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ABSTRACT

A centralelementof surgical simulatorsis the generationof ap-
propriatehapticfeedback.Several factorsin�uence this rendering
process,which could potentiallydegradethe feedbackquality. In
this context, our currentresearchaimsat assessing,how well hap-
tic sensationsencounteredduringinteractionwith realobjects,can
actuallybe approximatedin a virtual environment. Since�nding
appropriatesoft tissuedeformationmodelsfor realtime interaction
is acomplex taskin itself, we limited theinvestigationsin thispilot
studyto simplelinear-elasticsiliconeobjects.

A modelof a virtual deformableobjectwasadaptedandparam-
etersselectedto approximatea real siliconesamplewithin a spe-
ci�c hardwaresetup.A comparativestudywasperformed,in which
13 subjectshadto discriminatebetweenthecategoriesof realand
virtual objects. We found that subjectscould discernbetweenthe
categorieswith ameanaccuracy of 63%with nosigni�cant biasto-
wardsassumingthepresenceof eitherrealor virtual objects.While
beingabove chancelevel, theresultsindicatethatwe wereableto
approximatehaptic feedbackof a real objectwith high �delity in
ourspeci�c hardwaresetup.
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1 I NTRODUCTI ON

An indispensablepartin mostsurgicalsimulatorsystemsis thedis-
play of haptic feedbackwhile interactingwith deformabletissue.
Accuraterenderingof organcomplianceis necessaryfor surgeons
to be able to discriminatebetweendifferent tissues. A number
of factorsin�uence the quality of haptic feedbackin this case-
amongthemaretheselectedmechanicaldeformationmodel,mate-
rial laws andsettingof mechanicalparameters,collision detection,
tool-tissuecontacthandling, simulation and haptic updaterates,
coupling betweendisplay and simulation,and the characteristics
of the haptic device used. Several points in this renderingchain
exist, whereerrorscan be introduced,simpli�cations have to be
made,or device limitationsarereached.This raisesthequestionof
how well thebehavior of a realdeformableobjectcanactuallybe
approximatedwith avirtual representation.

Biologicalsofttissueis acomplex materialto represent,showing
characteristicssuchas viscoelasticity, inhomogeneity, anisotropy,
or loadcycleconditioning.Therefore,westartedour investigations
in this pilot studywith the evaluationof simple,linear elasticob-
jects. To this end,we designedan experiment,whereparticipants
wereaskedto comparehapticfeedbackduringinteractionwith real
andvirtual deformableobjects.Thevirtual modelwascomposedof
an enhanced,volume-preservingmass-spring-dampermodel,with
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parameterstunedaccordingto measurementsof realmaterial.Hap-
tic renderingduringinteractionwasperformedwith a hapticproxy
paradigm.Moreover, it shouldbenoted,that theenvironmentwas
optimizedfor thespeci�c hapticinterfaceused.Theexperimental
taskwasthe indentationof a soft objectby a rigid tool. We com-
paredthevirtual interactionto therealpokingof asiliconecylinder
with ametalball indenter.

Thepaperis organizedasfollows: afterareview of relatedwork,
Section3 introducesthevirtual deformationmodel.Moreover, the
deformationparametersettingaccordingto areferencesiliconeob-
ject is described.The completehapticsystemusedfor the exper-
iment is presentedin Section4. In Section5 the studyperformed
with 13 participantsis described,followedby thediscussionof re-
sultsandtheconclusion.

2 REL ATED WORK

In thepast,several real-timecomputationalmodelswereproposed
for soft tissuedeformation- mostof themalsohaving beenused
for providing haptic feedbackin simulations. First attemptsde-
�ned deformationstatesof volumetric objectsby hand-adjusted
3D force pro�le functions[1]. Otherapproachesmodelvolumet-
ric chainmail-like behavior of the soft matter [12]. Physically
inspired mass-springmodels [13] have experiencedmore wide-
spreadusein computersimulation. Although they lack deforma-
tion realismdueto a simpli�ed physicalmodel,they areeasilyim-
plementedandcomputationallyeffective. More accuratesimula-
tions of deformableobjectscan be achieved with methodsstem-
ming from mechanicalengineering.Optionsaretheboundaryele-
mentmethod[14] or �nite elementmethod[4], however, morecom-
plex computationsmake real-timeinteractionunfeasible.While all
thesemethodsrely onmeshesfor topologyrepresentation,recently
meshlessapproacheshave alsobeenproposed,e.g.basedon parti-
clesystems[23], or themethodof �nite spheres[6].

Knowing the drawbacksof eachtechnique(speedandcorrect-
ness),thesetechniqueswereusedin hapticrenderingfor estimating
contactforce,whena tool pushesonanobject.Theseforcevectors
arethenpresentedto theuservia a hapticinterface- usuallyafter
additionalsmoothing.Apart from thesedeformationmethods,an-
otheroptionfor gettingforceestimationsis theexactmeasurement
of interactionforcesin therealworld andtheirsuccessiverendering
on a device [18]. Unfortunately, thequality of thehapticfeedback
achieved with theseapproachesascomparedto a referenceobject
is only seldomlyinvestigated.

In [15] a physical groundtruth for validatingthe force compu-
tation of a real-timesoft tissuedeformationmodelwaspresented.
Theauthorscomparedthedeformationof thevirtual modelto that
of a realsiliconecube,theTruth cube. With known materialprop-
ertiesandcontrolledboundaryconditions,a setof volumetricdis-
placementdatawasobtained. Taking this dataasa groundtruth,
the deformationsof identicalsituations,computedusinga virtual
model,canbequalitatively compared.

Several studiesfocusingon evaluationof hapticperceptionre-
latedto interactionwith deformableobjectswereperformed.These
mostly examinedthe humanhapticsensorylimitations, thuspro-



viding speci�cationsfor thedesignof new hapticsystems.Weber
fractionsfor stiffness,force, and displacementdiscrimination,as
well as investigationsof force andcompliancecontrastnecessary
for detectionwerepresentedin [9]. Also,hapticillusionsandcross-
modalitydependence,e.g.in�uenceof thevisualcuesonthehaptic
perception[10], or thesizeandpositionin�uence of theforcesen-
sation,wereexamined.However, noneof thesestudiescompared
theinteractionwith avirtual modelto a realscenario.

In recentwork, a researchgroupat theStanfordUniversityval-
idatedhapticrenderingalgorithmsfor rigid objectinteraction[16].
Severaltestsubjectswereaskedto ratehow well a virtual scenario
representedtheexperienceof tappingon a realwoodsample.Dur-
ing the experimenta numberof differentrenderingmethodsfor a
hardwoodensurfacewerepresentedto theusers.Unfortunately, the
hardcontactwith awoodensamplecouldnotbefully reproduced.

A comparisonof hapticrenderingtechniquesof tool-tissuecon-
tact was performedwithin a study on cutting of soft tissuewith
surgical scissors[20]. It includeddisplayof recordeddata,aswell
asof forcesobtainedfrom a linearapproximationof theempirical
data. Subjectswerenot ableto discriminatebetweenthe two ap-
proaches.Thestudyconcluded,thatfor modellingof cuttingforces,
acloseapproximationof realfeedbackmightbesuf�cient.

3 V I RTUAL OBJECT REPRESENTATI ON

3.1 Forcecomputation model

With regard to thebackgroundof surgical simulation,we selected
amass-springmodelapproachfor ourexperiments[2]. While sim-
pler modelscould alsohave beenusedfor our specialtest, these
have only limited adaptabilityand can not easily be extendedto
generalinteractionwith a3D object.For instanceprerecordeddata
canonly be usedwithin well-de�ned boundaryconditions,which
arenotavailablein situationsallowing unrestricted3D interaction.

Thedynamicsof themass-springmodelisgovernedbyNewton's
secondlaw of motion:

M
¶2x
¶t2 + D

¶x
¶t

+ Finternal = Fexternal ;

whereM is the massmatrix, D dampingmatrix, and F internal
or external forcesrespectively. An explicit numericalintegration
of the nodepositionsandvelocitieswasperformed.Additionally,
volumepreservingforcesof thetetrahedralstructurewereimposed
oneachvertex. Sincethischoicemadethevirtual samplestiffer, the
determinedYoung's modulushadto be slightly adaptedto match
themeasuredindentationforcecurves.

The coupling of the haptic device to the deformationsimula-
tion was donewith proxy-basedhaptic rendering[21]. A linear
springbetweentheproxyobjectandtherealpositionof thetool tip
wasusedfor theapproximationof theuser's interactionforce.The
external force generatedfrom the hapticproxy modelwassubse-
quentlydistributedto themass-springmodelnodesof thecontacted
surfacetriangle.Thedistribution wasbasedon barycentriccoordi-
natesof the interactionpoint with respectto the vertex positions
of thecontactedsurfacetriangle. Therefore,for a contacttriangle
DABC, andacontactpointwith coordinatesP = a A+ bB+ gC we
canwrite:

Fhaptics = a FA + bFB + gFC

where Fhaptics is the haptic force given by the proxy model,
FA;FB;FC are the external forcesacting on the nodesA;B;C re-
spectively, anda ;b ;g arethebarycentriccoordinatesof thecontact
pointwith respectto a triangleDABC.

Two approachesfor representingthe proxy objectwereexam-
ined: a point-basedparadigm,anda sphere-basedinteraction.The
sphere-basedrepresentationwas modi�ed from the point-based

model,wheretheforcewasrecomputedin orderto compensatefor
thesphericalshapeof theindentertip usedin our tests.According
to a Herzianmodelof anelasticcontactbetweena hyperspaceand
a sphericalindenter, the indentationforcedependsnon-linearlyon
theindentationdepth(seealso[17]):

F =
4
3

p
R

E
1� n2 d

3
2 ;

(whereE andn aretheYoung's modulusandthePoissonconstant
of theelasticmaterialrespectively, R is theradiusof theball inden-
ter andd is the indentationdepth).For thesphere-basedrepresen-
tation,a nonlinearspringF = c:d

3
2 (with a stiffnessc) wasusedto

approximatethehapticoutputforce,while a linearspringwasused
to computetheexternalforceactingon themass-springmodel. In
Figure1 theforcepro�les of themeasuredforceresponseof thereal
sampleandthecomputedforcesfrom themass-springmodel(with
proxy point andproxy spherebasedrendering)aredepicted.The
mass-springforce pro�le is obtainedfrom the inner forcesacting
on the middle nodeof the mass-springmodel's top surface. This
nodewasthe nearestsurfacenodeto the contactpoint during the
whole indentationand thus it approximatesbestthe force pro�le
of the internalforcesactingat the contactpoint. Theseforcesare
thencoupledto the hapticdevice via someof the proposedproxy
models.
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Figure 1: Force pro�les of proxy-basedcontact force estimation.

Since the tool shapein�uences the magnitudeof the contact
force, it would be appropriateto alsotake the shapeof the inden-
ter tip into consideration.However, due to someinstabilitiesen-
counteredwith theproxy sphereapproach,which would have been
easilyrecognizedby auserduringanexperiment,weonly usedthe
pointbasedparadigm.

3.2 Referencesiliconesample

Oneof themaindrawbacksof mass-springmodelsis thenecessity
to setdeformationparameters.Springconstants,masses,andmesh
topologyhaveto beadaptedto obtainaspeci�c deformationbehav-
ior. Sincemanualtuning is extremelytedious,we determinedthe
parametersfrom areferencesiliconesample.

To obtain a materialof near linear-elasticproperties,we used
a two part silicone rubbercalled ECOFLEX (Smooth-On). The
mixing proportionwas3:2:1for Eco�ex 0040partB, siliconethin-
ner, andEco�ex 0030partA, respectively. Thematerialexhibited
similar behavior to soft tissuein the linear range. We createdsix



cylindrical rubberphantomsfor our studies.In the following dis-
cussions,therealsamplesarelabeledrangingfrom R1to R6,while
thevirtual modelsarelabeledV1 to V6.

In order to determinethe materialpropertiesof the assembled
siliconerubber, anaspirationtesthasbeenperformedasdescribed
in [19]. According to thesetests,the silicone phantomcould be
consideredas a neo-Hookeanmaterialwith Young's modulusof
23:5kPa andassumedPoisson's ratioof 0:499.This resultwasalso
subsequentlyveri�ed by ahyper-elasticFEmodel[24].

3.3 Parameter setting

Theprocessof theparametersettingfor onevirtual objectwascar-
ried out with the referencesample. For the mass-springsimula-
tion, a meshrepresentationof thecylindrical objecthasto becre-
ated.Theobjecthasbeenuniformly tetrahedralizedwith 300nodes,
1656edgesand1156tetrahedrons.Moreover, meshparametersof
the mass-springsystemhave to be tunedto matchthe assembled
siliconecylinder.

Themassof thereferencesample,400g, hasbeendistributedto
nodesof thevirtual sampleaccordingto [8]. Massmomentsup to
theordertwo werematchedto themomentsof a cylindrical object
accordingto

Z

Body
u j

xuk
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zr (~u)d~u =
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å
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xiu
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wherethe massof eachnodeis mi and its positionui . For solv-
ing this under-determinedsystemwe applieda least-squaresmini-
mizationof thedistributedmassesto themassesmi of eachnodevi
estimatedby thevolumeof tetrahedronsincidentuponvi :

min
�
å
i

�
mi � c å

vi2T
Volume(T)

� 2
�

;

wherec is a masscorrectingconstantandT a tetrahedronde�ned
by the model mesh. The determinednodemassesin the virtual
modelvariedfrom 0:4g to 3:3g.

Similar to [11], thestiffnessof eachspringewassetto

ke =
Eå e2T Volume(T)

Length(e)2 ;

whereE is theYoung's modulus.Obtainedspringconstantsvaried
from 0:023N=mmto 0:318N=mm.

Furthermore,simulationtime-stepandnodedampinghave to be
set.As astartingvaluefor thetime-stepweused

Dt �
r

mass
np2kmax

;

wherekmax is themaximumspringstiffness,n thenumberof nodes
andmassis total massof the object(see[7]). This equationesti-
matesthe time stepbeyondwhich thesystemof equationsof mo-
tion, usingan explicit numericalintegrationmethod,is divergent.
Nevertheless,sincethestiffnessof thespringsandthemassof the
nodesin ourmodelvaries,we couldselecta largersimulationtime
step.Thenodedampingwasselectedmanuallyto ensurestability
of thedynamicdeformation.

After settingtheparametersfor themass-springmodel,thecon-
stantsfor the virtual coupling to the proxy alsohave to be deter-
mined.With astiffnessvalueof 0:8N=mmweobtainedstableforce
rendering.It hasto bementioned,thattheestimatedstiffnessof the
massspringmodel, for the region wherethe indentationtestwas
applied,was0:25N=mm. To further reduceinstabilitiesandslight
vibrations,a linearaverage�lter wasappliedto smooththeposition

of the proxy point betweensuccessive updatesof the massspring
model:

ñ =
thaptics

2tsimulation
; F̃ =

Ft� ñ + : : :+ Ft

ñ
:

Thesizeof this �lter wassetto half of theratio betweenthehaptic
andvirtual objectupdaterates. Using this approachthe step-like
responseof theproxy forcewasreduced.

4 SYSTEM SETUP

For our experimentswe chosethePHANToM PremiumModel 1.5
(by SensAbleTechnologies,Cambridge,MA) to provide theinter-
facefor indentingthe real and virtual samples.The selectionof
the device wasdominatedby availability. Consideringthe limita-
tionsof thedevice's forceresponse[5][3], wedonotclaim,thatthe
device wasoptimalfor our task.Onesigni�cant problemwe expe-
riencedhasbeendueto thelimited maximumforcesof thedevice.
From empirical tests,this wasestimatedto be around4N. It has
to be rememberedthat due to the parasiticinertia and friction of
theselectedhardware(in thehapticdevice, aswell asin theover-
all constructiondescribedlater in Section5.3), theresultsareonly
valid in thisspeci�c setting.

The test applicationhas beenrun on a Linux PC with 2xP4
2.8GHzprocessors.We usedtwo asynchronousthreads:one for
haptic force renderingusing the proxy model and one for defor-
mationcalculation.During the experimentsthe hapticthreadwas
running at 1kHz, while the deformationcalculationwas running
with anapproximaterefreshrateof 100Hz.

5 DI SCRI M I NATI ON EXPERI M ENT

5.1 Overview

In orderto evaluatethequality of thehapticrendering,we carried
out a discriminationexperimentrelatedto indentationof real and
virtual objects. Participantswereasked to pushwith a metalball
indenteronto a real siliconecylinder, or on the virtual object re-
spectively. Thewholetaskwasperformedblindly. After severalin-
dentations,userswereaskedwhetherthey believedto havetouched
a realor virtual object. Becausefreetool-objectinteractionwould
involve many contacteffects(e.g. friction, multiple contactpoints,
torques,etc.),whichwouldin�uencetheinteraction,thewholepro-
cedurewas limited to one-dimensionalinteraction. Touchingthe
bodywaspossiblejust in onepoint (themiddleof theobject's top
surface),andonly in verticaldirection.Theforcesrenderedon the
hapticdevice have alsobeenrestrictedto this direction. However,
contactforcesandtheinnerforcesof thevirtual object,governedby
themass-springmodel,werestill computedin all directionsfor the
whole body. For this initial study, interactionwaslimited to slow
movementsonly (the averagecontactspeedwas about 0:1m=s).
This canpartly be justi�ed with regard to our applicationareaof
surgicalsimulation,wheresurgeonsusuallyinteractin acontrolled,
steadymanner.

5.2 Participants

Thirteenparticipants(two female,eleven male), took part in the
test. Their agerangedfrom 26 to 54 years(with anaverageof 30
years). All but two subjectswereright-handed(althoughjust one
wasusingthe left handfor the tests). Noneof themreportedany
known hapticde�cit dueto anaccidentor illness.Two participants
wereexperiencedPHANToM users.While mostof theothersusers
alreadyexperiencedhapticsimulationswith thePHANToM before,
they cannotbeconsideredasexperiencedusersof hapticdevices.



5.3 Experimental apparatus

The experimentwas performedwith a PHANToM haptic device
aspreviously described.A 250mmlong pen-shapedstyluswasat-
tachedatoneendto therobotarmof thePHANToM device. Onthe
otherendof thepena ball intenderwasfastened.In orderto �nd
a trade-off betweensubstantialpenetrationdepthsandpureelastic
deformationof therealsamples,we useda ball indenterwith a ra-
diusof 4mm. Thisallowedindentationdepthsof up to 20mmwhile
still beingableto reproducethesamebehavior with thePHANToM
device. Thestyluswassliding insidea 30mmlong tube,equipped
with ball bearingsto ensureresistancefree motion. This limited
the interactionto onedirection. To avoid sidevibrationscoming
from therigid side-gripof thestylusinsidethetube,thecomputed
PHANToM forceshave beenprojectedto thesamedirection. Be-
neaththeindenter, six realsampleswereplacedon a rotatablesup-
port while leaving placefor virtual samples.A blockingsystemof
the rotatableplateallowed for fastandprecisepositioningof the
middle of eachsamplebelow the indenter. The whole setupwas
put behinda tall barrierto prevent theuserfrom observingtheap-
paratusduring the test. A completeview of the testsetupcanbe
seenin Figure2.

Figure 2: Experimental setup with a PHANToM, attached indenter
driven in a tube, and a rotatable sample support.

Participantssatat a tableandput their handthroughanopening
in thebarrier. Throughtheopeningtheuserswereholdingthepen-
shapedindenter. During the whole testthe participantscould rest
their armon a support.In thesetuptheusercouldfreely move the
indenterup anddown for 40mm, without gettinginto contactwith
thesurroundingconstruction.Theindentationdepthwaslimited to
approximately20mmby a rigid stop,due to the mentionedforce
renderinglimitationsof thePHANToM device. To maskthesound

of the PHANToM motorsandthe ball bearing,userswore closed
headphonesasacousticearprotectorswith white noiseplayed.No
additionalvisual feedback,e.g. from the virtual simulation,was
providedto theuser, thuseachparticipanthadto makehisdecision
just accordingto thehapticstimuli he received. Theoperatorwas
on theothersideof thebarriermonitoringtheprogressandchang-
ing thesamplesbeneaththeindenter.

5.4 Procedure

Theexperimentconsistedof two phases:trainingsession,andtest-
ing. The objective of the training phasewas two-fold. Firstly, a
usershouldgetusedto thesetupandthehapticfeedbackin general.
This includedthelimits of thedesiredinteractionstyle.Participants
wereinstructedto slowly approachtheobjectswith theindenter, al-
wayshold theindenterin theirhandduringtheinteraction,perform
just slow movements(approximatelytwo punchespersecond)and
move within the non-restrictedrangeof 20mm indentationdepth
(beforehitting therigid stop).

Secondly, thetwo categoriesof realandvirtual objectswerepre-
sented,sothattheusercandeterminethedifferencesbetweenboth
classes.To this end,he could experiencethe interactionbetween
one real sampleand a virtual one, whoseelasticpropertieshave
beentunedto matchtherealobjectasdescribedin Section3.3.This
phaselastedtill theparticipantsfelt comfortablewith theapparatus
andwerereadyfor themaintest.

During the testingphase,subjectswere told that they will be
presentedseveralrealobjectswith smalldifferencesin stiffnessand
height.Additionally, virtual objects,with similardeformationchar-
acteristicsto the real objects,will also be shown amongthe real
samples. The userwas informed, that her task is to expressher
estimateif interactingwith a realor avirtual object.

For eachsubjectthetestconsistedof 50trials,wherearandomly
selectedobject from the six real andsix virtual modelswas pre-
sentedto theuserwithin eachtrial. No responsefeedbackwasgiven
to theparticipantsaftereachtrial.

5.5 Conditions

Betweenall realsamplestherewereslightdifferencesin their stiff-
nessandtheir height. The stiffnessvariationwas35%, while the
maximumdifferencein thesampleheightwas3mm. Additionally,
six virtual cylindersweresetup for thetest,takinginto accountthe
parametersettingsdescribedin Section3.3. In the following, the
referencesamplefrom theSection3.3andthecorrespondingtuned
virtual samplearedenotedR2 andV3 respectively. To resemble
the differencein the real objects,� ve variationsof the tunedvir-
tualmodelV3 werecreated.They wereadjustedto cover therange
of heightsandstiffnessesof the real samples.An overview of all
objectsis givenin Table1.

Thedifferentforceresponsesof therealandvirtual sampleswere
measuredandarepresentedin Figure3. Thesemeasurementswere
madeonly approximatelyusingthePHANToM device. All forces
weredeterminedfrom theposition,wherethegravity of theinden-
ter was counterbalancedby the deformationforce of the current
sample,andthusat zeroforceresponselittle de�ection canbeno-
ticed. Thesemeasurementsarenot very preciseandthus just the
differencesof theslopesof eachcurveshouldbecompared.

6 RESULTS

All participantswent throughthe learningphasewithin � ve min-
utes,andcompletedthe experimentof 50 trials on averagein 20
minutes. Four different combinationsof trial condition and re-
sponsewerepossible.Hits occurred,whena realsamplewascor-
rectly identi�ed, and false alarms, when a virtual object was as-



Table 1: Estimated elasticity (Young's modulus in kPa) and heights
(in mm) of the samples,real and virtual, usedduring the experiment.
The indicated ratio is the elasticity ratio computed in reference to
the object R2 and V3 for the real samplesand virtual samples, re-
spectively.

Real R1 R2 R3 R4 R5 R6
elasticity 20.6 23.5 27 28.6 29 35.6
height 80 81.5 82.5 81 79.5 80.5
ratio 1.14 1 0.87 0.82 0.81 0.66

Virtual V1 V2 V3 V4 V5 V6
elasticity 14.5 17 17 20.4 21.2 25.5
height 82 80 82 80 81.5 78.5
ratio 1.17 1 1 0.83 0.80 0.66
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Figure 3: The recorded forcesof the real and virtual samples: a) real
samples,b) virtual samples.

sumedto bereal. Similarly, a correctrejectionwascounted,when
a virtual objectwasrecognizedassuch,anda misswasrecorded,
whena realobjectwasattributedasvirtual.

Countingfalsealarmsandmisses,themeannumberof wrongre-
sponsesof all participantswas18:66in 50trials,with astandardde-
viation of 7:15. To furtheranalyzethedata(seefor instance[22]),
we startwith determininghit rateH andfalsealarmrateF. The
formerdescribestheprobabilityof a correctdetection,whena real
objectwaspresent,while the latter denotesthe probability of as-
suminga real object, when a virtual samplewas shown. In the
optimal case,hit rate is high andfalsealarmrate low, while val-

uesaround50% indicatedecisionmakingby chance.Figure4 a)
depictsthe resultsof our study. The meanvaluesof hit andfalse
alarmrateare62:8%and36:3%,respectively.

Two furthermeasureshave to bedeterminedto analyzethedata
- sensitivity (alsoreferredto asdiscriminability)andresponsebias.
Theformerdenotestheability todetecttheactualcategoryof realor
virtual objects,andthelatterapossibletendency towardsreporting
aspeci�c categorymoreoften.

As describedin [22], we determinethenon-parametricmeasure
of sensitivity A0accordingto

A0=

8
>>><

>>>:

0:5+ (H � F)(1:0+ H � F)
4:0H(1:0� F) i f H � F

0:5+ (F � H)(1:0+ F � H)
4:0F(1:0� H) i f H < F

:

The measureusually rangesfrom 0:5, which indicateschance
performance,to 1:0, which correspondsto perfectcategory detec-
tion. Valueslessthan0:5 mayarisedueto responseconfusion.The
non-parametricmeasureof biasB

00

D canbedeterminedby

B
00

D =
(1:0� H)(1:0� F) � HF
(1:0� H)(1:0� F) + HF

:

Positivevaluesrepresentatendency to reportinteractionwith the
virtual objectcategory, while negative valuesrepresenta tendency
to reporttherealone.Non-existentbiasis indicatedby valuesclose
to 0:0. Bothmeasuresareshown in Figure4 b). Meansensitivity is
0:707with ameanbiasof 0:01.

While we arestill above chancelevel, theresultsshow, thatpar-
ticipantswereunableto perfectlydiscriminatebetweenthetwo cat-
egories.This is alsore�ectedby commentsgatheredfrom thepar-
ticipants,who regardedcorrectdiscriminationof thecategoriesas
ratherdif�cult.

To furtheranalyzeourresults,weinvestigatedwhetheraspeci�c
samplecould be easierrecognizedthan the others. However, no
indicationof thiscouldbenoticed.Themeanof wrongrecognition
of real sampleswas 37:3%, with a standarddeviation of 5:15%;
andtheoneof virtual samples36:1%,with a standarddeviation of
4:74%.

We alsoexamined,if a changein performancecouldbenoticed
duringthecourseof theexperiment.Only in two cases,theability
to differentiatebetweenvirtual andreal objectsimproved slightly
in thesecondhalf of thetest.Nevertheless,thishasnotbeenstatis-
tically signi�cant.
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Figure 4: Statistical plots of all participants: a) Hit versus False
alarm rate, b) Sensitivity versusBias. The mean values are marked
with a square.



For a furtheranalysis,we recordedthemass-springmodelgen-
eratedforcesand the positions,and the velocitiesof the indenter
tip at 1kHz (seeFigure5). Due to technicallimitations,we could
not recordthe force responseof the real modelduring the inden-
tation test. However, an inspectionof thesmoothnessof the force
response,anda comparisonof the recordedpositionsandveloci-
ties,for theinteractionwith thevirtual aswell astherealsamples,
did not revealacleardifferenceof thetwo models.
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Figure 5: An exampleof recorded positions (scaled to mm), velocities
(scaledto 10mm=s) and forces(scaledto 10� 1N) during an interaction
with virtual object, which was detected correctly.

Apart from thequantitativedata,afterthetrialswealsocollected
commentsfrom participantsto determinetheirapproachduringthe
test. We found that the bestdetectionperformancewasachieved
by participantswhoreportedasmalldifferenceduringthe�rst con-
tact of the probewith the sample. It wasdescribedasa “sinking
of the tool” effect. We attribute this phenomenonto the selected
proxy-pointsimpli�cation of the hapticrendering(seeSection3).
However, all usersreportedthediscriminationtaskto bevery hard
for deeperpenetrations.

Other cues,which were sometimespresent,were small vibra-
tions encounteredduring interactionwith the virtual model. This
wasdueto the alignmentof the indenterwith the ball bearing.A
smallrippling effect couldbenoticed,which becamemoreevident
with thetilting of themoving indenter. Renderedforcescouldlead
to sucha tilt, sincethedirectionwasnot perfectlyalignedwith the
driving tube.

Moreover, two subjectsreportedthata low frequency wave was
noticeablefor amomentafterstoppingtheindenterinsidethesam-
ple,especiallyfor theharderobjects.This effect couldalsobever-
i�ed by their data,sincethey performedslightly betterwith harder
samples.Thenatureof this wave comesfrom thelimited informa-
tion propagationspeedof theexplicit numericalintegrationscheme
used.Additionally, this effect becomesmorevisible for theharder
objectssincethe parametersettingof the virtual modelswasnot
doneparticularlyfor eachone.

Finally, noneof ourparticipantsactuallyreportedthehapticren-
deringduringinteractionasunrealisticor arti�cial.

7 CONCL USI ONS

In this study we examinedthe �delity of a simple deformation
modelfor providing hapticfeedbackduringinteractionwith virtual
elasticobjects.Deformationparametersweredeterminedbasedon
referencesiliconesamples.A discriminationtaskwascarriedout,
in which participantshadto differentiatebetweenreal andvirtual

objects.Resultsshowedthatthistaskwasquitecomplex, sinceonly
smalldifferencesbetweenrealandvirtual hapticfeedbackcouldbe
noticed. Thus,we wereable to achieve a high �delity of virtual
rendering.

While theselectedtissuemodelwastoosimpleto beusedin sur-
gicalsimulation,theexperimentalreadyindicatesthata reasonable
approximationof realbehavior canbereached.In this respect,one
alsohasto consider, that theparticipantsin our studywereexplic-
itly told to look for small differences.During surgical simulation,
slight deviationsfrom perfectfeedbackmight beacceptable,since
the traineedoesnot fully focuson small discrepancies.Sincethe
main target of surgical simulationshouldbe to achieve a training
effect, if, andto whatdegreea smalldeviation from real feedback
would affect this processstill remainsanopenquestion.However,
a �nal answerto this problemis beyond the scopeof this paper.
It shouldalsobe noted,that we do not suggestto usesimplede-
formationmodelsfor a surgical training system. The studyonly
determined,how well forcescomingfrom arealobjectcanactually
be approximated.Testswith more complex deformationmodels
shouldalsobecarried.

Finally, wecanalsoinfer, thatourapproachfor parametertuning
of ourdeformablemodelsis at leastsuf�cient to providereasonably
realistichapticfeedback.Nevertheless,anextrapolationto complex
objectsmaynotbestraightforward.

In future work, several shortcomingsof our systemwill be ad-
dressed.For thehardwaresetup,a bettersolutionwill befoundfor
guiding the indenterto avoid high-frequency noise.Moreover, we
will examineproxy-spherebasedhapticrenderingto improve the
�rst phaseof tool-tissuecontact. Furthermore,sincethe userwas
limited to slow movements,thedynamicsof thedeformationmodel
did not play a major role. In orderto allow morefree interaction
with thevirtual samples,thedynamicsof our simulationneedim-
provement. Finally, evaluationswith morerigorousdataanalysis
methodswill alsobeperformed.
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