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Abstract. A new contactalgorithm designedor multibodydynamicss presentedit is based
on representatiorof the bodysurfacesby polygonmeshesnd contactforce determinatiorby
theelasticfoundationmodel.Areal discretisationsof the contactpatchesare constructedising
methodscloselyrelatedto computergraphics,e.g. collision detectionbasedon boundingvol-
umehierarchiesand genertion of subdivisionsurfacesby meansof boundaryrepresentation
datastructures.Two examplegprovetherobustnes®f the methodfor complely shapedodies
causingmultipleand multiply bordered contactpatchesand conformingcontacts.

1 INTRODUCTION

Representationf contactmechanicadequatdor multibody dynamicsis still a big challenge.
It is eminentlydif cult to nd methodsandalgorithmswhich canmodelthe highly complec
phenomenownf contactingoodiesrealisticallyandef ciently enoughfor MBS simulation.

A widespreadpproachs to reducethe contactproblemto a geometricallydeterminecton-
tactpointandnormaldirection[], 2]. As arule thesemethodscanbe dividedinto two groups
[3]: Ontheonehandrigid bodiesarepostulatedesultingin unilateralconstraintandhypothe-
sesof impact.Onthe otherhandspeci ¢ force elementgepresentinginilateralspringzdamper
forcelaws areused.

Both typeshave beenimplementedsereral timesandhave producedsatistctoryresultsfor
mary applicationsHowever assumingcontactpointshasat leasttwo substantialveakpoints:
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Firstit is in generalnot sufcient to examinea contactproblemin a single point of the con-
tactareawhich canresultin essentiakrrorsof the approximation Secondlythe contactpoint
determinatioris costly or evenimpossiblefor complely shapedoody surfaceswith concae
sectiondeadingto multiple or conformingcontact.

The Finite ElementAnalysisis doubtlesgshe mostpowerful numericalmethodfor solving
contactproblems.Eberhard[4] dealswith FEA contactanalysiswithin MBS simulationin
detail. This approachappeardo be suitablefor particularly high requirementsof accurag.
But its typical computationakffort for treatingthreexdimensionajynamiccontactproblems
exceedgherangeof multibodydynamicsby severalordersof magnitude.

This papermpresentsa contactalgorithmwhich belongso anotherclass,in which the contact
is examinedusingan arealdiscretisatiorof the contactpatch.It canthereforebe regardedas
a compromisebetweenthe simple contactpoint approachand the costly FEA and hasbeen
designeavith theintentionto avoid thedravbacksof thesemethods.

In contrasto otheralgorithmsof this clasg[5, 6, [/, 8], the PolygonalContactModel (PCM)
cantreatpolygonalbody surfacesof arbitrarycompleity andproperlyimplementghe elastic
foundationmodel.

2 FUNDAMENTALS

PCM hastwo essentiatharacteristicsThe surfacesof the bodiesare describedn polygonal
representatiomnd the contactforce determinations basedon the elasticfoundationmodel.
This chapterbrie y introduceghesefundamentaterms.

2.1 Polygonalsurfaces

In Virtual Reality (VR) and ComputerAided Design (CAD) mary methodsestablishedor
representingrreeform surfaces,e.g. Bezier patchesand Non Uniform Rational BxSplines
(NURBS). A comparatrely simple alternatve is to approximatethem by polygon meshes.
Polygonalsurfacesconsistof verticesandfaces.A vertex is de ned by its position coordi-
natesin the Euclideanspace A faceis de ned by pointersto the verticesof a polygon.The
totality of its facesrepresentshetopologyof a polygonalsurface.

Polygonmeshesreusedasinternalrepresentationf surfacesn computergraphicsThere-
fore mostprogramdealingwith freeformsurfacesareequippedvith appropriatesxport Iters.
Besidesthereare plenty of publicationsand software tools dealingwith polygonalsurfaces.
And mary Internetweb pagesprovide free or commerciallibraries of 3D+meshe®f various
areas.

In practicethe quality of polygonalsurfacesdiffers considerablyPCM makes quite high
demandson meshegepresentindody surfaces: They mustnot containduplicateverticesor
cracksandtheir polygonshave to beorientedconsistentlyMoreovertheirresolutionessentially
in uencesthediscretisatiorof thecontactpatch(seeSectiori3.2). In thepresentmplementation
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PCM requirespolygonalsurface les in the simple Wavefront format [9]. Quadranglesand
pentagonarecornvertedinto two respectrely threetriangleswhenloadingthe le.

2.2 Elastic foundation model

The physicalphenomenaleterminingcontactdynamicsare exceedinglycomplex. Therefore
contactmodelshave to abstracteality quite extensiely to be well suitedto typical MBS sim-
ulationsconcerningef ciency. In anextensie literatureresearctthe elasticfoundationmodel
cameoff to promisea goodbalanceof numericalexpenseandphysicalquality [[10].

Justlik e classicaimultibody dynamicsthe elasticfoundationmodelpostulatesigid bodies,
but they areassumedo be coveredby thin elasticlayers.Neglectingtangentiakharestressn a
layerof thicknessbresultsin adirectrelationof normaldisplacementi, andpressure, [11]:

K
Pn = Yy Un (1)

For thin, lineartelasticlayerscharacterisedby their Young's modulusE andtheir Poissons
ratio < 0:45theelasticmodulusK is givenby [[12):
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K E (2)
Most applicationsdo not meetthe assumptiorof thin layers.However the elasticfoundation
modelcanalsobeappliedsuccessfulljto homogeneouglasticbodiesif the layerstiffness

6=~ ©)

b
is determinedy experimentor quali ed estimatingt similarto thecoefcient of restitutionof
rigid body contact.
PCMimplementgheelasticfoundationmodelbasedn adiscretisatiorof the contactpatch.
In every triangularcontactelementormaldisplacemenandpressureareassumedo be con-
stant.Soaccordingto (@) the normalforce of a contactelement of areaA resultsto:

Fok = G Ax Unk (4)

Notethatthelinearelasticrelation() caneasilybe modi ed to modelotherrheologicalprop-
erties, e.g. viscoxelasticmaterial. Besides the discretisationof PCM might also be usedto
implementthe powerful half+spacepproximatior13].

3 POLYGONAL CONTACT MODEL

For contactanalysisPCM providesthreetaskswith correspondingoftwareinterfaces Before
simulationTask 1 de nes a contactpairing and executescorrespondingpreprocessingteps
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including loading of the surface les, calculationof dependenparametersand generationof
geometricallatastructuresTask?2 performsthe contactanalysisof acontactpairingfor agiven
systemstate After simulationTask3 dispose$?’CM's memory

Fromthe MBS point of view PCM behaeslik e anordinaryforce elementOn eachbody of
a contactpairinga marker frameM with constanfositionr gy andorientationAgy towards
its referencdrameR is to bede ned. PCM utilisesthesemarkersM; M; asreferencdrames
of the polygonmeshesepresentinghe bodies'surfacesE ; F (Fig.[). For the contactanalysis
task PCM requiresthe currentrelative kinematics(positionvectorry, v, , orientationmatrix
Awm.m, , velocity vectorsvy m, and! y.u, ) of the markersandreturnscontactforce Fy, and
torqueTy, to beappliedonbodyi atthelocationof marker My .
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Figurel: Kinematictermsof a contactpairing

The PCM contactanalysistaskconsistsof threesteps First a collision detectionalgorithm
determinesf thecontactpairingis in touch.If nocollisionis detectedthe programreturnszero
forceandtorqueandtheanalysisis nished. OtherwisePCM constructsn the secondstepthe
intersectingareasof the surfacesanddiscretiseghe correspondingontactpatchesFinally the
contactforce of eachcontactelementis determinedandthe resultingcontactforce andtorque
of all contactelementss calculated.

3.1 Collision detection

Collision detectionis a sophisticatedlisciplineof VR [14]. The basicproblemisto nd outif
two surfacesintersectfor a givenrelative positionandorientation.PCM implementsan exact
andhighly ef cient algorithmbasedn BoundingVolume(BV) hierarchieg15].

Two polygonalsurfacescollide if atleastonepairingof intersectingpolygonsexists. There-
fore thebasicoperationof all exactcollision detectiomalgorithmsis anintersectiortestfor two
polygonsin 3D+spacePCM's collision detectionincludesan ef cient algorithmspecialisedn
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triangles[16] whichrequiresbetween/6 and181 oating point operation§fFLOPs)perevalu-
ation(including vertex transformations).

The simplestconcevable methodis to testeachtriangle of surfaceE againsteachtriangle
of surfaceF for intersectionBut this bruteforce approaciresultsin unacceptablealculation
effort sinceits compleity grows quadraticallywith the numberof trianglesof the surfaces.

The strategy of BVtbasedcollision detectionis to avoid asmary polygonintersectiontests
as possible.This is achieved by accessinga BV hierarchycalculatedoncefor every surface
duringpreprocessing.

TheBVs utilisedby PCMarecuboids x edandaxistalignedo thesurfacesreferencdrame.
EachBV represents cornvex hull of contiguougartsof the surface.Thetotality of BVs forms
abinarytreehierarchyin which the BVtsizedecreasewith increasingreelevel.

| =0 | =1 | =3
| =5 | =7 | =9
| =11 | =15 Surface

Figure2: Severallevels of aBoundingVolumeHierarchyof acarbodysurface

Fig. 2 illustratesseverallevelsof a BV hierarchy Theroot elementincludesthe whole sur
face.Fromonelevelto thenext all BVs aregraduallydividedinto two child BVs, eachincluding
half of their triangles.Therebythe greatesspatialexpansedetermineghe axis directionof the
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subdvision. Finally, the leaf elementof the tree(marked blackin Fig. 2) includeonesolitary
triangle.PCMimplementsarecursve algorithmto calculateBV+trees.

During simulationthe collision detectionis performedat the beginning of every contact
analysisfor the currentrelative positionry.v, andorientationAy, v, . The marker frameM.
correspondingo surfaceE is usedasthereferencdrameof all operationsandvectorswithout
lossof generality

The evaluationstartswith a collision testof the root level BVs of the two surfaces.If an
intersectioris detectedhefour possiblecollisiontestshetweerthechild elementaregradually
performed Otherwisethe currentBV pairingandall its childrenareexcludedfrom thefurther
evaluationbecauséheir includedtrianglescannotintersect.

Usually only small areasof the surfacesarein contact.Thereforethis recursve algorithm

nds the intersectingleaf elementBVs by a small numberof simple collision testsbetween
cuboids(12to 36 FLOPs).Consequentlyhe costlytriangleintersectiortestis to be performed
for thefew trianglepairingswith colliding BVs only (Fig. 3).

Figure3: Collision detectiorbetweera carbodyandanupperleg surface:The BV+algorithmreduceghenumber
of costlytriangleintersectiortestsfrom 18903360 330plus1537simpleBV collisiontests

In a comparisorPCM's collision detectioncalculatedabout10* timesfasterthanthe brute
force methodwith identicalresults.As a consequencé normally addsnegligible numerical
effort to the contactanalysis.
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3.2 Contact elementgeneration

The basicidea of PCM is to approximatethe contactpatchand subsequenthydivide it into
contactelementsvhich behae similarly to force elementf the contactpoint approachThe
conceptto determinethis discretisationdiffers considerablyfrom kindred contactalgorithms
sinceit is closelyrelatedto computergraphics.

The contactelementgeneratiorconsistof threestepsin Stepl theintersectiorpolygonis
constructedStep2 standgor determinatiorof the active areasof thebodysurfacesandin Step
3 thecontactelementsarederivedfrom the active areas.

The intersectionof two polygonalsurfacesis a threexdimensiongbolygon(Fig. 4). Every
intersectiorline belonggo onepolygonof eachof thebothof thesurfaces.Thecollisiondetec-
tion returnsall intersectiorlinesincludingthe IDs of the intersectedrianglesandthe position
vectorsof its endpointsin irregularorder

oo
%o

Figure4: IntersectiorPolygonof a carbodyanda (halved)upperleg surface

The constructionof the intersectionpolygonstartswith the rst line of the stack.Thenthe
Euclideandistancedetweenits end pointsandall end pointsof the remaininglines are cal-
culated.If the minimal distances lessthana certainsnapdistance(well+tried value:10 2°m)
the correspondingdine is appendedo the intersectionpolygonandthe procedurds gradually
rerunfor its endpoints. Otherwiseit is takenasthe rst line of anotherintersectionpolygon
constructedn the sameway. At theendof Stepl PCM closestheintersectiorpolygonsif the
distanceof their endpointsis lessthanthe snapdistance.

Note that multiple or multiply borderedcontactpatchegFig. 8) resultin multiple intersec-
tion polygons Besidesopensurfacescanleadto openintersectiorpolygonsif borderingedges
appeain thecontactarea.
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Figure5: Determinatiorof thecirculationdirectionof anintersectiorpolygon

In preparatiorfor the following Step2 a circulationdirectionis to be de ned for eachinter-
sectionpolygon.Thereforean arbitraryintersectionline andits trianglesare consideredFig.
5). The directionof the line vectorr, is chosenso thatit forms a right handsystemwith the
normalvectorsne; ns of theintersectedrianglesof thesurfacest andF:

(ne n;) >0 ©))

In doing sothe normalvectorsare assumedo point to the outsideof the bodies.Thusif you
imagineto go alongtheintersectiorpolygonon surfaceE theintersectiorvolumealwayslies
onyourleft handside.

In Step2 the active areasof the surfacesaredeterminedEvery intersectionconsistsof two
active areaspneof surfaceE andtheotheroneof surfaceF . An active areais asubdvisionof a
surfaceformedby all intersecte@ndinnertrianglesof anintersectiorwhichform theboundary
of theintersectionvolume(Fig. 6).

The determinationof the active areasis basedon boundaryrepresentatior{B+Rep) data
structuresknown as Doubly ConnectededgelLists (DCEL) [17] which are generatedor ev-
ery surfaceduring preprocessingA DCEL consistsof dataelementgroviding pointersto the
adjacentfaces verticesandedgesof eachedgeof a polygonalsurface(Fig. 7). In PCM it is
usedto follow up theedgesf theactive areago nd theirinnerfacesandvertices.Notethata
workableDCEL canonly begeneratedor surfaceswithout duplicateverticesor cracks.

ThesearcHor innerfaceds performedor every edgeintersectedby anintersectiorpolygon.
At rst theinnervertex is determinedusinga geometricarelationsimilar to (5). Thenall its
adjacenfacesandverticesaresearche@®CEL+tbasedlf acandidatevertex is notyet partof the
active area,the adjacentfacesandthe vertex itself areaddedto it andthe searchis continued
graduallyfor all adjacentedges.Otherwisethe currentbranchof the recursve algorithmis
terminated.

For multiply borderedcontactpatcheqFig. 8) the searchproceduréoecomesnorecompli-
cated Beforeanew vertex canbeaddedall remainingintersectiorpolygonshave to bechecled
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Figure6: Component®f anintersectionThe contactelementsarepositionedperpendiculaat the barycentersf
theactive facesof themastersurface

A
p
intersected faces

Figure7: A Doubly Connectededgeconsistf pointersto its adjacenfacesyerticesandedges

for intersectionwith the currentedge.If anintersectionis detectedhe candidatevertex must
not be addedto the active area,the searchbranchhasto be terminatedandthe otherpolygon
with all its intersectedriangleshasto beaddedo the currentintersection.

Thelastactionof Step2 is to remove duplicatefacesandverticesof the active areaswhich

may occurfor multiple intersectiongFig. 8). After thatthe generatiorof the contactelements
begins.
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Figure8: Contactsvith multiple intersectiongleft) anda multiply borderedcontactpatch(right)

PCM distinguishedbetweenthree modesof contactelementgenerationln the rst mode
surfaceE is treatedasmasterandF asslave,andin thesecond- is masterandE slave.In the
third one both variantsare performedsuccessiely andthe resultingcontactforce andtorque
vectorsarecalculatedasaveragevalues.n thefollowing only the rst modeis considered.

The elasticfoundationmodelis basedon the penetratioru, of the undeformedsurfacesof
the contactingbodies.In the discretisedrersion(4) of PCM u, is the penetratiorof a contact
elemenwhichis de ned by threeadditionalattributes:lts areaAy, its uni ed normalvectorn,
andits positionCy (Fig. 9).

PCMgeneratesnecontactlemenfor eachactivetrianglee of themastesurfacek . For this
reasorthe contactpatchdiscretisatiomesultsfrom theresolutionof E sothatthemaster/slaex
modeof the contactelementgeneratiorhasto be chosercarefully.

TheareaA is setidenticalto themastertriangle:

A= Ae (6)

Thenormalvectorny is alsoadoptedof the mastertriangle,but its signis adaptedsothatit
pointsto theinsideof body E (accordingto theresultingcontactforce):

NK:= Ne (7)

As penetratioru,, the Euclideandistancefrom the mastertriangle's barycentelCy to theinter-
sectionpoint! of its barycentetnormal

r=rm.c,+ dne (d2 R) (8)

with theslave surfaceF is determinedFor thatpurpose?CM searche$or theintersectedlave
trianglef of theactive areaof F asfollows.

10
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nk unk

Figure9: Geometrioquantitiesof the contactelemenigeneration

Firstalocalbasis(b1; b,) of eis calculatedoy

bl — rMeez rMeel
JrMeez rMeelj
b, = ne by

wherery. IS the positionvectorof a vertex g (i 2 [1;2; 3]) of e. To decideif the straight
line (8) intersectsa slave trianglef the problemis consideredwoxdimensionallyin the plane
(by; by) of e. Thereforetheverticesf; of eachcandidatd areprojectedoy:

r2s = [D1ba]" (fver,  Mmecs) 9)

Consequentlyhe normal(8) is known to intersectf if the barycentelCe lies on the inside of
fO Thisis ful lled if all angles ; betweertheedgevectorsr? ;. = r2 .~ r2 . andthe
reversedvertex positionvectorsr{ . = r2 ;. arepositive. Hencefor the intersectedslave
trianglef holds h i

detr); rfc. >0 8i2[L23]: (10)

After f is foundthe penetratioru, of the contactelementis determinedusing(8) andthe
normalform of theplaneof f :

'vec MMeC Ny
unk -= ef eLe (11)
ne nf

11
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At lastthe positionCy of the contactelementis to be determinedThis point approximates
the locationof the contactpatchandrepresentshe referenceposition of the relative velocity
vectorvy of the surfacesandof theresultingcontactforce vectorF .

In generalit is quite costlyto nd the actualshapeof the contactpatchof elasticbodiesin
contact{12]. PCM usesa slightly extendedversionof the elasticfoundationmodelthatallows
a straightforward approximationBoth contactingbodiesE andF areassumedo be covered
by elasticlayersof moduliK g ; K¢ andthicknesses: ; b- . Consequentlya serialconnectiorof
(2) resultsin thecombinedayerstiffness

Ce Cr 1
G = = : 12
Ce + Cr b =Kg + b= =K (12)

Accordinglytheratio of penetratiorof thelayersleadsto the contactelementposition

Cr
Ce + Cr

3.3 Contact forcedetermination

The determinationof the contactforce vector F, of eachcontactelementis similar to force
elementdesignedor the single contactpoint approachThe normalforce is composedf the
elasticshare

F == G Ak Un (14)

accordingo theelasticfoundationmodel(4) andananalogouslyle nedviscousdampingshare

Ak Vv :
Fac = g: At v:t b z:t < llj: 13)
determinedy theareallayerdampingfactord, andthe normalshare
Viak = Nk Vi (16)
of therigid bodies'relative velocity vector
Vk = VMeM; ! MMy MeC,k  TMeM; (17)

at the contactelementposition Cy. In (15) a linear transitionfadesout the dampingforce if
the penetratioris lessthana giventransitiondepthug. This empiricalapproacttanbe usedto
avoid discontinuougontactforcesat the beginningof collisions.

Whencalculatingthe total normalforce F,x anotherempiricalstratgyy preventsunrealistic
tensionforces:
Fkt Fak @ Fot+ Fk>0

o= © Fy+ Fgqe O

(18)

12
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Thetangentiaforceof thecontactelemenis determinediependenbnthetangentiakelative
velocity

Vik = VK Vnk Ngj (19)

andits normalforceF:
- Fnk DoV W 20
th -~ Fre Yo 20 Y 0y < (20)

Thisis aregularisedversionof Coulombslaw of dry friction (Fig. 10): If theslip velocityfalls
below asmalllimit v- thefriction forceis fadedout quadraticallyto avoid the set+\aluedstate
of staticfriction.

A
Fu

CF

n
»

Vq Vi

Figure10: Regularisedversionof Coulombsfriction law

The total force vector Fy of the contactelementis given by a projectionof the normal
componenf, alongits normalvectorn, andof thetangentialcomponenfy counteracting
thedirectionof thetangentialvelocity vectorvy:

Fk = Fa Nk + Fy Vi (21)
Vik

Accordingto the corventionsof MBS softwareinterfacesPCM determineshe contactforce

actingon body E atthe positionof marker M . Thereforethe resultingtorquevectorM  of a

contactelements givenby:
Mk = I'mece  TMeMm; F« (22)

Finally the forcesandtorquesof all contactelementsare summedup resultingin the total
forceandtorqueof the contactpairing:

y X

FY' = Fy (23)
X

Me = My (24)

k

13
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Obviously PCM represents classicalforce elementwhich doesnot introducestatevari-
ablesalgebraicconstraintor root functionsin the multibody system put returnsappliedforce
andtorquevectorsfor a given setof relative kinematicson position and velocity level. This
simplicity appearedo beavaluableadvantagen practicaluse.

4 APPLICATIONS

Sofar PCM hasbeenappliedextensiely to a coupleof testmodels.The two following exam-
plesweredesignedo prove the correctimplementatiorof PCM. All input datatracesbackto
reasonableuppositionsand estimationsNeverthelessa quantitatve veri cation of PCM has
yetto come.

4.1 Bouncingbubbles

Bouncingbubblesis a synthesiseanodel consistingof threeidentical bubblesbouncingin a
pyramidalcontainerdueto their weights.The rotationallysymmetricgeometryof the bubbles
is designedo bring aboutmultiple andconformingcontactswvhich cannotbe handledreliably
by contactimodelsbasednsinglepointcontact Everybubbleis 40cm long, weighs2 kg andis
representetly apolygonalsurfaceof 950triangles.Theinertially x edcontainelis represented
by four triangles.

t=0.0s t=04s t=0.7s

t=13s t=19s t=3.0s

Figurell: Snapshotsf thebouncingbubblessimulation
TheMBS has18 degreesof freedomresultingin anODE with 36 rst orderstatesThereare
threePCM contactpairingsbetweerthebubbles(c, = 5:9 10° N=m?®;d; = 1000Ns=m?; =

0:25) and anotherthree betweenthe bubblesandthe container(c; = 1:2 10° N=m?®;d, =
500Ns=m?®; = 0:25). For aninitial heightof fall of 1 m the bubblesbouncefor aboutthree

14



GerhardHippmann

secondgFig. 11) wherebythe solutionis quite sensite to physicalandnumericalparameters.
Table1l summariseghe statisticsof the simulationfor the ODE integratorLSODE[19] andthe
DAE integratorDASSL [18] for absoluteandrelative tolerancesatol = rtol = 2:0 10 *.

simulationttime3.0s | LSODE DASSL
meansteptsize 0.8ms 1.2ms
functionevaluations 6046 7100
Jacobiarevaluations — 88
CPU+timé 276s 286s
real+timefactot 92.1 95.3

Tablel: Integrationstatisticsof the bouncingbubblessimulation

4.2 Pedestriancrash

An essentiamotivationto the developmentof PCM werethe grave problemsin simulatinga
crashof a car and a pedestrianwith the single contactpoint approach20]: A detailedrep-
resentatiorof the car body could not be modeledsincethe surfaceapproximationhasto be
continuouslydifferentiableup to the secondorderandin mostsimulationsthe contactpoint
determinatiorfailed dueto concae sectionsof the surfacesinvolving multiple contactpoints,
contactpoint jumpsand conformingcontacts For this reasona pedestriarcrashwasthe rst
largetestmodelfor PCM (Fig. 12).

The man model consistsof 15 segmentslinked by spherical,cardanand rotationaljoints
resultingin an MBS with 29 degreesof freedom(58 rst orderstates).The inertial properties
of the sggmentsarebasedon the parameterisatioformulasby Dempstef21] for a total mass
of 75 kg. All 15 joints of the manare constrainedn their angularrangesby force elements
representindineattelasticrotationalbumpers.The caris moved alongthe roadwith constant
velocity of 30 km=h.

The polygonalsurfacesof the man seggmentsandthe car body have beentaken from free
Internetlibraries[22, 23] andwereworked up with the sharevaretool AC3D [24]. Thereare

de ned 15 contactpairings betweenthe car andthe man(¢c, = 3:2 10’ N=m®;d, = 1.0
10° Ns=m?; = 0:4) and 12 additionalpairingsbetweensegmentsof the man(c, = 2:1
10 N=m3;d, = 220 10° Ns=m®; = 0:4). The contactsurfacesof all sggmentsconsistof

20452trianglesandthe carbodyof 1240triangles.

Of coursethe lineartelasticfoundationmodelis a quite badapproximatiorfor the complex
elasticpropertieof thepartsof ahumanbodyandtheinhomogeneoustiffnessdistribution of a
carbody A morerealisticmodelcouldbeobtainedoy replacingthe springtdampebasedorce
law of the contactelementsdy a more suitablerheologicalcon guration including nonlinear
viscozxelastiandplasticcharacteristics.

Mobile Pl 1133MHz, SIMPACK 8.6, Win 2k
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t=0.0s t=0.1s t=0.2s

t=0.3s t=05s t=0.7s

t=0.8s t=1.1s t=15s

Figure12: Snapshotsf the pedestriartrashsimulation

simulationttimel.5s | DOPRI5 DASSL
meansteptsize 20ms 0.8ms
functionevaluations 4501 5020
Jacobiarevaluations — 30
CPU=timé 288s 336s
real+timefactot 192 224

Table2: Integrationstatisticsof the pedestriarcrashsimulation

Table 2 shows the time integration statisticsfor DOPRI5[25] and DASSL (atol = rtol =
1:0 10 3). In thedynamicalphasdrom 0:0to 1:5 s of thesimulationPCM performsef ciently .
Afterwardsthe manremainsglying on the carroof nearlymotionlessput surprisinglythe inte-
grationslows down notably Supposablythis effect is causedby the regularisedrangeof the
friction forcelaw (20). This problemis to beanalysedn thefuture.

After severalenhancementthe algorithmturnedout to be absolutelyrobust eventhoughit

16
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includessomegeometricoperationsvhich couldfail for singularcasege.g.(11)). In hundreds
of testsimulationsno error occurred Multiple andmultiply borderedcontactpatchesaswell
as conforming contactswere processedvithout arny problems.AltogetherPCM's numerical
ef ciency appeardo be quiteacceptablén consideratiorof its advantagesn practicaluse.

A signi cant dravbackof PCMiis thatit requiresseveralparametersvhich arenotavailable
in reallife, namelythe layer stiffnessc, anddampingfactord, andthe regularisationvelocity
v-. Henceparameterdenti cation basedon experimentsor a lot of operationalexperiencels
neededor the usein practicalengineeringBut notethatthis is alsovalid for force laws and
hypothesesf impactusedin the singlepoint contactmethods.

The easyavailability of polygonalcontactsurfacesis of greatadvantage But if they have
bugslik e cracks,duplicateverticesor inconsistentlyorientedfacesit canbelaboriousto work
themup for PCM. Furthermorenumericalaccurag andef ciency of PCM dependstronglyon
the resolutionof the surfacesbecausehe discretisatiorof the contactpatchresultsfrom the
triangulationof the mastersurface.For thisreasortheresolutionandthe master/slaexmodeof
the contactelementgeneratiorhave to be chosercarefully.

SincePCM extensvely utilisesdynamicallyallocateddatastructurest wasimplementedn
C. The currentstateof the sourcecodeis availablefrom the PCM website[ 26], togethemwith
interfaceroutinesandtestmodelsfor SIMPACK. However it shouldbe quite easyto link the
codeto otherMBS+programs.

5 CONCLUSIONS

A new methodfor analysingcontactsof complely shapedodiesin multibody dynamicshas
beenpresentedThe surfacesof the bodiesare representedby polygon mesheswhich are a
widelytusedstandardn VR. For determinatiorof the contactforcesthe contactpatchesare
discretisedoy a geometricallgorithmcloselyrelatedto computergraphics.Subsequentlyan
extendedversionof thesimpleelasticfoundationmodelandaregularisedversionof Coulomb's
friction law areappliedto the contactelements.

In simulationsof complex testmodelsthealgorithmprovedto work robustly andef ciently .
Critical con gurationslik e multipleandmultiply borderedcontactpatchesndconformingcon-
tactswerehandledreliably without the problemsof singlecontactpoint methods.

High requirementdo the quality of the polygonalsurfacesandforce law parametersack-
ing in practicalrelevanceappeardisadwantageousThe latter problemcould be eliminatedby
implementinganalternatve contactmodelwhichis alsobasedon anarealdiscretisatiorof the
contactpatch,e.g.thewell investigatecandpowerful halftspaceapproximation.

In thenearfuturethenumericaproblemsobsenedin thenearlystaticphaseof thepedestrian
crashsimulationaregoingto beinvestigatedBesidesa quantitatve veri cation of the method
is still to come.

Sincethe sourcecodeof the algorithmis public domainthe researcitommunitycanaccess
the currentstateof theimplementation.
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