Haptic Rendering of Tool Contact
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Abstract

\irtual haptic interaction with simulated deformable
bodiesrequirescontactforcesto be computedwith reason-
able approximationsin real time  This paper malkes use
of St. Venants principle on concentatedloads, and Cas-
tigliano’s theory on deflectionto showthat whenan elas-
tic bodyis globally deformed,the point-force representa-
tion of a tool contactis a good approximation. However,
whenthedeformationof thebodyis localizedin a smallre-
gion, the contactforcescritically dependon the shapeof
the tool. Previously proposedapproachesbasedon finite
elemenandboundaryelemenimethoddo predictdeforma-
tion can not alwaysbe usedto simulatetool contact. We
proposea modelfor computingtool force-displacemene-
sponsesvhich is efficiently calculatedat run time by inter-
polation of pre-calculatedforce-deflectiorresponsesgad
representingherespons®f a contactbetweera giventool
anda body Theinterpolationapproad ensuesthe conti-
nuity of the rendeed force, althoughthis force is obtained
from pre-calculatedresponsest a set of discrete surface
points. The paperalso describeshow sliding contactscan
bemodeledy computingangential friction forcesin terms
of pre-slidingdisplacementsver the surfaceof the unde-
formedbody Testsinvolving two deformationtypesand
various contactformswere performedon samplesof rub-
ber and of calf liver. A computerimplementatioris also
described.

1 Introduction

During hapticrenderingtheforcesresultingfrom apoint
contactwith arigid body are usedto representhe shape,
texture,andthepositionof abody[17, 15]. Whenthisbody

is deformable the contactforcesmustsimulatethe details
of theinteractionbecaus¢heseforcesdependnthe elastic
propertiesof the body, on how the body is supportedand
mostcritically, onthetool used.An accurataepresentation
of thesefactorshasimportancefor sumical simulatorsand
otherapplications.

Thepointcontactrepresentationsedfor renderingrigid
bodiesis not always suflicient. When an elasticbody is
globally deformed, a point representatiorcan suffice to
predict the contactforces, but when the deformationof
the body is localizedaroundthe contactpoint, the contact
forcescritically dependon the shapeof the tool that de-
forms the body. The consideratiorof small tool tips and
small contactareasdoesnot eliminate the dependeng of
theinteractionontool shapequitetheopposites true. The
forceresponsef acontactinteractionwith localizeddefor
mationessentiallydependn two inputs: the contactarea
andthedistribution of deflectionoverthatarea.

A contactthat causedocal deformationcannotbe prop-
erly simulatedby presentapproache§l, 3, 5, 18, 4, 8, 16,
2]. In all theseapproacheghetool forcemustbecomputed
from forcesacting at verticeslocatedin a contactregion
determinedy interferenceadetection.The point contactre-
gionmaycontainonly onevertex, or afew verticesaccord-
ing to arbitraryfactorssuchaselementizeandshapeThe
numberof verticesmustremainlimited dueto therealtime
constrainton computation®f large scalemodels. The de-
flection at the interactionpoint thenresultsin a force that
alsodependson the elementsize and shape whenin fact
the force of a contactinteractionwith localized deforma-
tion shoulddependonly on deflectionand on the areaof
deflection. In [9], a point contactwas modeledby a pre-
determinedlistribution of tractionoverafixedcontactarea,
but the changeof the contactareaand the distribution of
tractiondueto shapeandmovementof thetool wasnotcon-



sidered.

This paperintroducesa model for haptic renderingof
contactof a tool with an elasticbody which causedocal-
ized deformation. The tool shapeis presentlyrestrictedto
axis symmetricalshapesbut any tool couldin principle be
programmedInteractionforcesareevaluatedatruntime by
interpolationof pre-calculatedorce-deflectionresponses,
eaclrepresentingheresponséo themechanicainteraction
betweena giventool anda body. The storagerequirement
areactuallyquitemodest.

Pleasenote that nowherein this paper the assumptions
of materialhomogeneityisotropy, andlinear elasticityare
required.lt is alsolikely thatthe consideratiorof contacts
thatinvolvelocalizeddeformationcoversa greatnumberof
casesncounteredn sumgical simulationproblems.This is
thecasefor exampleof all simulationswhich simulatepal-
pationwith atool thatdoesnot causedamageo thetissues.

Section2, examinesthe effect of tool shape.Section3,
presents modelfor hapticrenderingwith localizeddefor
mation. Testsaredescribedn Sectiord andtheresultsdis-
cussedAn implementations presentedn Sections before
concluding.

2 Effect of Tool Shape

Considerdifferent tool shapesacting separatelyat the
samepoint of afirmly held elasticbody, suchthatthe con-
tact areaalways belongsto S, a small areaat the point of
contactwhich is invariantfor all interactionsat this point,
seeFigurel. St.Venants principle stateghat:

“If the forcesacting on a small areaof a body
arereplacedby a statically equivalentsystemof
forcesactingon the samearea therewill be con-
siderablechangesn local stressdistribution, but
the effect at distancedarge comparedwith the
areaonwhichtheforcesactwill benegligible”.

Figurel: An interactionbetweena linear elasticbody and
atool shapen which contactareaalwaysbelongs
toS

Applying this to all possibleinteractionsover S with a
single acting force F, the stressdistribution, and conse-
guentlythe storedelasticenegy far away from the contact

place,is almostindependenbf the distribution of traction
over S, andaccordingly to the tool shapeof eachinterac-
tion. Thereforefor interactionsover Swith globaldeforma-
tion in which elasticenepy is distributedover entirebody,

thetotal elasticenegy of thebodydepend®nthetool force
alone.

Castiglianos theory’s on deflectionappliedto interac-
tionsat Swhich causeglobaldeformationtogethemwith al-
mostuniform displacemenbver S, predictsthe deflection
of eachpointof Sin thedirectionof thetool forceF to be:

_ U
== ®

whereU is the elasticenepgy of theinteraction.Pleasesee
[11] for the proof of theory andfor the precisedefinition
of &; accordingo the component®f thedeflectionof each
pointsof contactnsidethesurfaceS. Equation(1) is almost
independenbf tool shapethereforea point representation
for tool contacts sufficient. Figure2ashovs anexampleof
interactionwith globaldeformation.

Ot

(b)

Figure2: (a) An interactionwith globaldeformation(b) An
interactionwith localizeddeformation.

To seethattool shapehasa significanteffect on thein-
teractionforce with localized deformation,it is sufficient
to considerthe force-deflectiorresponseo a normalcon-
tact of a small cylindrical tool shapewith an infinite half
spacdg10] (Figure 2b):

F = 2RE’3, )

whereR is the radiusof the tool tip andE* is definedin
termsof the Young’s modulus,and Poissons ratio of the
material(seeTablel1). Theresponsdor eachtool depends
onits radius.

In Section4, experimentsare describedwhich confirm
the predictedool effects.

3 Modd for Localized Defor mation

Here, the tool is assumedto have axis symmetrical
shapehowever, the modelingprocedurds independenbf
ary particularshape We considetthe caseof asmoothbody



surfacethatis meshednto triangularelementsput we in-
sistonthefactthattheapproachs completelyindependent
from ary particulargeometricatepresentatioof the body.

Thetip of thetool is linkedto themovementsf thehap-
tic device. Whenthetool interfereswith the body; the pro-
jectionof thetool tip overtheundeformedodysurfacede-
finesa point. The distancebetweerthis point andthe tool
tip definesthe deflection. This definition of a contactpoint
is in actually similar to the definition of a “god-object”in
therenderingof rigid bodies[17].

For interactionsat all pointsinsidean elementthe nor-
mal force, F,, is evaluatedby interpolationof three pre-
calculatedorce-deflectiomesponsesachrepresentinghe
responséo the mechanicalnteractiona giventool at each

vertex:
F= S(X) i (3)U; 3
i=%<,|n( )i (3) 3)

whereX is a contactpoint, & is the deflectionat that point
andfor vertex i: n? is theinterpolationfunction of element
g, fj isthepre-calculatedorce-deflectiorresponsef anor-
mal contact,andU; is the unit normalvector n° for i = j
may beselectedo be:

A1 (X)
nf(X) = = )
whereA® is the areaof theelemente andA_; is theareaof
thetriangleformedby the contactpoint X andthe nodesk
andl, seeFigure3. Interpolationfunctionssuchasn? based
on naturalcoordinatesare typically usedin finite element

and boundaryelementmethodsto ensurecontinuity over
thesurfaceof thebody[14].

i

Figure3: Areacoordinatedor atriangularelement.

In a preprocessingtep,the responsesare preparedand
stored. This stepcan be carriedout offline with standard
finite elementcodeor via measurementsadeon samples.
The storagerequirementsareactuallysmall. Supposehat
eachfunctionandits correspondingnormalvectoris repre-
sentedby 20 parametersandthateachparameteri turnis
representetby a singleprecisionfloating point number To
representhe nonlinearresponsef the entire humanbody
(2 m?) ata 1 mm resolution,2 million verticeswould be
needed.The required160 Mbyte of memorycaneasilybe
providedby mostcommoditycomputer!

Geometry| NormalForce
FlatR —L 1~ 2RE*3
SphereR — 3VRE*&%/?
Conea 2tan(o)E*&?

Tablel: Force-deflectionresponsedfor axis-symmetrical
contactof tool shapesvith aninfinite elasticbody.
E* = ;£ whereE is Youngs modulusand v
Poissorsratio of thematerial(resultsfrom [10]).

To representliding contacts,tangentialforces arising
from friction are modeled empirically in terms of pre-
sliding displacement®ver the surface of the undeformed
body using the methodof [7] (Section3.1). The friction
forcesatthesliding limit areuf, wherepis thelimiting fric-
tion coeficientand f,, is theamplitudeof the normalforce.
It is possibleto ignorethe effect of the sliding contactover
the normalforce. Thisis similar to the approximatiorused
in contactmechanicg10]. In Section4, atestmadewith a
pieceof rubberanda steeltool shows that this approxima-
tion is actuallyquitegood.

Analytical solutions to normal contact of axis-
symmetrical tools with an infinite elastic body are
reasonableapproximationto force-deflectiorresponse®f
interactionswith significantly localized deformationover
a large smoothbody. Table 1 lists the force-deflection
responsefor avarietyof thesegool shapes.

4 Tests

Testswere performedto assesshe effect of tool shape
during interactionwith local and global deformation,as
well asthe effect of friction forceson normalforce during
asliding contact.

A robotmanipulatorcreatedprogrammedieflectionson
samplesandaforce sensomeasuredheforceresponséor
differenttools, seeFigure 4a. During all tests,the robot
movedthetool at 1 mm/s. The samplesverebondedto a
metallic plate. Thetool shapesveretwo sphericalendsof
3.2mmand12.7mm in diameter andoneflat endof 3.2
mm, seeFigure4b. Thesewerecarriedoutwith ACME, the
Active Measuremerfacility developedatthe Universityof
British Columbia[13].

41 Caseof Global Deformation

In the first test, we investigatedhe effect of tool shape
on theforce-deflectiorresponsef interactionghat caused



Figure4: a) ACME’s manipulatomperforminga contacttest,
b) Overview of tools, ¢) Contactwith global de-
formation,d) Normalcontactwith local deforma-
tion, €) Normalcontactwith afreshpieceof liver.

global deformationof a pieceof rubbermountedasshawvn
in Figure4c. During eachinteraction thetool tip movedin
straightline in thedirectionof thenormalto theundeformed
samplesurface.

Figure5agivesan exampleof tool displacementrajec-
tory. Figures5b and 5c, collect overlaid force-deflection
curves resulting from the contactwith thesetools. The
force-deflectioncurvesfor threedifferenttools are almost
identical. The smalldifferencebetweertheloadingandthe
unloadingphaseof eachtestis dueto a small amountof
enegy loss. It can easily be explainedeither by a slight
sliding movementof the tool over the body surfaceor by
plasticdeformationof the body:.
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Figure5: A Deflection trajectory and force-deflection
curvesfor contactof threetool shapes.

4.2 Caseof Localized Defor mation

In the secondtest, the effect of tool shapeon normal
contactswith local deformationwas studied. The rubber
samplewas mountedso asto be held by a large traction

surfaceasshavn by Figure4d. Figure6a, givesan exam-
ple of tool displacementrajectoryand Figure 6b collects
overlaidforce-deflectiorcurves. Thecurvesof thetoolsare
now significantly differentfrom eachother We compare
the force-deflectiorcurvesof eachtool with the analytical
solutionfor a normalcontactof the sametool with aninfi-
nite half space(the value E* = 3 45 MPA wasidentified).
For forcessmallerthan12N, the analyticalsolutionsfit the
measuremeni@limostexactly.
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Figure6: Displacement trajectory and force deflection
curvesfor tool shapesi) 12.7mmsphere?) flat,
and3) 3.2mmsphere.

4.3 Extensible Deformable Body

In thethird experimentwe investigatedvhetherthetool
shapehad a significant effect on the force-deflectionre-
sponse®f tool contactwith anextensibledeformablebody:.
The body was a rectangularprism of fresh calf liver 10
mm deep,seeFigure 4e. Figure 7a providesan example
of tool displacementrajectoryandFigure7b, collectsover-
laid force-deflectioncurvesresultingfrom contactsof the
sphericaltools. The flat tool wasnot testedsinceit tended
to damagethe sample. Force-deflectiorresponse®f the
toolsweresignificantlydifferent.
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Figure7: Displacementand force for tools: 1) 12.7 mm
sphereand2) 3.2 mmactingontheliver sample.

4.4 Normal Forcelnvariance

In the fourth experiment,the effect of the normalforce
of asliding contactwasinvestigatedvith a 3.2 mm spheri-
cal tool andthe rubbersample seeFigure4d. The normal



contactwasalongz andthesliding movementalongx axis.
In the first phase the normalforce wasbroughtto around

14N, andthenseveralsliding backandforth displacements

wereperformedovertheflat surfaceof therubber Thiscre-

ateda wide rangeof friction forces,from -7 N to 7 N.
FiguresBaand8b shav thedisplacementrajectoriesand

figures8c and 8d shaw the force trajectories. Figures8e

and8f shav plots of the correspondindorce-displacement

curves. As Figure 8c,eshaws, during sliding movements,
theamplitudeof normalforcedid not changesignificantly
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Figure8: Displacementandforcesduringnormalandslid-
ing contactbetweena sphericaltool andthe flat
surfaceof arubberypiece.

5 Implementation

Themodelwasimplementedo evaluateits performance.

It also allowed us to empirically assesghe effect of tool
shapeonthe hapticexperience.

The forceswererenderecby a PenCat/Pr8 hapticde-
vice (Immersion Canadalnc.). The simulation program
consistedf two independenteal-timethreadsunningun-
der RTlinux3. One threadprovided for renderingof the
forces. A separataiserprocessrovided for graphicsand
userinteractionwith Tcl/Tk. The graphicaluserinterface
canbeseenin Figure9.

Thevirtual bodywasintently choserto bealargecylin-
der. This allowed usto usethe analyticalsolutionsof con-
tact mechanics. The surface of the cylinder was meshed
into triangularelements.At eachvertex the normalvector
is along the radiusof the cylinder so the force deflection
responsalongthatnormalis the analyticalsolutioncorre-
spondingo a materialandatool shapeselectedy theuser
The tool shapescould be flat cylindrical punches,cones,

and sphereof differentradius[10]. The force-deflection

equationcanbeseenat Table 1.

Figure9: Graphicaluserinterface and device usedin the
tool contactsimulation.

Due to the high updaterate, the renderingwas com-
pletely free of oscillationsand limit cycles. The analyti-
cal force solutionguaranteeaontinuity resultingin a very
realisticexperience.The arbitrary selectionof tool shapes
andmaterialpropertiesallowedto confirm asthesefactors
affect significantlythe hapticexperience.

6 Conclusion

This paperstudiedcasesof interactionbetweena tool
and a deformablebody where the force displacemente-
sponseis neededfor haptic renderingpurposes. It was
foundthatwhenthe enegy suppliedby the tool distributes
everywherean thebody, correspondingo the casewhenthe
deflectionsof thecontactneighborhoodrenotsignificantly
different,the force-displacementesponse&loesnot depend
on the tool shapeor on the form of contact. This is not
truehoweverwhenthebodyundegoessignificantlocalized
deformation. Thetool force-displacementesponseén this
casecritically dependsn tool shapeandthe form of con-
tact.

A model for computing tool force-displacemente-
sponse®f interactionswith localizeddeformationwasin-
troduced. The responseo a normal contactwith a tool
could easily be calculatedat run time by interpolationof
pre-calculatedorce-deflectiorresponsesA computerim-
plementationof the model was describedthat allowed to
assesshe effect of tool geometryin contactrendering.

Our approactessentiallybypasseshe constrainof real-
time computationof contactresponseusing preprocess-
ing. The storagerequirementsare quite modest. This
approachcan be generalizedto casesthat include other
tool maneuers,globaldeformationandeven cutting[12].
The workspaceof the interactionis discretisednto small
workspace®ver which contactresponsearechoserno be
piecaviseinterpolatedetweerpre-calculate¢ontactsam-
ples.Dependingntheapplication variousapproximations
canbe madein aninformedfashionto tradeaccurag with
storageandcomplexity.



For thegraphicsimulationof contactinteractionwith lo-
caldeformationwe usedthe analyticalsolutionsof contact
mechanicsHowever the methodsof computatiorof defor
mationin computergraphics[6, 8] couldbe usedto repre-
sentghevisualappearanceGraphicsandhapticsshouldbe
doneas separatgrocessess the constraintsmodelsand
hardware are completelydifferent. However graphicsand
haptic processcould sharesomeaspectof the simulation
such as the determinationof the contactposition. Also,
graphicsprocesscould benefitfrom the knowledgeof ac-
curatecontactsolutionsprovidedby hapticsprocess.
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