stretching and defarmation of a car component; (b) 1D parameter
texture revealingnode relocation causedby relaxation.

ABSTRACT

Virtual prototypingand numericalsimulationsare increasinglyreplacingreal mock-upsand experimentsin industrial product
development. Many of thesesimulations,e.g. for the purposeof crashworthinessexplorations,are basedon Finite Element
Analysis (FEA). In orderto acceleratehe developmentcycle, simulationengineersvant to be ableto modify their FE models
without going backto the CAD departmenaindwithout remeshing.Currently thereareno intuitive tools availablethat offer the
possibility of modi cation and processingf FE componentsvhile maintainingthe propertiesrelevantto the simulation. In this
papemwe preseninteractize algorithmsfor intuitive, fast,androbustediting of FE modelsandappropriatevisualizationtechniques
to supporengineers understandinthesemodels.New kindsof manipulatorandfeedbacknechanismsnablesasymanipulation
of FE models.To ensurea goodquality of the deformedmeshwe userelaxationextendedby algorithmspreservinghe featuresof
the FE surface.For areaf large deformationwe provide interactve methodgo performaremeshingn situ.

Keywords: freebrm modeling, interaction, smoothing,optimization, manipulators

1. INTRODUCTION carryoutthesesxperimentsmary expensve prototypesised

to bebuilt in atime-consumingrocessDuring thelasttwo
decadeshis procedurehaschangedandanincreasinghum-
berof testrunswith real prototypeds beingreplacedy vir-

Computeraideddesign(CAD) hasevolvedto anirreplace-
abletool in the daily work routineof a designengineerand

it hasde nitely spedup the developmentcycle. The adop-
tion of computertechnologyin this eld is alsousefulwhen
thedesignis transferedo the nal productionstagee.g.by

steeringcomputerizechumericalcontrol (CNC) machines.

However, the developmentcycle hasbeendeceleratedor a
longtime by theneedfor experimentgo prove thestructural
and(aero-)dynamicperformancef thedesignednodel. To

tual simulations. Thanksto the growing processingpower
of modernparallelcomputersandto ef cient algorithmsit
is now possibleto calculatecomplex non-linearand highly
dynamicprocessetik e crashworthinesssimulationswithin
two or threedays. In generalthe analyticalsurfacesmust
be corvertedinto an FE meshfor sucha simulation.For this
purposemary corversionalgorithms(e.g.[1, 2]) have been



developed,but they arefar from being perfectand most of

themaretailoredto a speci c kind of simulationor preser

vationof a particularmodelproperty Thereforealot of ex-

pertknowledgeandmanualwork is still requiredto achieve

ahigh quality mesh.Someyearsago,animprovementin the
numericalalgorithmswasintroduced,which alleviated this

taskby supportingindividually mesheccomponentsnstead
of asingleconsistenmeshfor awholecar. Thismadeit pos-
sibleto exchangeonly somepartswithout having to remesh
the completecar model. Additionally, the assemblyof the
different car componentscan be reproducedmore realisti-
cally by thisapproacldueto theintroductionof spotweldsor

adheste bondings.This changen the computationaivork-

o w combinedwith otherefciency gainsresultsin a huge
acceleratiorof the completedevelopmentcycle andevenal-

lows for stochasti@nalysisof modelvariants.

The traditional work ow changesby introducingthis new
approach. The engineersdo not ary longer needfastand
reliabletools for meshinga completecar body at onceand
they do not have to careaboutcongrueninodesto connect
miscellaneougarts. Instead,they needappropriatetools
to createinterconnectiondetweenthe variouscar compo-

nentsin a fastandeasyway. Theseinterconnections—e.g.

spotwelds—areisuallyplacedat anges,i.e. wherethe sur
facesof two or morecomponentsun parallelatavery small
distance. Sometimesadjacentmaterialsmay penetrateor
perforateeachother at such ange areas,becauseof sam-
pling discrepanciesn the discretization. In general,such
meshinginconsistenciesan be detectedautomaticallyand
our preprocessingool highlights affected regions with a
color texturescorrespondingo the degreeof inconsisteny.
As long asthe penetratingareais well-de ned, i.e. the af-
fectedpartsarenotfolding or interferingin a complex man-
ner, the perforationcanbe solved automatically However,
oftenmanualmodi cation is neededUsuallythismeanghat
the engineerhasto askthe CAD departmenfor corrected
componentswhich have to beremeshedrom scratch.This
remeshingmight reintroduceproblemsthat arise from im-
perfectsamplingin themeshingalgorithms.Thereforet can
be very pro table to have a comfortableeditor that is able
to manipulateFE meshesglirectly. Suchaneditoralsooffers
thepossibilityto createvariantsof existing componentsery
fast—e.gtheintegrationof crimpingsfor structuralstiffen-
ing. In generakhesemodi cation operationsarefocusedon
acertainregion of acomponentndthereforgheeditingtool
hasto provide methodsthe engineercan useto selectthe
three-dimensionasurfaceregion he wantsto interactwith.
Whenperforminganeditingoperatiorsomeof the nite ele-
mentsmightbedeformedalot. However, theelementsnust
meetcertainshapecriteria to guarantegeasonableimula-
tion results. Thereforeour tool detectsviolations of these
criteria and usesspecialglyphsto highlight the concerned
elementsOncethe modi cation is completedntelligental-
gorithmstry to straighterouttheseerrorswithoutdestrging
the propertiesandfeaturesof the part. This meshsmoothing
is not sufcient where strongdeformationoccurs,and we
will presentanapproactto restructureghe affectedelements

to x theseerroneougegions—comparabléo a remeshing
in situ. We will gointo detail of theentireproceduren sec-
tion 3 and4. Currentgraphicshardware cansupportthese
preprocessingnethodsby usingtexturesto highlight prob-
lematicregionsor to comparevariousmodelingstates.The
latteralsocanbe usedto comparethe statesheforeandafter
anautomaticor manualmodi cation.

Section5 will shav how the algorithmspresentedn this
papercanbe appliedto a typical problemandit will close
with someconclusionslin thefollowing sectionwe will dis-
cussvarious previous work that provides the basisfor our
improvements.

2. RELATED WORK

Numerical simulations, such as crash worthiness explo-
rations,work on FE meshes. Soif the engineerswvant to
interactwith their computatiormodelmostapplicationscan
not be usedbecausehey aregearedowardstraditional de-
signjobs. In anotherapproachthe engineerhiave the possi-
bility to build comple constructiongrom simplegeometric
primitives, but neitherof the approachess developedto in-
teractwith FE modelsasthey risedifferentneedsn thetools:
Otherprerequisitesuchasthe shapeof the nite elements
have to be provided and otherfastandintuitive interaction
andeditingmethodsareneeded—especiallyuring prelimi-
narydesignstages.

Therefore,we focusedon intuitive interactiontechniques,
keepingthem simple and laconic and requiring only one
or two mouseclicks, a behaior which is also suggested
by [3]. In [4] it is shavn how perforationsand penetra-
tions of interferingpartscanbe remosed automaticallyand
how individually meshedccomponentsanbe connectedy
interactizely placingadhesie bondingsor spotweldsalong
curved anges. As mentionedabose sometimesambigu-
oustasksariseandso a fully automaticsolutioncannotal-
waysbe provided. To manuallyedit suchproblematicareas
[5] suggestediirectly manipulatedfree-form deformation.
In this approachthe nal deformationis de ned by spline
volumesand interactionis steeredby sliders and buttons.
As this is not very intuitive, a betterway is to usethree-
dimensionalwidgetsthe modi cation can be controlledin
situwith. SGI's Inventor[6] demonstratewith its manipu-
latorshow to usewidgetsfor 3D interaction.Variousauthors
[7, 8, 9] presente®D widgetsthatcanbe usedfor manipu-
lation, but someof themare eithertechnicallyimmatureor
not suitablefor FE modelingoperations.A solutionusing
simpleandintuitive 3D glyphsfor FE modelswaspresented
by [10], but it lacked supportfor directmanipulation.

Ourrecentapproactio simpleandatthe sametime versatile
modi cation of FE meshesisesmousedragsasinput anda
variety of basisfunctionsto describethe deformationof the
surroundingsurface. It is similar to the approachpresented
in [11], which was developed independentlyand which
works on triangulatedsurfaces. For smoothingmeshesi.e.



after the modi cation step, various algorithmshave been
developed, most of them basedon relaxation. The most
commonmethodis Laplaciansmoothinga simplerecursve

methodwherethe nodesaredirectly adjusteddependingon

their adjacentnodesthey have a commonedgewith. This

methodhasbeenimproved andextendedby several authors
to t somespecialneedse.g.[2, 1]. Anothertechniqueis

theso-calledoptimization-basedmoothingvherethenodes
are moved dependingon the minimization of a specialdis-

tortion metric. Also combinationsof thesetechniquesvere
presentede.g.[12]. In [13, 14] amoredetailedoverview is

given. Anotherapproachis physically-basedsmoothingas
presentee.g.in [15] wheretheedgesn the mesharerepre-
senteddy springsandtheforcesappliedatthe nodesdepend
ontheratio betweerthe desiredandthe actuallengthof the

edge.Thisapproachs quitesimilarto theonewe developed
in thispaper As we have to dealwith bothquadrilateralsnd
triangleswe alsohaveto take careof thediagonalsn quadri-
laterals. To avoid parallelogramsspringsare addedalong
the diagonalsof quadrilate@lé‘—unlik [15]—but their de-
siredlengthis adaptedo be 2 timeslongerthantheedges
of the element. Most smoothingand relaxationalgorithms
have beendevelopedfor smoothlycurvedor evenclosedsur

faceshut in the caseof carpartsthe surfaceis boundedand
often containsholesor visible edges.Additionally, in order
to preserethesigni canceof thenumericakimulationsjt is

importantthatthe readjustechodesreally lie on the surface
originally modeledin CAD. Thisis why the mostimportant
improvementin our relaxationtechniqueis thatsurfacefea-
tures(boundariesandvisible edges)aswell asthe shapeof

the surfaceitself aredetectecandpresered.

In the following sectionswe shav how we extendedthis
knowledgeby our own ideasto signi cantly improve thein-
tuitive modi cation of FE meshesBy implementingour al-
gorithmsinto the commerciallyavailable preprocessingp-
plication scFEMod [16] we have made this functionality
availablefor productie usein the CAE departmentsf ma-
jor Germancarmanufcturers.

3. SELECTING AND EDITING IN 3D

The authorsof [9] suggesediting operationsdy manipulat-
ing a skeletonline affectingthe elementaup to a certaindis-
tancefrom this line. Thiskind of selectionduringthe mod-
i cation processtself is ratherlimited. We decidedto de-
couplethe manipulationfrom the selectionmechanism.In
thisway it is possibleto selectanarbitrarysetof elementor
nodesandperformvariousediting operationn themafter
wards.

3.1 Selection Mechanisms

Selectionrmechanismsanbeimplementedn variousways.
The simplestone s to provide a text box, wherethe user
canenterthe uniquelabelsof the nodes.Surprisingly some
engineerknow their datasetso well, that they preferthis

crypticmethodoverarythingelse. Thereforewe alsoimple-
mentedsucha dialog, but we extendedit with booleanand
rangeselectionoperationgor improved convenience How-
ever, with thewidespreaditilization of numericakimulation
techniqueslsothe numberandthe frequeny of newv mod-
elsincreases.Therefore,it getsmoreand moredif cult to
dealwith a vastamountof differentand continuouslyup-
datednodelDs. Becauseof this, we suggesto usea much
moreintuitive method,usuallyutilized for selectionin two-
dimensionalpaint programs. Therethe usercan drag the
mouse encirclingthe pixels he wantsto selectwith a free-
handcurve andreleasehe buttonto completethe action. In
our applicationthe engineercandrav a freehandine onthe
screen(seeFig. 2(a)), therebycutting a sort of pyramidal
frustumout of the 3D scene.To guaranteahatthe polygon
is always closed,the startand end points are always con-
nected(thin line in Fig. 2(a)). All nodesof the FE meshthat
lie insidethe pyramidalfrustumaremarked asselectedand
arehighlightedvia a white octahedroraccordingly asseen
in Fig. 2(b). Hiddennodesarerenderedransparentso that
atary time all selectechodescanbeseen.lt is unnecessary
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Figure 2: Freehand Selections: (a) encircling nodes;
(b) selection without occlusion test, hidden nodes are
renderedtranspaent; (c) selectionoriginated from a sub-
traction operation; (d) selectionof a region delimited by
features.

to performanexpensve calculationin 3D to decidewhether
anodeis outsideor insidethe freehandrustum. Insteadwe
projectthenodecoordinatesnto thetwo-dimensionascreen
spaceandtestthe coordinatesagpinstthe freehandoutline.
This problemcan be solved very easily and fast using the
point containmentestpresentedn [17].

Theusercanchoosenhetherhewantsto selectall thenodes
inside the selectionfrustum of a componentor if he only

wantsto selectthe currently visible nodes. Hidden nodes
canbe lItered out by shootingraysinto the scenefor every
potentialnode candidateand checkingfor occlusion. This
canbeacceleratethy renderinghe carmodelwith aunique
colorassignedo every element.We canthencheckthe pix-



elsin theneighborhooaf the 2D coordinateof a potentially
selectednodefor their colors or ratherelementlabels. If
noneof theseelementds adjacento the nodethenit is oc-
cludedotherwisewe cancontinuewith the morepreciseray
intersectiontest. For greatercorveniencethe usercanadd
or subtractnew selectiongo/from the existing ones,e.g.the
selectionn Fig. 2(c) hasbeenachievedby selectinghenode
clusterwith occlusionculling enabledandthendeselecting
thenodesin the centervia subtraction.

Sometimesthe engineerwantsto modify a completeseg-

mentof a componeninsteadof a manuallyselectedsubset.
Suchasggmentis delimitedby featureof thepart,e.g.sharp
edgesasseenin Fig. 2(d). The userjust hasto click ontoa

partandall nodesbelongingto the sameregion areselected
at once. We usean approachpresentedn [18] to achieve

a robust detectionof the featuresof the FE meshso that it

is guaranteedhat the algorithmdoesnot choosebogusele-
mentsor nodes.

3.2 Mesh Modi cation

The simplestediting operationon a selectionof nodesis a
paralleltranslation. But in 3D even this cannotbe accom-
plishedasin 2D, where mousemaovementcan be mapped
directly to a correspondingranslation. Given 2D-only in-
put, e.g.a mouse,3D interactionwith threeor more DOF
hasto be split into multiple 2D movementactions. In our
applicationwe usethe manipulatoiwidgetseenin Fig. 3(a).
It consistf adisk andanarron. The usercaneitherclick
on the disk asin Fig. 3(b) anddragit around,wherebythe
displacementareconstrainedo the surfaceof the nite ele-
ments,or hecandragthearron andshift the selectioralong
the local surfacenormallike in Fig. 3(c). During interac-
tion, theactive partof thewidgetis highlightedin greenand
the modi ed surfaceis renderedas wire frame representa-
tion (white linesin Fig. 3(b) and3(c)). The FE surfacethen
is updatedvhenthe userreleaseshe mousebutton.
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Figure 3: Manipulator for 3D movement: (a) neutral
appeaance when initially locked to node; (b) disk for

movementon surfaceselected;(c) arrow for displacement
along local normal selectedand lifted by dragging with

the mouse.

In most cases,simple parallel translationsare not e xible
enough. We implementedanotherapproactthat offers the
possibility of much more complex deformationsandwhich
containsparalleltranslationsasa specialcase. Theinterac-
tion is kept as simple as before, but insteadof moving all
nodesalongthe samevectot we introducea weightingfunc-
tion thatdescribeghe positionof a selectechoderelative to
theborderof the selectionandto the positionwheretheuser
starteddragging. If di-porder denotesthe geodesiadistance
of a certainnodei to the borderof the selectedregion and
di:origin the geodesidistanceof the nodeto the point where
the usergrabbedhe surface,thenthe weightw; canbe cal-
culatedby

di;border

wp = ——oreer
di:origin + i border

@
Therangeof valuesof all w; is guaranteetb bewithin [0; 1].
If we usetheseweightsdirectly to scalethe displacement
vectorwe derive by the mousemovementalongthe widget
arraw, thenwe obtaina deformationshapedike a coneor
pyramid—dependingn the shapeof the selection.But the
usercanalsochoosefrom a variety of basisfunctions,e.g.
whentheengineerchooses remappingf theweightssimi-
lar to a Gaussianthenheis ableto achieve aresultasshavn
in Fig. 4(a). Here,the Gaussians attened in the middle
part, wherebythe amountis con gurable,andappliedonly
into onedirection.In theperpendiculadirectiontheweights
areignoredandsetto constantl instead.

Rotationscanbe achieved by rst de ning therotationaxis
andthendescribinganarcwith themousewvhichde neshow
muchthe selectedegion shouldbetwisted (Fig. 4(b)). Fur
thermore,you can seethat the rotationis performedto its
whole extentat the free endwithout ary weightingfunction
applied. Here, free endsare areasbetweenthe axis of ro-
tation and border sggmentswherethe boundaryof the car
componentand of the selectionmatchexactly, e.g.the left
half of the componenshawn in Fig. 4(b). If the userwants
to leave the free end x ed he canaccomplishthis by dese-
lectingthe outerrow of nodes.This behaior in treatingfree
endingsappliesnotonly to rotationsbut alsoto displacement
operationsandit is quite intuitive andenablesmary differ-
entkinds of modi cations. For exampleit is very easyto
elongtea certainsectionof a car componenjust by de n-
ing thesectionto bestretchedy selectingts nodesandthen
draggingat thefreeborderof the selection.

Eachof theseoperationsanbecombinedwith anadditional
dampingfunctionthatis appliedto the borderregion of the
selection,i.e. the areawherethe selectedhodes ank uns-
electednodes. This dampingterm can be multiplied with
the weightingfunctionintroducedin the last paragraph.ts
goalis to achieve a smoothtransitionto the surroundingsur
faceandto preventthe generatiorof badly shapedlements
to a certainextent. This way it is possibleto achieve the
samedeformationas presentedn Fig. 4(a) by applying a
paralleltranslation—i.etheweightingfunctionis setto con-
stantl—combinedvith anappropriatedlampingfunction. It
turnedout thatsuchan extra dampingfunctionis moreintu-
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Figure 4: More complex modi cations: (a) creating a
bulge; (b) rotation with free ending.

itive andeasierto handlethanavastpool of variousmapping
functionsfor theweightingterm. The possibilityto combine
thesetwo functionsopensup a variety of complex deforma-
tions while keepingthe two componentgathersimple and
limiting themto a manageablaumberof parameters.

4. MESH OPTIMIZA TION

Modi cation of ameshcanresultin disadwantageouslefor

mation of the nite elements.In general,it might leadto

extremeanglesbetweenedgesor edgeghatvary too much
within one element. Becauseof this the elementamay be-
comeof poorquality for latercomputationsFor FE methods
“good elements"meansuniform quadrilateralsand, where
trianglescannotbe avoided,equilateratriangles.

4.1 Visualization of Erroneous Elements

To give the engineeiinstantaneoueedbackaboutthe qual-
ity of the currentFE mesh the numericallyrelevantproper
tiesof eachelementarechecledduringthe modi cation op-
eration.Erroneouslementsarehighlightedimmediatelyby
usingred glyphswhich correspondo the error type. Crit-
ical elementsare marked with yellow glyphs. An exam-

ple for erroneouslementsanbe foundin Fig. 3(c), where
quadrilateraklementshave beenwarped,i.e. wherenot all
nodesof anelementie within the sameplane. Whenwarp-
ing occurs,the quadrilateralis bentaroundits two diago-
nals and we symbolizethe larger of both bendingangles
by a thicker diagonal,respectiely. Also problematicare
edgesthat are too shortbecauseahe minimum edgelength
of a crashdatasehasa directin uence on the durationof
the simulationtime steps. If the edgelengthis chosentoo
small,shorterandthereforemoresimulationstepshaveto be
calculatedto achieve reliableresults. If the engineemwants
to limit the simulationeffort this also limits the minimum
edgelength and edgesviolating this constraintare marked
asshawn in Fig. 5(a). The shapeof nite elementds also
important. Consequentlytoo small or too large anglesare
highlightedascanbe seenin Fig. 5(b), 5(c) and5(e). An-
othershapecriterionis the ratio of the edgelengthsof a -
nite element.This hasto beevaluatedonly for quadrilaterals
asfor trianglesit is checledimplicitly via theanglecriteria.
Moderatdrregularitiesstill produceacceptableesultsin re-
gions of low stressand are thereforemarked only in light
gray (yellow, Fig. 5(c)). An aspectatioworsethana certain
factor(usually 1:4)is markedin darkgray(red). Sincetri-
anglestendto producelessexactresultsthanquadrilaterals,
they shouldbe avoidedtoo, especiallywhenthey areclus-
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Figure 5: Various nite elementsmarked as erroneous:
(@) edgetoo shat; (b) angle too large (in triangle);
(c) angletoo large (in quadrilateral) and bad edgelength
ratios; (d) many adjacenttriangles; (e) anglestoo small,
in quadrilateralsthis error is often combinedwith angles
that are too large.



Figure 6: Examplesof errars dynamicallydisplayed while
editing the meshof a car component.

teredasin Fig. 5(d). Someof the discussederrorsare pre-
sentedn Fig. 6 onthe FE surfaceof anauthenticsimulation
modelof acarcomponent.

4.2 Mesh Relaxation

After editingthe mesh the nodesnormally have to be read-
justed, e.g. by relaxation,to make the mesh computable
again. Therelaxationmodelpresentedh this paperis based
onaspring-massodel,wheretheedgeof themesharerep-
resentedby springs.To avoid parallelogram$eingclassi ed
as well shapedquadrilateralsadditional springsare added
alongthe diagonalsof eachquadin the mesh(seeFig. 7).

Figure 7: Spring-massmodel for relaxation.

The restlength |y of the springs,and thereforethe length
of the edgerepresentedby this spring, is setto the average
lengthof the adjﬁc_ensprings,wherethe diagonalonesare
weightedwith 1= 2 accordingo thelengthof thediagonals
in asquare:letn?2 3 pethe currentnode,lg is calculated

by p_
aknyi nk= 2+3akng; nk
#Nyci + #Nc;j

|o:

wherenyej 2 3 arethe adjacenmnodesnot connectedo n

(i.e. the diagonalsin a quad),andng; 2 2 arethosecon-
nectedto n by a commonedgein the mesh. Accordingly
#nyci denotesthe numberof adjacenmnodesnot connected
to n and#ny¢; the numberof nodesconnectedo n. Conse-
quently theforceFs2 3 appliedin this nodeis

° , , | ,
Fs=a(nui Nn) jinuei nij lo= 2 Fjnui nj

+ae 0 ing; ni lo ding; nij:

Assumingthe nodeshave unit masswe getthe ordinarydif-
ferential equation(ODE) of secondorder x = csFs  gx,
wherecs is the springconstantg the dampingconstantand
x 2 3thenodecoordinatesThis equationcanberewritten
asasystenof 2 ODEsfor computationJustsolvingthis sys-
temwould leadto well shapecelementshut the featuresof
the underlyingsurfacewould be mostlylost, i.e. the border
ing curve would changeaswell asedgeswithin the surface,
andthe surfaceitself would alsoget attened. To avoid this
we introducedsomecontrol mechanismsafter calculating
the new position of eachnodeby solving the ODE system
we checkif thesecoordinatesareon the original surfaceor
not. As we do not have the parametriaepresentationf the
surfacebut only the mesh,we interpolatethe original sur
faceandthe surfacefeaturelines ontowhich we projectthe
nodes.Innernodesbelongingto a continuouslycurved part
of the surfacegetprojectedontotheoriginal surfaceinterpo-
latedby thecoordinate®f theneighborsn thelaststep.If a
nodeis onacontinuouslycurvedsurfaceor notis decidedoy
calculatingtheanglebetweerthenormalsof theadjacentel-
ementsadjoiningin this node.If oneor moreof theseangles
differ too muchfrom p, thentheneighboringedges'in line”
with the processeane are checled too, andif at leastone
of themalsomatcheshis criterionthe featureline resulting
from theseedgesds classi edasavisible edgeof the surface
which is designatedo be presered. The describedcrease
anglecanbechangedn theuserinterface. Thedetectedea-
turelinesarethencomputedaccordingo theinterpolationof
the surfaceusingthe old coordinatef the adjacentodes
involved andthe currentnodeis moved constrainedo this
visible edge(seeFig. 8) by projectingthe newly computed
nodepositionontothis curve. This procedurealsopreseres
theborderingcurve. Nodeswheretwo or evenmoreof such
featurelinesadjoinareclassi edto becornerghatdonotget
movedatall. With this methodthe characteristideaturesof
the surface concerninglater computationsstay unchanged.
To geta visualfeedbackof thatfact,the Euclideandistance
betweenthe originally modeledsurfaceandthe surfacede-
ned by therelaxedmeshis depictedn Fig. 11(c): distances
smallerthan 0:05mm are mappedto a transparentexture,
distancedetweenD:05mmand1mmaremappedo a color
gradientbeginning with dark (red) for 0:05mm up to light
(yellow) for Immin thetexture. Thus,asit canbe seenin
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Figure 8: Preservationof surfacefeatures: (a) original
mesh, (b) relaxedmeshwherethe misplacednodeswere
readjustedalong the surfacefeature lines.

this gure, the shapeof the surfaceis presered very well,
dueto theimplementedcontrolmechanisms.

Sincerelaxing the meshby solving the ODE systemwith
theseboundaryconditionsfor one whole meshedcar part
with 500-100Celementgakesupto oneor two minutesona
standardPC, we developedan algorithmthat producessim-
ilar resultsbut with interactve performance(Fig. 9): The
meshis relaxed hierarchicallystartingat a nodeselectedy

(a) (b)
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Figure 9: Compaing meshrelaxationmethods: (a) orig-
inal mesh; (b) hierarchically relaxed mesh; (c) non-
hierarchically relaxedmesh.

the usere.g.in the region of highestirregularity. The dis-

placemenis calculated—similato Laplaciansmoothing—
by adjustingeachnode"in themiddle” of its neighbors—ht

with thesameconstraint®nthenodeplacemenasexplained
in the methoddescribedabove. In eachiterationthe nodes
aremovedstartingwith the selectechodede ning thecenter
of the relaxationarea. Thenrelaxationproceedsn circles
aroundthat centernodeby adjustingthe adjacentnhodesof

thosemoved in the previous round and so on until no new

node,in respecbf the setof nodesmaovedin the currentor

thepreviousround,getsdisplacedurtherthanauserde ned

thresholdtherebyendingthe currentiteration step. In the
next iterationsteponly nodeswvhichweremaovedthemseles
andwhoseneighborswveredisplacedn the lastiterationare
checledfor displacemenagain. With this proceduremary

nodescanbeignoredin mostof theiterationstepsandalot

of computingtime canbe saved. The disadantageof this

methodis the fact that the meshis not completelyrelaxed

after the iterationsand the methodstill moves nodeswhen
calledanothettime. But afterthe rst or atleastsecondime

thenenw movementsarevery small. Comparingheresultsof

both methodsshaws thateventhe rst call to the hierarchi-
cal methodalreadyleadsto acceptablaesults—sed-ig. 9

and Fig. 11(d) wherethe non-hierarchicalmethodsolving

the ODE systemis comparedo theresultof the hierarchical
methodexecutedonce.In Fig. 11(d)differencesn therange
from 1mm (dark, red) to 5mm (light, yellow) are mapped,
whereag-ig. 11(b)depictsthetotal nodedisplacemenin the

samerangeusingthe non-hierarchicaiethod(seeabove).

In orderto give morecontrolto theengineersit is alsopossi-
ble to restrictbothrelaxationmethodso a groupof selected
nodesasdepictedin Fig. 10. The usercanmark nodesthat
shallberelaxedusingthe selectiormechanismslescribedn

section3.1. Non-selectedhodesdo not get affectedby the
relaxationascanbeseenn Fig. 10 wheretheselectedhodes
(white octahedronsyveremoved, but all the others,suchas
thosein the encircledareakept their position althoughthe
elementsarevery badly shaped.

To be ableto evaluatethe editing operationghat have been
performed,two kinds of visual feedbackare provided: A
simpleonelevel undofunction hasbeenimplementedwith
a togglefor direct comparison. The other possibility is to
start the applicationin a multiple view mode, where the
usercan have two windows with synchronizedviews. So
theoriginal partcanbe keptin onewindow while the corre-
spondingpartshavn in the otherwindow is beingmodi ed.
This multiview modecan also be usedto map geometrical
differencedetweernthe two partsdisplayedvia 1D textures
(seeFig. 11). Theusercandecidewhetherhe wantsto map
the nodedisplacementausedy relaxation(Fig. 11(b)and
Fig. 1(b)), or the Euclideandistancebetweenthe new node
positionsandtheoriginally modeledsurface(seefFig. 11(c)).
In generalengineergio not wantto copewith thedisplace-
mentof single nodesand thereforethe latter visualization
methodis themoresigni cant one,asthis oneshavsthede-
formationof the surfacecausedy therelaxation.This kind
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Figure 10: Relaxingonly selectednodes: (a) node se-
lection (white marked nodes); (b) relaxedregion. Unse-
lected nodes (encircled) are not adjusted.

of texture mappingcan also be usedto visualizedistances
betweenarbitrarypartsto detecte.g. penetratinganges [4]
asthe rangeof distanceso be mappedcan be set by the
user The calculationis basedon a boundingvolumehierar
chy [19] andthereforeperformsvery well.

4.3 Mesh Restructuring

Relaxationis not always ableto eliminateall errorsin the
mesh.Especiallyin casesn which a partgetselongatedtoo
muchor theusercreatesa deepbuckle,relaxationalonewill

not be ableto producea valid FE mesh. Nonethelessre-
laxationstill is a very powerful tool which will bealsoused
as nal polishingfor therestructuringorocesswvhich will be
describedn moredetailin this section.The goal of restruc-
turing is to performsmall changesn the local topology of
themeshin away thatonly erroneouslementsanddirectly
adjacenelementswill betakeninto account.It canbe seen
asacon ned variantof remeshingyhich guaranteeto pre-
ventunnecessarghangesn the FE structureasawhole.

First, we determinethe elementsvhich weretheworstones
before the relaxationprocedureandtry to x themusing
one of the following operations:it is easyto repairwarped
quadrilaterals—introduceid section4.1—bysplitting each
into two trianglesalong their “thick” bending diagonals.
Shortedgesare collapsedio a commonnodeplacedat the
centerof theoriginal edgeascanbeseenin Fig. 12(a).As a
result,affectedtriangleswill collapseto anedgeandquadri-
lateralswill becorvertedinto triangles.Elementscontaining

(@) (b)

(c) (d)

Figure 11: Compaing mesh relaxation methods:
(a) original mesh; (b) node displacementfrom original
to non-hierachically relaxed mesh (< Imm 7! darkest
(blue), > 5mm 7! lightest (yellow)); (c) euclideandis-
tance between non-hierachically relaxedmeshand orig-
inal (< 0:05mm 7! darkest (blue), > 1mm 7! lightest
(yellow)); (d) di erence between hierarchically and non-
hierachically relaxed mesh (< 1mm 7! darkest (blue),
> 5mm 7! lightest (yellow)).

large anglescan be repairedby splitting theminto two el-
ementswhereaghe newly formededgecontainsthe node
with the large angle. A triangleis subdvided into two tri-
angles,asdepictedin Fig. 12(b). Quadrilateralsare either
divided into a triangle and a quadrilateralor they are split
into two quadrilateral{seeFig. 12(c)). The latter method
is preferredwhenthe original quadrilaterahasa badaspect
ratio. Additionally the algorithm hasto take careof adja-
centelementsandcheckif they mustbe subdvided, too, in
orderto prevent hangingnodesasshavn in Fig. 12(b) and
12(c). The operationpresentedn Fig. 12(d) usuallyis one
of the last stepsandtriesto conjointrianglesinto quadrilat-
erals. This decreasethe numberof trianglesthat might be
producedyy previousrepairoperations.

Elementscontainingtoo smallanglescannotbe x edin adi-
rectway andit cannotbeguaranteethatit is alwayspossible
to repairsuchanerror. We suggesthe strat@y to divide all
quadrilateralzontainingtoo smallanglesinto two triangles
asdepictedby the solid gray (green)line in Fig. 12(e). Ad-



ditionally we split all the elementghataredirectly adjacent

to suchan erroneouslement. In the majority of caseshe
operationpresentedh Fig. 12(d)is ableto nd valid combi-
nationsof adjacentrianglesandmegesthemin suchaway
thata differentvariationof quadrilateralds composede.g.
by removing the dashedine in Fig. 12(e)). In doingsoit is
assuredhatonly quadrilateral®f acceptableuality will be
formed.

Finally, the neighborhoodf erroneouslementss relaxed
onceagain. If the resultingmeshstill is not sufcient for

simulationthealgorithmundoegherelaxationandcontinues

the restructuringalsoon lesscritical elements.This proce-

dureis repeatedintil an FE meshvalid for crashworthiness

simulationsevolves,andexperienceshavsthatthealgorithm
convergesvery fast.

)
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Figure 12: Finite elementsfrom Fig. 5 have been xed:
(a) edgeis collapsedto common node; (b) triangle and
adjacent quadrilateral is divided; (c) stretched and ad-
jacent elementsare divided; (d) adjacent triangles are
mergedif possible;(e) quadrilateralis split and triangles
are mergedin a di erent way.

5. RESULTS AND CONCLUSIONS

Fig. 13 shaws a simple, yet typical examplefor a problem
whichanengineenftenfaces.In theoriginalmodel,seenn
Fig. 13(a),the violet componenperforateshe orangepart.
Our applicationdetectsthe erroneousareaandvisualizesit
by markingthe region with an alertingtexture (Fig. 13(b)).
Sinceit is a clearly de ned perforation,it canbe resohed
automaticallyas shavn in Fig. 13(c). In Fig. 13(d)it can

(@ (b)

(©) (d)

(e) )

Figure 13: Various stagesof repairing and editing a -
nite element model: (a) original mesh; (b) perforating
parts are textured; (c) perforations and penetrationsare
removed;(d) userperforms a modi cation and erroneous
elementsare marked interactively; (e) elementerrars are
xed automatically; (f) relaxation smoothes meshwhilst
conservingfeatures.

be seerhow theengineeperformsa stretchingoperationby
draggingthe 3D widget proposedn this paper Erroneous
elementsare detectednteractvely and marked with appro-
priate glyphs, in this casetwo elementshave a bad aspect
ratio—yetnottoo critical for avalid numericalsimulation—
andoneelementontainsananglethatis too large. Our pre-
processingool is ableto repairtheseelementsy locally re-
structuringthe FE meshandautomaticallyinsertingnew ele-
ments(Fig. 13(e))withoutthe needfor remeshinghewhole
part. This processs depictedin moredetailin Fig. 14, in
whichwe shav how thesubsequentpairoperationgareper
formed. Thenthe meshis smoothedy usingour relaxation
approachwhichguaranteethatfeatures—e.gchamfersaand
sharpedges—ar@resered. To comparehe nev meshwith
thestartingmeshonecanusedistancanappingasmentioned
before.

We developedthesemethodsn directcooperatiorwith engi-
neersatthe BMW AG. Most of our algorithmsareno longer
prototypesand have beentransferedto the commercially
available crash worthiness preprocessingool scFEMod

Therefore the techniquesve presentedn this paperareal-

ready being usedwidely by several Germancar manufc-
turersandtheir subcontractorsDue to their simplicity the
presentednethodshave beenquickly acceptecandthe en-
gineersare nov ableto solve mary mesh-relateghroblems
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Figure 14: Locally restructuring an FE mesh: (a) original mesh; (b) modi ed meshwith erroneouselements;(c) remove
large angle by splitting quadrilateral into two triangles, additionally subdivide quadrilateral with bad aspect ratio, also see
Fig. 5(c) and 12(c); (d) removeremaining large angles(one is induced by the precedingoperation); (€) merge adjacent

triangles, also seeFig. 5(d) and 12(d).

ontheirown withoutthe needfor anadditionalloop through
the CAD departmentGeneratiorof new variationsof exist-
ing FE components—e.@longationsor creationof stiffen-
ing corrugationsandfolds—is now possibleusingintuitive
3D widgets. Errorsin the meshthat might appearduring
theseediting operationsare detectedeliably andon-the- y
by our algorithms. Relaxationor local elementrestructur
ing canthen be usedto repair critical meshregions. Al-
thoughit is not possibleto x all kinds of meshingerrors,
our methodsareneverthelessery powerful andsuccessfully
producevalid FE meshesn general. The texturing capabil-
ities of standardgraphicscardscanbe usedto visualizethe
differenceshetweervariousdesignstagespr to displayer
roneougegionsof an FE mesh.This highlightingtechnique
canbe usedalsoto prove that our methodsfor meshrepair
andsmoothingdo notimpairthesurfaceanddo presereim-
portantfeatures.

In this paperwe demonstratedhat thereis a needfor new
modi cation methodsfor FE meshesand we presentedso-
lutionsthatcanbe operatedntuitively. Glyphsandtextures
canbe usedto pinpointerroneour critical regions. Expe-
rienceshawvs thatour approactelpsto vastlyacceleratéhe
developmentcycle in the automotve industry We will con-
tinue our work onthis eld of researchn closecooperation
with theengineersandwe will investigateif it is reasonable
to transferourknowledgeinto other elds of engineeringap-
plications.
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