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Abstract

Oneof the mostsalienthaptic characteristicof objectsis surface
texture. Psychoplgsics studieshave identi ed several key factors
that affect perceptionof roughnessiuring exploration of surface
textures. Inspired by theserecent ndings, we develop the rst
force modelfor hapticdisplayof interactionbetweentwo textured
objects. We describehow our force modelaccountdor important
elementsdenti ed by psychoplgsicsstudies.We thenanalyzeand
validateour modelby comparingour simulationresultsagainstac-
tual perceptuaktudies. We shaowv that our model capturessimilar
effectsto thoseobsened in the earlier experimentson roughness
perception.

1 Intro duction

Surfacetexture,oneof themostsalienthapticcharacteristicef ob-

jects, canbe a compellingcueto objectidentity and canstrongly
in uence dexterousmanipulation[Klatzky and Lederman2002].
Haptictexturerenderings receving increasingttention pothfrom

perceptuabnd computationaperspecties. However, up to date,
techniquedor hapticrenderingof interactionbetweertwo objects,
known as six-degree-of-freedom(6-DoF) haptics, have not been
ableto captureroughnesgffectsrising from two texturedsurfaces.

RecentlyKlatzky and Lederman(see[Klatzky and Lederman
2002]for a summaryof their work) have presentedeveralimpor-
tant ndings on perceptionof roughnesghroughan intermediate
object. Inspiredby these ndings, we have developeda new force
modelfor haptictexture renderingbetweernwo surfaces.We have
alsosuccessfullyncorporatedurforcemodelin ahapticrendering
framenork basednapproximatebjectrepresentationsndtexture
images.Our force modelenablesfor the rst time, hapticdisplay
of forcesandtorquesresultingfrom interactionbetweentwo tex-
tured objects[Otaduyetal. 2004].

In this paper we presentthe synthesisand analysis of a
perceptually-inspiredorce model for haptic texture rendering.
Forceandtorquearecomputedbasedn thegradientof directional
penetrationdepthbetweentwo textured models. We analyzethe
in uence of perceptuafactorson the vibratory motioninducedby
our forcemodel. Our experimentsdemonstrat@ qualitative match
with roughnesgerceptiorobseredin earlierexperiments.

Therestof thepapelis organizedasfollows. In Sec.2 we discuss
relatedwork. Sec.3 presentghe synthesiof theforce model. We
describeour experimentsandresultsin Sec.4, andconcludewith a
discussiorof futureresearchlirectionsin Sec.5.

2 Related Work

In this sectionwe summarizeprevious work on haptic perception
andrenderingof textures.

2.1 Psychophysics of Texture Perception

Existing researcton the psychoplgsics of texture perceptionndi-
catesacleardichotomyin termsof exploratoryprocedures(a) per
ceptionof texture with the bareskin, and (b) perceptionthrough
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an intermediate(rigid) object, a probe. Katz [1989] suggested
that roughnesss perceved througha combinationof spatialand
vibratory codesduring direct interactionwith the skin. More re-
centevidencedemonstratethat staticpressuraistribution playsa
dominantrole in perceptiorof coarsetextures(featuredargerthan
1mm), but motion-inducedvibrationis necessaryo perceve very
ne textures[Hollins andRisner2000].

Ourdriving problemis the computatiorandrenderingof texture
forcesoccurringduring interactionof two objects. As pointedout
by Klatzky andLedermar{2002],in this caseroughnesss encoded
in vibratorymotiontransmittedo thesubject.In thelastfew years,
Klatzky andLedermarhave directedexperimentshatanalyzethe
in uence of severalfactorsonroughnesgerceptiorthrougharigid
probe. For the designof a force modelfor haptictexture render
ing, we aremostly interestedon factorsrelatedto the physical in-
teractionbetweerobjects:objectgeometry{Ledermanet al. 2000;
Klatzky et al. 2003], appliedforce [Ledermanet al. 2000] and ex-
ploratory speed[Ledermanet al. 1999; Klatzky et al. 2003]. In
Sec.3.1we summarizeesultsrelevantto our forcemodel.

2.2 Haptic Texture Rendering

Most of the existing work in haptictexture renderinghasfocused
ontracingatexturedsurfacewith asinglecontactpoint. Geometry-
dependenhigh frequeng forcesare computedbasedon the posi-
tion of the contactpoint, resultingin afeel of “roughness” Minsky
[1995] proposedhe computatiorof texture-inducedorcespropor
tional to the gradientof a 2D height eld storedin a texture map.
Ho etal. [1999] alsosuggestedlteringthe magnitudeanddirec-
tion of 3D normalforcebasecbn height eld gradient.Thesetech-
niguesfor 3-DoF hapticsexploit the factthat,for point-objectcon-
tacts,a pair of texture coordinatesanbe well de ned, andthis is
usedto query height elds storedin texture maps. Siira and Pai
[1996] useda stochastiapproachwheretexture forcesweresyn-
thesizedaccordingo aGaussiamlistributionto generat@ sensation
of roughness.Pai et al. [2001] presentedh techniquefor render
ing roughnessand friction using an auto-rgressie model. Choi
andTan[2003]analyzedstability problemsn 3-DoFhaptictexture
rendering.

3-DoF renderingtechniquesare limited to capturingonly geo-
metric effects of one objectand cannotrendereffects causedby
rotationalmotion. For renderingforcesandtorquesoccurringdur-
ing the interactionof two surfacesthe geometricinteractionoften
cannotbe representedby a single pair of contactpoints and thus
cannotbedisplayedby traditional3-DoF haptics.

Up to date, techniquesfor 6-DoF haptic rendering[McNeely
etal. 1999; Kim et al. 2003; Johnsonand Willemsen2003] have
not capturedroughnessffectsrising from exploration of surface
texture, dueto samplinglimitations. OtaduyandLin [2003] pro-
posedatechniqueo overcomesamplingproblemsby selectingob-
jectresolutionadaptvely at eachcontact. However, this approach
ltered high-frequeng geometricdetail, therebyremoving texture
effects.



3 Synthesis of the Force Mo del

In this sectionwe describeour force modelfor haptictexture ren-
dering. We rst summarizeresultsof psychoplysics studieson
roughnesperceptiorthrougharigid probe,andthendescribenow
ourforcemodelaccountdor thefactorsidenti ed in thestudies.

3.1 Summary of Psychophysics Results

The experimentsconductedby Klatzky and Ledermanto charac-
terizeroughnesperceptionrusea commonsetup:subjectsexplore
a textured plate with a probewith a sphericaltip, and then they
reporta subjectve measuref roughness Platesof jittered raised
dots are used,and the meanfrequeng of dot distribution is one
of the variablesin the experiments.Resultingdatais analyzedoy
plotting subjectve roughneswyaluesvs. inter-dot spacingin loga-
rithmic graphsasshown in Figs.1-3 of thecolor plate.

Klatzky and Lederman[1999] comparedgraphsof roughness
vs. texture spacing(a) with nger explorationand(b) with arigid
probe. They concludedthat, in the rangeof their data,roughness
functionswere best t by linear approximationsn nger explo-
ration,andby quadratiapproximationgn probe-basedxploration.
In otherwords, when perceved througha rigid sphericalprobe,
roughnessnitially increasesstexture spacingincreaseshut, after
reachinga maximumroughnessalue,it decreaseagain. Basedon
this nding, thein uence of otherfactorson roughnesperception
canbe characterizedby the maximumvalue of roughnesandthe
valueof texture spacingat which this maximumtakesplace.

Ledermanet al. [2000] demonstratedhat the diameterof the
sphericalprobeplaysa crucial role in the maximumvalue of per
ceivedroughnessandthelocationof themaximum.Theroughness
peakis higherfor smallerprobes,andit occursat smallertexture
spacingvalues(SeeFig. 1 in thecolor plate).

Ledermaretal. [2000] alsostudiedthein uence of the applied
normal force during exploration. Roughnesss higher for larger
force, but the in uence on the location of the peakis negligible
(SeeFig. 2 in thecolorplate).

The effect of exploratoryspeedwvasstudiedby Ledermaret al.
[1999]. They foundthatthe peakof roughnes®ccursatlargertex-
ture spacingfor higherspeedSeeFig. 3 in the color plate). Also,
with higher speed textured platesfeel smootherat small texture
spacing but they feel rougherat large spacingvalues. The studies
re ectedthatspeechasa strongereffectin passie interactionthan
in active interaction.

3.2 Oset Surfaces and Penetration Depth

Klatzky et al. [2003] statedthatthe perceptiorof roughnesss in-
timately relatedto thetrajectorytracedby the probe. In particular
they identi ed the valueof texture spacingat which the probecan
exactly fall betweentwo texture dotsasdrop point The peakof
roughnesgperceptionoccursapproximatelyat the drop point, and
it dependn geometric(i.e. probediameter)anddynamicfactors
(i.e. speed).

For asphericaprobe,andin the absenc®f dynamiceffects,the
surfacetracedby the probeduring explorationconstitutesan offset
surface,asshavn in Fig. 1. The oscillation of the offset surface
produceghevibratorymotionthatencodesoughnessTheideaof
offsetsuriaceshasalsobeenusecby OkamuraandCutkosky [2001]
to modelinteractionbetweernrobotic ngers andtexturedsurfaces.

In the designof a force modelfor haptictexture rendering,we
facethequestion:How canwe generalizeéhe concepbf offsetsur
faceto the interactionbetweentwo arbitrary surfaces?To answer
this questionwe considerthe caseof a sphericaprobewhosecen-
termovesalongatexturedsurface,asdepictedn Fig. 1. In this sit-
uation,the probepenetrateshetexturedsurface. Thevertical pen-
etration depthd is the vertical translationrequiredto separatehe

offset surface __

textured surface h=5

Figure 1: Offset Surfaces. Left: offsetsurfacecomputedas the
convolution of a surfacewith a sphee; Center: sphee whosetra-
jectory tracesan offset surface; Right: correspondencéetween
penetation depth(d) andheightof the offsetsurface(h).

probefrom the texturedsurface. Vertical penetratiordepthequals
theheightof the offsetsurface.

The concepiof directionalpenetratiordepthcanbe generalized
to theinteractionbetweerarbitrarysurfaces.Usingthecontactnor
mal betweerow-resolutionapproximation®f thesurfaceswe can
de ne a directional penetrationdepth betweenthe full-resolution
surfaces. The variation of the penetrationdepth(i.e. the gradi-
ent) canbe interpretedastexture-inducedmotion. The validity of
thegradientof penetratiordepthasadescriptorfor texture-induced
forceshasalreadybeenprovedby 3-DoFrenderingmethodgMin-
sky 1995;Ho etal. 1999].

3.3 Force Model

An ideal solution to 6-DoF haptic renderingwould be to com-
putethe motion of virtual objectsusingfull-resolutionmodelsand
constraint-basedimulation,and rendercontactforcesdirectly to
the user However, this approachwould be computationallypro-
hibitive with complex texturedmodels.Insteadwe proposeaforce
modelthat produce®ffective texture forcesusingapproximatege-
ometricrepresentationsWe also adoptthe penalty-basednethod
thatcomputesontactforcesproportionako penetratiordepth thus
reducingthe costof dynamicsimulation.

A secondconsideratiorfor the synthesisof the force modelis
thatit neednot accountfor certaindynamiceffects. Thein uence
of exploratory speedhighlightedin perceptualstudiesis mainly
determinedby the motion and impedancecharacteristicof the
subject. Haptic simulationis a human-in-the-loogsystem,there-
fore dynamiceffectsassociateavith graspingfactorsshouldnotbe
modeledexplicitly.

For two virtual objectsA and B, penetratinga distanced, we
de ne apenalty-baseg@otential eld U with stiffnessk as:

U= %kdz (1)

Basedon this enegy andthe gradientN in 6-DoF con guration
spacewe de ne force F andtorqueT as:

F
T

At eachcontactiocationbetweerpbjectsA andB we cande ne
apenetratiordirectionn basedn thecontactnormalbetweerow-
resolution(texture-lessapproximation®f the objects.We assume
that, locally, the penetratiordepthcanbe approximatedy the di-
rectionalpenetratiordepthd, alongn. We rewrite Eq.2 for d, in a
referencesystent u;v; ng?. In this case Eq. 2 reducego:

= NU= kd(Nd) @)

T
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whereqy, gy andgn aretherotationanglesaroundtheaxesu, v and
n respectiely.

T
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1u andv maybeselectedarbitrarily aslong asthey form anorthonormal
basiswith n.



Figure2: Model of Probe-Surfacelnteraction and Grasping Dy-
namics. A diskmoveson a sinusoidaltexture at constantspeedv,
while dragging a massam, . A texture forceFy, basedon penetation
depthd,, is appliedonthemass.

As it canbeinferredfrom Eq.3, thenormalforceF, is thetypical
normalforceof penalty-basedethods However, we alsoconsider
forcesandtorquesin otheraxes. Theseforcesandtorquesdepend
onthe gradientof penetratiordepth,thereforethey arevery sensi-
tive to geometricperturbation@ndcrucialto conveying roughness
information. Although similar in spirit, our modeldiffers from 3-
DoF haptic renderingtechniquegMinsky 1995; Ho et al. 1999],
becauseve computethegradientof objectinterpenetationinstead
of thegradientof aheight eld . Thisdifferencds supportedy per
ceptualstudieshighlightingthein uence of probegeometry Also,
notice that the torqueand the tangentialforce are proportionalto
thenormalforcein our model. This dependences consistentvith
the qualitative relationfound by Ledermaretal. [2000].

Othereffects,suchasfriction, canbe easilyincorporatedo our
forcemodelusingexisting techniquest eachcontactiocation.

4 Analysis of the Force Mo del

In orderto analyzethe force model,we have performedtwo types
of experimentsFirst,we describeof ine experimentsvherewean-
alyzethein uence of the factorshighlightedby perceptuaktudies
on the vibratory motion inducedby our force model. And, sec-
ond,we presentctualhapticsimulationswherewe have testecthe
effectivenesof the force modelandthe performanceof its imple-
mentation.For moredetails,pleaseeferto our projectwebsite:

http://gamma.cs.unc.edu/HExtures

4.1 Description of Oine Experiments

As mentionedn Sec.3.1,Klatzky andLedermarconductedxper
imentswhereusersexploredtexturedplateswith sphericalprobes,
and they reportedsubjectve valuesof perceved roughness.We
have createdsimulatedreplicasof theseexperimentsandwe have
analyzedhevibratorymotioninducedby ourforcemodel.Ourvir-
tual experimentgequiredthe simulationof probe-platénteraction,
aswell ashumandynamics.

We modelthe sphericalprobeasa circular disk of diameterD,
and the textured plate as a sinusoidalcurve, as shawvn in Fig. 2.
We move thecirculardisk alongahorizontalline, which represents
the low resolutionapproximationof the sinusoidalcurve. At each
position of the disk we computethe vertical penetratiordepthd,
with respecto thesinusoidakurve.

Following our force modelfor haptictexture renderingwe de-

ne texture-inducechormalandtangentiaforcesas:

Fo= ko (4)

d

Fu= kdy au

®)

The normalforce F, is oneof the factorsstudiedby Lederman
etal. [2000]. We will considerit asaninputin our experiments.
Then,we canrewrite:

dd,

Fu= an (6)

We have modeledhumandynamicsas a systemcomposedof
massm,, springk, and damperb,, [Hasserand Cutkosky 2002].
Themasss linkedthroughthespringanddampetto apointmoving
atconstanspeeds onthetexturedsurface. Thedraggingforceim-
posedby the pointaccountdor thein uence of explorationspeed,
which is a factoranalyzedby Ledermanet al. [1999]. Figure 2
shavs adiagramof the dynamicsystenthatwe have simulated.

ThetextureforceF, alsoactsonthemasshatmodelsthehuman
hand.In thepresencef atexturedsurface F, will beanoscillatory
forcethatwill inducea vibratory motionon the mass.The motion
of themassis describedy thefollowing differentialequation:

du

du +Db R 7
mnm—kh(\/t u+b, v ot u (7

4.2 Comparison with Perceptual Studies

Theexperimentssummarizedy Klatzky andLedermar{2002] re-
ect graphsof percevedroughnesss. texturespacingbothin log-
arithmicscale.We have simulatedthe motion of thehandmodelin
Matlab,basedn Eg.7. In our simulationswve cannotestimatesub-
jective roughneswalues. Instead knowing that roughnesss per
ceived throughvibration, we have quanti ed the vibration during
simulatedinteractionsby measuringnaximumtangentialacceler

. . 2
ationvalues. More speci cally, we have measurednax %) once
themotionof themassreaches periodicstate.

Effects of Probe Diameter:

In Fig. 1 of thecolor platewe compareheeffectsof probediam-
eteron perceved roughnessindmaximumsimulatedacceleration.
The rst conclusionis that the graphof acceleratiorvs. texture
spacingcanbewell approximatedy a quadratidunctionin alog-
arithmicscale.Thesecondconclusions thatthe peaksof accelera-
tion androughnesgunctionsbehae in the sameway asa resultof
varying probediameter:both peaksof roughnessaindacceleration
arehigherandoccurat smallertexture spacingvaluesfor smaller
diameters.

Effects of Applied Force:

The graphsin Fig. 2 of the color plate comparethe effect of
appliedforce on perceved roughnessand simulatedacceleration.
In bothcaseghe magnitudeunderstudygrows monotonicallywith
appliedforce, andthe locationof the peakis almostinsensitve to
theamountof force.

Effects of Exploratory Speed:

In Fig. 3 of thecolor platewe compareheeffectsof exploratory
speedon percevedroughnesandsimulatedaccelerationAt large
valuesof texture spacingboth perceved roughnessndsimulated
acceleratiorincreaseas speedincreases.However, the effectsdo
not match at small valuesof texture spacing. We would expect
simulatedacceleratiorto be larger at lower speedsbut it remains
almostconstant.

To summarizetheeffectsof probediametemandappliedforceon
themotioninducedby our force modelfor texturerenderingmatch
in aqualitative way the effectsof thesefactorson percevedrough-
nessof realtextures. Our experimentsexhibit somedifferenceson
the effectsof exploratoryspeed.Thesedifferenceamay be dueto
limitationsof theforcemodelor thedynamichandmodelemplg/ed
in thesimulations.



4.3 Performance Tests with Complex Mo dels

We have integratedour force modelin a novel algorithmfor hap-
tic renderingof interactionbetweentextured models. Similar to
graphic texture mapping, we represenibjectsas low-resolution
polygonalmodelsalongwith texture imagesstoring ne geomet-
ric detail.

As a rst stepin force computationwe performcollision detec-
tion betweenlow-resolutionapproximationf the models,iden-
tifying contactlocationsand penetrationdirections. We estimate
the directionalpenetrationrdepthandits gradientat eachcontact,
usinginformation from texture images. The algorithmfor pene-
tration depthcomputationis efciently implementedon graphics
hardware. Finally, we computetexture force and torque at each
contactusingtheforcemodelpresentedhn this paperandwe apply
themto the probeobjectheld by theuser

The algorithmfor hapticrenderingusingtexture images,along
with its efcient hardware-basedmplementation,enableshigh
force updaterateson complec textured modelssuchas the ones
shavn in Figs. 4-6 of the color plate. We are able to perform
force computationat frequenciesashigh as500Hzin scenesuch
asa probeexploring a texturedplate (shovn in Fig. 4 of the color
plate). The force updaterateis ashigh as100to 200Hzin very
challengingscenariossuchas a comple textured hammerinter-
acting with striped blocks (shavn in Fig. 5 of the color plate),
anda le scrubbinga CAD part (shavn in Fig. 6 of the color
plate). The experimentsvith complex modelshave provedthatour
perceptually-inspiredexture force model allows successfulcon-
veyanceof roughnessn haptic renderingof interactionbetween
comple texturedmodels. A detaileddescriptionof the algorithm
for haptictexture rendering,its implementationand performance
resultsarepresentedn [Otaduyetal. 2004].

5 Discussion and Conclusion

We have presentedforcemodelfor hapticrenderinghataddresses
geometricand dynamicfactorsassociatedvith roughnesgercep-
tion. This force modelcreatesirtual texture stimuli by computing
forcesandtorquesproportionalto thegradientof penetratiordepth.
This modelcanberegardedasa generalizatiorof previous 3-DOF
haptictexture renderingtechniquesTo the bestof our knowledge,
it is the rst forcemodelfor 6-DoFhaptictexturerendering.

An analysisof the vibratory motioninducedby the force model
demonstratethatit presentdmportantqualitative correspondences
with humanroughnessperception. In particular if we consider
simulatedhandacceleratioras a function of texture spacing,this
function presents peakwhosemagnitudeandlocationdependon
probediameterandappliedforce very similarly to the behaior of
percevedroughnessln the casewhereexploratoryspeeds a vari-
ablefactor we have alsofound somebehaioral similarities. We
concludethatour texture force modelis capableof producingvir-
tual roughnessstimuli that resemblequalitatively physical rough-
nessstimuli transmittedhroughrigid objects.

Theconnectiorbetweerphysical parameterssuchasforcesand
motion, anda subjectve metric of roughnesss still unknawvn. In
our experimentswe have usedacceleratiorto quantify vibratory
motion, but we do not know if perceved roughnesss directly or
solely dependenbn acceleration. Neverthelesspur analysishas
beenbasedon qualitatve comparisonf location and valuesof
functionmaxima.This approachrelaxesthe needfor aknown rela-
tionshipbetweeracceleratiorandroughnessFor example,if per
ceivedroughnessiependsnonotonicallyon acceleratiornn thein-
terval of study themaximaof roughnessndaccelerationvill occur
at the samevaluesof texture spacing.This correlationis basically
whatwe have foundin our experiments.

We planto extend our work by enrichingthe typesof surfaces
andpropertiesenderedsuchashigherfrequeng texturesandde-

formabletexturedsurfacesandby applyingourtextureforcemodel
to applicationdn assistedechnology sumgical training andvirtual
prototyping.We believe thatthefuturere nementof ourmodelcan
bene t tremendouslyrom furtherresearctonthe psychoplysicsof
roughnesperception.
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Figure 1: Effects of Probe Diameter. Left: resultsof psy-
choplysics studiesby Ledermanet al. [2000] (printed with per
missionof ASMEandauthors); Right: simulationresultsusingour
forcemodel.
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Figure2: Effects of Applied Force. Left: resultsof psychopRsics
studiesby Ledermanet al. [2000] (printed with permissionof
ASME and authoss), Right: simulation results using our force
model.
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Figure 3: Effects of Exploratory Speed. Left: resultsof psy-

choplysics studiesby Ledermanet al. [1999] (printed with per

missionof Haptics-eand authors), Right: simulationresultsusing

our forcemodel.
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Figure4: Haptic Simulation of Probe and Plate: A subjectvir-
tually exploresa textured plate usinga probewith a sphericaltip.
This hapticsimulationresemblegxperimentscarriedout aspartof
perceptuaktudies.

Figure5: Haptic Simulation of Hammer and Blocks: Virtual
hapticinteractionbetweera texturedhammerandstripedblocks.

Figure6: Haptic Simulation of File and CAD Part: Scrubbinga
CAD partwith avirtual le in ahighly challengingsimulation.



