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Figure 1: Tools for interactive editing: (a) widget for intuitive 3D modi�cation; (b) 1D parameter texture revealing node displace-
ment; (c) future engineeringworkplace: autostereoscopicdisplay and haptic input device.

ABSTRACT

Virtual prototypingis increasinglyreplacingrealmock-upsandex-
perimentsin industrialproductdevelopment.Partof thisprocessis
the simulationof structuralandfunctionalproperties,which is in
many casesbasedon Finite ElementAnalysis(FEA). Onepromi-
nentexamplefrom the automotive industryis the safetyimprove-
ment resultingfrom crashworthinesssimulations. A simulation
modelfor this purposeusuallyconsistsof up to onemillion �nite
elementsandis assembledfrom many partswhich areindividually
meshedout of their CAD representation.In orderto acceleratethe
developmentcycle,simulationengineerswantto beableto modify
their FE modelswithout goingbackto theCAD department.Fur-
thermore,valid CAD modelsmightevennotbeavailablein prelim-
inarydesignstages.However, in contrastto CAD, thereis a lackof
toolsthatoffer thepossibilityof modi�cation andprocessingof �-
nite elementcomponentswhile maintainingthepropertiesrelevant
to the simulation. In this applicationpaperwe presentinteractive
algorithmsfor intuitiveandfasteditingof FEmodelsandappropri-
atevisualizationtechniquesto supportengineersin understanding
thesemodels. This includesnew kinds of manipulators,feedback
mechanismsandfacilities for virtual reality andimmersionat the
workplace,e.g.autostereoscopicdisplaysandhapticdevices.

CR Categories: I.3.4 [ComputerGraphics]:GraphicsUtilities—
Virtual device interfaces;I.3.6 [ComputerGraphics]: Methodol-
ogyandTechniques—Interactiontechniques;I.6.3 [Simulationand
Modeling]: Applications
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1 I NTRODUCTI ON

Almost every new designor modelis createdwith theaid of com-
puters,andthis is especiallytruein theautomotive industry, where
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thecomputersupersededthedrawing boardmany yearsago.Com-
puteraideddesign(CAD) hasevolvedto anirreplaceabletool in the
daily work routineof adesignengineer. Thisadoptionof computer
technologyin thedevelopmentcycle matchesits introductioninto
the�nal productionstage,e.g.by steeringcomputerizednumerical
control(CNC)machines.

However, the developmentcycle hasbeenslowed down for a
long time by the needfor experimentsto prove the structuraland
(aero-)dynamicperformanceof designedmodels.To carryoutsuch
experiments,many expensive prototypesusedto bebuilt in a time-
consumingprocess.During thelasttwo decadesthisprocedurehas
changedandanincreasingnumberof testrunswith realprototypes
is beingreplacedby virtual simulations.During its earlydays,the
�nite elementmethodhelpedthe engineersto perform relatively
simplestructuralanalysis.Thanksto thegrowing processingpower
of modernparallelcomputersandto ef�cient algorithmsit is nowa-
dayspossibleto calculatecomplex non-linearandhighly dynamic
processeslike crashworthinesssimulationswithin two or three
days.In general,suchnumericalsimulationsneeda specialprepa-
rationandsimpli�cation of theCAD model:theanalyticalsurfaces
mustbeconvertedinto anFEmesh.For thispurpose,many conver-
sionalgorithms(e.g.[5, 36]) have beendeveloped,but they arefar
from beingperfectandmostof themaretailoredto a speci�c kind
of simulationor preservationof aparticularmodelproperty. There-
fore,a lot of expertknowledgeandmanualwork is still requiredto
preprocessthesemeshesin a mannersuchthat thenumericalsim-
ulationprovidesvalid results.Someyearsago,animprovementin
thenumericalalgorithmswasintroduced,whichalleviatedthis task
by supportingindividually meshedcomponentsinsteadof a single
consistentmeshfor a wholecar. This madeit possibleto exchange
only somepartswithout having to remeshthecompletecarmodel.
Additionally, theassemblyof thedifferentcarcomponentscanbe
reproducedmorerealisticallyby this approachdueto theintroduc-
tion of spotweldsor adhesive bondings.This changein the com-
putationalwork�o w combinedwith other ef�ciency gains results
in a hugeaccelerationof thecompletedevelopmentcycle andeven
allows for stochasticanalysisof modelvariants.

New challengesarisewith this approach.The engineersneed
appropriatetoolsto createinterconnectionsbetweenthevariouscar
componentsin a fastandeasyway. Theseinterconnections—e.g.
spotwelds—areusuallyplacedat �anges,i.e.wherethesurfacesof
two or morecomponentsrun parallelat a very smalldistance.Due
to meshinginconsistencies,sometimesadjacentmaterialsmaypen-
etrateor perforateeachotherat these�ange areas.In general,au-



tomaticdetection,indication,andcorrectionis possible,but, since
the adjustmentoperationcanbe ambiguous,manualmodi�cation
is needed.With theconventionalapproach,this meansthattheen-
gineerhasto askthe CAD departmentfor correctedcomponents,
which have to be remeshedfrom scratch.Again, theengineerhas
to dealwith problemsinducedby imperfectmeshingalgorithms.
Thereforeit canbeverypro�table to haveacomfortableeditorthat
is able to manipulateFE meshesdirectly. This saves time and it
alsooffersthepossibilityto createvariantsof existing components
veryfast—e.g.theintegrationof crimpingsfor structuralstiffening.
To accomplishsucheditingoperationsweneedto providemethods
that can be usedby the engineerto selectthe three-dimensional
surfaceregion he wantsto interactwith. During the editing op-
erationerroneouselements—i.e.elementsthat might inducemis-
leadingor falseresults—shouldbe detectedandhighlighted,and
oncethe modi�cation is completedintelligent algorithmsshould
try to straightenout theseerrorswithout destroying the properties
andfeaturesof the part. In a �nal step,a restructuringof the af-
fectedelements—comparableto a remeshingin situ—canresolve
theremainingerrors.We will go into detailof theentireprocedure
in section3 and4.

Modern graphics hardware can support these preprocessing
methodsby usingtexturesto highlight e.g.problematicregionsor
to comparevariousmodellingstates.Thelattercanbeusedalsoto
comparethestatesbeforeandafteranautomaticor manualmodi�-
cation.Recentdevelopmentsin displaytechnologylikeautostereo-
scopicdisplayscan help the engineersto understandcomplex or
twistedcarcomponents,too. Moreover, in CAD it is ofteneasyto
estimatetheactualpositionandorientationof acertainpartrelative
to its surroundingcomponents,sincethe model is very detailed.
The FE modelon the contraryhasbeenreducedto its important
or supportingpartsonly, andis quitecoarselymeshedcomparedto
CAD. Therefore,it is sometimesquitedif�cult to estimatethecor-
rect alignmentof a singlepart that might seemto �oat in the air.
Here,stereorenderingcanimprove the understandingof the sim-
ulation modelandwe will presenta solutionfor the workplacein
section5.1.

Eventhoughpropervisualizationof FE modelscansupportthe
understandingof thestructureandquality of a mesh,it is still dif-
�cult to carry out editing operationswith six degreesof freedom
(DOF)usingdeviceslikeamousesupportingonly two-dimensional
input [15]. In section5.2 we will addresshardwarethat is ableto
provide 6 DOF input andhow to useit for interactionandintuitive
modi�cation. We will focuson hapticdevices,which additionally
supplya feedbackmechanismthatcanbeusedto prevent thegen-
erationof illegal elementsor perforationof nearbycarcomponents.

This paperstartsby providing someprevious work in the fol-
lowing sectionandroundsoff with someresultsandconclusions
(section6).

2 REL ATED WORK

Many interactionmethods,especiallythe onesimplementedfor
CAD, aregearedtowardstraditionaldesignjobsandmany of them
try to copy the working methodsusedat a drawing board,even if
they areexpandedwith high precisionandnumericalinput. An-
other approachallows the engineersto build their complex con-
structionsfrom simple geometricprimitives. Neither of them is
suitablefor interactionwith FE models.Especiallyin preliminary
designstagesthereis aneedfor fastandintuitivemethodsto adjust
the FE meshinsteadof accurateandmorecomplicatedalignment
operationslike it is donein CAD.

Therefore,we focusedon intuitive interactiontechniques,keep-
ing themsimpleandlaconicandrequiringonly oneor two mouse
clicks,abehavior whichis alsosuggestedby [19]. [11] showedhow
to remove perforationsandpenetrationsof interferingpartsauto-

maticallyandhow to connectindividually meshedcomponentsby
interactively placingspotweldsor adhesive bondingsalongcurved
�anges. As mentionedabove, a fully automaticsolutioncannotbe
alwaysprovidedfor ambiguoustasks.[10] suggestedto usedirectly
manipulatedfree-formdeformationto edit suchproblematicareas
manually. However it usessplinevolumesfor deformationwhich
prede�nesthe �nal deformationand the interactionis steeredby
slidersandbuttons. A betterapproacharethree-dimensionalwid-
getsthatcanbeusedto control themodi�cation in situ. SGI's In-
ventor[33] demonstrateswith its manipulatorshow to usewidgets
for 3D interaction. A �rst stepin using 3D widgetsfor modi�-
cation insteadof limiting them to cameraand object interaction
hasbeenpresentedby [7]. However, they have only rarely found
their way into editingtasksandnot at all into the�eld of FE mesh
modi�cation. [8] developeda high-level framework providing 3D
widgetsfor generalinteractionpurposes.Although intuitive, this
framework is too over-engineeredandextensive for manipulation
of surfaces,andits areaof applicationlies within complex interac-
tion with staticor animatedobjects. Surfaceediting with various
3D widgetswaspresentedby [13], who combinedselectionof the
editingregionandmanipulationinto thesamestepwhich resultsin
a somewhat confusingoperation.A solutionusingsimpleandin-
tuitive 3D glyphswaspresentedby [27], but it lacked supportfor
directmanipulation.

Our recentapproachto simple and at the sametime versatile
modi�cation of FE meshesusesmousedragsasinput anda vari-
ety of basisfunctionsto describethedeformationof thesurround-
ing surface. It is similar to the approachpresentedin [4], which
wasdevelopedindependentlyandwhichworksontriangulatedsur-
faces.For smoothingthemeshafter themodi�cation step,various
algorithmshavebeendeveloped,mostof thembasedonrelaxation.
The most commonmethodis Laplaciansmoothing,a simple re-
cursive methodwherethe nodesaredirectly displaceddepending
on theneighborsthey areconnectedto. This methodhasbeenim-
proved andextendedby several authorsto �t somespecialneeds,
e.g.[36, 5]. Anothertechniqueis theso-calledoptimization-based
smoothingwherethenodesaremoveddependingon theminimiza-
tion of a specialdistortionmetric.Also combinationsof bothtech-
niqueswerepresented,e.g.[9]. A moredetailedoverview is given
in [2, 6]. A third approachis physically basedsmoothingaspre-
sentede.g.in [22] wheretheedgesin themesharerepresentedby
springsandthe correspondingforcedependson the ratio between
thedesiredandtheactualedgelength.This approachis quitesim-
ilar to theonewe developedin this paper. As we have to dealwith
both quadrilateralsand triangles,we alsohave the condition that
thediagonalsof thequadrilateralsshouldbeequal,so– in compar-
isonto [22] – springsareaddedtheretoo,but theirdesiredlengthis
adaptedto be

p
2 timeslongerthantheedgesof theelement.Most

of thesealgorithmshavebeendevelopedfor smoothor evenclosed
surfaces,but in thecaseof carpartsthereareboundariesandoften
holesor edgeswithin thesurface.Additionally, in orderto preserve
the signi�cance of the simulations,it is importantthat the nodes
really lie on the surfaceoriginally modeledin CAD. This is why
themostimportantimprovementin our relaxationtechniqueis that
thesefeatures(boundariesandedgeson thesurface)aswell asthe
surfaceitself arepreserved.

To assist the understanding and modi�cation of three-
dimensionalmodelswe proposethe useof autostereoscopicdis-
playswhichprovidesomesortof immersionat theworkplacewith-
out theneedfor glasses.Recently, many solutionshave beenpre-
sented,e.g.[25,24, 29] andstartingthisyearthereis anautostereo-
scopicdisplay for notebooksavailableon the market [14]. Since
stereoscopicrepresentationsneedthesceneto beprocessedtwice,
we combinethe native supportof our applicationfor autostereo-
scopicdisplayswith hardware-optimizedrenderingof a simpli�ed
carmodelwithoutany lossin qualityaspresentedearlier[26].



Concerninginput for 3D interactionandeditingvariousdevices
andideasexist. [34] usetwo miceasinput,but mostpeople�nd it
oddanddif�cult to handlea mousewith their non-dominanthand,
andcontrolling two miceat thesametime will not gain broadac-
ceptanceby engineers.[32] introduced6 DOF input for 3D edit-
ing andthey alsosuggest3D stereorenderingfor betterperception.
However, their systemhasbeendesignedfor characteranimation
and not technicalmodeling,which hasdifferent goalsand needs
concerningthetypeof interaction,handling,andvisualfeedback.

With thegrowing selectionof hapticinputdevices[21] moredi-
rectandintuitivewaysto handleandeditsurfacesbecomepossible,
aswell asproviding feedbackby interactively checkingfor colli-
sions[17, 18] while performingthemodi�cation. An approachfor
simple interactionwith the environmentusinghapticdeviceshas
beenpresentedby [20]. It alsouses3D widgetsto give feedback
to theuser, but doesnot cover manipulation.Thefutureworkplace
thatis beingproposedin thispaper(seeFig. 1(c))hasalreadybeen
partially implementedby [35], who usehapticinput andfeedback
for simpledesigntasks,and[3], whocombineautostereoscopicpre-
sentationwith a hapticdevice for interactionwith virtual objects,
but they focuson planningof spacemissionoperationsin virtual
environmentsandnotoneditingof surfaces.

In the following sectionswe show how we extendedthis vast
body of knowledgeby our own ideasto signi�cantly improve the
intuitive modi�cation of FE meshes.By implementingour algo-
rithms into the commerciallyavailable preprocessingapplication
scFEMod[28] we have madethis functionality available for pro-
ductiveusein theCAE departmentsof majorGermancarmanufac-
turers.

3 SEL ECTI NG AND EDI TI NG I N 3D

Unlike [13] we decidedto split the modi�cation processinto two
consecutive steps. First, the userde�nes the speci�c elementsor
nodeshe wantsto edit using a simple selectionmechanism,and
thenheperformstheactualmanipulationitself.

3.1 SelectionMechanisms

Theeasiestwayto implementaselectionmechanism,from thepro-
grammerspoint of view, is to provide a text box, wherethe user
canenterthe uniquelabelsof the nodes. Surprisingly, someen-
gineersknow their datasetsso well, that they prefer this cryptic
methodover anything else. Therefore,we alsoimplementedsuch
a dialog,but we extendedit with booleanandrangeselectionop-
erationsfor improvedconvenience.However, in orderto dealwith
the increasingcirculationof new modelsandchangingnodeIDs,
we suggestto usea muchmoreintuitive method,usuallyutilized
for selectionin two-dimensionalpaint programs. Therethe user
candragthemouse,encirclingthepixelshewantsto selectwith a
freehandcurveandreleasethebuttonto completetheaction.In our
applicationtheengineercandraw afreehandline onthescreen(see
Fig. 2(a)),therebycuttingasortof pyramidalfrustumoutof the3D
scene.To guaranteethatthepolygonis alwaysclosed,thestartand
endpointsarealwaysconnected(thin line in Fig. 2(a)). All nodes
of the FE meshthat lie inside the pyramidal frustumaremarked
asselectedandarehighlightedvia awhiteoctahedronaccordingly,
asseenin Fig. 2(b). Occludednodesarerenderedtransparent,so
thatat any time all selectednodescanbeseen.To decidewhether
a nodeis outsideor insidethefreehandfrustumwe do not needto
performan expensive calculationin 3D, it suf�ces to project the
nodesinto two-dimensionalscreenspaceandtest the coordinates
againstthe freehandoutline. This canbedonevery fastusingthe
point containmenttestin [23].

The usercan choosewhetherhe wantsto selectall the nodes
insidetheselectionfrustumof a componentor if heonly wantsto
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Figure 2: Freehand Selections: (a) encircling nodes; (b) selection
without occlusion test, hidden nodesare renderedtransparent; (c) se-
lection originated from a subtraction operation; (d) selection of a
region delimited by features.

selectthecurrentlyvisiblenodes.Thelattercanbeimplementedby
shootingraysinto thescenefor every potentialnodecandidateand
checkingfor occlusion. This canbe acceleratedby renderingthe
carmodelwith a uniquecolor assignedto every element.We can
thencheckthepixels in theneighborhoodof the2D coordinateof
a potentiallyselectednodefor their colorsor ratherelementlabels.
If noneof theseelementsis adjacentto thenodethenit is occluded,
otherwisewe cancontinuewith the morepreciseray intersection
test. For betterconveniencethe usercanaddor subtractnew se-
lectionsto/fromtheexistingones,e.g.theselectionin Fig. 2(c)has
beenachievedby selectingthenodeclusterwith occlusionculling
enabledandthendeselectingthenodesin thecentervia subtraction.

For caseswheretheengineerwantsto edit a completesegment
of acomponentweimplementedanotherselectionmode,wherethe
userclicks ontoa partandall nodesbelongingto thesameregion
areselectedat once.Suchregionsaredelimitedby featuresof the
part, e.g.sharpedgesasseenin Fig. 2(d). For further detailson
robustfeaturedetectiononFEmeshessee[26].

3.2 MeshModi�cation

Thesimplesteditingoperationis acollectiveparalleltranslationon
a groupof selectednodes.But in 3D even this cannotbe accom-
plishedasin 2D, wheremousemovementcanbemappeddirectly
to a correspondingtranslation.Given2D-only input, e.g.a mouse,
3D interactionwith threeor moreDOFhasto besplit into multiple
2D movementactions. In our applicationwe usethe manipulator
widgetseenin Fig.3(a)andFig.1(a). It consistsof adiskandanar-
row. Theusercaneitherclick on thediskasin Fig. 3(b)anddragit
around,wherebythedisplacementsareconstrainedto thesurfaceof
the�nite elements,or hecandragthearrow andshift theselection
alongthelocal surfacenormallike in Fig. 3(c). During interaction,
theactive partof thewidget is highlightedin greenandthemodi-
�ed surfaceis renderedaswire framerepresentation(white linesin
Fig. 3(b) and3(c)). TheFE surfacethenis updatedwhentheuser
releasesthemousebutton.

In most cases, simple parallel translationsare not �e xible
enough. We implementedanotherapproachthat offers the possi-
bility of muchmorecomplex deformationsandwhichcontainspar-
allel translationsasaspecialcase.Theinteractionis keptassimple
asbefore,but insteadof moving all nodesalongthesamevector, we
introducea weightingfunction that describesthe positionof a se-
lectednoderelativeto theborderof theselectionandto theposition
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Figure 3: Manipulator for 3D movement: (a) neutral appearance
when initially locked to node; (b) disk for movement on surface se-
lected; (c) arrow for displacement along local normal selected and
lifted by dragging with the mouse.

wherethe userstarteddragging. If di;border denotesthe geodesic
distanceof a certainnodei to theborderof theselectedregion and
di;origin thegeodesicdistanceof thenodeto thepointwheretheuser
grabbedthesurface,thentheweightwi canbecalculatedby

wi =
di;border

di;origin + di,border
: (1)

The rangeof valuesof all wi is guaranteedto be within [0;1]. If
we usetheseweightsdirectly to scalethe displacementvectorwe
derive by the mousemovementalong the widget arrow, then we
obtainadeformationshapedlikeaconeor pyramid—dependingon
theshapeof theselection.But theusercanalsochoosefrom avari-
ety of basisfunctions,e.g.whentheengineerchoosesa remapping
of the weightssimilar to a Gaussianthenhe is able to achieve a
resultasshown in Fig. 4(a). Here,theGaussianis �attened in the
centerpiece,wherebytheamountis con�gurable,andappliedonly
alongonedimension.In theperpendiculardirectiontheweightsare
ignoredandsetto constant1 instead.

Rotationscanbeachievedby �rst de�ning therotationaxisand
thendescribingan arc with the mousethat de�nes how muchthe
selectedregionshouldbetwisted(Fig. 4(b)). Furthermore,youcan
seethat the rotation is performedto its whole extent at the free
endingwithout any weightingfunctionapplied.Here,freeendings
areareasbetweenthe axis of rotationandbordersegmentswhere
theboundaryof thecarcomponentandof theselectionmatchex-
actly, e.g.the left half of thecomponentshown in Fig. 4(b). If the
userwantsto leave thefreeending�x edhecanaccomplishthis by
deselectingthe outerrow of nodes.This behavior in treatingfree
endingsappliesnotonly to rotationsbut alsoto displacementoper-
ationsandit is quite intuitive andenablesmany differentkindsof
modi�cation. E.g. it is very easyto elongatea certainsectionof a
carcomponentjustby de�ning thesectionto bestrechedby select-
ing its nodesandthendraggingat thefreeborderof theselection.

An extensionto ourmodi�cation widgetmightbedragableshad-
owsasproposedin [16]. There,anobjectcastsshadowsontomulti-
pleplanesandtheusercaneitherinteractwith theobjector with the
shadows. Theinteractionwith theobjectsshadowsis easierbecause
themovementis limited to a2D plane.Applied to ourmanipulator
it might increaseits precision,but it is not clearwheretheshadow

(a) (b)

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

planesshouldbe locatedfor a goodandintuitive navigation. The
surfaceof the FE meshitself canserve asa shadow plane,but on
theotherhandanadditionalshadow is moreconfusingtheuserthan
ahelpful facility for interactionin somespecialcases.

4 M ESH OPTI M I ZATI ON

Editing a meshinevitably leadsto displacednodes,which might
result in extreme anglesbetweenedges,or edgesthat vary too
muchwithin oneelement. Becauseof this the elementsmay be-
come of poor quality for later computations. For FE methods
“good elements”meansquadrilateralsand,wheretrianglescannot
beavoided,equilateraltriangles.

4.1 Visualizing Err oneousElements

To give the engineerinstantaneousfeedbackaboutthe quality of
the currentFE mesh,the numericallyrelevant propertiesof each
elementarecheckedduringthemodi�cation operation.Erroneous
elementsarehighlightedimmediatelyby using red glyphswhich
correspondto the error type. Critical elementsare marked with
yellow glyphs. An examplefor erroneouselementscanbe found
in Fig. 3(c), wherequadrilateralelementshave beenwarped,i.e.
wherenot all nodesof anelementlie within thesameplane.When
warpingoccurs,the quadrilateralis bentaroundits two diagonals
andwe symbolizethe larger of both bendinganglesby a thicker
diagonal,respectively. Theglyphsandtypesof othercommonFE
defectsaredepictedin Fig. 5.

(a) (b)

(c) (d)

Figure 5: Various �nite elementsmarked as erroneous: (a) edge too
short; (b) angle too large (in triangle); (c) angle too large (in quadri-
lateral) and bad edge length ratios; (d) many adjacent triangles.

4.2 Relaxation

After editingthemeshit maybenecessaryto make themeshsuit-
ableagain for numericalsimulations.Sothepositionsof thenodes
have to beadjustede.g.by relaxation.In our applicationwe usea
relaxationmodelbasedon a spring-massmodel,wherethe edges
of the meshas well as the virtual diagonalsof the quadrilaterals
arerepresentedby springs.Only solvingtheresultingordinarydif-
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Figure 6: Comparing mesh relaxation methods: (a) original mesh;
(b) hierarchically relaxed mesh; (c) non-hierarchically relaxed mesh.

ferentialequation(ODE) systemwould leadto goodelements,but
thefeaturesof theunderlyingsurfacewould bemostlylost, i.e. the
borderingline wouldchangeaswell asedgesin thesurface,andthe
surfaceitself wouldalsoget�attened.

To avoid suchartifactsweintroducedsomecontrolmechanisms:
aftercalculatingthenew positionof eachnodewecomparethispo-
sition to theoriginalsurface.Boundarynodesandnodesonsurface
edgesareonly moved along their speci�c line, nodesthat de�ne
cornersonsuchlinesarenotmovedatall, andthenew coordinates
of inner nodesareprojectedonto the originally modeledsurface.
As we do not have theparametricrepresentationof thesurfacebut
only the mesh,we interpolatethe original surfaceandthe surface
featurelines on which we project the nodes. Sincerelaxing the
meshby solving the ODE systemwith theseboundaryconditions
for onewholepartwith 500–1000elementstakesup to oneor two
minutesonastandardPC,wedevelopedanalgorithmthatproduces
similar resultsbut with interactive performance(Fig. 6): Themesh
is relaxedhierarchicallystartingat a nodeselectedby theusere.g.
in the region of highestirregularity. For eachstepall neighboring
nodesdisplacedbeyonda user-de�ned thresholdaretakeninto ac-
countfor thenext step,until no new nodesgetmoved. In thenext
stepsonly this regionwill berelaxedoncemore.As this relaxation
methoddependsonthestartingnodeit canbeappliedseveraltimes,
but theresultonly changesslightly afterthe�rst few times.To give
theengineermorecontrolit is alsopossibleto restricttherelaxation
to agroupof selectednodes.

For evaluation of the editing operationsthat have been per-
formed, visual feedbackis provided: A one level undo function
hasbeenimplemented,with a toggle for direct comparison.Ad-
ditionally our applicationcanbe startedin a multiple view mode,
wheretheusercanhave two windows with synchronizedviews. In
onethe usercankeepthe original modeland in the otherhe can
performmodi�cationson thecorrespondingpart. In thismultiview
modeit is also possibleto map the differencesbetweenthe two
partsvia 1D textures(seeFig. 7). With thesetextureseither the
nodedisplacementcausedby relaxation(Fig. 7(b) andFig. 1(b)),
or the distanceof the relaxed nodesto the original surfacecanbe
mapped(Fig. 7(c)). In general,anengineerdoesnot want to cope
with thedisplacementof singlenodesandthereforethelattervisu-
alization is the moresigni�cant one,as it shows how the surface
haschangedby the relaxation. This kind of texture mappingcan
alsobeusedto visualizedistancesbetweenarbitrarypartsto detect
e.g.penetrating�anges[11]. Thedistancecalculationis basedona
boundingvolumehierarchy [12] andthereforeperformsverywell.

4.3 MeshRestructuring

Although very powerful, relaxationdoesnot alwayseliminateall
errorsin the mesh. Particularly in casessuchaswhena part gets
elongatedtoo muchor the usercreatesa deepbuckle, relaxation
alonewill not be ableto producea valid FE mesh. In thesecases

(a) (b)

(c) (d)

Figure 7: Comparing mesh relaxation methods: (a) original mesh;
(b) node displacement from original to non-hierarchically relaxed
mesh (< 1mm transparent, > 5mm red); (c) euclidean distance be-
tweennon-hierarchically relaxedmeshand original (< 0:05 mm trans-
parent, > 1mm red); (d) di�erence between hierarchically and non-
hierarchically relaxed mesh (< 1mm transparent, > 5mm red).

we �nd theelementsthatweretheworstonesbeforetherelaxation
procedureandtry to �x themby alocalrestructuring.It canbeseen
asa kind of remeshing,but con�ned to thedirectvicinity of aner-
roneouselement,whichguaranteesto preventunnecessarychanges
in theFEstructure.E.g.it is easyto repairwarpedquadrilaterals—
introducedin section4.1—bysplittingeachinto two trianglesalong
their “thick” bendingdiagonals. Clean-upoperationsfor various
othermeshdefectsarelistedin Fig.8 accordingto theerrorsshown
in Fig. 5. The operationpresentedin Fig. 8(d) usually is oneof
thelaststepsandtriesto conjointrianglesinto quadrilaterals.This
decreasesthenumberof trianglesthatmightbeproducedby previ-
ousrepairoperations.Finally, theneighborhoodof erroneousele-
mentsis relaxedonceagain. If theresultingmeshstill is not suf�-
ciently well shapedfor numericalsimulationthealgorithmcontin-
uestherestructuringalsoon lesscritical elements.This procedure
is repeateduntil anFEmeshvalid for crashworthinesssimulations
evolves, andexperienceshows that the algorithmconvergesvery
fast.

5 V I RTUAL REAL I TY AT THE WORK PL ACE

Asdiscussedbefore,stereographicprojectioncansupportengineers
while working on complex FE modelsandrecentdisplaytechnol-
ogy allows the engineerto get this 3D illusion without the need
for specialglasses.Combinedwith aninputdeviceproviding more
thantwo degreesof freedomthisenvironmentcanbeconsideredan
immersiveworkplace.



(a) (b)

(c) (d)

Figure 8: Finite elements from Fig. 5 have been �xed: (a) edge is
collapsedto common node; (b) triangle and adjacent quadrilateral is
divided; (c) stretched and adjacent elementsare divided; (d) adjacent
triangles are merged if possible.

5.1 Autostereoscopy

In recent years many solutions for autostereoscopicimpression
have beendeveloped. Most of them usea prism systemor thin
bladesto bendor block the pixel columnsof a standardTFT dis-
play in a way thatalternatingcolumnscanbeseeneitherwith the
left or with the right eye. The displaywe use(seeFig. 1(c)) con-
tainsa prism maskto bendthe raysandit alsohasa dual-camera
systemwhich tracksthepositionof theuser's eyes. An embedded
processorinterpretsthe eye position and controlsthe position of
theprismmask,which canbedisplacedhorizontallyby servo mo-
torssothatit is guaranteedthateacheye will seetheright column.
Fig. 9 illustratesthetopview of theopticalpaths.

To drive sucha display, a pair of stereographicimageshasto be
renderedvertically interlacedinto theframebuffer. Most graphics
cardmanufacturersprovide driversfor this purpose,but generally
eitheronly for their high-endgraphicsboardsor for WIN32-based
platformsonly. To circumventtheseproblemswe implementedna-
tive supportfor autostereoscopicdisplaysin scFEMod. An alter-
native to native supportis presentedin [31], which we extendedto
supportalsoautostereoscopicdisplays.

A fastandeasysolutionto achieve thealternatingdistributionof
thetwo imagesis to usea matchingstencilmask,rendertheimage
for oneeye, changethe stencil test to the appropriatesettingand
renderthesceneagain for theothereye (for furtherdetailson how
to setupthecameraparametersfor correctstereographicprojection
refer to [31]). On somearchitecturestherenderingmight perform
betterwhenthestenciltestis disabledfor the�rst pass.Thisworks
well as long asonedoesnot want to renderthin lines e.g.a wire
framerepresentationof the car model. Especiallybevel lines will
not be reproducedvery well, asthe stencilmaskwill block some
pixels (Fig. 10(a))andasa result the userwill seean interrupted
line as depictedin Fig. 10(b). Our approachto solve this prob-
lem, which additionally producesmuch betterquality when full
sceneanti-aliasingis enabled,halves the resolutionof the view-
port andrendersnarrowed imagesof the scene.The two images
canbe storedon the graphicscardusingtexture memoryanddis-
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Figure 9: Principle of an autostereoscopicdisplay [29].

tributed amongthe columnsby renderingtextured lines. Again,
on certainarchitecturesit may perform better if for the �rst im-
agea differentstrategy is chosen,e.g.distributing thecolumnsvia
glCopyPixels . Fig. 10(c) shows the correspondingresultusing
this methodandin Fig. 11 and1(c) onecanseeautostereoscopic
renderingof acarmodel.

The eye position acquiredby the two built-in camerascan be
readout via a serialport. Thepositionis givenwith respectto the
centerof the monitor andcanbe usedfor simpletrackingandthe
transformationof thepresentedmodelcanbeupdatedaccordingly.

(a) (b) (c)

Figure 10: Rendering a line: (a) stencil mask (gray) blocks pixels
during rasterization; (b) the prism system of the display widens the
pixels and the user seesa dotted line through his left eye; (c) correct
result (users view through prisms) by distributing half-sized viewport
on odd-numbered columns.

5.2 3D and Haptic Editing

As alreadydiscussed,3D editing using2D input devices is quite
problematic.A Spacemouse[1] providesinput with six degreesof
freedom.It hasestablisheditself aseasyto useinteractiondevice,
but it is too inaccuratefor editingpurposes.Hapticdevices,which
have beendevelopedover thepastyears,alsoprovide input of 6 or
evenmoreDOF. Speci�cally, weuseaPhantomDesktop[30] seen
in Fig.1(c). Theuserinteractswith themodelby holdingapen-like
device with a button. Currentlywe areinvestigating how suchan
input device canbe usedfor interactive andintuitive editing. The
pencanbe representedon-screenby a correspondingvirtual pen
in the 3D sceneandits point canbe usedto interactwith the FE
surface. Thanksto the Phantom's many degreesof freedomit is
easyto navigateto thedesirednode,pressthebuttonandperform
almostarbitrary translatoryand rotatory modi�cations on the se-



Figure 11: FE model of a car rendered for display on an autostereo-
scopic monitor (data courtesy of BMW AG).

lectedsetof nodes.For selectingthenodesa 2D mouseis still the
bestinteractiondevice, but the3D widgetpresentedin section3.2
canbe replacedcompletelyby the virtual penmakingour editing
operationsevenmoreintuitive to control.

Another advantageof thesedevices is their ability to provide
haptic feedback.This canbe useful to prevent the penfrom per-
foratingtheFE surfaceby generatingappropriateforcesin caseof
acollision. Thisbehavior makesit easierfor theuserto grabanode
lying on that surfaceandit alsoaidsto avoid perforationof other
partsduring modi�cation of the mesh. Additionally, force feed-
backcanbeemployed to let theengineerperceive moreandmore
resistancewith increasinglyworseelementquality. To implement
a fastcollision detectiononecaneitherusethelibrary providedby
themanufacturer[30] or developoneof its own [17, 18]. We want
to try anotherapproachandusehigh-resolutiondistancevolumes.
This will allow us to have collision detectionand corresponding
forcesveryfastandin constanttime,i.e.independentfromthenum-
berof surfaceelements.Memoryconsumptionwill bea challenge,
but hierarchicalapproachesseemto be very promisingto handle
this task.

6 RESULTS AND CONCL USI ONS

Fig. 12 shows a simple,yet typical examplefor a problemthatan
engineeroften faces.In theoriginal model,seenin Fig. 12(a),the
violet componentperforatesthe orangepart. Our applicationde-
tects the erroneousareaand visualizesit by marking the region
with an alerting texture (Fig. 12(b)). Sinceit is a clearly de�ned
perforation,it canberesolvedautomaticallyasshown in Fig.12(c).
In Fig. 12(d)it canbeseenhow theengineerperformsa stretching
operationby draggingthe3D widgetproposedin this paper. Erro-
neouselementsaredetectedinteractively andmarked with appro-
priateglyphs,in thiscasetwo elementshaveabadaspectratio—yet
not too critical for a valid numericalsimulation—andoneelement
containsananglethatis too large.Ourpreprocessingtool is ableto
repairtheseelementsby locally restructuringtheFE meshandau-
tomaticallyinsertingnew elements(Fig.12(e))withouttheneedfor
remeshingthewholepart.Thenthemeshis smoothedby usingour
relaxationapproach,whichguaranteesthatfeatures—e.g.chamfers
andsharpedges—arepreserved.To comparethenew meshwith the
startingmeshonecanusedistancemappingasmentionedbefore.

We developedthesemethodsin direct cooperationwith engi-
neersat theBMWAG. Most of our algorithmsareno longerproto-
typesandhave beentransferedto thecommerciallyavailablecrash
worthinesspreprocessingtool scFEMod. Therefore,thetechniques
wepresentedin thisapplicationpaperarealreadybeingusedwidely
by severalGermancarmanufacturersandtheirsubcontractors.Due

to their simplicity the presentedmethodshave beenquickly ac-
ceptedandtheengineersarenow ableto solve many mesh-related
problemson their own without the needfor an additional loop
throughtheCAD department.Generationof new variationsof ex-
isting FE components—e.g.elongationsor creationof stiffening
corrugationsand folds—is now possibleusing intuitive 3D wid-
gets. Errors in the meshthat might appearduring theseediting
operationsaredetectedreliably andon-the-�y by our algorithms.
Relaxationor localelementrestructuringcanthenbeusedto repair
critical meshregions. Although it is not possibleto �x all kinds
of meshingerrors,our methodsareneverthelessvery powerful and
successfullyproducevalid FEmeshesin general.Thetexturingca-
pabilities of standardgraphicscardscan be usedto visualizethe
differencesbetweenvariousdesignstages,or to displayerroneous
regionsof an FE mesh. This highlighting techniquecanbe used
alsoto proof that our methodsfor meshrepairandsmoothingdo
not impair thesurfaceanddopreserve importantfeatures.

New hardware approachesfor immersive workplaceslike au-
tostereoscopicdisplaysand haptic input devices are not yet ac-
ceptedby theindustry. On onehand,this might becauseof theim-
perfectionsof thesenovelties,e.g.mostautostereoscopicdisplays
have a ratherlow resolution,which is additionallyhalved due to
thedisplaymethod.On theotherhand,thesedevicesarestill very
expensive. Our applicationis pushinginto thedirectionof a broad
usageof suchtechnologyandsomeengineersat BMW AG areal-
readyconsideringto equip someworkplaceswith thesedevices.
We expect to encouragethis trendwhenour applicationprovides
full supportfor hapticeditingof FEmodelsin a3D environment.

In thisapplicationpaperwedemonstratedthatthereis aneedfor
new modi�cation methodsfor FE meshesandwe presentedsolu-
tions that canbe operatedintuitively. Glyphsandtexturescanbe

(a) (b)

(c) (d)

(e) (f)

Figure 12: Various stages of repairing and editing a �nite element
model: (a) original mesh with perforating materials; (b) perforating
parts are textured red; (c) perforations and penetrations are removed;
(d) user performs a modi�cation and erroneouselementsare marked
interactively; (e) elementerrors are �xed automatically; (f ) relaxation
smooths mesh whilst conserving features.



usedto pinpoint erroneousor critical regions. Experienceshows
thatour approachhelpsto vastlyacceleratethedevelopmentcycle
in theautomotive industry. It alsoshows thatincludingmodern3D
technologyin this processcanhelp to managethediscussedengi-
neeringtaskandthat it is the right steptowardsthe future work-
place.We will continueour work on this �eld of researchin close
cooperationwith theengineers,andwe will investigateif it is rea-
sonableto transferour knowledgeinto other�elds of engineering
applications.
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