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Abstract

In this paper we proposesolutionsto real time simulationand interaction of deformableobjectsin virtual
reality. Firstly, we present_EM - Long ElementMethod,a methodcreatedfor physicallybasedsimulation
of deformableobjects.LEM hasbeenconceivedpeciallyfor objectslled with uids. UsingPascal's Prin-
ciple andvolumeconservationthe methodproducesa static solutionfor global elasticdeformation.Bulk
variablessud as pressue, density volumeand stressare usedto modelthe deformableobject. Secondly
we presenta deformablebuffer modelthat is usedto solveproblemsarising from the differencebetween
samplingand updaterates. e look into the constructionand the updatingprocessof this buffer model.
Our appmoach to linking the two modelsto getrealistic force feedbak is also presentedThephysicaland
haptic modelare thencoupledto be part of a suigical simulatorfor softtissue We presentsomeresults
fromour prototypemedicalsimulatorfor echographyexamsof the humanthigh.
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Abstract

In this paper we proposesolutionsto real time simula-
tion andinteractionof deformableobjectsin virtual re-
ality. Firstly, we present.EM - Long ElementMethod,
amethodcreatedfor physicallybasedsimulationof de-
formable objects. LEM has beenconceivedspecially
for objects lled with uids. Using Pascal's Principle
andvolumeconservationthe methodproducesa static
solutionfor global elasticdeformation.Bulk variables
sud as pressue, density volumeand stressare used
to modelthe deformableobject. Secondlywe present
a deformablebuffer modelthat is usedto solve prob-
lemsarising from the differencebetweersamplingand
updaterates.We look into the constructionandthe up-
dating processof this buffer model. Our appmach to
linking the two modelsto get realisticforcefeedbak is
alsopresentedThephysicalandhapticmodelare then
coupledto be part of a sumgical simulatorfor soft tis-
sue We presentsomeresultsfrom our prototypemedi-
cal simulatorfor echographyexamsof thehumanthigh.

1 Intr oduction

Realistic dynamic simulation and faithful haptic in-
teractionof deformableobjectsis a key challengein
Virtual Reality (VR). Researcherfom elds suchas
human anatomy modeling, characteranimation and
computer assistedsumical simulation are working
to extend the simulation of deformablemodelsto a
virtual interactive ervironment. Deformable objects
raise a complex combinationof issuesranging from

Authoris underthe NTU-INRIA collaborationprogram.
Inst. Nat. de Rech.enInformatiqueet en Automatique.
Lab d'InformatiqueGRAphique Vision et Robotique.

estimatingmechanicalparameterssolving large sys-
tems of differential equations, detecting collisions,
modeling collision responseand topology changes.
Many issuesstill lack adequatesolutions, especially
whenthe simulationmustbe donein realtime.

Hapticsystemgyive peoplethe sensatiorof touching
objects in virtual ervironments. Including haptic
technologycan improve perceptionthus producinga
deepersenseof immersion.Multiple problemsarisein
hapticapplicationsnteractingwith deformableobjects,
for example, costly computation time, numerical
instability in the integration of the body dynamics,
time delays,etc. Lengthy computationsare forbidden
in haptic systemswhich need high simulation rates
(about1KHz) to obtainrealistic force feedback. The
updateratesof the physical objectsbeing simulated
is of the order of 20 to 30 Hz. This differencein
the simulation rates can causean oscillatory behar-
ior in thehapticdevicethatcanbecomehighly unstable.

Related Work : Modeling of deformableobjects
is indeeda nontrivial task. A surwy of deformable
modelingwasdoneby GibsonandMirtich [1]. In brief,
they dividedthe work doneon deformableobjectsinto
two parts: non-physicalbasedmodelsand physical
basedmodels.Interactive methodssuchasmass-spring
[2] aremainly non-physicabndinaccuratg5]. Onthe
otherhand,accuratephysicallybasedmethodssuchas
Finite ElementsMethod (FEM) or BoundaryElement
Method (BEM) [3], are typically simulatedoff-line.
Modi cations doneto achieve real time performance
normally compromiseaccurag or interactveness.In
FEM, pre-calculation$3] andmatrix condensatioif4]
enhanceperformancebut forbid further topological
changes.



Recentlywe have proposedn [7] anhapticinteraction
model by using the local topology of the objectand

therefore taking into accountthe unknovn changes
andthe concaiities in the objectshape. This method
avoids instability for haptic systemswhile working

with two independenprocessesorking at different
frequenciesWe have extendedthis methodto another
physicalmodel.

The restof this paperis arrangedas follows. Sec-
tion 2 givesabrief introductionto LEM for readersvho
areunfamiliar with them. In section3, the hapticinter
actionmethodfor LEM objectswhich includesa dual
thread for stability is described. We will explain the
technicaldetailsregardingour simulationand present
someresultsin Section4. We will endthis paperwith
theconclusionandsomeperspectiesin sectionb.

2 The LEM Model

In this section,we describebrie y the LEM [10],[6]
methodthat is usedto model our deformableobject.
We divide this sectioninto two parts: Formulationand
Construction

Figurel: A Long Element

Formulation : Considerthelong elementshavn in
Figurel. Theforceperunit areais de ned aspressure.

1)

However, deformationproducedby this pressurein-
ducesstress.For smallappliedforces,thestress , in a
materialis usuallyrelatedto its deformation(i.e. elon-
gationin ourlongelasticelement) By introducingelas-

ticity ,wehave:
)
Forcerelatedto elongationin thewell known formis :
3)

where ( isdependenbn ). Thestatic
solutionproducedby our modelrequiresthatthe exter-
nalpressure ,equaltheinternalpressure . The
externalpressurenthesurfaceis affectedby theatmo-
sphericpressure , andby the stressdueto elonga-
tion:

(4)

The surface tension and ervironmental contact also
contrituteto theexternalpressurandwe will integrate
thesefactorsinto our modellater. If the objectis lled
by uid of density , theinternalpressureat a distance

(from theupperpartof the uid) is dueto pressuref
uid andthe effect of gravity

(5)

Applying theseequationgo the groupof  long ele-
mentsandapplyingPascals Principlewhich givescon-

stant , we then obtain the following continuous
equation

(6)
where and . Sincethe

uid isincompressibleye canaddanotheiconstrainto
our setof continuousequationsBy usingconsenration
of volume,we get:

(7)

where . Finally, we addthe surfacetension
. Thesetermsare of the form where

is thedifferencebetweerthedeformationof anelement

andits neighborsand is alocal springconstant

8
for eachneighboring of element. Wenow have
equationsand unknowns: from and

. These equationganbewrittenasaproblem
of type andsolved using standarchumerical
methods

(9)

If we allow simulationof large deformationsthat ex-
ceed in changein stateof a long element,
we needto make somechanges.Earlier, we sawv that
the law of volume consenration is given by Equation
7. This is only true for small deformationg )
wherewe assumehat  is constantFor well-damped



soft tissue, this is perhapsa valid assumptiorfor de-
formationssuchasgravity, pokingandpinching. How-
ever, for largedeformationsit becomesnvalid andthus
needgo berestatechsfollows:

(10)

Sincethese elementonly appeaiin the bottomrow
of matrix  aftermodi cationsmentionedn the previ-
oussection,we canusea fastupdatingmethodlik e the
Sherman-MorrisorFormula. We proceedas follows;
supposinghatchangeo our originalmatrix  is of the
form:

(11)

for somevectors and . The following canbe ob-

tained:

(12)

Thenthedesiredchangdn theinverseis givenby:
(13)

Now thatour matricesare lled correctly we canbegin
to solwve in the simulationloop. We proposea quasi-
dynamicresolutionmethodusing SORandNR which
guarantees constanframerate. We presentheseal-
gorithmshere.

Algorithm 1 Newton-RaphsorfNR) iteration
while do
updatestatematrix,
calculatepressurendgravity effects,
for to do
SORiterationfor
endfor
endwhile

Algorithm 2 Quasi-dynamigraphicaldisplay(25Hz)

while do
performNR iteration
if then
displaycon guration

endif
end while

Construction : Torepresenadeformableobject,we
proposeavolumicdiscretisatiorof the objectwith aset
of long elements.Differentmeshingstratgies canbe
concevedto Il the object. We presentin [6] a tech-
nigue that works on ary form of polygonalcorvex or
concae mesh. Our long elementsaredirectly derived
form thefacetsof themesh.We sweepalongthe3 main
Cartesiaraxes;eachin the positive andnegative direc-
tion. Thelengthof our long elementss taken asthe
length betweernthe facetcenterof massandthe refer
encepoint. The areaof our long elementwill be the
areaof afacet.Figure2 shovsanexample.

Figure2: Long Elementconstructionof a virtual liver.
3 cartesiaraxe discretizatiorhasbeenused

Figure3: TOP: Smalldeformationspokingandpinch-
ing, BOTTOM: Largedeformationsbendingandtwist-

ing



3 Haptic Interaction

In this section, we explain our approachin using a
deformablebuffer modelto renderhapticforcesfor our
LEM object. From our experience this problemis a
3-stepprocessConstruction UpdatingandLinking.

Construction : This phasebegins when contact
occursin the LEM object. Our collision detection
routineis basedntheboundingvolumetechnique We
use Axis-Aligned BoundingBoxes (AABB) to bound
our facets. For small deformations,this hierarchy
doesnot needto be updated. It is pre-calculatecand
storedin the memory Large deformationsor topology
modi cations requiresthe hierarchyto be updated.

Upon contact, the contactfacet and its neighbors
aretransferedo the hapticloop. The matrix
is then formed and inversed. Since the number of
facetsin this loop is limited, the inversion process
is fast. Another possiblesolutionis to rst testthe
maximum size of matrix that is invertible in
thehapticloop. It will dependonthetypeof resolution
methodusedfor theinversion. This will thengive the
maximumnumberof neighbors  allowedfor transfer
If memoryis nota constrainttheinversematrix for the
entire set of can be pre-calculatecand
stored.Thislook-uptableis thenusedto gettheinverse
elementswhen contactis detected. We assumethat
theset  doesnot changemuch during the physical
simulationdueto the slow gestureof the sugeon. In
our experimentswe areableto setthesizeof  to 50,

which we believe is sufcient to describea reasonable

neighborhoodiroundthe contactarea.

Updating : In our experiments,we set the sim-
ulation rate at a x ed 30Hz. The haptic model will
be updatedat this rate. In the haptic loop, thereare
several processeseing executedat 1KHz; collision
detectiorusingtheset , lling upofthe matrixand
theresolutionof the problemusingthe matrix.
The updateprocessnustnotinterruptary oneof these
stages. We solwe this problemby creatinga copy of
all datafrom the constructionphase. Then,whenthe
haptic loop is being updated,the copieddatais used
in the hapticloop. When updatingis completed,the
copieddatais switchedwith the updateddata. These
two schemesredetailedbelow.

Simulation Loop : 30Hz Haptic Loop : 1KHz

if ( collisiondetected; if (data= );
haptic-ready= elsedata=

update while ( data);

Il the matrix; collision detectionwith
inversethe matrix; Il the matrix;

data= ; solve ;
create link theforce (below);
haptic-ready= ; renderthe hapticforce;

Linking : Oncetheinversionis done,the problem

is thensolved in the hapticloop to ob-
tain the changein pressure Ideally, in the
simulationloop, the changein pressurds distributed
to elements( ) where is
the numberof elementsn contact. Sincein the hap-
tic loop,we haveasubsebf elements, will
not be the real changein pressureas experiencedby
the deformableobject. We do not make referenceo the
changan pressurdérom thesimulationmodel ,
andnotethatthe uid is incompressible.The change
of pressurdrom the simulationmodelis latter usedto
comparehe approximatedesults. Thisis presentedn
the next section. We approximatehe renderinghaptic
force by thefollowing:

(14)

where  isthesurfaceareaof all untouchedlements
in thesimulationloop and is thesurfaceareaof all
untouchedelementsin the hapticloop. The rendered
forceto theoperatorat is thenobtainedusing:

(15)

where istheareain contactwith the hapticdevice.

4 Experimental Results

The dynamic simulator and the haptic interface are
conceved as independentprocessesand they are
connectedsia a local model. Figure 4 shaws the basic
visual-hapticplatform. It hasbeenimplementedusing
C++/OpenGLandit providesforce feedbackthrough
meansof an haptic interface of type PHANTOM

( a 3dof PHANTOM ) as shown in Figure 4. The
visual-haptic platform usesa PC - 1.4 GHz intel
processowith 256 Kb of RAM.



Figure 4. LEFT: The visual-haptic ervironment,
RIGHT: Acquisitionof thigh physicalparametersising
arobotwith forcesensors

The dynamic simulator carries out the physical
simulation, collision detectionand the graphicalren-
dering of different deformableobjectsin the virtual
ervironment. It receizesthe haptic position from the
PHANToOM (and eventually the distancebetweenthe
haptic point and the local model) and sendsto the
haptic processthe different parametergi.e. set of
colliding facetsbetweenthe deformablevirtual object
and the tool) to updatethe local model. This update
processs repeatedtarateof 30 Hz.

We used our thigh echographicsimulator [11] to
testthe LEM deformablebuffer model. In orderto
obtainarealisticmodelsuchthatits behaior conforms
to reality, measurementsere taken from a real thigh
usingarobot. For that, a force sensomwasmountedon
a probeof a PUMA articulatedarm. The probewas
positionedperpendicularlyto the surfaceof thethigh at
variousdifferentpoints. At eachpoint, the probewas
pushedperpendiculato thesurfaceof thethighin steps
of until aforcelimit wasreachedFigure5 shavs
the non-linear relationship betweenthe penetration
distanceand the reactionforce at 11 different points
along the thigh. The differencein the curvesis due
to the non-homogeneoutssueof the thigh. We used
leastsquare®stimatiorto obtainthe modelparameters
from the experimentalmeasurementshavn in Figure
5. As statedbefore,to obtainarealisticforcefeedback,
the hapticrenderinghasbeenseparatedrom the sim-
ulation processand to bridge the differencebetween
the simulationprocessandthe hapticrequirementsywe

useda buffer modelof typeLEM in the hapticthreadas
alink betweerthe simulationandhapticprocesses.

Measure data vs LEM model
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Figure5: The circles shov the experimentaldataob-
tainedfrom arealthigh. The curvesarethe forcesob-
tainedfrom the modelwith a linear squareestimation
of theparameters.

Figure 6 shaws the curve of the force obtainedby
the physicalmodelandthe hapticforce duringthe con-
tactprocessin this experimenttheusermovedthevir-
tual probein andout perpendiculato the thigh mesh.
Thatgivesthe quasi-sinusoiddbrm of the curves.It is
possibleto seethat the force obtainedfrom the physi-
cal modelis not continuousduring the hapticiteration
while theforceobtainedrom thebuffer modelis always
continuousandapproximatesheforceproduceddy the
deformablemodel.

5 Conclusionand Perspectves

With the new Long ElementMethod (LEM) basedon
Pascals principle and the conseration of volume, it
is now possibleto calculateglobal deformationsfor
a given soft object in real time. No precomputing
calculationsarerequiredto obtaina real time realistic
physically baseddeformation. Furthermore,in terms
of numericalresolution,LEM presentsa very stable
behaior. The useof a simple staticLEM as a buffer
modelgivesmorefaithfull touchingsensationWe have
seenthe construction,updating and linking aspects
between the simulation model and haptic model.



The updatedata processbetweenthe haptic and the
simulationloop hasbeenpresentedWe have alsoseen
how we approximatedheforcefeedbacksothatit is as
realisticaspossible.

A lot of work canbe donealongthis area.Onesuch
applicationof thisimplementations in sugical simula-
tors. In this frameawork, we have presented prototype
for echographyxamstraining of the humanthigh with
force feedbackcoupledwith echographidmages. For
otherproceduresif therespectre experimentaparam-
etersof humantissuecanbe obtained similar simula-
torscanbeconceved. Then,avalidationmethodhasto
be developedto validatethe results. This themeis part
of ourcurrentresearch.
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Figure6: Thecurve of theforce producedy thebuffer

modelin thehapticloop shonsasmoothbehaior while

the force from the simulationmodelis alwaysdiscrete
(if appliedto the hapticthread)
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