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Abstract. Wedescribeanew tactiledisplayfor usein dexteroustelemanipulationandvirtual
reality. Our systemrendersthe changinglocationof a remoteor virtual contactby moving
a tactileelementalongtheuser's �ngertip. Mountedat theendpointof a hapticmechanism,
our thimble-sizeddevice concurrentlydisplayscontactlocationand interactionforces.We
believe sucha designwill enablemoreversatileobjectmanipulationfor hapticinteractions.
To evaluatethis display concept,we conductedtwo perceptualexperiments.First, human
subjectsjudgedobjectcurvaturethoughdirectmanipulationof physicalmodelsandvirtual
manipulationwith thedevice.Resultsshow similar levelsof discriminationin realandvirtual
interactions,indicating the device caneffectively portraycontactinformation.Second,we
investigatedvirtual interactionswith rolling andanchoredobjectsanddemonstratedthatusers
candistinguishtheinteractiontypeusingour device.Theseexperimentsprovide insight into
the sensitivity of humanperceptionandsuggestthat even a simple displayof the contact
centroidlocationmaysigni�cantly enhanceteleroboticandvirtual graspingtasks.

1 Intr oduction

In themiddleof thenight thetelephonerings.Yougropefor yourglassesandfum-
blefor thelight switch.Amongall thetypesof sensoryinformationavailableto you
at that moment,noneis moreimportantthanknowing whereobjectsaretouching
your �ngertips. Early in the studyof dexterousmanipulation,Fearing[1] demon-
stratedthatcontactinformationis equallyindispensablefor manipulatingobjectsin
arobotichand.Without thisknowledge,grasperrorsaccumulaterapidlyandtheob-
ject falls. Subsequently, many researchersdevelopedtactile arraysensors,capable
of measuringcontactlocation,pressuredistributionandlocalobjectgeometry.

In contrast,tactiledisplaysthatrendercontactinformationfor virtual reality or
teleoperationhave proven far more challenging.Accuraterecreationof the local
shapeandpressuredistributionat each�ngertip requiresa densearrayof actuators.
Thepeakforce,velocity, anddisplacementneededfor eachelementall but preclude
packagingthesystemat the�ngertips of a standardhapticdisplaysystem.Thetac-
tile displaysthathave appearedin theliteratureareinsteadbench-topdevices,with
a smallarrayof pinsin a stationaryframe,actuatedvia wiresor tubes[2–5].

As analternative,displayingonly thelocationof thecentroidof contactoneach
�nger requiresfar lessextensive actuation.Evenwhenobjectsarehandledrapidly,
thecontactsprogressalongthe�ngertips atonly afew centimeterspersecond.Con-
tact locationcanbe displayedby moving a singleelementover the surfaceof the
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(a) (b)

Fig.1. Contactlocationdisplayconcept.The centroidof contactis representedby a single
tactileelement.(a) Two-dimensionaland(b) one-dimensionalvariationsareillustrated.

�nger in theproximal/distalandlateraldirections,whichcanbeaccomplishedwith
just two actuators(Fig. 1(a)).Theexperimentsreportedin this paperconsideronly
the proximal/distallocation of the contactcentroid,displayedusing a roller that
translatesalongtheuser's �nger pad(Fig. 1(b)).

Currenthapticdisplaysystemstreatcontactevenmoresimply, asa point force
applied to the user's �ngertip via a thimble. Incorporatingcontactcentroidmo-
tion into suchhaptic interactionsrequiresonly minor additionsto the systembut
improvesthe interactionsigni�cantly. Sucha displayhasthe potentialto createa
richer, more realistic experienceof �ngertip manipulationthan traditional haptic
devicesprovide.Detailsof theapproachcanbefoundin [6].

Theideaof representingarbitrarycontactswith a singlemoving elementraises
severalinterestingquestions.Of primaryconcernis how peopleperceivedifferences
in objectcurvature.Contactshapeandpressuredistributionprovide local objectin-
formation.If thisfull setof tactileinformationis notavailable,Montana[7] suggests
that themigrationof thecontactpatchover the �nger surfaceduringmanipulation
canalsobe usedto evaluateobjectcurvaturevia rolling kinematics.Contactloca-
tion is alsousefulin othermanipulationscenarios,suchaspushingaknobor slider.
In thesecases,themigrationof thecontactpatchcanindicatesliding or rolling of
theobjectrelative to the�nger.

To furtherexploretheseissues,we developeda device thatdisplayscontactlo-
cationtogetherwith forcefeedback,asdescribedin Section2. Two separateexper-
imentswereconductedto evaluatethe device andthe user's relevant perceptions.
The�rst examinedsubjects'ability to distinguishbetweenobjectsof differentcur-
vaturefor both realandvirtual interactions,asdiscussedin Section3. Thesecond
experiment,detailedin Section4, studiedthe perceptionof virtual objectmotion,
including rolling andanchoredbehaviors. Finally, Section5 presentsconclusions
andnew researchquestionsraisedby this work.

2 DeviceDescription

Thecontactlocationdisplayapparatusis shown in Fig.2(a).Thetactileelementis a
smallrollerhousedin athimblethatslipsovertheuser's�nger. A servo-motordrives
theroller alongtheuser's �nger via two sheathedpush-pullwires.This actuatoris
locatedon the user's forearmto reducedevice inertia at the handand minimize
the transmissionof motor vibrationsto theuser's �ngertip receptors.The roller is
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(a)
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Fig.2. Contactlocationdisplaysystem.(a) Fingertipcontactis renderedby a roller housed
in a thimble,which is attachedto a commercialforce-feedbackdevice.A smallservo-motor
preciselypositionsthe roller via push-pullwires.The roller is suspendedbelow the �nger,
only touchingtheuserwhenthePhantomR

�

appliesinteractionforces.(b) Experimentalsetup
andgraphicsshowing contactbetweentheuser's �nger anda virtual object.

suspendedunderneaththe �ngertip by thedrive wiresso that it doesnot touchthe
useruntil they contacta virtual object.

The display's roller is attachedto a SensAbleTechnologiesPhantomR
�

, a ro-
botic arm usedfor haptic feedback,as depictedin Fig. 2(b). This haptic device
measuresthepositionof theroller andprovidesreactionforces,whichpushthesus-
pendedelementinto contactwith theuser's �nger. Making andbreakingcontactin
this manneryieldsa realisticsensationof touchastheroller stimulatesmechanore-
ceptorsin theuser's �ngertip [8,9].

To displayhapticinteractionswith thisdevice,virtual objectswereprogrammed
in C andC++onacomputerrunningRTAI Linux. Thekinematicsof eachsimulated
environmentdetermineacharacteristicrelationshipbetween�nger motionandcon-
tactlocation.A PID feedbackcontrollerusesthedisplay'sservo-motorto adjustthe
positionof theroller basedon detected�nger motion.Thebandwidthof the roller
exceeds5 Hz for a 10 mm amplitudesignal.Roller positionsalongthe �nger are
renderedwith a maximumerror of 0.05mm for fasthandmotions(5 cm/sec)and
anerrorof about0.01mmfor theslow motionstypically usedby subjects.
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(a) (b)

Fig.3. Useof contactlocationduringobjectexploration.(a) One-�ngeredplanarperception
of curvatureprovides a simpli�ed form of objectmanipulation.(b) Subjectsexplored15�

sectorsof a “curvaturewheel” via directandvirtual manipulation.

3 Curvature Discrimination for Realand Virtual Objects

A seriesof experimentswasperformedto quantifya user's ability to discriminate
betweenobjectsof varyingcurvature.To simplify testing,only planarobjectswere
studiedandtheinteractionwaslimited to horizontalmotionof a single�nger. This
arrangementalloweda comparisonof resultsbetweendirectphysicalmanipulation
andvirtual interactionwith the contactdisplaydevice. The experimentswerede-
signedfollowing standardpsychophysicalproceduresinvolving constantstimuli,
with forced-choicecomparisonsbetweenpairsof cases[10]. A detaileddescription
of theexperimentalprotocolis givenin theAppendix.

3.1 Experimental Setupand Procedure

Thesediscriminationtestsfocuson the user's perceptionof curvaturewhile roll-
ing planarobjectswith a single�nger. As illustratedin Fig. 3(a),suchsimpleone-
�ngered interactionis representative of moregeneralobjectmanipulation.All ob-
jects,whetherreal or virtual, pivot abouta �x ed axis distinct from the centerof
curvature.This pivoting behavior allows theuserto explore thecurvedsurfaceus-
ing only �ngertip motion.For the direct manipulationexperiments,fourteensuch
testcurveswerearrangedonto a single “curvaturewheel” asshown in Fig. 3(b).
Thewheelcouldpivot 15� for eachcurve,correspondingto approximately� 1 cm
of �ngertip movement.

During the tests,subjectswereblindfoldedandusedan armrestto maintaina
horizontalhandposition.Bothrealandvirtual versionsof thecurvaturewheelwere
presentedin thesamefashion.For thephysicalwheel,the limits of travel for each
sectorwereindicatedwith spring-loadedball detents;analogousforceswereimple-
mentedin softwarefor thevirtual wheel.

Thecurvaturediscriminationswereconductedasa randomizedseriesof com-
parisonsin whichuserscomparedtwo stimuli andreportedwhichof thetwosamples
hada largerradiusof curvature.For eachcomparison,oneof thetwo sampleswas
a standardvaluewhile the otherwasselectedfrom amongsix smallerand larger
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Fig.4. Pooledresultsof all subjectsfor radiusof curvaturediscriminationson the 40 mm
standardduring (a) direct physicalinteractionand(b) virtual interactionusingthe contact
locationdisplay. Thegraphsdisplaytheproportionof timesaparticularstimuluswasreported
ashaving agreaterradiusof curvature.JNDsareindicatedwith dottedlines.

Table 1. Resultsof directandvirtual radius
of curvatureperceptionexperimentsfor each
radiusstandard.

Direct
Discrimination

Virtual
Discrimination

Nominal
Radius
(mm)

Radius
JND
(mm)

Weber
Fraction

Radius
JND
(mm)

Weber
Fraction

10 0.84 0.084 1.35 0.135
20 1.49 0.074 2.25* 0.112*
30 4.00 0.133 3.77 0.126
40 5.74 0.143 4.16 0.104

*Data reportedfrom pilot studywith 5 subjects
Fig.5. JNDsof directandvirtual discrimi-
nationfor eachradiusstandard.

neighboringsizes.The sizeswerechosento determinethe just noticeablediffer-
ence(JND) [10] relative to thestandardsize.Subjectsmadecurvaturediscrimina-
tionswith respectto four radiusstandardsof 10,20,30,and40mm,andcomparison
radii variedfrom 8.3to 52.6mm.

3.2 Resultsand Discussion

Typical resultsfor directandvirtual curvaturecomparisontestsareshown in Fig. 4.
Thesegraphsrepresentthepooledresponsesof all subjectsfor the40mmstandard.
They plot theproportionof timessubjectsreportedeachstimulusasthelargerof the
two presented.As expected,thedatahave a sigmoidaldistribution; stimuli thatare
considerablydifferent from the standardareconsistentlyidenti�ed while smaller
differencesareharderto discern.By convention,theJND for eachstandardis es-
tablishedas the averageof the lower andupperdifferencethresholds(JNDL and
JNDU, seeFig. 4), beingthedifferencebetween0.25and0.50,and0.50and0.75
proportionsrespectively [10].
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Fig.6. Our resultsareframedby datareportedin theliteraturefor active �ngertip curvature
discrimination(GordonandMorison[11]) andpassive discrimination(Goodwinet al. [12]).

Similar resultsfor otherstandardsaresummarizedin Table1, wherethe data
areshown asboththeJND andtheWeberfraction.TheWeberfraction is theratio
of the JND to the nominal stimulusvalue.The JNDsarealsoplottedagainstthe
nominalvaluesin Fig. 5. Thedirect discriminationdataareslightly nonlinearand
are �t by a power curve (assuggestedby Steven's Power Law [10]). In contrast,
thevirtual discriminationdataarenearlylinearwith objectsize,in agreementwith
theunderlyingmotionkinematicsof thesimulation.TheaverageWeberfractionfor
virtual discriminationsacrosstherangeof stimuli testedis 0.11.

For objectswith a radiussmallerthan25 mm, direct explorationyields better
performance(smallerJND) thanvirtual discrimination.Local pressuredistribution
becomesthe dominantmodeof perceptionwith small objects,which is not ren-
deredby the virtual display. For radii above 30 mm, however, subjectsperformed
betterduring virtual exploration.Herewe believe the relatively small roller in the
contactdisplayprovidesbetterlocalizationandhencebettercontactmovementcues
thanthe increasedcontactpatchexperiencedin direct manipulation.Subjectsalso
commentedthatthelargeradiusvirtual discriminationswereeasierto perform.

By design,thecontactlocationdisplayrelieson tactileperceptionof motionon
the �ngertip. Limited to 15� sectors,objectswith radii of curvatureof 10, 20, 30,
and40 mm leadto nominalcontactmovementsof 2.67,5.33,8.00,and10.67mm
andJNDsof 0.36,0.60,1.01,and1.11mm respectively. As with radius,theWeber
fractionfor tactilelengthdiscriminationaveragesto 0.11.

Figure 6 comparesour work to datapresentedin the literature.Gordonand
Morison [11] hadsubjectsactively explore plano-convex lenseswith their �nger-
tips,providing theexpectedlower boundfor our experiment.In contrast,Goodwin
et al. [12] pressedhemisphericalstimuli onto the �ngertips of their test subjects.
This passive curvaturediscriminationrepresentstheexpectedupperboundfor our
results.With theexceptionof extremevirtual cases,our dataareindeedbounded.

While trendsin theJNDdatahint atdifferentperceptionstrategies,especiallyat
extremeobjectsizes,theJNDmagnitudesaresimilar for realandvirtual tests.This
experimentnotonly quanti�estheuser'sperceptualcapability, but alsovalidatesthe
system'sability to portrayinformationnecessaryfor virtual objectdiscrimination.
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Fig.7. Differencesin apparentobject motion can be describedin termsof the ratio a =
DxO/DxF , asde�ned in Eqn.1. Valuesof a for familiarobjectmotionsaredepictedabove.

4 Perception of Virtual Object Motion

A secondsetof experimentswasperformedto investigatetheuser's perceptionof
objectmotionvia thecontactlocationdisplay. Relative movementof a graspedob-
ject provides importantcuesaboutthe object's behavior and state.A simple test
illustratestheapplicabilityof our device to manipulationandsetsthestagefor fu-
tureusein roboticandhapticgraspcontrol.

4.1 Experimental Setupand Procedure

Typicalobjectmotionsincludeanchored,rolling, andslidingbehaviors,asshown in
Fig. 7. Changesin contactlocationalongthe�nger padindicaterelativemovement
betweenthe�nger andtheobject.At oneextreme,slidinganobjectalonga surface
maintainsa constantcontactlocationon the �ngertip. In contrast,touchingan an-
choredobject�x esthecontactin spaceregardlessof �nger motion.Moregenerally,
theobjectmotionratio,a, relates�nger andobjectmovementsaccordingto

DxO �

a � DxF (1)

whereDxF is theabsolutemotionof theuser's�nger while in contactwith thevirtual
objectandDxO is theresultingobjectmotion.

Similar to thepreviousvirtual discriminationtests,subjectsperformeda series
of comparisonsin which variousobjectmotion behaviors werepresented.Ratios
of a

�
	

0 � 5 to 0 � 5 weretestedagainstan anchoredobject(a
�

0: Fig. 7(a)). In a
secondseries,ratiosof a

�

0 � 1 to 0 � 9 werecomparedto a rolling object(a
�

0 � 5:
Fig. 7(b)). In eachcomparison,subjectswere asked which of the pair felt more
anchoredor rolling, respectively. The caseof puresliding (a

�

1: Fig. 7(c)), with
nomotionrelativeto the�ngertip, wasnottestedbecauseit is tooeasyto distinguish
from theothercases.

4.2 Resultsand Discussion

Figures8(a)and 8(b)show theproportionof timesthatsubjectsidenti�ed avirtual
objectwith agivenvalueof a asanchoredor freelyrolling, respectively. Wehypoth-
esizethatpeopleevaluatedobjectmotionbasedon a comparisonbetweenabsolute
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(a) (b)

Fig.8. Thegraphsdisplaytheproportionof timesagivenobjectmotionratiowasreportedas
being(a) anchoredor (b) rolling.

�nger movement,observedvia proprioception,andrelative contactcentroidmove-
ment,observedcutaneously. Theresultsof ourcurvaturediscriminationexperiment
indicatethatthecutaneouscontributionto thiscomparisonis quiteaccurate.Propri-
oceptive lengthestimatesarenot nearlyasprecise,which couldexplain thespread
of thedata.

Themeansof theanchoredandrolling distributionsare-0.09and0.56respec-
tively, falling closeto their nominalvaluesof 0.0 and0.5.This mismatchis an in-
terestingperceptualresultof theseunsightedobjectmanipulations,thoughits exact
origin is unknown. Particularlynoteworthy is users'preferencefor negative object
motionratiosin theanchoredobjecttests.Unlikerealobjects,negativemotionratios
movetheobjectin oppositionto the�ngertip input,exaggeratingnormalsensations.
Webelieveunfamiliarity with suchobjectsalsocausedthesubstantiallylargerstan-
darddeviationobservedin anchoredobjectdiscrimination.

Beyond the successfuldiscrimination,subjectsalsocommentedthat thesevir-
tual objectinteractionsfelt realistic.These�ndings suggestthat thedevice formsa
promisingnew approachto hapticandtactiledisplay.

5 GeneralDiscussionand Conclusions

This work presentsa novel device for displayingcontactcentroidlocationduring
haptic interactions.Unlike pin arrays,it is easilymountedon a traditionalhaptic
displayandintegratedwith forcefeedback.

In controlledexperimentswe found that humansubjectscould easily usethe
device to determinethe curvatureof virtual objects.Moreover, the just noticeable
difference(JND)valuesobtainedwith thedevicewerecomparableto thoseobtained
with physicalspecimensanddirect �nger contact.Differenttrendsbetweenvirtual
anddirectcontactsuggestslightlydifferentperceptionmodesandleadto heightened
virtual discriminationfor largeradii of curvature.

Thevirtual objectswerediscriminatedwith a Weberfractionof approximately
0.11, indicating that userscan detectchangesin object radiusgreaterthan 11%.
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Basedon the motion of the contactpoint, theseresultsalsoimply a tactile length
Weberfraction of 0.11.These�ndings indicatethat humanshave highly accurate
cutaneouslengthperception.

We also found that usersof our device could identify varioustypesof object
motionbasedon thecontactlocationchange,speci�cally discerningrolling andan-
choredobjects.Anecdotally, subjectsreportedthatthey foundthesensationof trav-
eling contactsa convincing simulationanda welcomeimprovementover probing
thevirtual world with astylus.

Thecontactlocationdisplayis a valuableadditionto force-feedbackfor virtual
andremoteenvironments.Weareencouragedthatthisapproachwill enableusersto
determineobjectgeometryandchangesin contactcon�guration during dexterous
manipulation.The system's successalsosuggestsmany additionaldevelopments,
including conversionto two degreesof freedomfor display of lateral as well as
proximal/distalcontactmotion.Useof a brake to optionallypreventroller rotation
mayimprovethesimulationof rolling andslidingcontacts.Finally, we believe that
incorporationin a multi-�ngered systemwill be particularlyuseful for dexterous
manipulation,andwe havebegundevelopingexperimentsto testthis hypothesis.
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Appendix: Protocol for Discrimination Experiments

All experimentsemployed themethodof constantstimuli with a paired-comparisonforced-
choiceprotocolto evaluateperceptualthresholds(JNDs)andsensitivity. To investigateper-
ceptualsensitivity overabroadrange,theexperimentwasdividedinto blocks.In eachblock,
subjectswerepresentedwith stimuli clusteredarounda nominalvalue,referredto asa stan-
dardstimulus.Eachstandardwasaccompaniedby six comparisonstimuli (threelargerand
threesmaller, presentedtwice each).Subjectswerepresentedwith two stimuli in rapidsuc-
cession(separatedby 2-4 seconds)and asked to statewhich met the speci�ed condition.
Establishedmethodswereemployedto preventpresentationorderbias.To isolatetheeffects
of learningand fatigue,half of the subjectscompletedvirtual discriminationexperiments
�rst. Subjectswereblindfoldedandworehunter's earmuffs to reducedistractions.

Sightedandblindfoldedtrainingprecededeachblockof testing.Virtual interactionswere
accompaniedby computergraphicsto reinforcehapticcuesduringtraining.Positivefeedback
on comparisonaccuracy wasprovided at the beginning of curvaturediscriminationexperi-
ments,but it wasnotprovidedin virtual motionteststo preventhabituation.

All subjectscompletedthe experimentusing the index �nger of their right hand.For
consistency betweenvirtual anddirectdiscriminationexperiments,subjectsperformedthese
testswith their �ngers extendedandhorizontal.The virtual apparatusdid not measurero-
tationsof the subject's �nger, andkinematicmodelingassumedthe �nger orientationwas
alwayshorizontal.Thesubject's �nger wasplacedat thecenterof eachstimulus.They made
asinglesustainedcontactwith eachstimulusandwerenot to allowedto slideonthestimulus
surfacewhile exploring thephysicalmodels.

Therewereno time restrictionsmadeon subjectsduring testing.However, to minimize
the time requiredof eachsubject,testswerecompletedby two testgroups.A majority of
subjectscompletedthetestin underoneandahalf hours.Therewere14peoplein the�rst test
group,whichconsistedof 10malesand4 femalesrangingin agefrom 20to 34.All subjectsin
thisgroupwereright-handed.Therewere10peoplein thesecondgroup,whichconsistedof 8
malesand2 femalesrangingin agefrom 20to 38.Two of themalesin thesecondgroupwere
left-handed.Thenumberof peoplecompletingvirtual or directexperiments�rst wasequally
balanced(i.e., for the secondgroup,1 left-handedand3 right-handedmales,and1 female
subjectcompletedthevirtual experiments�rst). Subjectscompleteda shortquestionnaireat
theconclusionof theexperiments.


