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Abstract. A methodfor realtime simulationandinteractionof deformableobjectsin medi-
calsimulatorss proposedWe areinterestedn applicationgor trainingsuigeonsusinghaptic
interaction For hapticpurposespur medicalsimulatoris basedn adualmodelarchitecture;
simulationandhaptics We currentlyusea new physicalmodelLEM - Long ElementMethod
asthe simulationmodel. We nd that this model can producesatisfictory global changes
for small and large deformationsln this paper we will focuson implementingan haptic
interactionmethodwith stableandrealistic force feedbackdesignedor usewith LEM. A
deformablebuffer modelis usedto solve problemsarisingfrom the differencebetweersam-
pling andupdaterates.We look into the constructiorandthe updatingprocesf this buffer
model. Our approachto linking the two modelsto getrealistic force feedbackis also pre-
sentedThe physicalandhapticmodelarethencoupledto be partof a suigical simulatorfor
soft tissue.We presentsomeresultsfrom our prototypemedicalsimulatorfor echography
examsof thehumanthigh.
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1 Intr oduction

Fig. 1. In vivo sugery (left), realorgans(center) virtual organwith hapticinterface(right)

Hapticfeedbackcoupledwith graphicalsimulationis awell known bottle-neck
in theareaof medicalrobotsandcomputerassistedsuigery andtraining.Including
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haptictechnologyimprovesthe perceptionof a virtual object. However whenthis

techniqueis appliedin medicalsimulatorswherethe virtual objectis deformable
(simulationof humanorgans)multiple problemscanarise for example costlycom-

putationaltime, numericalinstability in the integrationof the body dynamicstime

delaysetc. Lengthycomputationsreforbiddenin hapticsystemswvhich needhigh

simulationrates(about ) to obtainrealisticforce feedbackThe updaterates
of the physicalobjectsbeingsimulateds normallyof the orderof to

This differencein frequeny cancausean oscillatorybehaior in the hapticdevice

thatcanbecomehighly unstableandin ict harmontheoperatof1].

1.1 RelatedWork

In thepast,severalapproachebasbeenpresente@dssolutionsto this problem.Ellis
et al. [8] andPicinbonoet al. [13] solvedit by usinga numericalapproachThey
usedpredictionandcorrectionto extrapolatea force feedbacketweerthe simula-
tion updatesHowever, dueto the unknavn natureof humanbehaior, uncertainty
in predictionwill induceerrorsthatwill causeslightvibrations.CavasogluandTen-
dick [4] usedbalanced modelreductionof a lumpedelementmodelto obtainthe
force feedbackUnfortunately the numericalerrorscomingfrom the linearization
andfrom themodelreductionareaddedandcancauseainexpectedbehaiorsfor non
heterogeneousompliantsurfacesZilles andSalishury [17] andRuspinietal. [14]
usedgeometricnodelswhich they call god-objector proxyto renderhapticforces.
Although they did not usedeformablemodels,they treatedgeometricconcaities
which arealwayspresenin deformableobjects.

In previous works of our researchgroup [6][3][12], we proposedthe use of
buffer models Thesemodelsare a local representatiorof the deformableobject
meaninghatthe hapticinteractionis donewith the buffer modelinsteadof interact-
ing with the whole deformableobject.Similarly, Mark W. et al. [11] usedlocal or
intermediataepresentationfor hapticinteractions Eventhougha stablebehaior
for the hapticinterfacewasobtainedwhile usingbuffer models therewasa lack of
realisticphysicalforce feedbackrom the objectbeingsimulated Recently Zhuang
Y. [16] useda virtual proxy similar to that of Ruspini[14] with modi cations in
themotionof the proxy notbeingguidedby alocal minimizationmethodbut by the
physicsof the systensimulatedby dynamiclumped nite elementsAlong thisline,
Astley andHayward [2] and Debunneet al. [7] alsousedFinite ElementMethod
(FEM) to simulatedeformablemodelsandobtainforcefeedbackThey reachedhe
requiredhapticupdaterate either by using precomputationsr hierarchicalmulti-
rate models.Jamesand Pai [10] whosemodelswere BoundaryElementMethod
(BEM) discretizedalso usedthe conceptof buffer modelto obtainphysicallyre-
alistic haptic forcesfor a linear elastostatianodel. Their simulationswere based
in the pre-computatiorof suitableGreens functionsusing capacitancenatrix al-
gorithms.This capacitancenatrix decoupleghe global deformationandthe local
forcecalculationsallowing afastercomputatiorrateof theforcefeedback.



1.2 Focusand Organization of the paper

In our researchgroup,our aim in this domainhasalways beenthe conceptionof

arealisticmedicalsimulator From our experience suchapplicationsdemanchigh

interactvenessgraphicrealismandrealistichapticinteraction.Thatis why we de-

velopedLEM in our group;we wanteda highly responsiveandreasonablyaccurate

simulationmodelin contrastto modelsdiscretizedusingFEM or BEM which can

be computationallyexpensve or limited to objectsthat are only homogeneousr

isotropic.In this paper we proposethe useof analternatve buffer model thatcan

beusedin the hapticinteractionfor LEM objectsin medicalsimulatorsWe present
how this buffer modelis constructedindpresensomeanalysisregardingits updat-
ing sequenceThis modelwill belinkedto thesimulationmodelto obtainarealistic
forcefeedback.

In thenext sectionwe elaborat@ntheLEM model.In section3, wewill present
our approacHor the constructionof the buffer model.Section4 will presentsome
experimentakesultsandwe will concluden section5.

2 Deformable Physical Modelsfor Soft Tissue

Simulationof deformableobjectsfor real-timeapplicationss indeeda non-trivial

task.A suney of varioustechnicsis re ected in thereportby Sarahetal. [9]. The

choiceof thephysicalmodeldeterminesherateatwhichthesimulationtakesplace.
Moreover, in our case the buffer modelis derived from the simulationmodel.lt is

at this simulationratethatthe buffer modelis updatedn the hapticloop. We have

previously experimentedwith variousphysicalmodelslike FEM andMass-Spring
in the simulationand hapticloop to studytheseaspectsin this sectionhowever,

we emphasizen a new deformablephysicalmodelrecentlydevelopedwithin our

researchgroup.

2.1 Long ElementMethod

LEM [5][15], is a new physicalmodelsuitablefor soft tissuesimulation.LEM dis-
cretizesthe objectsinto long elementsThe two basicprinciplesthatdescribethis
modelis Pascals Principleandthe conserationof volume.Unlike the previoustwo
modelswe usebulk variablessuchaspressuregensity volume,stressandstrainto
represenbur object. Thequasi-dynamidehaior of this modelandits realisticand
stablesimulationwerestrongfactorsin our choice.

Considerthelong elementwith area andlength asshavnin Figure2. The
force per unit areais de ned aspressureHowever, deformationproducedby this
pressurénducesstressFor smallappliedforces thestress , in amaterialis usually
relatedto its deformation(i.e. elongationin ourlong elasticelement) By introduc-
ing elasticity , we canderive theforce , dueto elongationwhere



Fig. 2. Fromleft to right : A Long Elementwith neighborsJiver mesh,LEM discretization
alongthe Cartesiaraxesandstaticdeformationof aliver

Notethat is dependenbn

@)

The staticsolutionproducedoy our modelrequiresthatthe externalpressure
equalthe internal pressure . The external pressureon the surfaceis affected
by the atmospheripressure , andby the stressdueto elongationThe surface
tensionand ervironmentalcontactalso contribute to the external pressureandwe
will integratethesefactorsinto our modellater. If the objectis lled by uid of
density , theinternalpressureat a distance (from the upperpartof the uid) is
dueto pressuref uid andtheeffect of gravity

)

Applying theseequationgo the groupof  long elementsand applying Pascals
Principlewhich givesconstant , we thenobtainthe following continuousequa-
tion where and . Sincethe uid is incompressible,
we canaddthe constraintof conserationof volumefor constant

®)

where . Finally, we addthe surfacetension . Thesetermsare of the
form where s the differencebetweenthe deformationof anelement
andits neighborsand is alocal springconstant

(4)

for eachneighboring of element . We now have equationsand
unknowns: from and . These equationscanbe written asa
problemof type andsolvedusingstandarchumericalmethods

®)



3 Faithfull Haptic Feedback

Ultimately, the goal of a medicalsimulatoris to allow real-timeinteractionsandto
conformwith reality. It is clearthatthe ability of a traineesuigeonto successfully
graspthe skills of an operatingproceduredependson the learning ervironment;
it is our aim to provide the traineethe maximumpossible As far asa simulatoris
concernedit is well known thatduringa simulation,givenany physicalmodel,the
mostdif cult aspectsjn termsof computationatime or updatingdatastructures
arecollision detection hapticinteractionsandtopologymodi cations. We address
faithfull hapticfeedbackn this section.
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Fig. 3. Our hapticsystemanarchitecturgoint of view. A distinctionbetweerthesimulation
(30Hz)andhaptic(1KHz) loop

As we have statedn theintroductionof this paperintermediateepresentations
have beenusedto bridgethedisparitybetweerthe hapticloop andthe physicalsim-
ulationloop. Sphereaindplaneshave beenused6][14][17] asintermediatanodels,
howeverthey work well only for corvex objectsandnotfor concare con gurations
(deformableobjectsarenormallyconcare). We also nd buffer modelsin our previ-
ouswork [12] basednthetopologyof the object. This intermediateepresentation
is constructedusing the colliding facetsand its neighboringfacets.This solution
workswell andis stablebut neverthelessbetweerupdateperiods,the local model
is rigid andthereforenot suitableto representleformableobjects.In this section,
we explainour approachn usinga deformablebuffer modelto renderhapticforces
for our LEM object. From our experience this problemis a 3-stepprocessCon-
struction UpdatingandLinking.



3.1 Construction

In mostcomputerassistedumgery, thegestureby the suigeonis generallyery slow

and humantissueis known to be well damped.Thus, we believe that the static
LEM modelis sufcient in thehapticloop. Furthermorewe assumehatthetrainee
suigeonmalkescontactwith the virtual organat only onepoint at ary time. These
allows usto simplify the problem.

Upon contact,the contactfacetandits neighborsare transferedto the haptic
loop. The matrix is thenformedandinversed.Sincethe numberof facets
in this loop is limited, the inversionprocesss fast. Anotherpossiblesolutionis to

rst testthe maximumsizeof matrix thatis invertiblein the hapticloop. It
will dependon thetype of resolutionmethodusedfor the inversion.This will then
give the maximumnumberof neighbors allowedfor transfer If memoryis nota
constrainttheinversematrix for theentiresetof canbeprecalculated
andstored.This look-uptableis thenusedto gettheinverseelementavhencontact
is detectedWe assumdhattheset  doesnot changemuchduring the physical
simulationdueto the slow gestureof the suigeon.In our experimentswe areable
to setthesizeof  to 50, which we believe is sufcient to describea reasonable
neighborhoodroundthe contactarea.

If (collision detected) If ( Haptic-Ready )

- e
Haptic-Ready=FALSE
DATA = Updated DATA = Copy

while { DATA )

Collision detection
With W in DATA

Continue Simulation
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Fig. 4. The simulataneouprocessed a buffer modelusinga Constructionand Updating
strategyy



3.2 Updating

In our experimentswe setthe simulationrateat a x ed 30Hz. The haptic model
will beupdatedat this rate.In the hapticloop, thereareseveral processebeingex-

ecutedat 1KHz; collision detectionusingtheset , lling up of the matrixand
theresolutionof the problemusingthe matrix. Theupdateprocessnustnot
interruptary one of thesestagesWe solve this problemby creatinga copy of all

datafrom the constructionphase Then,whenthe hapticloop is beingupdatedthe
copieddatais usedin the hapticloop. Whenupdatingis completedthe copieddata
is switchedwith the updateddata. These2 schemesiredetailedbelow.

Simulation Loop : 30Hz Haptic Loop : 1KHz
if (collisiondetected; if (haptic-ready) data= ;
haptic-ready= ; elsedata= ;
update ; while ( data);
Il the matrix; collision detectiorwith  in data;
inversethe matrix; Il the matrix;
data= ; solvethe problem;
create ; link theforce ( explainedbelow);
haptic-ready= ; renderthe hapticforce;
3.3 Linking
Oncethe inversionis done,the problem is thensolvedin the haptic
loop to obtainthe changein pressure . Ideally, in the simulationloop, the
changein pressurds distributedto  elementg ) where
is the numberof elementdn contact.Sincein the hapticloop, we have a subsebf
elements, will notbetherealchangen pressurasexperiencedy the
deformableobject. We do not make referenceto the changein pressuredrom the
simulationmodel , andnotethatthe uid is incompressibleThe change

of pressurdrom the simulationmodelis latter usedto comparethe approximated
results.This is presentedn the next section.We approximatehe renderinghaptic
force by thefollowing:

(6)
where isthesurfaceareaof all untouchectlementsn the simulationloop and

is the surfaceareaof all untouchecelementsn the hapticloop. Therendered
forceto the operatorat is thenobtainedusing:

(7)

where istheareain contactwith thehapticdevice.



4 Experimental Results

We usedour thigh echographicsimulator[6] to testthe LEM deformablebuffer
model.In orderto obtainarealisticmodelsuchthatits behaior conformsto reality,
measurementweretaken from areal thigh usinga robot. For that, a force sensor
wasmountedon a probeof aPUMA articulatedarm. The probewaspositionedper
pendicularlyto the surfaceof thethigh at variousdifferentpoints.At eachpoint, the
probewas pushedperpendiculato the surfaceof the thigh in stepsof until
aforcelimit wasreachedFigure5 shaws the non-linearrelationshipbetweenthe
penetrationdistanceand the reactionforce at 11 differentpoints alongthe thigh.
Thedifferencein the curvesis dueto thenon-homogeneousssueof thethigh. We

Measure data vs LEM model
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Fig. 5. Thecirclesshav the experimentaldataobtainedirom arealthigh. The curesarethe
forcesobtainedrom the modelwith alinearsquareestimationof the parameters.

usedleastsquaregstimationto obtainthe modelparameterérom the experimental
measurementshovn in Figure5. The visual-hapticplatformusesa PC - 1.4 GHz

intel processomwith 256 Kb of RAM connectedo a hapticinterfacetype PHAN-

ToM . As statecbefore,to obtainarealisticforce feedbackthe hapticrendering
hasbeenseparateftfom thesimulationprocessandto bridgethedifferencebetween
the simulationprocessandthe hapticrequirementswe useda buffer modelof type

LEM in the hapticthreadasa link betweerthe simulationandhapticprocesses.

Figure 6 shows the curve of the force obtainedby the physicalmodelandthe
hapticforce during the contactprocessin this experimentthe usermovedthe vir-
tualprobein andoutperpendiculato thethighmesh Thatgivesthequasi-sinusoidal
form of the curves. It is possibleto seethat the force obtainedfrom the physical
modelis not continuousduring the hapticiteration while the force obtainedfrom
the buffer modelis always continuousandapproximateshe force producedby the
deformablemodel.
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Fig. 6. Thecurwe of theforceproducedy thebuffer modelin thehapticloop shavs asmooth
behaior while theforcefrom the simulationmodelis alwaysdiscretg(if appliedto thehaptic
thread)

5 Conclusion

In this paperwe have introduceda deformablemodelwithin the hapticsimulation.
With the new Long ElementMethod (LEM) basedon Pascals principle and the
conseration of volume, it is now possibleto calculateglobal deformationsfor a
givensoftobjectin realtime. No precomputingalculationsarerequiredto obtaina
realtimerealisticphysicallybaseddeformation Furthermorein termsof numerical
resolution,LEM presents very stablebehaior. The useof asimplestaticLEM as
abuffer modelgivesmorefaithfull touchingsensatiothaninteractingwith spheres
or planessinceamorerealisticforcefeedbaclkcanbe sentto theuser We have seen
the construction,updatingand linking aspectdetweenthe simulationmodeland
hapticmodel. The updatedataprocessetweerthe hapticandthe simulationloop
hasbeenpresentedWe have alsoseenhow we approximatedhe forcefeedbackso
thatit is asrealisticaspossible.

A lot of work canbe donealongthis area.Onesuchapplicationof this imple-
mentationis in sumgical simulators.Currently medicalprocedureshase muchin-
creasedn compleity to improve treatmenbf patientsHowever, trainingis mainly
provided by hands-orexperiencewith obviousdangergo the patient.It is ouraim
to exploretheposibilitiesof providing virtual trainingthroughcomputersimulation.
In this framawork, we have presentea prototypefor echographyxamstraining of
the humanthigh with force feedbackcoupledwith echographiédmages.For other
proceduresif the respectie experimentalparameter®f humantissuecan be ob-
tained, similar simulatorscan be conceved. Then, a validation methodhasto be
developedto validatetheresults.This themeis partof our currentresearch.
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