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Abstract. Wedescribeanew tactiledisplayfor usein dexteroustelemanipulatiomndvirtual
reality. Our systemrendergthe changinglocationof a remoteor virtual contactby moving
atactile elementalongthe users ngertip. Mountedat the endpointof a hapticmechanism,
our thimble-sizeddevice concurrentlydisplayscontactlocation and interactionforces.We
believe sucha designwill enablemoreversatileobjectmanipulationfor hapticinteractions.
To evaluatethis display concept,we conductedwo perceptualkexperiments.First, human
subjectgudgedobjectcunaturethoughdirectmanipulationof physicalmodelsandvirtual
manipulatiorwith thedevice. Resultsshawv similarlevelsof discriminationin realandvirtual
interactions,indicating the device can effectively portray contactinformation. Secondwe
investigatediirtual interactionswith rolling andanchoredabjectsanddemonstratethatusers
candistinguishthe interactiontype usingour device. Theseexperimentgprovide insightinto
the sensitvity of humanperceptionand suggestthat even a simple display of the contact
centroidlocationmaysigni cantly enhanceeleroboticandvirtual graspingtasks.

1 Intr oduction

In themiddle of the nightthetelephoneings. You gropefor your glasseandfum-
ble for thelight switch. Amongall thetypesof sensorjinformationavailableto you
at thatmoment,noneis moreimportantthanknowing whereobjectsaretouching
your ngertips. Early in the study of dexterousmanipulation,Fearing[1] demon-
stratecdthatcontactinformationis equallyindispensabléor manipulatingobjectsin
arobotichand.Withoutthis knowledge grasperrorsaccumulateapidly andthe ob-
ject falls. Subsequentlymary researcherdevelopedtactile array sensorsgapable
of measuringcontactiocation,pressurealistribution andlocal objectgeometry

In contrasttactile displaysthatrendercontactinformationfor virtual reality or
teleoperatiorhave proven far more challenging.Accuraterecreationof the local
shapeandpressuralistribution at each ngertip requiresa densearrayof actuators.
Thepeakforce,velocity, anddisplacemenneededor eachelementll but preclude
packaginghe systematthe ngertips of a standarchapticdisplaysystem.Thetac-
tile displaysthathave appearedh theliteratureareinsteadbench-topdevices,with
asmallarrayof pinsin a stationaryframe,actuatedsia wiresor tubes[2-5].

As analternatve, displayingonly thelocationof the centroidof contacton each

nger requiresfar lessextensive actuation Evenwhenobjectsare handledrapidly,

thecontactprogresslongthe ngertips atonly afew centimeterpersecondCon-
tactlocationcanbe displayedby moving a single elementover the surfaceof the
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Fig. 1. Contactlocationdisplay concept.The centroidof contactis representetby a single
tactileelement(a) Two-dimensionaand(b) one-dimensionalariationsareillustrated.

nger in the proximal/distalandlateraldirectionswhich canbeaccomplisheavith
justtwo actuatorgFig. 1(a)). The experimentgeportedin this paperconsideronly
the proximal/distallocation of the contactcentroid,displayedusing a roller that
translateslongtheusers nger pad(Fig. 1(b)).

Currenthapticdisplaysystemsreatcontacteven moresimply, asa point force
appliedto the users ngertip via a thimble. Incorporatingcontactcentroid mo-
tion into suchhapticinteractionsrequiresonly minor additionsto the systembut
improvesthe interactionsigni cantly. Sucha display hasthe potentialto createa
richer, more realistic experienceof ngertip manipulationthan traditional haptic
devicesprovide. Detailsof the approackcanbefoundin [6].

Theideaof representin@rbitrarycontactawith a singlemoving elementraises
severalinterestingquestionsOf primaryconcerns how peoplepercevedifferences
in objectcurvature.Contactshapeandpressurealistribution provide local objectin-
formation.If thisfull setof tactileinformationis notavailable, Montang[7] suggests
thatthe migrationof the contactpatchoverthe nger surfaceduring manipulation
canalsobe usedto evaluateobjectcurvaturevia rolling kinematics.Contactloca-
tionis alsousefulin othermanipulationscenariossuchaspushingaknobor slider.
In thesecasesthe migrationof the contactpatchcanindicatesliding or rolling of
theobjectrelative to the nger.

To further explore theseissueswe developeda device that displayscontactlo-
cationtogethemwith forcefeedbackasdescribedn Section2. Two separatexper
imentswere conductedo evaluatethe device andthe users relevant perceptions.
The rst examinedsubjects'ability to distinguishbetweerobjectsof differentcur-
vaturefor bothrealandvirtual interactionsasdiscussedn Section3. The second
experiment,detailedin Section4, studiedthe perceptionof virtual objectmotion,
including rolling and anchoredbehaiors. Finally, Section5 presentsonclusions
andnew researchyuestiongaisedby this work.

2 Device Description

Thecontactiocationdisplayapparatuss shavnin Fig. 2(a). Thetactileelemenis a
smallroller housedn athimblethatslipsovertheusers nger. A serno-motordrives
theroller alongthe users nger via two sheathegush-pullwires. This actuatoris
locatedon the users forearmto reducedevice inertia at the handand minimize
the transmissiorof motor vibrationsto the users ngertip receptorsTheroller is
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Fig. 2. Contactlocationdisplay system(a) Fingertipcontactis renderedy a roller housed
in athimble,which is attachedo a commerciafforce-feedbacklevice. A smallserno-motor
preciselypositionsthe roller via push-pullwires. The roller is suspendedelov the nger,

only touchingtheuserwhenthePhantonR appliesinteractiorforces.(b) Experimentasetup
andgraphicsshaving contactbetweertheusers nger andavirtual object.

suspendedinderneattihe ngertip by the drive wires sothatit doesnot touchthe
useruntil they contacta virtual object.

The display's roller is attachedo a SensAbleTechnologiedPhantonr, a ro-
botic arm usedfor haptic feedback,as depictedin Fig. 2(b). This haptic device
measurethe positionof theroller andprovidesreactionforces which pushthe sus-
pendedelementinto contactwith theusers nger. Making andbreakingcontactin
this mannetyieldsarealisticsensatiorof touchastheroller stimulatesmechanore-
ceptorsin theusers ngertip [8,9].

To displayhapticinteractionswith this device, virtual objectswereprogrammed
in C andC++ onacomputerunningRTAI Linux. Thekinematicsof eachsimulated
ervironmentdeterminea characteristicelationshipbetweennger motionandcon-
tactlocation.A PID feedbackcontrolleruseshe display's seno-motorto adjustthe
positionof theroller basedon detectednger motion. The bandwidthof theroller
exceeds5 Hz for a 10 mm amplitudesignal. Roller positionsalongthe nger are
renderedvith a maximumerror of 0.05mm for fasthandmotions(5 cm/sec)and
anerrorof about0.01mm for the slow motionstypically usedby subjects.
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Fig. 3. Useof contactiocationduring objectexploration.(a) One- ngeredplanarperception

of cunvatureprovides a simpli ed form of objectmanipulation.(b) Subjectsexplored 15
sectorof a“curvaturewheel” via directandvirtual manipulation.

3 Curvature Discrimination for Realand Virtual Objects

A seriesof experimentswasperformedto quantify a users ability to discriminate
betweerobjectsof varying curvature.To simplify testing,only planarobjectswere
studiedandtheinteractionwaslimited to horizontalmotionof asingle nger. This

arrangemenallowed a comparisorof resultsbetweerdirect physicalmanipulation
andvirtual interactionwith the contactdisplay device. The experimentswere de-
signedfollowing standardpsychophysicaproceduresnvolving constantstimuli,

with forced-choiceeomparisondetweerpairsof caseg10]. A detaileddescription
of theexperimentabrotocolis givenin the Appendix.

3.1 Experimental Setupand Procedure

Thesediscriminationtestsfocus on the users perceptionof curvaturewhile roll-
ing planarobjectswith a single nger. As illustratedin Fig. 3(a), suchsimpleone-
ngered interactionis representatie of more generalobjectmanipulation All ob-
jects, whetherreal or virtual, pivot abouta x ed axis distinct from the centerof
curvature.This pivoting behavior allows the userto explore the curved surfaceus-
ing only ngertip motion. For the direct manipulationexperiments fourteensuch
testcurveswere arrangedonto a single “curvaturewheel” as shown in Fig. 3(b).
Thewheelcould pivot 15 for eachcurve, correspondingo approximately 1cm
of ngertip movement.

During the tests,subjectswere blindfolded and usedan armrestto maintaina
horizontalhandposition.Both realandvirtual versionsof the curvaturewheelwere
presentedn the samefashion.For the physicalwheel,the limits of travel for each
sectonwereindicatedwith spring-loadedall detentsanalogougorceswereimple-
mentedn softwarefor thevirtual wheel.

The curvaturediscriminationswvere conductedasa randomizedseriesof com-
parisonsn whichuserscomparedwo stimuli andreportedvhich of thetwo samples
hada largerradiusof curvature.For eachcomparisonpneof thetwo samplesvas
a standardvalue while the otherwas selectedrom 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 Thegraphdisplaytheproportionof timesaparticularstimuluswasreported
ashaving a greateradiusof cunature.JNDsareindicatedwith dottedlines.

Table 1. Resultsof directandvirtual radius
of cunvatureperceptiorexperimentdor each
radiusstandard.

Direct Virtual
Discrimination Discrimination
Nominal Radius Radius

Weber IND Weber

Radius JND Fracti Fracti
raction (mm) raction

(mm)  (mm)

10 0.84 0.084 135 0.135
20 149 0.074 2.25* 0.112*
30 400 0.133 3.77 0.126
40 574 0.143 4.16 0.104

*Datareportedrom pilot studywith 5 subjects

Fig. 5. INDsof directandvirtual discrimi-
nationfor eachradiusstandard.

neighboringsizes.The sizeswere chosento determinethe just noticeablediffer-
ence(JND) [10] relative to the standardsize. Subjectanadecurvaturediscrimina-
tionswith respecto four radiusstandardsf 10,20, 30,and40 mm,andcomparison
radii variedfrom 8.3to 52.6mm.

3.2 Resultsand Discussion

Typicalresultsfor directandvirtual curvaturecomparisortestsareshavn in Fig. 4.

Thesegraphsrepresenthe pooledresponsesf all subjectfor the40 mm standard.
They plot the proportionof timessubjectseportedeachstimulusasthelargerof the

two presentedAs expected the datahave a sigmoidaldistribution; stimuli thatare
considerablydifferentfrom the standardare consistentlyidenti ed while smaller
differencesare harderto discern.By corvention,the JND for eachstandards es-
tablishedas the averageof the lower and upperdifferencethresholds(JND" and
JNDV, seeFig. 4), beingthe differencebetween0.25and0.50,and0.50and0.75

proportionsgrespectiely [10].
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Fig. 6. Our resultsareframedby datareportedin the literaturefor actve ngertip curvature
discrimination(GordonandMorison[11]) andpassie discrimination(Goodwinetal. [12]).

Similar resultsfor other standardsire summarizedn Table 1, wherethe data
areshowvn asboththe IND andthe Weberfraction. The Weberfractionis theratio
of the JND to the nominal stimulusvalue. The JNDs are also plotted againstthe
nominalvaluesin Fig. 5. The direct discriminationdataare slightly nonlinearand
are t by a power curve (as suggestedyy Stesen's Paver Law [10]). In contrast,
thevirtual discriminationdataarenearlylinearwith objectsize,in agreementvith
theunderlyingmotionkinematicsof thesimulation.The averagéWeberfractionfor
virtual discriminationsacrosgherangeof stimuli testedis 0.11.

For objectswith a radiussmallerthan25 mm, direct explorationyields better
performancgsmallerJND) thanvirtual discrimination.Local pressurealistribution
becomeghe dominantmode of 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 smallroller in the
contactdisplayprovidesbetterlocalizationandhencebettercontactmovementcues
thanthe increasedcontactpatchexperiencedn direct manipulation.Subjectsalso
commentedhatthe largeradiusvirtual discriminationsvereeasieito perform.

By designthe contactiocationdisplayrelieson tactile perceptiorof motionon
the ngertip. Limited to 15 sectorspbjectswith radii of curvatureof 10, 20, 30,
and40 mm leadto nominalcontactmovementsf 2.67,5.33,8.00,and10.67mm
andJNDsof 0.36,0.60,1.01,and1.11mmrespectrely. As with radius,the Weber
fractionfor tactilelengthdiscriminationaverageso 0.11.

Figure 6 comparesour work to datapresentedn the literature. Gordonand
Morison [11] had subjectsactively explore plano-cowex lenseswith their nger-
tips, providing the expectedower boundfor our experiment.In contrastGoodwin
et al. [12] pressechemisphericabktimuli onto the ngertips of their testsubjects.
This passie curvaturediscriminationrepresentshe expectedupperboundfor our
results.With the exceptionof extremevirtual casespur dataareindeedbounded.

While trendsin the JIND datahint atdifferentperceptiorstratejies,especiallyat
extremeobjectsizesthe IND magnitudesresimilar for realandvirtual tests.This
experimentotonly quanti estheusers perceptuatapability but alsovalidateghe
systems ability to portrayinformationnecessarfor virtual objectdiscrimination.
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Fig. 7. Differencesin apparentobject motion can be describedin termsof the ratio a =
Dxo/Dxg, asde nedin Eqgn. 1. Valuesof a for familiar objectmotionsaredepictedabove.

4 Perception of Virtual Object Motion

A secondsetof experimentswasperformedto investigatethe users perceptionof
objectmotionvia the contactiocationdisplay Relatve movementof a graspedb-
ject providesimportantcuesaboutthe object’s behaior and state.A simpletest
illustratesthe applicability of our device to manipulationandsetsthe stagefor fu-
tureusein roboticandhapticgraspcontrol.

4.1 Experimental Setupand Procedure

Typical objectmotionsincludeanchoredrolling, andsliding behaiors,asshavnin

Fig. 7. Changesn contactiocationalongthe nger padindicaterelative movement
betweerthe nger andthe object.At oneextreme,sliding anobjectalonga surface
maintainsa constantcontactlocationon the ngertip. In contrasttouchinganan-
choredobject x esthecontactin spacaegardles®f nger motion.More generally
theobjectmotionratio, a, relatesnger andobjectmovementsaccordingo

Dxo a Dxg (1)

whereDxg istheabsolutanotionof theusers nger while in contactwith thevirtual
objectandDxg is theresultingobjectmotion.

Similar to the previous virtual discriminationtests,subjectsperformeda series
of comparisonsn which variousobject motion behaiors were presentedRatios
of a 05 to 0 5 weretestedagainstan anchoredbject(a  0: Fig. 7(a)).In a
secondseriesratiosof a 0 1to 09 werecomparedo arolling object(a 05:
Fig. 7(b)). In eachcomparisonsubjectswere asked which of the pair felt more
anchoredr rolling, respectiely. The caseof puresliding (a  1: Fig. 7(c)), with
nomotionrelativeto the ngertip, wasnottestedbecausé is tooeasyto distinguish
from the othercases.

4.2 Resultsand Discussion

Figures8(a)and 8(b) shawv the proportionof timesthatsubjectsdenti ed avirtual
objectwith agivenvalueof a asanchorear freelyrolling, respectrely. We hypoth-
esizethat peopleevaluatedobjectmotion basedon a comparisorbetweerabsolute
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Fig. 8. Thegraphdisplaytheproportionof timesa givenobjectmotionratio wasreportedas
being(a) anchoredr (b) rolling.

nger movement,obseredvia proprioceptionandrelative contactcentroidmove-

ment,obsenedcutaneouslyTheresultsof our curvaturediscriminationexperiment
indicatethatthe cutaneousontributionto this comparisoris quiteaccuratePropri-

oceptive lengthestimatesarenot nearlyasprecise which could explain the spread
of thedata.

The meansof the anchoredandrolling distributionsare-0.09and0.56 respec-
tively, falling closeto their nominalvaluesof 0.0 and0.5. This mismatchis anin-
terestingperceptuatesultof theseunsightedbjectmanipulationsthoughits exact
origin is unknown. Particularly notevorthy is users'preferencdor negative object
motionratiosin theanchoreabjecttests Unlikerealobjects hegatve motionratios
movetheobjectin oppositionto the ngertip input, exaggeratingiormalsensations.
We believe unfamiliarity with suchobjectsalsocausedhe substantiallyargerstan-
darddeviation obseredin anchoredbjectdiscrimination.

Beyond the successfutliscrimination,subjectsalsocommentedhat thesevir-
tual objectinteractiondelt realistic. These ndings suggesthatthe device formsa
promisingnew approacho hapticandtactiledisplay

5 General Discussionand Conclusions

This work presentsa novel device for displayingcontactcentroidlocation during
hapticinteractions.Unlike pin arrays,it is easily mountedon a traditional haptic
displayandintegratedwith forcefeedback.

In controlledexperimentswe found that humansubjectscould easily usethe
device to determinethe curvatureof virtual objects.Moreover, the just noticeable
differencgJND) valuesobtainedwith thedevice werecomparablé¢o thoseobtained
with physicalspecimensnddirect nger contact.Differenttrendsbetweernvirtual
anddirectcontactsuggesslightly differentperceptiormodesandleadto heightened
virtual discriminationfor largeradii of curvature.

The virtual objectswerediscriminatedwith a Weberfraction of approximately
0.11, indicating that userscan detectchangesn objectradiusgreaterthan 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
cutaneougengthperception.

We also found that usersof our device could identify varioustypesof object
motionbasedn thecontactiocationchangespeci cally discerningolling andan-
choredobjects. Anecdotally subjectgeportedhatthey foundthe sensatiorof trav-
eling contactsa corvincing simulationand a welcomeimprovementover probing
thevirtual world with a stylus.

The contactiocationdisplayis a valuableadditionto force-feedbaclkor virtual
andremoteervironmentsWe areencouragethatthis approactwill enableusergo
determineobjectgeometryand changesn contactcon guration during dexterous
manipulation.The systems$ successlso suggestsnary additionaldevelopments,
including corversionto two degreesof freedomfor display of lateralaswell as
proximal/distalcontactmotion. Useof a brake to optionally preventroller rotation
mayimprove the simulationof rolling andsliding contactsFinally, we believe that
incorporationin a multi- ngered systemwill be particularly useful for dexterous
manipulationandwe have begundevelopingexperimentgo testthis hypothesis.
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Appendix: Protocol for Discrimination Experiments

All experimentsemplo/ed the methodof constantstimuli with a paired-comparisoforced-
choiceprotocolto evaluateperceptuathresholddJNDs)andsensitvity. To investigateper
ceptualsensitvity over abroadrange the experimentwasdividedinto blocks.In eachblock,
subjectswverepresentedvith stimuli clusteredarounda nominalvalue,referredto asa stan-
dardstimulus.Eachstandardvasaccompaniedby six comparisorstimuli (threelargerand
threesmaller presentedwice each).Subjectsvere presentedvith two stimuli in rapid suc-
cession(separatedy 2-4 seconds)ynd asked to statewhich met the speci ed condition.
Establishednethodavereemplo/edto preventpresentatiorderbias. To isolatethe effects
of learningand fatigue, half of the subjectscompletedvirtual discriminationexperiments
rst. Subjectsvereblindfoldedandwore hunters earmufs to reducedistractions.

Sightedandblindfoldedtrainingprecedecatachblock of testing.Virtual interactionsvere
accompanietty computegraphicgo reinforcehapticcuesduringtraining.Positve feedback
on comparisoraccurag was provided at the beginning of cunaturediscriminationexperi-
ments but it wasnot providedin virtual motionteststo preventhabituation.

All subjectscompletedthe experimentusing the index nger of their right hand.For
consisteng betweervirtual anddirectdiscriminationexperiments subjectgperformedthese
testswith their ngers extendedand horizontal. The virtual apparatuslid not measureo-
tationsof the subjects nger, andkinematicmodelingassumedhe nger orientationwas
alwayshorizontal. The subjects nger wasplacedat the centerof eachstimulus.They made
asinglesustaineatontactwith eachstimulusandwerenotto allowedto slideonthestimulus
surfacewhile exploring the physicalmodels.

Therewereno time restrictionsmadeon subjectsduring testing.However, to minimize
the time requiredof eachsubject,testswere completedby two testgroups.A majority of
subjectsompletedhetestin underoneandahalf hours.Therewerel4 peoplein the rst test
group,whichconsistedf 10malesand4 femalegangingin agefrom 20to 34. All subjectsn
thisgroupwereright-handedTherewerel10 peoplein thesecondyroup,which consistedf 8
malesand2 femalesrangingin agefrom 20to 38. Two of themalesin thesecondyroupwere
left-handedThe numberof peoplecompletingvirtual or directexperimentsrst wasequally
balancedi.e., for the secondgroup, 1 left-handedand 3 right-handedmales,and 1 female
subjectcompletedthe virtual experimentsrst). Subjectscompleteda shortquestionnairet
the conclusionof theexperiments.



