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ABSTRACT

A centralelementof sumgical simulatorsis the generationof ap-
propriatehapticfeedback.Several factorsin uence this rendering
processwhich could potentially degradethe feedbackquality. In
this context, our currentresearctaimsat assessinghow well hap-
tic sensationgncounterediuring interactionwith realobjects,can
actually be approximatedn a virtual environment. Since nding
appropriatesofttissuedeformatiormodelsfor realtime interaction
is acomple taskin itself, we limited theinvestigationsin this pilot
studyto simplelinearelasticsiliconeobjects.

A modelof avirtual deformableobjectwasadaptecandparam-
etersselectedo approximatea real silicone samplewithin a spe-
ci ¢ hardwaresetup.A comparatie studywasperformedjn which
13 subjectshadto discriminatebetweenthe categyoriesof realand
virtual objects. We found that subjectscould discernbetweerthe
catgorieswith ameanaccurag of 63%with nosigni cant biasto-
wardsassuminghepresencef eitherrealor virtual objects.While
beingabove chancedevel, the resultsindicatethatwe wereableto
approximatehaptic feedbackof a real objectwith high delity in
our speci ¢ hardwaresetup.

Keywords: hapticrenderinghapticturing test

1 INTRODUCTION

An indispensabl@artin mostsugical simulatorsystemss thedis-
play of hapticfeedbackwhile interactingwith deformabletissue.
Accuraterenderingof organ complianceis necessaryor suigeons
to be able to discriminatebetweendifferent tissues. A number
of factorsin uence the quality of haptic feedbackin this case-
amongthemarethe selectednechanicatieformatiormodel,mate-
rial laws andsettingof mechanicaparameters;ollision detection,
tool-tissuecontacthandling, simulation and haptic updaterates,
coupling betweendisplay and simulation, and the characteristics
of the haptic device used. Several pointsin this renderingchain
exist, whereerrors can be introduced,simpli cations have to be
madeor device limitationsarereachedThis raiseshe questionof
how well the behaior of a real deformableobjectcanactuallybe
approximatedvith avirtual representation.

Biological softtissueis acomplex materialto representshaving
characteristicsuchas viscoelasticity inhomogeneityanisotrop,
or loadcycle conditioning.Thereforewe startedour investigations
in this pilot studywith the evaluationof simple, linear elasticob-
jects. To this end,we designedan experiment,whereparticipants
wereasledto comparehapticfeedbaclduringinteractionwith real
andvirtual deformableobjects.Thevirtual modelwascomposeaf
an enhancedyolume-preservingnass-spring-dampenodel, with
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parametertunedaccordingo measuremenf realmaterial.Hap-
tic renderingduringinteractionwasperformedwith a hapticproxy
paradigm.Moreover, it shouldbe noted,thatthe ervironmentwas
optimizedfor the speci ¢ hapticinterfaceused. The experimental
taskwasthe indentationof a soft objectby arigid tool. We com-
paredthevirtual interactionto therealpokingof asiliconecylinder
with ametalball indenter

Thepapers organizedasfollows: afterareview of relatedwork,
Section3 introduceghe virtual deformationmodel. Moreover, the
deformationparametesettingaccordingo areferencesiliconeob-
jectis described.The completehaptic systemusedfor the exper
imentis presentedn Section4. In Section5 the study performed
with 13 participantss describedfollowed by the discussiorof re-
sultsandtheconclusion.

2 RELATED WORK

In the past,several real-timecomputationamodelswere proposed
for soft tissuedeformation- mostof themalso having beenused
for providing haptic feedbackin simulations. First attemptsde-
ned deformationstatesof volumetric objectsby hand-adjusted
3D force pro le functions[1]. Otherapproachesnodelvolumet-
ric chainmail-like behaior 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-
plementedand computationallyeffective. More accuratesimula-
tions of deformableobjectscan be achieved with methodsstem-
ming from mechanicakngineering Optionsarethe boundaryele-
mentmethod14] or nite elemenimethod4], however, morecom-
plex computationsnake real-timeinteractionunfeasible While all
thesemethodsely on meshegor topologyrepresentatiorrecently
meshlesspproacheblave alsobeenproposede.g. basedon parti-
cle systemd23], or themethodof nite sphereg6].

Knowing the dravbacksof eachtechnique(speedand correct-
ness)theseechniquesvereusedn hapticrenderingfor estimating
contactforce,whenatool pusheon anobject. Theseforcevectors
arethenpresentedo the uservia a hapticinterface- usuallyafter
additionalsmoothing.Apart from thesedeformationmethodsan-
otheroptionfor gettingforce estimationss the exactmeasurement
of interactionforcesin therealworld andtheir successie rendering
onadevice [18]. Unfortunately the quality of the hapticfeedback
achieved with theseapproachesscomparedo a referenceobject
is only seldomlyinvesticated.

In [15] a physical groundtruth for validatingthe force compu-
tation of a real-timesoft tissuedeformationmodelwas presented.
The authorscomparedhe deformationof the virtual modelto that
of arealsiliconecube,the Truth cube With knowvn materialprop-
ertiesandcontrolledboundaryconditions,a setof volumetricdis-
placementdatawas obtained. Taking this dataasa groundtruth,
the deformationsof identical situations,computedusinga virtual
model,canbe qualitatively compared.

Several studiesfocusingon evaluationof haptic perceptionre-
latedto interactionwith deformableobjectswereperformed.These
mostly examinedthe humanhaptic sensorylimitations, thus pro-



viding speci cationsfor the designof new hapticsystems.Weber
fractionsfor stiffness,force, and displacementiscrimination,as
well asinvestigationsof force and compliancecontrastnecessary
for detectionwerepresentedh [9]. Also, hapticillusionsandcross-
modalitydependences.g.in uence of thevisualcuesonthehaptic
perceptior[10], or the sizeandpositionin uence of theforce sen-
sation,were examined. However, noneof thesestudiescompared
theinteractionwith avirtual modelto arealscenario.

In recentwork, a researchgroupat the StanfordUniversity val-
idatedhapticrenderingalgorithmsfor rigid objectinteraction[16].
Severaltestsubjectavereaslkedto ratehow well avirtual scenario
representethe experienceof tappingon arealwood sample.Dur-
ing the experimenta numberof differentrenderingmethodsfor a
hardwoodersurfacewerepresentedo theusers.Unfortunatelythe
hardcontactwith awoodensamplecouldnotbefully reproduced.

A comparisorof hapticrenderingtechniquef tool-tissuecon-
tact was performedwithin a study on cutting of soft tissuewith
sumical scissorg20]. It includeddisplayof recordeddata,aswell
asof forcesobtainedfrom a linear approximatiorof the empirical
data. Subjectswerenot ableto discriminatebetweenthe two ap-
proachesThestudyconcludedthatfor modellingof cuttingforces,
acloseapproximatiorof realfeedbackmightbesufcient.

3 VIRTUAL OBJECT REPRESENTATION

3.1 Forcecomputation model

With regardto the backgroundf sumgical simulation,we selected
amass-springnodelapproacHtor our experimentg2]. While sim-
pler modelscould also have beenusedfor our specialtest, these
have only limited adaptabilityand can not easily be extendedto
generainteractionwith a 3D object. For instanceprerecordediata
canonly be usedwithin well-de ned boundaryconditions,which
arenotavailablein situationsallowing unrestrictedD interaction.

Thedynamicsof themass-springnodelis governedby Newton's
secondaw of motion:

?x  _x
M * P
whereM is the massmatrix, D dampingmatrix, and F internal
or externalforcesrespectiely. An explicit numericalintegration
of the nodepositionsandvelocitieswas performed. Additionally,
volumepreservingorcesof thetetrahedrastructurewereimposed
oneachvertex. Sincethischoicemadethevirtual samplestiffer, the
determinedYoung’s modulushadto be slightly adaptedo match
themeasuredndentatiorforce curves.

The coupling of the haptic device to the deformationsimula-
tion was donewith proxy-basechaptic rendering[21]. A linear
springbetweerthe proxy objectandtherealpositionof thetool tip
wasusedfor the approximatiorof the usersinteractionforce. The
externalforce generatedrom the haptic proxy modelwas subse-
quentlydistributedto themass-springnodelnodesof thecontacted
surfacetriangle. Thedistribution wasbasedon barycentriccoordi-
natesof the interactionpoint with respectto the vertex positions
of the contactedsurfacetriangle. Therefore for a contacttriangle
DABC, anda contactpointwith coordinates® = aA+ bB+ gC we
canwrite:

*+ Fintemal = Fexteral;

Fhaptics = aFa+ bFs+ gic

where Fapiics is the haptic force given by the proxy model,
Fa; Fg; Fc are the external forcesacting on the nodesA; B;C re-
spectvely, anda; b; garethebarycentriccoordinate®f the contact
pointwith respecto atriangle DABC.

Two approachegor representinghe proxy objectwere exam-
ined: a point-basegaradigmanda sphere-baseithteraction. The
sphere-basedepresentatiorwas modi ed from the point-based

model,wheretheforcewasrecomputedn orderto compensatéor
the sphericalshapeof theindentertip usedin our tests.According
to aHerzianmodelof anelasticcontactbetweera hyperspaceand
a sphericalindenter theindentationforce dependson-linearlyon
theindentationdepth(seealso[17]):

(whereE andn arethe Young's modulusandthe Poissorconstant
of theelasticmaterialrespectiely, Ris theradiusof theball inden-
terandd is theindentationdepth). For the sphere-baseepresen-

tation,anonlinearspringF = cd3 (with a stiffnessc) wasusedto
approximatehe hapticoutputforce,while alinearspringwasused
to computethe externalforce actingon the mass-springnodel. In
Figureltheforcepro les of themeasuredorceresponsef thereal
sampleandthe computedorcesfrom the mass-springnodel(with
proxy point and proxy spherebasedrendering)are depicted. The
mass-springorce pro le is obtainedfrom the innerforcesacting
on the middle nodeof the mass-springnodel's top surface. This
nodewasthe nearessurfacenodeto the contactpoint during the
whole indentationand thusit approximatesestthe 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-based contact 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, dueto someinstabilitiesen-
counteredvith the proxy sphereapproachwhich would have been
easilyrecognizedy a userduringanexperimentwe only usedthe
pointbasedbaradigm.

3.2 Referencesiliconesample

Oneof the maindravbacksof mass-springnodelsis the necessity
to setdeformationparametersSpringconstantsmassesandmesh
topologyhaveto beadaptedo obtainaspeci ¢ deformatiorbeha-
ior. Sincemanualtuning is extremelytedious,we determinedhe
parameterfrom areferencesiliconesample.

To obtain a material of nearlinearelasticproperties,we used
a two part silicone rubbercalled ECOFLEX (Smooth-On). The
mixing proportionwas3:2:1for Eco ex 0040partB, siliconethin-
ner, andEco ex 0030partA, respectiely. The materialexhibited
similar behaior to soft tissuein the linear range. We createdsix



cylindrical rubberphantomsor our studies. In the following dis-
cussionstherealsamplesarelabeledrangingfrom R1to R6, while
thevirtual modelsarelabeledVv1 to V6.

In orderto determinethe materialpropertiesof the assembled
siliconerubber anaspirationtesthasbeenperformedasdescribed
in [19]. Accordingto thesetests,the silicone phantomcould be
consideredas a neo-Hoolean materialwith Youngs modulusof
23:5kPa andassumedPoissors ratio of 0:499. Thisresultwasalso
subsequentlyeri ed by a hyperelasticFE model[24].

3.3 Parameter setting

The procesf the parametesettingfor onevirtual objectwascar
ried out with the referencesample. For the mass-springsimula-
tion, a meshrepresentationf the cylindrical objecthasto be cre-
ated.Theobjecthasbeeruniformly tetrahedralizedith 300nodes,
1656edgesand1156tetrahedronsMoreover, meshparameteref
the mass-springsystemhave to be tunedto matchthe assembled
siliconecylinder.

The massof thereferencesample 400y, hasbeendistributedto
nodesof thevirtual sampleaccordingto [8]. Massmomentsup to
the ordertwo werematchedo the momentsof a cylindrical object
accordingo

z
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wherethe massof eachnodeis m; andits positionu;. For solv-
ing this underdeterminedsystemwe applieda least-squaremini-
mizationof the distributedmasseso the massesn; of eachnodev;
estimatecdy the volumeof tetrahedronincidentuponvy;:

mn & m c & VolumdT) ? ;
i vi2T

wherec is a masscorrectingconstantandT a tetrahedrorde ned
by the model mesh. The determinednode massesn the virtual
modelvariedfrom 0:4g to 3:3g.

Similarto [11], thestiffnessof eachspringe wassetto
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whereE is the Young's modulus.Obtainedspringconstantyvaried
from 0:023N=mmto 0:318N=mm
Furthermoresimulationtime-stepandnodedampinghave to be
set.As a startingvaluefor thetime-stepwe used

r
mass
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wherekmay is the maximumspringstiffness ,n thenumberof nodes
andmassis total massof the object(see[7]). This equationesti-
matesthe time stepbeyond which the systemof equationf mo-
tion, usingan explicit numericalintegrationmethod,is divergent.
Neverthelesssincethe stiffnessof the springsandthe massof the
nodesin our modelvaries,we could selecta larger simulationtime
step. The nodedampingwasselectednanuallyto ensurestability
of thedynamicdeformation.

After settingthe parameter$or the mass-springnodel,the con-
stantsfor the virtual couplingto the proxy also have to be deter
mined.With astiffnessvalueof 0:8N=mmwe obtainedstableforce
rendering .t hasto bementionedthatthe estimatedstiffnessof the
massspring model, for the region wherethe indentationtestwas
applied,was0:25N=mm To further reduceinstabilitiesandslight
vibrations,alinearaveragelter wasappliedto smooththeposition

of the proxy point betweensuccessie updatesof the massspring

model:
thaptics E = R s+t R,

n=
2tsimulation n

Thesizeof this Iter wassetto half of theratio betweerthe haptic
andvirtual objectupdaterates. Using this approactthe step-like
respons®f the proxy forcewasreduced.

4 SYSTEM SETUP

For our experimentave chosethe PHANToOM PremiumModel 1.5
(by SensAbleTechnologiesCambridgeMA) to provide theinter
facefor indentingthe real and virtual samples. The selectionof
the device was dominatedby availability. Consideringthe limita-
tionsof thedevice'sforcerespons¢5][3], we donotclaim, thatthe
device wasoptimalfor our task. Onesigni cant problemwe expe-
riencedhasbeendueto the limited maximumforcesof the device.
From empiricaltests,this was estimatedo be around4N. It has
to be rememberedhat due to the parasiticinertia and friction of
the selectechardware (in the hapticdevice, aswell asin the over
all constructiordescribedaterin Section5.3),theresultsareonly
valid in this speci ¢ setting.

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

5 DISCRIMINATION EXPERIMENT

5.1 Overview

In orderto evaluatethe quality of the hapticrendering we carried
out a discriminationexperimentrelatedto indentationof real and
virtual objects. Participantswere asled to pushwith a metalball

indenteronto a real silicone cylinder, or on the virtual objectre-
spectvely. Thewholetaskwasperformedblindly. After severalin-

dentationsusersvereaskedwhetherthey believedto have touched
arealor virtual object. Becausdree tool-objectinteractionwould
involve mary contacteffects(e.qg. friction, multiple contactpoints,
torquesegtc.),whichwouldin uencetheinteraction thewholepro-
cedurewas limited to one-dimensionainteraction. Touchingthe
bodywaspossiblejustin onepoint (the middle of the object's top
surface),andonly in verticaldirection. The forcesrenderecbn the
hapticdevice have alsobeenrestrictedto this direction. However,

contacforcesandtheinnerforcesof thevirtual object,governecby

themass-springnodel,werestill computedn all directionsfor the
wholebody For this initial study interactionwaslimited to slow

movementsonly (the averagecontactspeedwas about0:1m=s).

This canpartly be justi ed with regardto our applicationareaof

sumgical simulationwheresuigeonsusuallyinteractin acontrolled,
steadymanner

5.2 Participants

Thirteen participants(two female, eleven male), took partin the
test. Their agerangedfrom 26 to 54 years(with an averageof 30
years). All but two subjectswereright-handedalthoughjust one
wasusingthe left handfor the tests). None of themreportedary

known hapticde cit dueto anaccidentr illness. Two participants
wereexperienced®HANTOM users While mostof the othersusers
alreadyexperiencedapticsimulationswith thePHANToM before,
they cannotbe consideredsexperiencedisersof hapticdevices.



5.3 Experimental apparatus

The experimentwas performedwith a PHANTOM haptic device
aspreviously described A 250mmlong pen-shapedtyluswasat-
tachedatoneendto therobotarmof thePHANToOM device. Onthe
otherendof the pena ball intenderwasfastened.In orderto nd
atrade-of betweensubstantiapenetratiordepthsandpureelastic
deformationof the real samplesyve useda ball indenterwith ara-
diusof 4mm This allowedindentationdepthsof up to 20mmwhile
still beingableto reproduceghe samebehaior with the PHANToM
device. The styluswassliding insidea 30mmlong tube,equipped
with ball bearingsto ensureresistancdree motion. This limited
the interactionto onedirection. To avoid side vibrationscoming
from therigid side-gripof the stylusinsidethe tube,the computed
PHANToM forceshave beenprojectedto the samedirection. Be-
neaththeindenter six realsamplesvereplacedon arotatablesup-
portwhile leaving placefor virtual samplesA blocking systemof
the rotatableplate allowed for fastand precisepositioningof the
middle of eachsamplebelov the indenter The whole setupwas
put behinda tall barrierto preventthe userfrom observingthe ap-
paratusduring the test. A completeview of the testsetupcanbe
seenin Figure2.

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

Participantssatat a tableandput their handthroughan opening
in thebarrier Throughthe openingtheuserswvereholdingthe pen-
shapedndenter During the whole testthe participantscould rest
theirarmon a support.In the setupthe usercouldfreely move the
indenterup anddown for 40mm without gettinginto contactwith
the surroundingconstruction Theindentationdepthwaslimited to
approximately20mm by a rigid stop, dueto the mentionedforce
renderindimitations of the PHANToM device. To maskthesound

of the PHANTOM motorsandthe ball bearing,userswore closed
headphoneasacousticearprotectorswith white noiseplayed.No

additionalvisual feedback.e.g. from the virtual simulation,was
providedto the user thuseachparticipanthadto make his decision
just accordingto the hapticstimuli he receved. The operatorwas
ontheothersideof the barriermonitoringthe progressaandchang-
ing the sampledeneatttheindenter

5.4 Procedure

Theexperimentconsistef two phasestraining sessionandtest-
ing. The objectie of the training phasewastwo-fold. Firstly, a

usershouldgetusedto the setupandthehapticfeedbackn general.
Thisincludedthelimits of thedesirednteractionstyle. Participants
wereinstructedo slowly approactiheobjectswith theindenteral-

waysholdtheindenterin theirhandduringtheinteraction perform
just slow movementgapproximatelytwo punchegersecondynd
move within the non-restrictedrangeof 20mm indentationdepth
(beforehitting therigid stop).

Secondlythetwo cateyoriesof realandvirtual objectswerepre-
sentedsothatthe usercandeterminghe differencedetweerboth
classes.To this end, he could experiencethe interactionbetween
onereal sampleand a virtual one, whoseelastic propertieshave
beentunedto matchtherealobjectasdescribedn Section3.3. This
phasdastedtill the participantdelt comfortablewith theapparatus
andwerereadyfor themaintest.

During the testing phase,subjectswere told that they will be
presentedeveralrealobjectswith smalldifferencesn stiffnessand
height. Additionally, virtual objectswith similardeformatiorchar
acteristicsto the real objects,will alsobe shavn amongthe real
samples. The userwas informed, that her taskis to expressher
estimatef interactingwith arealor avirtual object.

For eachsubjectthetestconsistedf 50trials, wherearandomly
selectedobjectfrom the six real and six virtual modelswas pre-
sentedo theuserwithin eachtrial. No responséeedbackvasgiven
to the participantsaftereachtrial.

5.5 Conditions

Betweenall realsamplegherewereslight differencesn their stiff-
nessandtheir height. The stiffnessvariationwas 35%, while the
maximumdifferencein the sampleheightwas3mm Additionally,
six virtual cylindersweresetup for thetest,takinginto accounthe
parametesettingsdescribedn Section3.3. In the following, the
referencesamplefrom the Section3.3 andthe correspondinguned
virtual sampleare denotedR2 and V3 respectiely. To resemble
the differencein the real objects, ve variationsof the tunedvir-
tualmodelV3 werecreated.They wereadjustedo covertherange
of heightsandstiffnessesf the real samples.An overview of all
objectsis givenin Tablel.

Thedifferentforceresponsesf therealandvirtual samplesvere
measuredndarepresentedn Figure3. Thesemeasurementsere
madeonly approximatelyusingthe PHANToM device. All forces
weredeterminedrom the position,wherethe gravity of theinden-
ter was counterbalancethy the deformationforce of the current
sampleandthusat zeroforce responsdittle de ection canbe no-
ticed. Thesemeasurementare not very preciseandthusjust the
differencef the slopesof eachcurve shouldbe compared.

6 RESULTS

All participantswent throughthe learningphasewithin  ve min-
utes,and completedthe experimentof 50 trials on averagein 20
minutes. Four different combinationsof trial condition and re-
sponsewverepossible.Hits occurred whena real samplewascor
rectly identi ed, andfalse alarms when a virtual objectwas 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 referenceto
the object R2 and V3 for the real samplesand virtual samples, re-
spectively.

[Real | RL| R2 | R3 | R4 | R5 | R6 |
elasticity | 20.6 | 23.5| 27 | 28.6 | 29 | 35.6
height | 80 | 815 825| 81 | 795 80.5
ratio 114 1 | 087|082 0.81] 066
[Vitual | VI [ V2 | V3 | V4 | V5 | V6 |
elasticity | 145 17 | 17 | 20.4] 21.2 | 255
height | 82 | 80 | 82 | 80 | 815 785
ratio 117 1 | 1 [0.83]080]066

a) Force response of real silicone samples

Force (N)

Deflection (mm)

b) Force response of virtual samples

Force (N)
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Figure 3: The recorded forcesof the real and virtual samples: a) real
samples,b) virtual samples.

sumedto bereal. Similarly, a correctrejectionwascountedwhen
avirtual objectwasrecognizedassuch,anda misswasrecorded,
whenarealobjectwasattributedasvirtual.
Countingfalsealarmsandmissesthemeannumberof wrongre-
sponsesf all participantsvas18:66in 50trials, with astandardie-
viation of 7:15. To furtheranalyzethe data(seefor instancg22]),
we startwith determininghit rateH andfalsealarmrateF. The
formerdescribeghe probability of a correctdetectionwhenareal
objectwas presentwhile the latter denoteshe probability of as-
suminga real object, when a virtual samplewas shavn. In the
optimal case,hit rateis high andfalsealarmrate low, while val-

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

Two furthermeasuresave to be determinedo analyzethe data
- sensitvity (alsoreferredto asdiscriminability)andresponséias.
Theformerdenotesheability to detectheactualcateyory of realor
virtual objects andthelattera possibletendeng towardsreporting
aspeci ¢ catgyory moreoften.

As describedn [22], we determinethe non-parametrieneasure
of sensitvity Aaccordingto
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The measureusually rangesfrom 0:5, which indicateschance
performanceto 1:0, which correspondso perfectcateyory detec-
tion. Valueslessthan0:5 mayarisedueto responseonfusion.The
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Positvevaluesrepresenaitendeny to reportinteractionwith the
virtual objectcategory, while negative valuesrepresena tendenyg
to reporttherealone.Non-e&istentbiasis indicatedby valuesclose
to 0:0. Bothmeasureareshavn in Figure4 b). Meansensitvity is
0:707with ameanbiasof 0:01.

While we arestill above chancdevel, theresultsshaw, thatpar
ticipantswereunableto perfectlydiscriminatebetweerthetwo cat-
egories. Thisis alsore ected by commentgatheredrom the par
ticipants,who regardedcorrectdiscriminationof the cateyoriesas
ratherdif cult.

To furtheranalyzeourresultsweinvestigatedwhetheraspeci ¢
samplecould be easierrecognizedthan the others. However, no
indicationof this couldbe noticed. Themeanof wrongrecognition
of real sampleswas 37:3%, with a standarddeviation of 5:15%;
andthe oneof virtual samples36:1%, with a standardieviation of
4:74%.

We alsoexamined,if a changein performancesould be noticed
duringthe courseof the experiment.Only in two casesthe ability
to differentiatebetweenvirtual andreal objectsimproved slightly
in thesecondhalf of thetest.Neverthelessthis hasnot beenstatis-
tically signi cant.

a) b)
100 1
s 75 :" a > 0.75 * e’ °
X @ e 2 U : @
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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 further analysis we recordedthe mass-springnodelgen-
eratedforcesandthe positions,and the velocitiesof the indenter
tip at 1kHz (seeFigure5). Dueto technicallimitations, we could
not recordthe force responsef the real model during the inden-
tationtest. However, aninspectionof the smoothnessf the force
responseand a comparisorof the recordedpositionsand veloci-
ties, for theinteractionwith thevirtual aswell astherealsamples,
did notreveala cleardifferenceof thetwo models.

40
30
20
0|

0

-10

-20
652.5 653 6535 654 6545 655 655.5

Figure 5: An example of recarded positions (scaledto mn), velocities
(scaledto 10mn¥s) and forces(scaledto 10 IN) during an interaction
with virtual object, which was detected correctly.

Apartfrom thequantitatve data,afterthetrialswe alsocollected
commentdrom participantgo determineheir approactduringthe
test. We found that the bestdetectionperformancevas achieved
by participantsvho reporteda smalldifferenceduringthe rst con-
tact of the probewith the sample. It wasdescribedasa “sinking
of thetool” effect. We attribute this phenomenorto the selected
proxy-pointsimpli cation of the hapticrendering(seeSection3).
However, all usersreportedthe discriminationtaskto be very hard
for deepeipenetrations.

Other cues,which were sometimespresent,were small vibra-
tions encounterediuring interactionwith the virtual model. This
wasdueto the alignmentof the indenterwith the ball bearing. A
smallrippling effect could be noticed,which becamenoreevident
with thetilting of themaoving indenter Renderedorcescouldlead
to suchatilt, sincethedirectionwasnot perfectlyalignedwith the
driving tube.

Moreover, two subjectseportedthata low frequeny wave was
noticeabldor amomentafterstoppingtheindenterinsidethe sam-
ple, especiallyfor the harderobjects.This effect could alsobe ver
i ed by their data,sincethey performedslightly betterwith harder
samples.The natureof this wave comesfrom the limited informa-
tion propagtionspeedf theexplicit numericalintegrationscheme
used.Additionally, this effect becomesnorevisible for the harder
objectssincethe parametessettingof the virtual modelswas not
doneparticularlyfor eachone.

Finally, noneof our participantactuallyreportecthe hapticren-
deringduringinteractionasunrealisticor arti cial.

7 CONCLUSIONS

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

objects.Resultsshavedthatthistaskwasquitecomple, sinceonly
smalldifferencedetweerrealandvirtual hapticfeedbackcouldbe
noticed. Thus, we were ableto achieve a high delity of virtual
rendering.

While theselectedissuemodelwastoo simpleto beusedin sur
gical simulation the experimentalreadyindicatesthatareasonable
approximatiorof realbehaior canbereachedIn this respectpne
alsohasto consideythatthe participantsn our studywereexplic-
itly told to look for small differences.During sugical simulation,
slight deviationsfrom perfectfeedbackmight be acceptablesince
the traineedoesnot fully focuson small discrepanciesSincethe
main target of sugical simulationshouldbe to achieve a training
effect, if, andto whatdegreea small deviation 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 suggesto usesimple de-
formation modelsfor a sumical training system. The study only
determinedhow well forcescomingfrom arealobjectcanactually
be approximated. Testswith more complex deformationmodels
shouldalsobecarried.

Finally, we canalsoinfer, thatourapproactor parametetuning
of ourdeformablemodelsis atleastsufcient to provide reasonably
realistichapticfeedbackNeverthelessanextrapolationto comple
objectsmay not be straightforvard.

In future work, several shortcomingsof our systemwill be ad-
dressedFor thehardwaresetup,a bettersolutionwill befoundfor
guiding the indenterto avoid high-frequeng noise. Moreover, we
will examineproxy-sphereébasedhapticrenderingto improve the

rst phaseof tool-tissuecontact. Furthermoresincethe userwas
limited to slov movementsthedynamicsof thedeformatiormodel
did not play a majorrole. In orderto allow morefree interaction
with the virtual samplesthe dynamicsof our simulationneedim-

provement. Finally, evaluationswith more rigorousdataanalysis
methodswill alsobe performed.
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