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ABSTRA CT

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 order to acceleratethe developmentcycle, simulationengineerswant to be able to modify their FE models
without goingbackto theCAD departmentandwithout remeshing.Currently, thereareno intuitive toolsavailablethatoffer the
possibility of modi�cation andprocessingof FE componentswhile maintainingthe propertiesrelevant to the simulation. In this
paperwepresentinteractivealgorithmsfor intuitive, fast,androbusteditingof FEmodelsandappropriatevisualizationtechniques
tosupportengineersin understandingthesemodels.New kindsof manipulatorsandfeedbackmechanismsenableeasymanipulation
of FE models.To ensurea goodqualityof thedeformedmeshwe userelaxationextendedby algorithmspreservingthefeaturesof
theFEsurface.For areasof largedeformationweprovide interactivemethodsto performa remeshingin situ.
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1. INTRODUCTION

(a) (b)

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

Computeraideddesign(CAD) hasevolved to an irreplace-
abletool in thedaily work routineof a designengineer, and
it hasde�nitely spedup the developmentcycle. The adop-
tion of computertechnologyin this �eld is alsousefulwhen
thedesignis transferedto the�nal productionstage,e.g.by
steeringcomputerizednumericalcontrol (CNC) machines.
However, thedevelopmentcycle hasbeendeceleratedfor a
long timeby theneedfor experimentsto prove thestructural
and(aero-)dynamicperformanceof thedesignedmodel.To

carryouttheseexperiments,many expensiveprototypesused
to bebuilt in a time-consumingprocess.During thelasttwo
decadesthis procedurehaschangedandanincreasingnum-
berof testrunswith realprototypesis beingreplacedby vir-
tual simulations. Thanksto the growing processingpower
of modernparallelcomputersandto ef�cient algorithmsit
is now possibleto calculatecomplex non-linearandhighly
dynamicprocesseslike crashworthinesssimulationswithin
two or threedays. In general,the analyticalsurfacesmust
beconvertedinto anFEmeshfor suchasimulation.For this
purpose,many conversionalgorithms(e.g.[1, 2]) have been



developed,but they arefar from beingperfectandmostof
themaretailoredto a speci�c kind of simulationor preser-
vationof a particularmodelproperty. Therefore,a lot of ex-
pertknowledgeandmanualwork is still requiredto achieve
ahighqualitymesh.Someyearsago,animprovementin the
numericalalgorithmswasintroduced,which alleviatedthis
taskby supportingindividually meshedcomponentsinstead
of asingleconsistentmeshfor awholecar. Thismadeit pos-
sibleto exchangeonly somepartswithout having to remesh
the completecar model. Additionally, the assemblyof the
different car componentscan be reproducedmore realisti-
cally by thisapproachdueto theintroductionof spotweldsor
adhesive bondings.This changein thecomputationalwork-
�o w combinedwith otheref�ciency gainsresultsin a huge
accelerationof thecompletedevelopmentcycleandevenal-
lows for stochasticanalysisof modelvariants.

The traditional work�o w changesby introducingthis new
approach. The engineersdo not any longer needfast and
reliabletools for meshinga completecar body at onceand
they do not have to careaboutcongruentnodesto connect
miscellaneousparts. Instead,they needappropriatetools
to createinterconnectionsbetweenthe variouscar compo-
nentsin a fastandeasyway. Theseinterconnections—e.g.
spotwelds—areusuallyplacedat �anges, i.e. wherethesur-
facesof two or morecomponentsrunparallelataverysmall
distance. Sometimes,adjacentmaterialsmay penetrateor
perforateeachother at such�ange areas,becauseof sam-
pling discrepanciesin the discretization. In general,such
meshinginconsistenciescanbe detectedautomaticallyand
our preprocessingtool highlights affected regions with a
color texturescorrespondingto thedegreeof inconsistency.
As long as the penetratingareais well-de�ned, i.e. the af-
fectedpartsarenot folding or interferingin a complex man-
ner, the perforationcanbe solved automatically. However,
oftenmanualmodi�cation is needed.Usuallythismeansthat
the engineerhasto ask the CAD departmentfor corrected
components,which have to beremeshedfrom scratch.This
remeshingmight reintroduceproblemsthat arisefrom im-
perfectsamplingin themeshingalgorithms.Thereforeit can
be very pro�table to have a comfortableeditor that is able
to manipulateFE meshesdirectly. Suchaneditoralsooffers
thepossibilityto createvariantsof existingcomponentsvery
fast—e.g.the integrationof crimpingsfor structuralstiffen-
ing. In generalthesemodi�cation operationsarefocusedon
acertainregionof acomponentandthereforetheeditingtool
hasto provide methodsthe engineercan useto selectthe
three-dimensionalsurfaceregion he wantsto interactwith.
Whenperforminganeditingoperationsomeof the�nite ele-
mentsmightbedeformeda lot. However, theelementsmust
meetcertainshapecriteria to guaranteereasonablesimula-
tion results. Thereforeour tool detectsviolations of these
criteria and usesspecialglyphs to highlight the concerned
elements.Oncethemodi�cation is completedintelligental-
gorithmstry to straightenout theseerrorswithoutdestroying
thepropertiesandfeaturesof thepart.Thismeshsmoothing
is not suf�cient wherestrongdeformationoccurs,and we
will presentanapproachto restructuretheaffectedelements

to �x theseerroneousregions—comparableto a remeshing
in situ. We will go into detailof theentireprocedurein sec-
tion 3 and4. Currentgraphicshardwarecansupportthese
preprocessingmethodsby usingtexturesto highlight prob-
lematicregionsor to comparevariousmodelingstates.The
latteralsocanbeusedto comparethestatesbeforeandafter
anautomaticor manualmodi�cation.

Section5 will show how the algorithmspresentedin this
papercanbe appliedto a typical problemandit will close
with someconclusions.In thefollowing sectionwewill dis-
cussvariousprevious work that provides the basisfor our
improvements.

2. RELATED WORK

Numerical simulations, such as crash worthinessexplo-
rations,work on FE meshes. So if the engineerswant to
interactwith their computationmodelmostapplicationscan
not beusedbecausethey aregearedtowardstraditionalde-
signjobs. In anotherapproachtheengineershave thepossi-
bility to build complex constructionsfrom simplegeometric
primitives,but neitherof theapproachesis developedto in-
teractwith FEmodelsasthey risedifferentneedsin thetools:
Otherprerequisitessuchasthe shapeof the �nite elements
have to be provided andother fastandintuitive interaction
andeditingmethodsareneeded—especiallyduringprelimi-
narydesignstages.

Therefore,we focusedon intuitive interactiontechniques,
keepingthem simple and laconic and requiring only one
or two mouseclicks, a behavior which is also suggested
by [3]. In [4] it is shown how perforationsand penetra-
tionsof interferingpartscanbe removedautomaticallyand
how individually meshedcomponentscanbe connectedby
interactively placingadhesive bondingsor spotweldsalong
curved �anges. As mentionedabove sometimesambigu-
oustasksariseandso a fully automaticsolutioncannotal-
waysbeprovided. To manuallyedit suchproblematicareas
[5] suggesteddirectly manipulatedfree-form deformation.
In this approachthe �nal deformationis de�ned by spline
volumesand interactionis steeredby slidersand buttons.
As this is not very intuitive, a betterway is to usethree-
dimensionalwidgetsthe modi�cation can be controlledin
situ with. SGI's Inventor[6] demonstrateswith its manipu-
latorshow to usewidgetsfor 3D interaction.Variousauthors
[7, 8, 9] presented3D widgetsthatcanbeusedfor manipu-
lation, but someof themareeithertechnicallyimmatureor
not suitablefor FE modelingoperations.A solutionusing
simpleandintuitive3D glyphsfor FEmodelswaspresented
by [10], but it lackedsupportfor directmanipulation.

Our recentapproachto simpleandat thesametimeversatile
modi�cation of FE meshesusesmousedragsasinput anda
varietyof basisfunctionsto describethedeformationof the
surroundingsurface. It is similar to theapproachpresented
in [11], which was developed independentlyand which
works on triangulatedsurfaces.For smoothingmeshes,i.e.



after the modi�cation step, various algorithmshave been
developed,most of them basedon relaxation. The most
commonmethodis Laplaciansmoothing,a simplerecursive
methodwherethenodesaredirectly adjusteddependingon
their adjacentnodesthey have a commonedgewith. This
methodhasbeenimprovedandextendedby severalauthors
to �t somespecialneeds,e.g. [2, 1]. Another techniqueis
theso-calledoptimization-basedsmoothingwherethenodes
aremoved dependingon the minimizationof a specialdis-
tortion metric. Also combinationsof thesetechniqueswere
presented,e.g.[12]. In [13, 14] a moredetailedoverview is
given. Anotherapproachis physically-basedsmoothingas
presentede.g.in [15] wheretheedgesin themesharerepre-
sentedby springsandtheforcesappliedat thenodesdepend
on theratio betweenthedesiredandtheactuallengthof the
edge.Thisapproachis quitesimilar to theonewedeveloped
in thispaper. As wehaveto dealwith bothquadrilateralsand
triangles,wealsohaveto takecareof thediagonalsin quadri-
laterals. To avoid parallelograms,springsareaddedalong
the diagonalsof quadrilaterals—unlike [15]—but their de-
siredlengthis adaptedto be

p
2 timeslongerthantheedges

of the element. Most smoothingandrelaxationalgorithms
havebeendevelopedfor smoothlycurvedor evenclosedsur-
faces,but in thecaseof carpartsthesurfaceis boundedand
oftencontainsholesor visible edges.Additionally, in order
to preservethesigni�canceof thenumericalsimulations,it is
importantthat the readjustednodesreally lie on thesurface
originally modeledin CAD. This is why themostimportant
improvementin our relaxationtechniqueis thatsurfacefea-
tures(boundariesandvisible edges)aswell astheshapeof
thesurfaceitself aredetectedandpreserved.

In the following sectionswe show how we extendedthis
knowledgeby our own ideasto signi�cantly improve thein-
tuitive modi�cation of FE meshes.By implementingour al-
gorithmsinto the commerciallyavailablepreprocessingap-
plication scFEMod [16] we have made this functionality
availablefor productive usein theCAE departmentsof ma-
jor Germancarmanufacturers.

3. SELECTING AND EDITING IN 3D

Theauthorsof [9] suggesteditingoperationsby manipulat-
ing a skeletonline affectingtheelementsup to a certaindis-
tancefrom this line. This kind of selectionduringthemod-
i�cation processitself is ratherlimited. We decidedto de-
couplethe manipulationfrom the selectionmechanism.In
thiswayit is possibleto selectanarbitrarysetof elementsor
nodesandperformvariouseditingoperationson themafter-
wards.

3.1 Selection Mechanisms

Selectionmechanismscanbeimplementedin variousways.
The simplestone is to provide a text box, wherethe user
canentertheuniquelabelsof thenodes.Surprisingly, some
engineersknow their datasetsso well, that they prefer this

crypticmethodoveranythingelse.Therefore,wealsoimple-
mentedsucha dialog,but we extendedit with booleanand
rangeselectionoperationsfor improvedconvenience.How-
ever, with thewidespreadutilizationof numericalsimulation
techniquesalsothenumberandthe frequency of new mod-
els increases.Therefore,it getsmoreandmoredif�cult to
deal with a vast amountof different and continuouslyup-
datednodeIDs. Becauseof this, we suggestto usea much
moreintuitive method,usuallyutilized for selectionin two-
dimensionalpaint programs. There the usercan drag the
mouse,encirclingthe pixels he wantsto selectwith a free-
handcurve andreleasethebuttonto completetheaction. In
our applicationtheengineercandraw a freehandline on the
screen(seeFig. 2(a)), therebycutting a sort of pyramidal
frustumout of the3D scene.To guaranteethat thepolygon
is always closed,the start and end points are always con-
nected(thin line in Fig. 2(a)).All nodesof theFE meshthat
lie insidethepyramidalfrustumaremarkedasselectedand
arehighlightedvia a white octahedronaccordingly, asseen
in Fig. 2(b). Hiddennodesarerenderedtransparent,so that
at any time all selectednodescanbeseen.It is unnecessary

(a) (b) (c)

(d)

Figure 2: Freehand Selections: (a) encircling nodes;
(b) selection without occlusion test, hidden nodes are
renderedtransparent; (c) selectionoriginated from a sub-
traction operation; (d) selectionof a region delimited by
features.

to performanexpensivecalculationin 3D to decidewhether
anodeis outsideor insidethefreehandfrustum.Instead,we
projectthenodecoordinatesinto thetwo-dimensionalscreen
spaceandtest the coordinatesagainst the freehandoutline.
This problemcan be solved very easily and fast using the
point containmenttestpresentedin [17].

Theusercanchoosewhetherhewantsto selectall thenodes
inside the selectionfrustum of a componentor if he only
wantsto selectthe currently visible nodes. Hidden nodes
canbe�ltered out by shootingraysinto thescenefor every
potentialnodecandidateandcheckingfor occlusion. This
canbeacceleratedby renderingthecarmodelwith a unique
color assignedto every element.We canthencheckthepix-



elsin theneighborhoodof the2D coordinateof apotentially
selectednodefor their colors or ratherelementlabels. If
noneof theseelementsis adjacentto thenodethenit is oc-
cludedotherwisewe cancontinuewith themorepreciseray
intersectiontest. For greaterconveniencethe usercanadd
or subtractnew selectionsto/from theexisting ones,e.g.the
selectionin Fig.2(c)hasbeenachievedby selectingthenode
clusterwith occlusionculling enabledandthendeselecting
thenodesin thecentervia subtraction.

Sometimes,the engineerwantsto modify a completeseg-
mentof a componentinsteadof a manuallyselectedsubset.
Suchasegmentis delimitedby featuresof thepart,e.g.sharp
edgesasseenin Fig. 2(d). Theuserjust hasto click ontoa
partandall nodesbelongingto thesameregion areselected
at once. We usean approachpresentedin [18] to achieve
a robust detectionof the featuresof the FE meshso that it
is guaranteedthat thealgorithmdoesnot choosebogusele-
mentsor nodes.

3.2 Mesh Mo di�cation

The simplestediting operationon a selectionof nodesis a
parallel translation. But in 3D even this cannotbe accom-
plishedas in 2D, wheremousemovementcan be mapped
directly to a correspondingtranslation. Given 2D-only in-
put, e.g.a mouse,3D interactionwith threeor moreDOF
hasto be split into multiple 2D movementactions. In our
applicationwe usethemanipulatorwidgetseenin Fig. 3(a).
It consistsof a disk andanarrow. Theusercaneitherclick
on the disk asin Fig. 3(b) anddragit around,wherebythe
displacementsareconstrainedto thesurfaceof the�nite ele-
ments,or hecandragthearrow andshift theselectionalong
the local surfacenormal like in Fig. 3(c). During interac-
tion, theactivepartof thewidgetis highlightedin greenand
the modi�ed surfaceis renderedaswire framerepresenta-
tion (white linesin Fig. 3(b) and3(c)). TheFE surfacethen
is updatedwhentheuserreleasesthemousebutton.

(a) (b) (c)

Figure 3: Manipulator for 3D movement: (a) neutral
appearance 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 implementedanotherapproachthat offers the
possibility of muchmorecomplex deformationsandwhich
containsparalleltranslationsasa specialcase.The interac-
tion is kept as simple as before,but insteadof moving all
nodesalongthesamevector, we introduceaweightingfunc-
tion thatdescribesthepositionof a selectednoderelative to
theborderof theselectionandto thepositionwheretheuser
starteddragging. If di;border denotesthe geodesicdistance
of a certainnodei to the borderof the selectedregion and
di;origin thegeodesicdistanceof thenodeto thepoint where
theusergrabbedthesurface,thentheweightwi canbecal-
culatedby

wi =
di;border

di;origin + di,border
: (1)

Therangeof valuesof all wi is guaranteedto bewithin [0;1].
If we usetheseweightsdirectly to scalethe displacement
vectorwe derive by the mousemovementalongthe widget
arrow, thenwe obtaina deformationshapedlike a coneor
pyramid—dependingon theshapeof theselection.But the
usercanalsochoosefrom a variety of basisfunctions,e.g.
whentheengineerchoosesaremappingof theweightssimi-
lar to aGaussianthenheis ableto achieve a resultasshown
in Fig. 4(a). Here, the Gaussianis �attened in the middle
part,wherebythe amountis con�gurable,andappliedonly
into onedirection.In theperpendiculardirectiontheweights
areignoredandsetto constant1 instead.

Rotationscanbeachievedby �rst de�ning therotationaxis
andthendescribinganarcwith themousewhichde�neshow
muchtheselectedregion shouldbetwisted(Fig. 4(b)). Fur-
thermore,you canseethat the rotation is performedto its
wholeextentat thefreeendwithout any weightingfunction
applied. Here, free endsareareasbetweenthe axis of ro-
tation and bordersegmentswherethe boundaryof the car
componentandof the selectionmatchexactly, e.g. the left
half of thecomponentshown in Fig. 4(b). If theuserwants
to leave the free end�x ed he canaccomplishthis by dese-
lectingtheouterrow of nodes.Thisbehavior in treatingfree
endingsappliesnotonly to rotationsbut alsoto displacement
operationsandit is quite intuitive andenablesmany differ-
ent kinds of modi�cations. For exampleit is very easyto
elongatea certainsectionof a carcomponentjust by de�n-
ing thesectionto bestretchedby selectingits nodesandthen
draggingat thefreeborderof theselection.

Eachof theseoperationscanbecombinedwith anadditional
dampingfunction that is appliedto theborderregion of the
selection,i.e. the areawherethe selectednodes�ank uns-
electednodes. This dampingterm can be multiplied with
theweightingfunction introducedin the lastparagraph.Its
goalis to achieveasmoothtransitionto thesurroundingsur-
faceandto preventthegenerationof badlyshapedelements
to a certainextent. This way it is possibleto achieve the
samedeformationas presentedin Fig. 4(a) by applying a
paralleltranslation—i.e.theweightingfunctionis setto con-
stant1—combinedwith anappropriatedampingfunction. It
turnedout thatsuchanextra dampingfunctionis moreintu-
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(b)

Figure 4: More complex modi�cations: (a) creating a
bulge; (b) rotation with free ending.

itiveandeasierto handlethanavastpoolof variousmapping
functionsfor theweightingterm.Thepossibilityto combine
thesetwo functionsopensup a varietyof complex deforma-
tions while keepingthe two componentsrathersimpleand
limiting themto amanageablenumberof parameters.

4. MESH OPTIMIZA TION

Modi�cation of a meshcanresultin disadvantageousdefor-
mation of the �nite elements. In general,it might lead to
extremeanglesbetweenedges,or edgesthatvary too much
within oneelement. Becauseof this the elementsmay be-
comeof poorqualityfor latercomputations.For FEmethods
“good elements”meansuniform quadrilateralsand, where
trianglescannotbeavoided,equilateraltriangles.

4.1 Visualization of Erroneous Elements

To give theengineerinstantaneousfeedbackaboutthequal-
ity of thecurrentFE mesh,thenumericallyrelevantproper-
tiesof eachelementarecheckedduringthemodi�cation op-
eration.Erroneouselementsarehighlightedimmediatelyby
usingred glyphswhich correspondto the error type. Crit-
ical elementsare marked with yellow glyphs. An exam-

ple for erroneouselementscanbefoundin Fig. 3(c), where
quadrilateralelementshave beenwarped,i.e. wherenot all
nodesof anelementlie within thesameplane.Whenwarp-
ing occurs,the quadrilateralis bent aroundits two diago-
nals and we symbolizethe larger of both bendingangles
by a thicker diagonal,respectively. Also problematicare
edgesthat are too shortbecausethe minimum edgelength
of a crashdatasethasa direct in�uence on the durationof
the simulationtime steps. If the edgelength is chosentoo
small,shorterandthereforemoresimulationstepshaveto be
calculatedto achieve reliableresults. If the engineerwants
to limit the simulationeffort this also limits the minimum
edgelengthandedgesviolating this constraintaremarked
asshown in Fig. 5(a). The shapeof �nite elementsis also
important. Consequently, too small or too large anglesare
highlightedascanbe seenin Fig. 5(b), 5(c) and5(e). An-
othershapecriterion is the ratio of theedgelengthsof a �-
niteelement.Thishasto beevaluatedonly for quadrilaterals
asfor trianglesit is checkedimplicitly via theanglecriteria.
Moderateirregularitiesstill produceacceptableresultsin re-
gions of low stressand are thereforemarked only in light
gray(yellow, Fig. 5(c)). An aspectratioworsethanacertain
factor(usually� 1:4) is markedin darkgray(red).Sincetri-
anglestendto producelessexactresultsthanquadrilaterals,
they shouldbe avoidedtoo, especiallywhenthey areclus-

(a) (b)

(c)

(d)

(e)

Figure 5: Various �nite elementsmarked as erroneous:
(a) edge too short; (b) angle too large (in triangle);
(c) angletoo large (in quadrilateral) and bad edgelength
ratios; (d) many adjacent triangles; (e) anglestoo small,
in quadrilateralsthis error is often combinedwith angles
that are too large.



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

teredasin Fig. 5(d). Someof the discussederrorsarepre-
sentedin Fig. 6 on theFEsurfaceof anauthenticsimulation
modelof acarcomponent.

4.2 Mesh Relaxation

After editingthemesh,thenodesnormallyhave to beread-
justed, e.g. by relaxation, to make the meshcomputable
again. Therelaxationmodelpresentedin this paperis based
onaspring-massmodel,wheretheedgesof themesharerep-
resentedby springs.To avoid parallelogramsbeingclassi�ed
as well shapedquadrilateralsadditionalspringsare added
alongthe diagonalsof eachquadin the mesh(seeFig. 7).

Figure 7: Spring-massmodel for relaxation.

The rest length l0 of the springs,and thereforethe length
of the edgerepresentedby this spring,is setto the average
lengthof the adjacentsprings,wherethe diagonalonesare
weightedwith 1=

p
2 accordingto thelengthof thediagonals

in a square:let n 2
� 3 be thecurrentnode,l0 is calculated

by

l0 =
å knuc;i � nk=

p
2+ å knc; j � nk

#nuc;i + #nc; j

wherenuc;i 2
� 3 aretheadjacentnodesnot connectedto n

(i.e. the diagonalsin a quad),andnc;i 2
� 3 arethosecon-

nectedto n by a commonedgein the mesh. Accordingly
#nuc;i denotesthe numberof adjacentnodesnot connected
to n and#nuc;i thenumberof nodesconnectedto n. Conse-
quently, theforceFs 2

� 3 appliedin thisnodeis

Fs = å (nuc;i � n)
�

jjnuc;i � njj � l0=
p

2
�

=jjnuc;i � njj

+ å (nc; j � n)
�
jjnc; j � njj � l0

�
=jjnc; j � njj :

Assumingthenodeshave unit masswe gettheordinarydif-
ferential equation(ODE) of secondorder ẍ = csFs � g �x ,
wherecs is thespringconstant,g thedampingconstant,and
x 2

� 3 thenodecoordinates.Thisequationcanberewritten
asasystemof 2 ODEsfor computation.Justsolvingthissys-
temwould leadto well shapedelements,but the featuresof
theunderlyingsurfacewould bemostly lost, i.e. theborder-
ing curve would changeaswell asedgeswithin thesurface,
andthesurfaceitself would alsoget �attened. To avoid this
we introducedsomecontrol mechanisms:after calculating
the new positionof eachnodeby solving the ODE system
we checkif thesecoordinatesareon theoriginal surfaceor
not. As we do not have theparametricrepresentationof the
surfacebut only the mesh,we interpolatethe original sur-
faceandthesurfacefeaturelinesontowhich we projectthe
nodes.Innernodesbelongingto a continuouslycurvedpart
of thesurfacegetprojectedontotheoriginalsurfaceinterpo-
latedby thecoordinatesof theneighborsin thelaststep.If a
nodeis onacontinuouslycurvedsurfaceor not is decidedby
calculatingtheanglebetweenthenormalsof theadjacentel-
ementsadjoiningin thisnode.If oneor moreof theseangles
differ toomuchfrom p, thentheneighboringedges“in line”
with the processedonearechecked too, andif at leastone
of themalsomatchesthis criterionthefeatureline resulting
from theseedgesis classi�edasavisibleedgeof thesurface
which is designatedto be preserved. The describedcrease
anglecanbechangedin theuserinterface.Thedetectedfea-
turelinesarethencomputedaccordingto theinterpolationof
the surfaceusingthe old coordinatesof the adjacentnodes
involved andthe currentnodeis moved constrainedto this
visible edge(seeFig. 8) by projectingthe newly computed
nodepositionontothis curve. This procedurealsopreserves
theborderingcurve. Nodeswheretwo or evenmoreof such
featurelinesadjoinareclassi�edto becornersthatdonotget
movedat all. With this methodthecharacteristicfeaturesof
the surfaceconcerninglater computationsstay unchanged.
To geta visual feedbackof that fact, theEuclideandistance
betweenthe originally modeledsurfaceandthe surfacede-
�ned by therelaxedmeshis depictedin Fig. 11(c):distances
smallerthan 0:05mm are mappedto a transparenttexture,
distancesbetween0:05mmand1mmaremappedto a color
gradientbeginning with dark (red) for 0:05mmup to light
(yellow) for 1mm in the texture. Thus,asit canbe seenin



(a) (b)

Figure 8: Preservationof surfacefeatures: (a) original
mesh,(b) relaxedmeshwherethe misplacednodeswere
readjustedalong the surfacefeature lines.

this �gure, the shapeof the surfaceis preserved very well,
dueto theimplementedcontrolmechanisms.

Sincerelaxing the meshby solving the ODE systemwith
theseboundaryconditionsfor one whole meshedcar part
with 500–1000elementstakesupto oneor two minutesona
standardPC,we developedanalgorithmthatproducessim-
ilar resultsbut with interactive performance(Fig. 9): The
meshis relaxedhierarchicallystartingat a nodeselectedby

(a) (b)

(c)

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

the usere.g. in the region of highestirregularity. The dis-
placementis calculated—similarto Laplaciansmoothing—
by adjustingeachnode“in themiddle” of its neighbors—but
with thesameconstraintsonthenodeplacementasexplained
in the methoddescribedabove. In eachiterationthe nodes
aremovedstartingwith theselectednodede�ning thecenter
of the relaxationarea. Thenrelaxationproceedsin circles
aroundthat centernodeby adjustingthe adjacentnodesof
thosemoved in the previous roundandso on until no new
node,in respectof thesetof nodesmoved in thecurrentor
thepreviousround,getsdisplacedfurtherthanauser-de�ned
thresholdtherebyendingthe current iteration step. In the
next iterationsteponly nodeswhichweremovedthemselves
andwhoseneighborsweredisplacedin thelast iterationare
checked for displacementagain. With this proceduremany
nodescanbeignoredin mostof theiterationsteps,anda lot
of computingtime canbe saved. The disadvantageof this
methodis the fact that the meshis not completelyrelaxed
after the iterationsandthe methodstill movesnodeswhen
calledanothertime. But afterthe�rst or at leastsecondtime
thenew movementsareverysmall.Comparingtheresultsof
bothmethodsshows thateven the �rst call to thehierarchi-
cal methodalreadyleadsto acceptableresults—seeFig. 9
and Fig. 11(d) wherethe non-hierarchicalmethodsolving
theODEsystemis comparedto theresultof thehierarchical
methodexecutedonce.In Fig. 11(d)differencesin therange
from 1mm (dark, red) to 5mm (light, yellow) aremapped,
whereasFig.11(b)depictsthetotalnodedisplacementin the
samerangeusingthenon-hierarchicalmethod(seeabove).

In orderto givemorecontrolto theengineers,it is alsopossi-
ble to restrictbothrelaxationmethodsto a groupof selected
nodesasdepictedin Fig. 10. Theusercanmarknodesthat
shallberelaxedusingtheselectionmechanismsdescribedin
section3.1. Non-selectednodesdo not get affectedby the
relaxationascanbeseenin Fig. 10wheretheselectednodes
(white octahedrons)weremoved,but all theothers,suchas
thosein the encircledareakept their positionalthoughthe
elementsareverybadlyshaped.

To beableto evaluatetheeditingoperationsthathave been
performed,two kinds of visual feedbackare provided: A
simpleonelevel undofunctionhasbeenimplemented,with
a toggle for direct comparison.The otherpossibility is to
start the application in a multiple view mode, where the
usercan have two windows with synchronizedviews. So
theoriginal partcanbekeptin onewindow while thecorre-
spondingpartshown in theotherwindow is beingmodi�ed.
This multiview modecanalsobe usedto mapgeometrical
differencesbetweenthetwo partsdisplayedvia 1D textures
(seeFig. 11). Theusercandecidewhetherhewantsto map
thenodedisplacementcausedby relaxation(Fig. 11(b)and
Fig. 1(b)), or theEuclideandistancebetweenthenew node
positionsandtheoriginally modeledsurface(seeFig.11(c)).
In general,engineersdo not want to copewith thedisplace-
ment of single nodesand thereforethe latter visualization
methodis themoresigni�cant one,asthisoneshowsthede-
formationof thesurfacecausedby therelaxation.This kind



(a)

(b)

Figure 10: Relaxing only selectednodes: (a) node se-
lection (white marked nodes); (b) relaxedregion. Unse-
lected nodes(encircled) are not adjusted.

of texture mappingcanalsobe usedto visualizedistances
betweenarbitrarypartsto detecte.g.penetrating�anges [4]
as the rangeof distancesto be mappedcan be set by the
user. Thecalculationis basedon a boundingvolumehierar-
chy [19] andthereforeperformsverywell.

4.3 Mesh Restructuring

Relaxationis not alwaysable to eliminateall errorsin the
mesh.Especiallyin casesin which a partgetselongatedtoo
muchor theusercreatesadeepbuckle,relaxationalonewill
not be able to producea valid FE mesh. Nonetheless,re-
laxationstill is a very powerful tool which will bealsoused
as�nal polishingfor therestructuringprocesswhich will be
describedin moredetail in this section.Thegoalof restruc-
turing is to performsmall changesin the local topologyof
themeshin a way thatonly erroneouselementsanddirectly
adjacentelementswill betakeninto account.It canbeseen
asacon�ned variantof remeshing,whichguaranteesto pre-
ventunnecessarychangesin theFEstructureasawhole.

First,we determinetheelementswhich weretheworstones
before the relaxationprocedureand try to �x them using
oneof the following operations:it is easyto repairwarped
quadrilaterals—introducedin section4.1—bysplitting each
into two triangles along their “thick” bendingdiagonals.
Shortedgesarecollapsedto a commonnodeplacedat the
centerof theoriginal edgeascanbeseenin Fig. 12(a).As a
result,affectedtriangleswill collapseto anedgeandquadri-
lateralswill beconvertedinto triangles.Elementscontaining

(a) (b)

(c) (d)

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

large anglescanbe repairedby splitting theminto two el-
ements,whereasthe newly formededgecontainsthe node
with the large angle. A triangle is subdivided into two tri-
angles,asdepictedin Fig. 12(b). Quadrilateralsareeither
divided into a triangleanda quadrilateralor they aresplit
into two quadrilaterals(seeFig. 12(c)). The latter method
is preferredwhentheoriginal quadrilateralhasa badaspect
ratio. Additionally the algorithmhasto take careof adja-
centelementsandcheckif they mustbesubdivided, too, in
orderto prevent hangingnodesasshown in Fig. 12(b) and
12(c). The operationpresentedin Fig. 12(d) usuallyis one
of the laststepsandtries to conjoin trianglesinto quadrilat-
erals. This decreasesthe numberof trianglesthat might be
producedby previousrepairoperations.

Elementscontainingtoosmallanglescannotbe�x edin adi-
rectwayandit cannotbeguaranteedthatit is alwayspossible
to repairsuchanerror. We suggestthestrategy to divide all
quadrilateralscontainingtoo smallanglesinto two triangles
asdepictedby thesolid gray(green)line in Fig. 12(e). Ad-



ditionally we split all theelementsthataredirectly adjacent
to suchan erroneouselement. In the majority of casesthe
operationpresentedin Fig. 12(d)is ableto �nd valid combi-
nationsof adjacenttrianglesandmergesthemin sucha way
thata differentvariationof quadrilateralsis composed(e.g.
by removing thedashedline in Fig. 12(e)). In doingso it is
assuredthatonly quadrilateralsof acceptablequalitywill be
formed.

Finally, the neighborhoodof erroneouselementsis relaxed
onceagain. If the resultingmeshstill is not suf�cient for
simulationthealgorithmundoestherelaxationandcontinues
the restructuringalsoon lesscritical elements.This proce-
dureis repeateduntil anFE meshvalid for crashworthiness
simulationsevolves,andexperienceshowsthatthealgorithm
convergesvery fast.

(a) (b)

(c)

(d)

(e)

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

5. RESULTS AND CONCLUSIONS

Fig. 13 shows a simple,yet typical examplefor a problem
whichanengineeroftenfaces.In theoriginalmodel,seenin
Fig. 13(a),theviolet componentperforatestheorangepart.
Our applicationdetectsthe erroneousareaandvisualizesit
by markingthe region with an alertingtexture (Fig. 13(b)).
Sinceit is a clearly de�ned perforation,it canbe resolved
automaticallyas shown in Fig. 13(c). In Fig. 13(d) it can

(a) (b)

(c) (d)

(e) (f )

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) elementerrors are
�xed automatically; (f ) relaxation smoothes meshwhilst
conservingfeatures.

beseenhow theengineerperformsastretchingoperationby
draggingthe 3D widget proposedin this paper. Erroneous
elementsaredetectedinteractively andmarked with appro-
priateglyphs, in this casetwo elementshave a badaspect
ratio—yetnot toocritical for avalid numericalsimulation—
andoneelementcontainsananglethatis too large.Ourpre-
processingtool is ableto repairtheseelementsby locally re-
structuringtheFEmeshandautomaticallyinsertingnew ele-
ments(Fig. 13(e))without theneedfor remeshingthewhole
part. This processis depictedin moredetail in Fig. 14, in
whichweshow how thesubsequentrepairoperationsareper-
formed.Thenthemeshis smoothedby usingour relaxation
approach,whichguaranteesthatfeatures—e.g.chamfersand
sharpedges—arepreserved.To comparethenew meshwith
thestartingmeshonecanusedistancemappingasmentioned
before.

Wedevelopedthesemethodsin directcooperationwith engi-
neersat theBMWAG. Most of our algorithmsareno longer
prototypesand have beentransferedto the commercially
available crash worthinesspreprocessingtool scFEMod.
Therefore,the techniqueswe presentedin this paperareal-
readybeing usedwidely by several Germancar manufac-
turersandtheir subcontractors.Due to their simplicity the
presentedmethodshave beenquickly acceptedandthe en-
gineersarenow ableto solve many mesh-relatedproblems



(a) (b) (c) (d) (e)

Figure 14: Locally restructuring an FE mesh: (a) original mesh; (b) modi�ed meshwith erroneouselements;(c) remove
large angleby 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); (e) merge adjacent
triangles, also seeFig. 5(d) and 12(d).

on theirown without theneedfor anadditionalloop through
theCAD department.Generationof new variationsof exist-
ing FE components—e.g.elongationsor creationof stiffen-
ing corrugationsandfolds—is now possibleusingintuitive
3D widgets. Errors in the meshthat might appearduring
theseeditingoperationsaredetectedreliably andon-the-�y
by our algorithms. Relaxationor local elementrestructur-
ing can then be usedto repair critical meshregions. Al-
thoughit is not possibleto �x all kinds of meshingerrors,
ourmethodsareneverthelessverypowerful andsuccessfully
producevalid FE meshesin general.Thetexturing capabil-
ities of standardgraphicscardscanbeusedto visualizethe
differencesbetweenvariousdesignstages,or to displayer-
roneousregionsof anFE mesh.This highlightingtechnique
canbe usedalsoto prove that our methodsfor meshrepair
andsmoothingdonot impair thesurfaceanddopreserveim-
portantfeatures.

In this paperwe demonstratedthat thereis a needfor new
modi�cation methodsfor FE meshesandwe presentedso-
lutionsthatcanbeoperatedintuitively. Glyphsandtextures
canbeusedto pinpointerroneousor critical regions. Expe-
rienceshows thatourapproachhelpsto vastlyacceleratethe
developmentcycle in theautomotive industry. We will con-
tinueour work on this �eld of researchin closecooperation
with theengineers,andwewill investigateif it is reasonable
to transferourknowledgeinto other�elds of engineeringap-
plications.

Acknowledgements

We would like to thank the BMB+F project AutoOpt for
founding our researchand the engineersat BMW AG for
their cooperationwithin this project and for delivering in-
sightinto today's engineeringproblems.We would alsolike
to thankOveSommerfrom science+computingag andRein-
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