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Abstract
Oneof the mostsalienthapticcharacteristicsof objectsis surface
texture. Psychophysicsstudieshave identi�ed several key factors
that affect perceptionof roughnessduring exploration of surface
textures. Inspiredby theserecent�ndings, we develop the �rst
forcemodelfor hapticdisplayof interactionbetweentwo textured
objects.We describehow our forcemodelaccountsfor important
elementsidenti�ed by psychophysicsstudies.We thenanalyzeand
validateour modelby comparingour simulationresultsagainstac-
tual perceptualstudies. We show that our modelcapturessimilar
effects to thoseobserved in the earlierexperimentson roughness
perception.

1 Intro duction
Surfacetexture,oneof themostsalienthapticcharacteristicsof ob-
jects,canbe a compellingcueto object identity andcanstrongly
in�uence dexterousmanipulation[Klatzky and Lederman2002].
Haptictexturerenderingis receiving increasingattention,bothfrom
perceptualandcomputationalperspectives. However, up to date,
techniquesfor hapticrenderingof interactionbetweentwo objects,
known as six-degree-of-freedom(6-DoF) haptics,have not been
ableto captureroughnesseffectsrising from two texturedsurfaces.

RecentlyKlatzky and Lederman(see[Klatzky and Lederman
2002] for a summaryof their work) have presentedseveral impor-
tant �ndings on perceptionof roughnessthroughan intermediate
object. Inspiredby these�ndings, we have developeda new force
modelfor haptictexturerenderingbetweentwo surfaces.We have
alsosuccessfullyincorporatedourforcemodelin ahapticrendering
frameworkbasedonapproximateobjectrepresentationsandtexture
images.Our forcemodelenables,for the �rst time, hapticdisplay
of forcesandtorquesresultingfrom interactionbetweentwo tex-
turedobjects[Otaduyetal. 2004].

In this paper, we present the synthesisand analysis of a
perceptually-inspiredforce model for haptic texture rendering.
Forceandtorquearecomputedbasedon thegradientof directional
penetrationdepthbetweentwo texturedmodels. We analyzethe
in�uence of perceptualfactorson thevibratorymotioninducedby
our forcemodel.Our experimentsdemonstratea qualitative match
with roughnessperceptionobservedin earlierexperiments.

Therestof thepaperis organizedasfollows. In Sec.2 wediscuss
relatedwork. Sec.3 presentsthesynthesisof theforcemodel.We
describeourexperimentsandresultsin Sec.4, andconcludewith a
discussionof futureresearchdirectionsin Sec.5.

2 Related Work
In this sectionwe summarizeprevious work on hapticperception
andrenderingof textures.

2.1 Psychophysics of Texture Perception
Existingresearchon thepsychophysicsof textureperceptionindi-
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 roughnessis perceived througha combinationof spatialand
vibratory codesduring direct interactionwith the skin. More re-
centevidencedemonstratesthatstaticpressuredistribution playsa
dominantrole in perceptionof coarsetextures(featureslargerthan
1mm),but motion-inducedvibration is necessaryto perceive very
�ne textures[Hollins andRisner2000].

Ourdriving problemis thecomputationandrenderingof texture
forcesoccurringduring interactionof two objects.As pointedout
by Klatzky andLederman[2002],in thiscaseroughnessis encoded
in vibratorymotiontransmittedto thesubject.In thelastfew years,
Klatzky andLedermanhave directedexperimentsthatanalyzethe
in�uenceof severalfactorsonroughnessperceptionthrougharigid
probe. For the designof a force model for haptic texture render-
ing, we aremostly interestedon factorsrelatedto thephysical in-
teractionbetweenobjects:objectgeometry[Ledermanet al. 2000;
Klatzky et al. 2003],appliedforce [Ledermanet al. 2000]andex-
ploratory speed[Ledermanet al. 1999; Klatzky et al. 2003]. In
Sec.3.1wesummarizeresultsrelevantto our forcemodel.

2.2 Haptic Texture Rendering

Most of the existing work in haptictexture renderinghasfocused
ontracingatexturedsurfacewith asinglecontactpoint. Geometry-
dependenthigh frequency forcesarecomputedbasedon the posi-
tion of thecontactpoint,resultingin a feelof “roughness”.Minsky
[1995]proposedthecomputationof texture-inducedforcespropor-
tional to the gradientof a 2D height�eld storedin a texture map.
Ho et al. [1999] alsosuggestedalteringthe magnitudeanddirec-
tion of 3D normalforcebasedonheight�eld gradient.Thesetech-
niquesfor 3-DoFhapticsexploit thefactthat,for point-objectcon-
tacts,a pair of texturecoordinatescanbewell de�ned, andthis is
usedto queryheight �elds storedin texture maps. Siira andPai
[1996] useda stochasticapproach,wheretexture forcesweresyn-
thesizedaccordingtoaGaussiandistributiontogenerateasensation
of roughness.Pai et al. [2001] presenteda techniquefor render-
ing roughnessand friction usingan auto-regressive model. Choi
andTan[2003]analyzedstabilityproblemsin 3-DoFhaptictexture
rendering.

3-DoF renderingtechniquesare limited to capturingonly geo-
metric effects of one object and cannotrendereffects causedby
rotationalmotion. For renderingforcesandtorquesoccurringdur-
ing the interactionof two surfaces, thegeometricinteractionoften
cannotbe representedby a singlepair of contactpointsand thus
cannotbedisplayedby traditional3-DoFhaptics.

Up to date, techniquesfor 6-DoF haptic rendering[McNeely
et al. 1999; Kim et al. 2003; JohnsonandWillemsen2003] have
not capturedroughnesseffects rising from explorationof surface
texture, dueto samplinglimitations. OtaduyandLin [2003] pro-
poseda techniqueto overcomesamplingproblemsby selectingob-
ject resolutionadaptively at eachcontact.However, this approach
�ltered high-frequency geometricdetail, therebyremoving texture
effects.



3 Synthesis of the Force Mo del
In this sectionwe describeour forcemodelfor haptictexture ren-
dering. We �rst summarizeresultsof psychophysics studieson
roughnessperceptionthrougha rigid probe,andthendescribehow
our forcemodelaccountsfor thefactorsidenti�ed in thestudies.

3.1 Summary of Psychophysics Results
The experimentsconductedby Klatzky andLedermanto charac-
terizeroughnessperceptionusea commonsetup:subjectsexplore
a textured plate with a probewith a sphericaltip, and then they
reporta subjective measureof roughness.Platesof jittered raised
dots are used,and the meanfrequency of dot distribution is one
of the variablesin the experiments.Resultingdatais analyzedby
plotting subjective roughnessvaluesvs. inter-dot spacingin loga-
rithmic graphs,asshown in Figs.1-3of thecolorplate.

Klatzky and Lederman[1999] comparedgraphsof roughness
vs. texturespacing(a) with �nger explorationand(b) with a rigid
probe. They concludedthat, in the rangeof their data,roughness
functionswere best �t by linear approximationsin �nger explo-
ration,andbyquadraticapproximationsin probe-basedexploration.
In other words, when perceived througha rigid sphericalprobe,
roughnessinitially increasesastexturespacingincreases,but, after
reachingamaximumroughnessvalue,it decreasesagain. Basedon
this �nding, thein�uence of otherfactorson roughnessperception
canbe characterizedby the maximumvalueof roughnessandthe
valueof texturespacingatwhich thismaximumtakesplace.

Ledermanet al. [2000] demonstratedthat the diameterof the
sphericalprobeplaysa crucial role in the maximumvalueof per-
ceivedroughnessandthelocationof themaximum.Theroughness
peakis higherfor smallerprobes,andit occursat smallertexture
spacingvalues(SeeFig. 1 in thecolorplate).

Ledermanet al. [2000] alsostudiedthein�uence of theapplied
normal force during exploration. Roughnessis higher for larger
force, but the in�uence on the location of the peakis negligible
(SeeFig. 2 in thecolorplate).

Theeffect of exploratoryspeedwasstudiedby Ledermanet al.
[1999]. They foundthatthepeakof roughnessoccursat largertex-
turespacingfor higherspeed(SeeFig. 3 in thecolor plate). Also,
with higher speed,textured platesfeel smootherat small texture
spacing,but they feel rougherat largespacingvalues.Thestudies
re�ectedthatspeedhasa strongereffect in passive interactionthan
in active interaction.

3.2 O�set Surfaces and Penetration Depth
Klatzky et al. [2003] statedthat theperceptionof roughnessis in-
timatelyrelatedto thetrajectorytracedby theprobe.In particular,
they identi�ed thevalueof texturespacingat which theprobecan
exactly fall betweentwo texture dotsasdrop point. The peakof
roughnessperceptionoccursapproximatelyat the drop point, and
it dependson geometric(i.e. probediameter)anddynamicfactors
(i.e. speed).

For asphericalprobe,andin theabsenceof dynamiceffects,the
surfacetracedby theprobeduringexplorationconstitutesanoffset
surface,asshown in Fig. 1. The oscillationof the offset surface
producesthevibratorymotionthatencodesroughness.Theideaof
offsetsurfaceshasalsobeenusedbyOkamuraandCutkosky [2001]
to modelinteractionbetweenrobotic�ngers andtexturedsurfaces.

In the designof a force modelfor haptictexture rendering,we
facethequestion:How canwegeneralizetheconceptof offsetsur-
faceto the interactionbetweentwo arbitrarysurfaces?To answer
thisquestion,weconsiderthecaseof asphericalprobewhosecen-
termovesalonga texturedsurface,asdepictedin Fig. 1. In thissit-
uation,theprobepenetratesthetexturedsurface.Thevertical pen-
etration depthd is thevertical translationrequiredto separatethe

Figure1: Offset Surfaces. Left: offset surfacecomputedas the
convolutionof a surfacewith a sphere; Center: sphere whosetra-
jectory tracesan offset surface; Right: correspondencebetween
penetrationdepth(d) andheightof theoffsetsurface(h).

probefrom the texturedsurface. Verticalpenetrationdepthequals
theheightof theoffsetsurface.

Theconceptof directionalpenetrationdepthcanbegeneralized
to theinteractionbetweenarbitrarysurfaces.Usingthecontactnor-
malbetweenlow-resolutionapproximationsof thesurfaces,wecan
de�ne a directionalpenetrationdepthbetweenthe full-resolution
surfaces. The variation of the penetrationdepth(i.e. the gradi-
ent) canbe interpretedastexture-inducedmotion. Thevalidity of
thegradientof penetrationdepthasadescriptorfor texture-induced
forceshasalreadybeenprovedby 3-DoFrenderingmethods[Min-
sky 1995;Ho etal. 1999].

3.3 Force Mo del
An ideal solution to 6-DoF haptic renderingwould be to com-
putethemotionof virtual objectsusingfull-resolutionmodelsand
constraint-basedsimulation,and rendercontactforcesdirectly to
the user. However, this approachwould be computationallypro-
hibitivewith complex texturedmodels.Instead,weproposeaforce
modelthatproduceseffective textureforcesusingapproximatege-
ometricrepresentations.We alsoadoptthe penalty-basedmethod
thatcomputescontactforcesproportionalto penetrationdepth,thus
reducingthecostof dynamicsimulation.

A secondconsiderationfor the synthesisof the force model is
that it neednot accountfor certaindynamiceffects. The in�uence
of exploratory speedhighlighted in perceptualstudiesis mainly
determinedby the motion and impedancecharacteristicsof the
subject. Haptic simulationis a human-in-the-loopsystem,there-
foredynamiceffectsassociatedwith graspingfactorsshouldnotbe
modeledexplicitly.

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

U =
1
2

kd2 (1)

Basedon this energy andthegradientÑ in 6-DoFcon�guration
space,wede�ne forceF andtorqueT as:

�
F
T

�
= � ÑU = � kd (Ñd) (2)

At eachcontactlocationbetweenobjectsA andB we cande�ne
apenetrationdirectionn basedon thecontactnormalbetweenlow-
resolution(texture-less)approximationsof theobjects.We assume
that, locally, thepenetrationdepthcanbeapproximatedby thedi-
rectionalpenetrationdepthdn alongn. Werewrite Eq.2 for dn in a
referencesystemf u;v;ng1. In this case,Eq.2 reducesto:

�
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�
¶dn
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¶dn
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¶qu
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¶dn
¶qn

� T

(3)
wherequ, qv andqn aretherotationanglesaroundtheaxesu, v and
n respectively.

1u andv maybeselectedarbitrarilyaslongasthey form anorthonormal
basiswith n.



Figure2: Model of Probe-SurfaceInteraction and Grasping Dy-
namics. A diskmoveson a sinusoidaltexture at constantspeedv,
whiledragginga massmh. A texture forceFu, basedonpenetration
depthdn, is appliedon themass.

As it canbeinferredfrom Eq.3, thenormalforceFn is thetypical
normalforceof penalty-basedmethods.However, wealsoconsider
forcesandtorquesin otheraxes. Theseforcesandtorquesdepend
on thegradientof penetrationdepth,thereforethey arevery sensi-
tive to geometricperturbationsandcrucial to conveying roughness
information. Althoughsimilar in spirit, our modeldiffers from 3-
DoF haptic renderingtechniques[Minsky 1995; Ho et al. 1999],
becausewecomputethegradientof objectinterpenetration instead
of thegradientof aheight�eld . Thisdifferenceis supportedby per-
ceptualstudieshighlightingthein�uence of probegeometry. Also,
notice that the torqueandthe tangentialforce areproportionalto
thenormalforcein our model.This dependenceis consistentwith
thequalitative relationfoundby Ledermanetal. [2000].

Othereffects,suchasfriction, canbeeasilyincorporatedto our
forcemodelusingexisting techniquesateachcontactlocation.

4 Analysis of the Force Mo del
In orderto analyzethe forcemodel,we have performedtwo types
of experiments.First,wedescribeof�ine experimentswherewean-
alyzethein�uence of thefactorshighlightedby perceptualstudies
on the vibratory motion inducedby our force model. And, sec-
ond,wepresentactualhapticsimulationswherewehave testedthe
effectivenessof the forcemodelandtheperformanceof its imple-
mentation.For moredetails,pleasereferto ourprojectwebsite:

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

4.1 Description of O�ine Experiments

As mentionedin Sec.3.1,Klatzky andLedermanconductedexper-
imentswhereusersexploredtexturedplateswith sphericalprobes,
and they reportedsubjective valuesof perceived roughness.We
have createdsimulatedreplicasof theseexperiments,andwe have
analyzedthevibratorymotioninducedby ourforcemodel.Ourvir-
tualexperimentsrequiredthesimulationof probe-plateinteraction,
aswell ashumandynamics.

We modelthe sphericalprobeasa circulardisk of diameterD,
and the textured plate as a sinusoidalcurve, as shown in Fig. 2.
Wemovethecirculardiskalongahorizontalline, whichrepresents
the low resolutionapproximationof thesinusoidalcurve. At each
positionof the disk we computethe vertical penetrationdepthdn
with respectto thesinusoidalcurve.

Following our forcemodelfor haptictexture rendering,we de-
�ne texture-inducednormalandtangentialforcesas:

Fn = � kdn (4)

Fu = � kdn
ddn

du
(5)

The normalforce Fn is oneof the factorsstudiedby Lederman
et al. [2000]. We will considerit asan input in our experiments.
Then,wecanrewrite:

Fu = Fn
ddn

du
(6)

We have modeledhumandynamicsas a systemcomposedof
massmh, spring kh and damperbh [Hasserand Cutkosky 2002].
Themassis linkedthroughthespringanddamperto apointmoving
at constantspeedv on thetexturedsurface.Thedraggingforceim-
posedby thepoint accountsfor thein�uence of explorationspeed,
which is a factoranalyzedby Ledermanet al. [1999]. Figure2
showsadiagramof thedynamicsystemthatwehavesimulated.

ThetextureforceFu alsoactsonthemassthatmodelsthehuman
hand.In thepresenceof atexturedsurface,Fu will beanoscillatory
forcethatwill inducea vibratorymotionon themass.Themotion
of themassis describedby thefollowing differentialequation:

mh
d2u
dt2 = kh (vt � u) + bh

�
v�

du
dt

�
� Fu (7)

4.2 Comparison with Perceptual Studies

Theexperimentssummarizedby Klatzky andLederman[2002] re-
�ect graphsof perceivedroughnessvs. texturespacing,bothin log-
arithmicscale.Wehavesimulatedthemotionof thehandmodelin
Matlab,basedonEq.7. In oursimulationswecannotestimatesub-
jective roughnessvalues. Instead,knowing that roughnessis per-
ceived throughvibration, we have quanti�ed the vibration during
simulatedinteractionsby measuringmaximumtangentialacceler-
ationvalues.More speci�cally, we have measuredmax( d2u

dt2 ) once
themotionof themassreachesaperiodicstate.

Effectsof ProbeDiameter:
In Fig.1 of thecolorplatewecomparetheeffectsof probediam-

eteron perceivedroughnessandmaximumsimulatedacceleration.
The �rst conclusionis that the graphof accelerationvs. texture
spacingcanbewell approximatedby a quadraticfunctionin a log-
arithmicscale.Thesecondconclusionis thatthepeaksof accelera-
tion androughnessfunctionsbehave in thesameway asa resultof
varyingprobediameter:bothpeaksof roughnessandacceleration
arehigherandoccurat smallertexture spacingvaluesfor smaller
diameters.

Effectsof Applied Force:
The graphsin Fig. 2 of the color plate comparethe effect of

appliedforce on perceived roughnessandsimulatedacceleration.
In bothcasesthemagnitudeunderstudygrowsmonotonicallywith
appliedforce,andthe locationof thepeakis almostinsensitive to
theamountof force.

Effectsof Exploratory Speed:
In Fig. 3 of thecolorplatewecomparetheeffectsof exploratory

speedon perceivedroughnessandsimulatedacceleration.At large
valuesof texturespacing,bothperceivedroughnessandsimulated
accelerationincreaseasspeedincreases.However, the effectsdo
not matchat small valuesof texture spacing. We would expect
simulatedaccelerationto be largerat lower speeds,but it remains
almostconstant.

To summarize,theeffectsof probediameterandappliedforceon
themotioninducedby our forcemodelfor texturerenderingmatch
in aqualitativeway theeffectsof thesefactorsonperceivedrough-
nessof real textures.Our experimentsexhibit somedifferenceson
theeffectsof exploratoryspeed.Thesedifferencesmay be dueto
limitationsof theforcemodelor thedynamichandmodelemployed
in thesimulations.



4.3 Performance Tests with Complex Mo dels
We have integratedour force model in a novel algorithmfor hap-
tic renderingof interactionbetweentextured models. Similar to
graphic texture mapping,we representobjectsas low-resolution
polygonalmodelsalongwith texture imagesstoring �ne geomet-
ric detail.

As a �rst stepin forcecomputation,we performcollisiondetec-
tion betweenlow-resolutionapproximationsof the models,iden-
tifying contactlocationsandpenetrationdirections. We estimate
the directionalpenetrationdepthand its gradientat eachcontact,
using information from texture images. The algorithm for pene-
tration depthcomputationis ef�ciently implementedon graphics
hardware. Finally, we computetexture force and torqueat each
contactusingtheforcemodelpresentedin thispaper, andweapply
themto theprobeobjectheldby theuser.

The algorithmfor hapticrenderingusingtexture images,along
with its ef�cient hardware-basedimplementation,enableshigh
force updaterateson complex textured modelssuchas the ones
shown in Figs. 4-6 of the color plate. We are able to perform
forcecomputationat frequenciesashigh as500Hzin scenessuch
asa probeexploring a texturedplate(shown in Fig. 4 of thecolor
plate). The force updaterate is ashigh as100 to 200Hz in very
challengingscenariossuchas a complex textured hammerinter-
acting with striped blocks (shown in Fig. 5 of the color plate),
and a �le scrubbinga CAD part (shown in Fig. 6 of the color
plate).Theexperimentswith complex modelshaveprovedthatour
perceptually-inspiredtexture force model allows successfulcon-
veyanceof roughnessin haptic renderingof interactionbetween
complex texturedmodels.A detaileddescriptionof the algorithm
for haptictexture rendering,its implementation,andperformance
resultsarepresentedin [Otaduyetal. 2004].

5 Discussion and Conclusion
Wehavepresentedaforcemodelfor hapticrenderingthataddresses
geometricanddynamicfactorsassociatedwith roughnesspercep-
tion. This forcemodelcreatesvirtual texturestimuli by computing
forcesandtorquesproportionalto thegradientof penetrationdepth.
This modelcanberegardedasa generalizationof previous3-DOF
haptictexturerenderingtechniques.To thebestof our knowledge,
it is the�rst forcemodelfor 6-DoFhaptictexturerendering.

An analysisof thevibratorymotioninducedby theforcemodel
demonstratesthatit presentsimportantqualitativecorrespondences
with humanroughnessperception. In particular, if we consider
simulatedhandaccelerationasa function of texture spacing,this
functionpresentsa peakwhosemagnitudeandlocationdependon
probediameterandappliedforcevery similarly to thebehavior of
perceivedroughness.In thecasewhereexploratoryspeedis avari-
able factor, we have alsofound somebehavioral similarities. We
concludethatour texture forcemodelis capableof producingvir-
tual roughnessstimuli that resemblequalitatively physical rough-
nessstimuli transmittedthroughrigid objects.

Theconnectionbetweenphysicalparameters,suchasforcesand
motion,anda subjective metric of roughnessis still unknown. In
our experimentswe have usedaccelerationto quantify vibratory
motion, but we do not know if perceived roughnessis directly or
solely dependenton acceleration.Nevertheless,our analysishas
beenbasedon qualitative comparisonsof location and valuesof
functionmaxima.Thisapproachrelaxestheneedfor aknown rela-
tionshipbetweenaccelerationandroughness.For example,if per-
ceivedroughnessdependsmonotonicallyon accelerationin thein-
tervalof study, themaximaof roughnessandaccelerationwill occur
at thesamevaluesof texturespacing.This correlationis basically
whatwehave foundin ourexperiments.

We plan to extendour work by enrichingthe typesof surfaces
andpropertiesrendered,suchashigherfrequency texturesandde-

formabletexturedsurfaces,andby applyingourtextureforcemodel
to applicationsin assistedtechnology, surgical trainingandvirtual
prototyping.Webelievethatthefuturere�nementof ourmodelcan
bene�t tremendouslyfrom furtherresearchonthepsychophysicsof
roughnessperception.
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Figure 1: Effects of Probe Diameter. Left: results of psy-
chophysics studiesby Ledermanet al. [2000] (printed with per-
missionof ASMEandauthors); Right: simulationresultsusingour
forcemodel.
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Figure2: Effectsof Applied Force.Left: resultsof psychophysics
studiesby Ledermanet al. [2000] (printed with permissionof
ASME and authors); Right: simulation resultsusing our force
model.
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Figure 3: Effects of Exploratory Speed. Left: resultsof psy-
chophysics studiesby Ledermanet al. [1999] (printed with per-
missionof Haptics-eandauthors); Right: simulationresultsusing
our forcemodel.

Figure4: Haptic Simulation of Probe and Plate: A subjectvir-
tually exploresa texturedplateusinga probewith a sphericaltip.
Thishapticsimulationresemblesexperimentscarriedoutaspartof
perceptualstudies.

Figure 5: Haptic Simulation of Hammer and Blocks: Virtual
hapticinteractionbetweena texturedhammerandstripedblocks.

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


