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Abstract. A new contactalgorithm designedfor multibodydynamicsis presented.It is based
on representationof thebodysurfacesby polygonmeshesandcontactforcedeterminationby
theelasticfoundationmodel.Arealdiscretisationsof thecontactpatchesareconstructedusing
methodscloselyrelatedto computergraphics,e.g. collision detectionbasedon boundingvol-
umehierarchiesand generation of subdivisionsurfacesby meansof boundaryrepresentation
datastructures.Two examplesprovetherobustnessof themethodfor complexly shapedbodies
causingmultipleandmultiplyborderedcontactpatchesandconformingcontacts.

1 INTRODUCTION

Representationof contactmechanicsadequatefor multibodydynamicsis still a big challenge.
It is eminentlydif�cult to �nd methodsandalgorithmswhich canmodelthe highly complex
phenomenonof contactingbodiesrealisticallyandef�ciently enoughfor MBS simulation.

A widespreadapproachis to reducethecontactproblemto ageometricallydeterminedcon-
tactpoint andnormaldirection[1, 2]. As a rule thesemethodscanbedividedinto two groups
[3]: On theonehandrigid bodiesarepostulatedresultingin unilateralconstraintsandhypothe-
sesof impact.On theotherhandspeci�c forceelementsrepresentingunilateralspring±damper
forcelawsareused.

Both typeshave beenimplementedseveral timesandhave producedsatisfactoryresultsfor
many applications.However assumingcontactpointshasat leasttwo substantialweakpoints:
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First it is in generalnot suf�cient to examinea contactproblemin a singlepoint of the con-
tactareawhich canresultin essentialerrorsof theapproximation.Secondlythecontactpoint
determinationis costly or even impossiblefor complexly shapedbody surfaceswith concave
sectionsleadingto multipleor conformingcontact.

The Finite ElementAnalysisis doubtlessthemostpowerful numericalmethodfor solving
contactproblems.Eberhard[4] dealswith FEA contactanalysiswithin MBS simulation in
detail. This approachappearsto be suitablefor particularly high requirementsof accuracy.
But its typical computationaleffort for treatingthree±dimensional,dynamiccontactproblems
exceedstherangeof multibodydynamicsby severalordersof magnitude.

Thispaperpresentsacontactalgorithmwhichbelongsto anotherclass,in which thecontact
is examinedusingan arealdiscretisationof the contactpatch.It canthereforebe regardedas
a compromisebetweenthe simple contactpoint approachand the costly FEA andhasbeen
designedwith theintentionto avoid thedrawbacksof thesemethods.

In contrastto otheralgorithmsof this class[5, 6, 7, 8], thePolygonalContactModel (PCM)
cantreatpolygonalbodysurfacesof arbitrarycomplexity andproperlyimplementstheelastic
foundationmodel.

2 FUNDAMENTALS

PCM hastwo essentialcharacteristics:The surfacesof the bodiesaredescribedin polygonal
representationand the contactforce determinationis basedon the elasticfoundationmodel.
Thischapterbrie�y introducesthesefundamentalterms.

2.1 Polygonal surfaces

In Virtual Reality (VR) and ComputerAided Design(CAD) many methodsestablishedfor
representingfreeform surfaces,e.g. Bezier patchesand Non Uniform Rational B±Splines
(NURBS). A comparatively simple alternative is to approximatethem by polygon meshes.
Polygonalsurfacesconsistof verticesand faces.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 facesrepresentsthetopologyof apolygonalsurface.

Polygonmeshesareusedasinternalrepresentationof surfacesin computergraphics.There-
foremostprogramsdealingwith freeformsurfacesareequippedwith appropriateexport �lters.
Besides,thereareplenty of publicationsandsoftwaretools dealingwith polygonalsurfaces.
And many Internetweb pagesprovide free or commerciallibrariesof 3D±meshesof various
areas.

In practicethe quality of polygonalsurfacesdiffers considerably. PCM makesquite high
demandson meshesrepresentingbody surfaces:They mustnot containduplicateverticesor
cracksandtheirpolygonshaveto beorientedconsistently. Moreovertheirresolutionessentially
in�uencesthediscretisationof thecontactpatch(seeSection3.2). In thepresentimplementation
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PCM requirespolygonalsurface�les in the simple Wavefront format [9]. Quadranglesand
pentagonsareconvertedinto two respectively threetriangleswhenloadingthe�le.

2.2 Elastic foundation model

The physicalphenomenadeterminingcontactdynamicsare exceedinglycomplex. Therefore
contactmodelshave to abstractreality quiteextensively to bewell suitedto typical MBS sim-
ulationsconcerningef�ciency. In anextensive literatureresearchtheelasticfoundationmodel
cameoff to promiseagoodbalanceof numericalexpenseandphysicalquality [10].

Justlike classicalmultibodydynamicstheelasticfoundationmodelpostulatesrigid bodies,
but they areassumedto becoveredby thin elasticlayers.Neglectingtangentialsharestressin a
layerof thicknessbresultsin a directrelationof normaldisplacementun andpressurepn [11]:

pn =
K
b

� un (1)

For thin, linear±elasticlayerscharacterisedby their Young's modulusE and their Poisson's
ratio � < 0:45 theelasticmodulusK is givenby [12]:

K =
1 � �

(1 + � )(1 � 2� )
� E (2)

Most applicationsdo not meetthe assumptionof thin layers.However the elasticfoundation
modelcanalsobeappliedsuccessfullyto homogeneous,elasticbodiesif thelayerstiffness

cl =
K
b

(3)

is determinedby experimentsor quali�ed estimating± similar to thecoef�cient of restitutionof
rigid bodycontact.

PCMimplementstheelasticfoundationmodelbasedonadiscretisationof thecontactpatch.
In every triangularcontactelementnormaldisplacementandpressureareassumedto becon-
stant.Soaccordingto (1) thenormalforceof acontactelementk of areaAk resultsto:

Fnk = cl � Ak � unk (4)

Notethatthelinear±elasticrelation(1) caneasilybemodi�ed to modelotherrheologicalprop-
erties,e.g. visco±elasticmaterial.Besides,the discretisationof PCM might also be usedto
implementthepowerful half±spaceapproximation[13].

3 POLYGONAL CONTACT MODEL

For contactanalysisPCM providesthreetaskswith correspondingsoftwareinterfaces.Before
simulationTask 1 de�nes a contactpairing and executescorrespondingpreprocessingsteps
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including loadingof the surface�les, calculationof dependentparametersandgenerationof
geometricaldatastructures.Task2 performsthecontactanalysisof acontactpairingfor agiven
systemstate.After simulationTask3 disposesPCM'smemory.

FromtheMBS pointof view PCMbehaveslikeanordinaryforceelement.Oneachbodyof
a contactpairinga marker frameM with constantpositionr RM andorientationARM towards
its referenceframeR is to bede�ned. PCM utilisesthesemarkersM e; M f asreferenceframes
of thepolygonmeshesrepresentingthebodies'surfacesE; F (Fig. 1). For thecontactanalysis
taskPCM requiresthe currentrelative kinematics(positionvector r M eM f , orientationmatrix
AM eM f , velocity vectorsvM eM f and! M eM f ) of themarkersandreturnscontactforceFM e and
torqueTM e to beappliedonbodyi at thelocationof markerM f .

Me

Ri

Rj
Mf

IrRi

rRiMe

rRjMf

rRj

rMeMf

E F

Figure1: Kinematictermsof a contactpairing

ThePCM contactanalysistaskconsistsof threesteps.First a collision detectionalgorithm
determinesif thecontactpairingis in touch.If nocollisionis detected,theprogramreturnszero
forceandtorqueandtheanalysisis �nished. OtherwisePCM constructsin thesecondstepthe
intersectingareasof thesurfacesanddiscretisesthecorrespondingcontactpatches.Finally the
contactforceof eachcontactelementis determinedandtheresultingcontactforceandtorque
of all contactelementsis calculated.

3.1 Collision detection

Collision detectionis a sophisticateddisciplineof VR [14]. Thebasicproblemis to �nd out if
two surfacesintersectfor a givenrelative positionandorientation.PCM implementsan exact
andhighly ef�cient algorithmbasedon BoundingVolume(BV) hierarchies[15].

Two polygonalsurfacescollide if at leastonepairingof intersectingpolygonsexists.There-
fore thebasicoperationof all exactcollisiondetectionalgorithmsis anintersectiontestfor two
polygonsin 3D±space.PCM's collision detectionincludesanef�cient algorithmspecialisedin
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triangles[16] which requiresbetween76 and181�oating point operations(FLOPs)perevalu-
ation(includingvertex transformations).

Thesimplestconceivablemethodis to testeachtriangleof surfaceE againsteachtriangle
of surfaceF for intersection.But this bruteforceapproachresultsin unacceptablecalculation
effort sinceits complexity growsquadraticallywith thenumberof trianglesof thesurfaces.

Thestrategy of BV±basedcollision detectionis to avoid asmany polygonintersectiontests
aspossible.This is achieved by accessinga BV hierarchycalculatedoncefor every surface
duringpreprocessing.

TheBVs utilisedbyPCMarecuboids�x edandaxis±alignedto thesurface'sreferenceframe.
EachBV representsaconvex hull of contiguouspartsof thesurface.Thetotality of BVs forms
abinarytreehierarchyin which theBV±sizedecreaseswith increasingtreelevel.

l = 7

l = 11

l = 5

l = 1 l = 3l = 0

l = 15 Surface

l = 9

Figure2: Severallevels� of a BoundingVolumeHierarchyof acarbodysurface

Fig. 2 illustratesseveral levelsof a BV hierarchy. Theroot elementincludesthewholesur-
face.Fromonelevel to thenext all BVs aregraduallydividedinto twochild BVs,eachincluding
half of their triangles.Therebythegreatestspatialexpansedeterminestheaxisdirectionof the
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subdivision.Finally, the leaf elementsof thetree(markedblackin Fig. 2) includeonesolitary
triangle.PCMimplementsa recursivealgorithmto calculateBV±trees.

During simulationthe collision detectionis performedat the beginning of every contact
analysisfor thecurrentrelative positionr M eM f andorientationAM eM f . Themarker frameM e

correspondingto surfaceE is usedasthereferenceframeof all operationsandvectorswithout
lossof generality.

The evaluationstartswith a collision testof the root level BVs of the two surfaces.If an
intersectionis detectedthefour possiblecollisiontestsbetweenthechild elementsaregradually
performed.OtherwisethecurrentBV pairingandall its childrenareexcludedfrom thefurther
evaluationbecausetheir includedtrianglescannotintersect.

Usually only small areasof the surfacesarein contact.Thereforethis recursive algorithm
�nds the intersectingleaf elementBVs by a small numberof simplecollision testsbetween
cuboids(12 to 36 FLOPs).Consequentlythecostlytriangleintersectiontestis to beperformed
for thefew trianglepairingswith colliding BVs only (Fig. 3).

Figure3: Collisiondetectionbetweenacarbodyandanupperleg surface:TheBV±algorithmreducesthenumber
of costlytriangleintersectiontestsfrom 1890336to 330plus1537simpleBV collision tests

In a comparisonPCM's collision detectioncalculatedabout104 timesfasterthanthebrute
force methodwith identical results.As a consequenceit normally addsnegligible numerical
effort to thecontactanalysis.
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3.2 Contact elementgeneration

The basic idea of PCM is to approximatethe contactpatchand subsequentlydivide it into
contactelementswhich behave similarly to forceelementsof thecontactpoint approach.The
conceptto determinethis discretisationdiffers considerablyfrom kindredcontactalgorithms
sinceit is closelyrelatedto computergraphics.

Thecontactelementgenerationconsistsof threesteps.In Step1 theintersectionpolygonis
constructed,Step2 standsfor determinationof theactiveareasof thebodysurfacesandin Step
3 thecontactelementsarederivedfrom theactiveareas.

The intersectionof two polygonalsurfacesis a three±dimensionalpolygon(Fig. 4). Every
intersectionline belongsto onepolygonof eachof thebothof thesurfaces.Thecollisiondetec-
tion returnsall intersectionlines includingtheIDs of the intersectedtrianglesandtheposition
vectorsof its endpointsin irregularorder.

Figure4: IntersectionPolygonof a carbodyanda (halved)upperleg surface

Theconstructionof the intersectionpolygonstartswith the �rst line of thestack.Thenthe
Euclideandistancesbetweenits endpointsandall endpointsof the remaininglines arecal-
culated.If theminimal distanceis lessthana certainsnapdistance(well±triedvalue:10� 20m)
thecorrespondingline is appendedto the intersectionpolygonandtheprocedureis gradually
rerunfor its endpoints.Otherwiseit is taken asthe �rst line of anotherintersectionpolygon
constructedin thesameway. At theendof Step1 PCM closestheintersectionpolygonsif the
distanceof their endpointsis lessthanthesnapdistance.

Note thatmultiple or multiply borderedcontactpatches(Fig. 8) resultin multiple intersec-
tion polygons.Besidesopensurfacescanleadto openintersectionpolygonsif borderingedges
appearin thecontactarea.
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Figure5: Determinationof thecirculationdirectionof anintersectionpolygon

In preparationfor thefollowing Step2 acirculationdirectionis to bede�ned for eachinter-
sectionpolygon.Thereforean arbitraryintersectionline andits trianglesareconsidered(Fig.
5). The directionof the line vectorr l is chosenso that it forms a right handsystemwith the
normalvectorsne; n f of theintersectedtrianglesof thesurfacesE andF :

(ne � n f ) � r l > 0 (5)

In doing so the normalvectorsareassumedto point to the outsideof the bodies.Thusif you
imagineto go alongtheintersectionpolygonon surfaceE theintersectionvolumealwayslies
on your left handside.

In Step2 theactive areasof thesurfacesaredetermined.Every intersectionconsistsof two
activeareas,oneof surfaceE andtheotheroneof surfaceF . An activeareais asubdivisionof a
surfaceformedby all intersectedandinnertrianglesof anintersectionwhichform theboundary
of theintersectionvolume(Fig. 6).

The determinationof the active areasis basedon boundaryrepresentation(B±Rep) data
structuresknown asDoubly ConnectedEdgeLists (DCEL) [17] which aregeneratedfor ev-
ery surfaceduringpreprocessing.A DCEL consistsof dataelementsproviding pointersto the
adjacentfaces,verticesandedgesof eachedgeof a polygonalsurface(Fig. 7). In PCM it is
usedto follow up theedgesof theactiveareasto �nd their innerfacesandvertices.Notethata
workableDCEL canonly begeneratedfor surfaceswithout duplicateverticesor cracks.

Thesearchfor innerfacesis performedfor everyedgeintersectedby anintersectionpolygon.
At �rst the inner vertex is determinedusinga geometricalrelationsimilar to (5). Thenall its
adjacentfacesandverticesaresearchedDCEL±based.If acandidatevertex is notyetpartof the
active area,theadjacentfacesandthevertex itself areaddedto it andthesearchis continued
gradually for all adjacentedges.Otherwisethe currentbranchof the recursive algorithm is
terminated.

For multiply borderedcontactpatches(Fig. 8) thesearchprocedurebecomesmorecompli-
cated.Beforeanew vertex canbeaddedall remainingintersectionpolygonshaveto bechecked
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inner faces
intersected faces

contact elements

intersection polygon

active faces Me

Mf

active area of
master surface E

active area of
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Figure6: Componentsof an intersection.Thecontactelementsarepositionedperpendicularat thebarycentersof
theactive facesof themastersurface

f1

f2

e1

e2

v1

v2

Figure7: A DoublyConnectedEdgeconsistsof pointersto its adjacentfaces,verticesandedges

for intersectionwith the currentedge.If an intersectionis detectedthe candidatevertex must
not be addedto theactive area,thesearchbranchhasto be terminatedandthe otherpolygon
with all its intersectedtriangleshasto beaddedto thecurrentintersection.

Thelastactionof Step2 is to remove duplicatefacesandverticesof theactive areaswhich
mayoccurfor multiple intersections(Fig. 8). After that thegenerationof thecontactelements
begins.

9



GerhardHippmann

Figure8: Contactswith multiple intersections(left) anda multiply borderedcontactpatch(right)

PCM distinguishesbetweenthreemodesof contactelementgeneration.In the �rst mode
surfaceE is treatedasmasterandF asslave,andin thesecondF is masterandE slave.In the
third oneboth variantsareperformedsuccessively andthe resultingcontactforce andtorque
vectorsarecalculatedasaveragevalues.In thefollowing only the�rst modeis considered.

Theelasticfoundationmodelis basedon thepenetrationun of theundeformedsurfacesof
thecontactingbodies.In thediscretisedversion(4) of PCM unk is thepenetrationof a contact
elementwhich is de�ned by threeadditionalattributes:Its areaAk , its uni�ed normalvectornk

andits positionCk (Fig. 9).
PCMgeneratesonecontactelementfor eachactivetriangleeof themastersurfaceE. For this

reasonthecontactpatchdiscretisationresultsfrom theresolutionof E sothatthemaster/slave±
modeof thecontactelementgenerationhasto bechosencarefully.

TheareaAk is setidenticalto themastertriangle:

Ak := Ae (6)

Thenormalvectornk is alsoadoptedof themastertriangle,but its signis adaptedsothat it
pointsto theinsideof bodyE (accordingto theresultingcontactforce):

nk := � ne (7)

As penetrationun theEuclideandistancefrom themastertriangle's barycenterCe to theinter-
sectionpoint I of its barycenter±normal

r = r M eCe + d ne (d 2 R) (8)

with theslavesurfaceF is determined.For thatpurposePCMsearchesfor theintersectedslave
trianglef of theactiveareaof F asfollows.
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Figure9: Geometricquantitiesof thecontactelementgeneration

First a localbasis(b1; b2) of e is calculatedby

b1 :=
r M ee2 � r M ee1

jr M ee2 � r M ee1 j
b2 := ne � b1

wherer M eei is the positionvectorof a vertex ei (i 2 [1; 2; 3]) of e. To decideif the straight
line (8) intersectsa slave trianglef theproblemis consideredtwo±dimensionallyin theplane
(b1; b2) of e. Thereforetheverticesf i of eachcandidatef areprojectedby:

r 0
Cef i

:= [b1 b2]T (r M ef i � r M eCe ) (9)

Consequentlythenormal(8) is known to intersectf if thebarycenterCe lies on the insideof
f 0. This is ful�lled if all angles� i betweentheedgevectorsr 0

f i f i +1
= r 0

Ce f i +1
� r 0

Cef i
andthe

reversedvertex positionvectorsr 0
f i Ce

= � r 0
Ce f i

arepositive. Hencefor the intersectedslave
trianglef holds

det
h
r 0

f i f i +1
r 0

f i Ce

i
> 0 8i 2 [1; 2; 3]: (10)

After f is found thepenetrationunk of thecontactelementis determinedusing(8) andthe
normalform of theplaneof f :

unk :=

�
r M eCf � r M eCe

�
� n f

ne � n f
(11)
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At last thepositionCk of thecontactelementis to bedetermined.This point approximates
the locationof the contactpatchandrepresentsthe referencepositionof the relative velocity
vectorvk of thesurfacesandof theresultingcontactforcevectorF k .

In generalit is quitecostly to �nd theactualshapeof thecontactpatchof elasticbodiesin
contact[12]. PCM usesa slightly extendedversionof theelasticfoundationmodelthatallows
a straightforwardapproximation:Both contactingbodiesE andF areassumedto becovered
by elasticlayersof moduliK E ; K F andthicknessesbE ; bF . Consequentlyaserialconnectionof
(1) resultsin thecombinedlayerstiffness

cl :=
cE � cF

cE + cF
=

1
bE =KE + bF =KF

: (12)

Accordinglytheratioof penetrationof thelayersleadsto thecontactelementposition

r M eCk := r M eCe +
cF

cE + cF
� unk � nk : (13)

3.3 Contact forcedetermination

The determinationof the contactforce vectorF k of eachcontactelementis similar to force
elementsdesignedfor thesinglecontactpoint approach.Thenormalforce is composedof the
elasticshare

Fck := cl � Ak � unk (14)

accordingto theelasticfoundationmodel(4) andananalogouslyde�nedviscousdampingshare

Fdk :=
�

dl � Ak � vnk : unk � ud

dl � Ak � vnk � unk
ud

: unk < ud
(15)

determinedby theareallayerdampingfactordl andthenormalshare

vnk = nk � vk (16)

of therigid bodies'relativevelocityvector

vk = vM eM f + ! M eM f �
�
r M eCk � r M eM f

�
(17)

at the contactelementpositionCk . In (15) a linear transitionfadesout the dampingforce if
thepenetrationis lessthana giventransitiondepthud. This empiricalapproachcanbeusedto
avoid discontinuouscontactforcesat thebeginningof collisions.

Whencalculatingthe total normalforceFnk anotherempiricalstrategy preventsunrealistic
tensionforces:

Fnk :=
�

Fck + Fdk : Fck + Fdk > 0
0 : Fck + Fdk � 0

(18)
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Thetangentialforceof thecontactelementis determineddependentonthetangentialrelative
velocity

vtk = jvk � vnk � nk j (19)

andits normalforceFnk :

Ftk :=

(
� � Fnk : vtk � v"

� � Fnk � vtk
v"

�
2 � vtk

v"

�
: vtk < v"

(20)

This is a regularisedversionof Coulomb's law of dry friction (Fig. 10): If theslip velocity falls
below a small limit v" thefriction forceis fadedout quadraticallyto avoid theset±valuedstate
of staticfriction.

: Fnk

Ftk

vtkvg

Figure10:Regularisedversionof Coulomb's friction law

The total force vector F k of the contactelementis given by a projectionof the normal
componentFnk alongits normalvectornk andof the tangentialcomponentFtk counteracting
thedirectionof thetangentialvelocityvectorv tk :

Fk = Fnk � nk + Ftk �
v tk

vtk
(21)

Accordingto theconventionsof MBS softwareinterfacesPCMdeterminesthecontactforce
actingon bodyE at thepositionof marker M f . ThereforetheresultingtorquevectorM k of a
contactelementis givenby:

M k =
�
r M eCk � r M eM f

�
� Fk (22)

Finally the forcesandtorquesof all contactelementsaresummedup resultingin the total
forceandtorqueof thecontactpairing:

FM f
E =

X

k

Fk (23)

M E =
X

k

M k (24)
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Obviously PCM representsa classicalforce elementwhich doesnot introducestatevari-
ables,algebraicconstraintsor root functionsin themultibodysystem,but returnsappliedforce
and torquevectorsfor a given setof relative kinematicson positionandvelocity level. This
simplicity appearedto beavaluableadvantagein practicaluse.

4 APPLICATIONS

Sofar PCM hasbeenappliedextensively to a coupleof testmodels.Thetwo following exam-
plesweredesignedto prove thecorrectimplementationof PCM. All input datatracesbackto
reasonablesuppositionsandestimations.Neverthelessa quantitative veri�cation of PCM has
yet to come.

4.1 Bouncingbubbles

Bouncingbubblesis a synthesisedmodelconsistingof threeidenticalbubblesbouncingin a
pyramidalcontainerdueto their weights.Therotationallysymmetricgeometryof thebubbles
is designedto bring aboutmultiple andconformingcontactswhich cannotbehandledreliably
by contactmodelsbasedonsinglepointcontact.Everybubbleis 40cm long,weighs2 kg andis
representedby apolygonalsurfaceof 950triangles.Theinertially �x edcontaineris represented
by four triangles.

t = 0.0 s t = 0.4 s t = 0.7 s

t = 1.3 s t = 1.9 s t = 3.0 s

Figure11: Snapshotsof thebouncingbubblessimulation

TheMBS has18degreesof freedomresultingin anODEwith 36�rst orderstates.Thereare
threePCMcontactpairingsbetweenthebubbles(cl = 5:9 � 105 N=m3; dl = 1000N s=m3; � =
0:25) and anotherthreebetweenthe bubblesand the container(cl = 1:2 � 106 N=m3; dl =
500N s=m3; � = 0:25). For aninitial heightof fall of 1 m thebubblesbouncefor aboutthree
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seconds(Fig. 11) wherebythesolutionis quitesensitive to physicalandnumericalparameters.
Table1 summarisesthestatisticsof thesimulationfor theODE integratorLSODE[19] andthe
DAE integratorDASSL [18] for absoluteandrelative tolerancesatol = r tol = 2:0 � 10� 4.

simulation±time3.0s LSODE DASSL
meanstep±size 0.8ms 1.2ms
functionevaluations 6046 7100
Jacobianevaluations — 88
CPU±time1 276s 286s
real±timefactor1 92.1 95.3

Table1: Integrationstatisticsof thebouncingbubblessimulation

4.2 Pedestriancrash

An essentialmotivation to the developmentof PCM werethe grave problemsin simulatinga
crashof a car anda pedestrianwith the singlecontactpoint approach[20]: A detailedrep-
resentationof the car body could not be modeledsincethe surfaceapproximationhasto be
continuouslydifferentiableup to the secondorderand in mostsimulationsthe contactpoint
determinationfaileddueto concave sectionsof thesurfacesinvolving multiple contactpoints,
contactpoint jumpsandconformingcontacts.For this reasona pedestriancrashwasthe �rst
largetestmodelfor PCM(Fig. 12).

The man model consistsof 15 segmentslinked by spherical,cardanand rotationaljoints
resultingin anMBS with 29 degreesof freedom(58 �rst orderstates).The inertial properties
of thesegmentsarebasedon theparameterisationformulasby Dempster[21] for a total mass
of 75 kg. All 15 joints of the manareconstrainedin their angularrangesby force elements
representinglinear±elasticrotationalbumpers.Thecar is movedalongthe roadwith constant
velocityof 30km=h.

The polygonalsurfacesof the mansegmentsandthe car body have beentaken from free
Internetlibraries[22, 23] andwereworkedup with the sharewaretool AC3D [24]. Thereare
de�ned 15 contactpairingsbetweenthe car and the man (cl = 3:2 � 107 N=m3; dl = 1:0 �
105 N s=m3; � = 0:4) and 12 additionalpairingsbetweensegmentsof the man (cl = 2:1 �
107 N=m3; dl = 2:0 � 105 N s=m3; � = 0:4). The contactsurfacesof all segmentsconsistof
20452trianglesandthecarbodyof 1240triangles.

Of coursethelinear±elasticfoundationmodelis a quitebadapproximationfor thecomplex
elasticpropertiesof thepartsof ahumanbodyandtheinhomogeneousstiffnessdistributionof a
carbody. A morerealisticmodelcouldbeobtainedby replacingthespring±damperbasedforce
law of the contactelementsby a moresuitablerheologicalcon�guration including nonlinear,
visco±elasticandplasticcharacteristics.

1Mobile PIII 1133MHz, SIMPACK 8.6,Win 2k
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t = 0.0 s

t = 0.3 s

t = 0.8 s

t = 0.1 s

t = 0.5 s

t = 1.1 s

t = 0.2 s

t = 0.7 s

t = 1.5 s

Figure12: Snapshotsof thepedestriancrashsimulation

simulation±time1.5s DOPRI5 DASSL
meanstep±size 2.0ms 0.8ms
functionevaluations 4501 5020
Jacobianevaluations — 30
CPU±time1 288s 336s
real±timefactor1 192 224

Table2: Integrationstatisticsof thepedestriancrashsimulation

Table2 shows the time integrationstatisticsfor DOPRI5[25] andDASSL (atol = r tol =
1:0� 10� 3). In thedynamicalphasefrom 0:0 to 1:5 s of thesimulationPCMperformsef�ciently .
Afterwardsthemanremainslying on thecar roof nearlymotionless,but surprisinglythe inte-
grationslows down notably. Supposablythis effect is causedby the regularisedrangeof the
friction forcelaw (20). Thisproblemis to beanalysedin thefuture.

After severalenhancementsthealgorithmturnedout to beabsolutelyrobusteventhoughit
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includessomegeometricoperationswhich couldfail for singularcases(e.g.(11)). In hundreds
of testsimulationsno error occurred.Multiple andmultiply borderedcontactpatchesaswell
as conformingcontactswere processedwithout any problems.AltogetherPCM's numerical
ef�ciency appearsto bequiteacceptablein considerationof its advantagesin practicaluse.

A signi�cant drawbackof PCMis thatit requiresseveralparameterswhicharenotavailable
in real life, namelythe layerstiffnesscl anddampingfactordl andthe regularisationvelocity
v" . Henceparameteridenti�cation basedon experimentsor a lot of operationalexperienceis
neededfor the usein practicalengineering.But notethat this is alsovalid for force laws and
hypothesesof impactusedin thesinglepointcontactmethods.

The easyavailability of polygonalcontactsurfacesis of greatadvantage.But if they have
bugslike cracks,duplicateverticesor inconsistentlyorientedfacesit canbelaboriousto work
themup for PCM.Furthermorenumericalaccuracy andef�ciency of PCM dependstronglyon
the resolutionof the surfacesbecausethe discretisationof the contactpatchresultsfrom the
triangulationof themastersurface.For this reasontheresolutionandthemaster/slave±modeof
thecontactelementgenerationhave to bechosencarefully.

SincePCM extensively utilisesdynamicallyallocateddatastructuresit wasimplementedin
C. Thecurrentstateof thesourcecodeis availablefrom thePCM website[26], togetherwith
interfaceroutinesandtestmodelsfor SIMPACK. However it shouldbe quiteeasyto link the
codeto otherMBS±programs.

5 CONCLUSIONS

A new methodfor analysingcontactsof complexly shapedbodiesin multibodydynamicshas
beenpresented.The surfacesof the bodiesare representedby polygon mesheswhich are a
widely±usedstandardin VR. For determinationof the contactforcesthe contactpatchesare
discretisedby a geometricalalgorithmcloselyrelatedto computergraphics.Subsequentlyan
extendedversionof thesimpleelasticfoundationmodelandaregularisedversionof Coulomb's
friction law areappliedto thecontactelements.

In simulationsof complex testmodelsthealgorithmprovedto work robustlyandef�ciently .
Critical con�gurationslikemultipleandmultiply borderedcontactpatchesandconformingcon-
tactswerehandledreliably without theproblemsof singlecontactpointmethods.

High requirementsto the quality of the polygonalsurfacesandforce law parameterslack-
ing in practicalrelevanceappeardisadvantageous.The latter problemcould be eliminatedby
implementinganalternativecontactmodelwhich is alsobasedon anarealdiscretisationof the
contactpatch,e.g.thewell investigatedandpowerful half±spaceapproximation.

In thenearfuturethenumericalproblemsobservedin thenearlystaticphaseof thepedestrian
crashsimulationaregoingto beinvestigated.Besidesa quantitativeveri�cation of themethod
is still to come.

Sincethesourcecodeof thealgorithmis public domaintheresearchcommunitycanaccess
thecurrentstateof theimplementation.
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