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Abstract

Contactin a typical haptic ervironmentresembleghe
experienceof tappingon soft foam, ratherthan on a hard
object. Event-basedhigh-frequencytransientforces must
be superimposedvith traditional proportional feedbak to
provide realistic haptic cuesat impact.We havedeveloped
a new methodfor matding the acceleations experienced
duringreal contact,invertinga dynamicmodelof thedevice
to computeappropriateforce feedbak transients\e eval-
uatedthis hapticrenderingparadigmby conductinga study
in which usesblindly ratedtherealismof tappingona vari-
etyofvirtually rendeedsurfacesaswell asonthreereal ob-
jects. Event-basedeedbak signi cantly increasedthe re-
alism of the virtual surfaces,and the acceleation matd-
ing strategy was rated similarly to a sampleof real wood
on a foamsubstate Thiswork providesa new avenuefor
achieving realismof contactin hapticinteractions.

1. Intr oduction

The eld of hapticsaimsto recreatethe experienceof
real manipulationby stimulatingthe users complex sense
of touch. Using a pen-like interface attachedto a robotic
arm,theusers motionsaremappednto avirtual world, and
appropriatereactionforcesare displayed.deally, interact-
ing with virtual objectswould beassimpleandvivid asus-
ing a pento probeitemson your desk.Considerthe taskof
tappingon a pieceof wood, asshown in Figure1(a).Each
tappingeventis describedby a suddenchangein velocity
with associatedcceleratiorandforce spikes,followed by
a continuoudorce to balancethe users pressureThe user
determineshis or her handimpedanceand velocity, but it
is the mass,density compliance and dampingof the ob-
jectsthatshapethe detailsof theimpact.As such,eachtap-
ping responsés obsered by the userbut not actively con-
trolled.

Most haptic algorithmsattemptto re-createthe expe-
rience of hard contactby measuringthe users penetra-
tion into a virtual objectand producingquasi-statiaestor
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Figure 1. Real and virtual contact.

(c) Event-Based
Virtual Wood

ing forces. This stratgy is illustratedin Figure 1(b) as
a virtual spring attachedto the interface. Finite position
resolutionand presentcomputationalspeeddimit virtual

springstiffnessedo aboutl,000N/m, but providing realis-
tic high-frequeng feedbackwith this closed-loopapproach
would requiregainsup to 1,000,000N/m. Thus, the clas-
sic penetration-baseapproacho hapticsis doomedo ren-

der soft, dull contactsdevoid of the high-frequeng tran-

sientsencountereduringrealmanipulation.

We proposehealternatve paradignof event-basedhap-
tics to increasethe realismof virtual interactions,as de-
scribedin Section2. Impacttransientarevital to theusers
experienceandareentirely pre-speci edby theinitial con-
ditions of contact,providing a unique signaturefor every
event.We proposeo pre-computehetransientanddisplay
themopen-loopwvheneacheventis triggered.This strateyy
can be executedwith a lower seno rate and signi cantly
lower sensoresolutionthanwould be requiredfor closed-
loop generatiorof identicaltransientsFigure 1(c) depicts
thisrenderingapproachin whichtheeventsignaturds dis-
playedto the useratimpact.Section3 presentour method
for computingforcefeedbackpro les thatproduceacceler
ationsmatchedo the experienceof realcontact.

To validatethe conceptof event-basedapticsand the
methodof acceleratiormatching,we studieduserpercep-
tion of realismduringcontactwith realandvirtual wood,as
detailedin Sectiond. Askingusergto taponarangeof sam-
ples,we assesseveral renderingtechniquesandshow that
event-basedhapticswith acceleratioimatchingcanportray
hardcontactwith signi cantly morerealismthantraditional
methods.The resultsof this study are discussedn Sec-
tion 5, followedby conclusionsn Section6.



2. Event-BasedHaptics

Stylus-basedhapticdevices promiseusersthe ability to
interactwith andfeelvirtual objectsasthoughthetip of the
pen-like handlewere directly touchingan equialentreal
object.Honoringthe users sensitvity to andrelianceupon
high-frequeng interactiontransients,event-basechaptics
de nesanalternatvedisplaystratayy for improvedrealism.
Ratherthantrying to generatdorcetransientsisingclosed-
loop positionfeedbackthis methodusediscreteeventtrig-
gersto begin playbackof pre-computedorcehistories.

Haptic feedbackis particularly crucial whensimulating
interactionswith rigid virtual objects.While visual feed-
back corveys sufcient informationfor exploring soft en-
vironments,surface deformationsof hard objectsare too
small and abruptto be seen.The dynamicsof rigid con-
tactpredicttwo distinct, superimposedorces:a character
istic high-frequeng transientthat appeardor a short pe-
riod after impact, and a quasi-staticlow-frequeny force
thatopposegenetratiorover long durations.The shapeof
the transientis determinedby materialpropertiesand ini-
tial userconditions,including graspcon guration andin-
comingvelocity. Impacttransientggenerallytake the form
of exponentiallydecayingsinusoidg6, 8], thoughmultiple
resonanmodesandintermittentcontactmayleadto amore
comple responselt is thesesignals,lasting tens of mil-
lisecondsthatallow the userto infer materialproperties.

Fingertipmechanoreceptodetectsignalsup to 1 kHz,
with peaksensitvity near300 Hz [1]. In contrasthumans
cannotmove or positiontheir ngertips above 10 Hz. The
asymmetnof humansensoryandmanipulatiorbandwidths
leadsto astratey of identifying signaturgorcepatternsand
treatingthemasdiscretecognitive events.The humanbody
takesat least100 msto reactto tactile stimuli, andhigher
level cognitiontakesevenlonger ConsequentlyDanieland
McAreeseparatdéapticfeedbacknto distinctpowerandin-
formationbands belov andabove 30 Hz respectiely [2].
KontarinisandHowe usedvibrotactiledisplaysto improve
perceptiorof remoteaccelerationsluringteleoperatiorj4],
and Okamuraet al. improved material discriminationby
displayingvirtual vibrationsin the form of exponentially
decayingsinusoidghatwereempiricallytunedto obsened
signalg[6]. Rigid virtual environmentsdevoid of suchhigh-
frequeng feedbackwill neverfeeltruly realistic.

Built upontherealizationthathigh-frequeng transients
arebothvital anduncontrolled,event-basedhapticssuper
imposesproportional and transientforce outputs, as de-
pictedin Fig. 2. Equivalentto classichapticrenderingal-
gorithms[9], aforce proportionalto the users penetration
into the virtual objectis applied,creatinga linear virtual
spring.Thisfeedbaclchanneprovidesaquasi-staticestor
ing force but cannotgeneratéigh-frequenyg transients.

In the event-basedparadigm,proportionalfeedbackis
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Figure 2. Open-loop forces superimpose on
traditional penetration-based feedback.

augmentedy the playbackof open-loop,high-frequeng
forcesignalsatcontact An eventis triggeredwhentheuser
reacheghe surfaceof a virtual object,anda pre-computed
transientis displayed Becaus¢heshapeof thetransiente-
pendson materialpropertiesaswell asimpactvelocity and
userimpedancea library of transientsignalsmay be uti-
lized. Sucha library may be built from physicalmeasure-
mentsor basedon multi-modalvibration modelsandanal-
ysis. To achiese true realism,we believe the accelerations
experienceduy the usershouldmatchrealimpactacceler
ation pro les, asdescribedbelown in Section3. Regardless
of the methodusedto pre-determinghe transient,its out-
putremaingdeterministidor thedurationof theusersreac-
tion time andhencedoesnot requirecontinualsensorfeed-
backor additionalcomputation.

Beyond providing realistic high-frequeng signals,
event-basedorcescan quickly reducethe users momen-
tuminto thevirtual object.Becausenomentunscaleswith
velocity, thetransiensignalshouldalsoscalewith themea-
sured incoming velocity of the user High-magnitude,
short-durationpulseshave beenshavn to stop the users
motion, reduce maximum penetrationdistance,and in-
creasehepercevedstiffnessof avirtual erwvironment3,7].
Thesebene ts are retainedby transientsignals contain-
ing sharpforce spikes, typical of all impacts.Thermalcon-
straintspreventthe motorsusedin standarchapticdevices
from being driven with high currentfor long durations,
but transientsignals may exceedthe steady-statamaxi-
mum for shortperiodsof time, enablingfar moreforceful
momentumcancellatiorthancanbe achieved with propor
tional feedbaclalone.

3. Acceleration Matching

Event-basedapticsapplieshigh-frequeng force feed-
backto the users handat the startof contactwith avirtual
object. Theseopen-loopsignalsare playedby the device's
actuators,traveling through its structureto create high-
frequeng accelerationattheendpointideally, theseaccel-



erationswould matchthe transientsexperiencedvhentap-

ping ontherealobjectthatis beingemulatedoy thevirtual

ervironment.In the past,researcherfiave useddecaying
sinusoidg6] andshort-duratiorpulseq3] for thetransient
signal.Thesemethod9rovide theuserwith high-frequeng

accelerationat contactbut their parametersnustbe hand-
tunedfor eachdevice andtargetobject.We have developed
ananalyticalmethodfor determiningheforcefeedbacke-

quiredto producea speci ed acceleratiorpro le.

The accelerationmatching stratgy requireshardware
capableof measurindhigh-frequeng accelerationandpro-
ducing high-frequenyg forces.It centerson characterizing
andinverting the systems transferfunction from force to
accelerationThe inversemodel canthenbe usedto trans-
form desiredacceleratiorpro les, which may be dif cult
to parametrizeinto force feedbackcommandsBy record-
ing acceleration$or contactwith thesameobjectatarange
of incomingvelocities,a force transientlibrary canbe as-
sembledfor playbackto the userduring event-basecap-
tic interactionsThe stepsrequiredto provide acceleration-
matchedfeedbackare detailedin the following sections,
shawing resultsfor our experimentakestbed.

3.1. Hardware Selection

Systemsthat can transmit grounded, high-frequeng
force signalsto the userare most suitablefor event-based
haptics.We chosean early Phantom,producedby Sens-
Able Technologieslnc.,to provide aninterfacefor tapping
onbothrealandvirtual objects The Maxonmotors,smooth
cabledrive, and stiff linkage elementsallow transmission
of high frequeng signals,andthe motorshaft-mountep-

tical encodersenablehigh- delity position measurement.

The Phantoms distal link was reversedto point up-
ward, and a pen-basedstylus was rigidly attachedto its
endpoint. Contact forces were renderedwith the mo-
tor on the shoulderjoint. The styluswas kept vertical by
proportionalcontrol on the elbow, and the basewas cen-
teredby mechanicaktops.

Our setupusedinearcurrentampli ers from anImmer
sion ImpulseEngine2000ratherthanthe lower-bandwidth
pulse-width modulation ampli ers commonly used with
Phantoms.The linear ampli ers provide excellent high-
frequeng responseproducingfull-scalesinusoidalcurrent
atupto 1 kHz with no attenuatioror phasdag. Onedraw-
backof theseampli ers, however, is their 1.4 A maximum
current;thePhantoms motorscansustairmuchhighercur-
rentlevelsfor shortdurationswhich would allow for even
strongerevent-basedues.

To recordendpointaccelerationsye selectecan Analog
DevicesADXL150 chip with a bandwidthof 1 kHz anda
rangeof 50g. Its smallpackagevasattachedo the Phan-
tom'sdistallink usingdouble-stickkape,andits wireswere

routedalongthe arm. The voltageoutputof the accelerom-
eterwasmeasuredisinga National InstrumentsPCI-1200
card.A desktopcomputerunningRTAI Linux sampledhe
accelerometesignalandthePhantomsencoderat10kHz,
commandindeedbackorcesto thecurrentampli er atthe
samerate. This high seno frequeng was chosento allow
the systemto measureand produceaccelerationgt mary
hundredsof Hertz. Oncethe systemwas calibrated,soft-
ware gravity compensatiorwas addedto allow the Phan-
tomto hold any positionduringaninteraction.

3.2. Systemldenti cation

After choosingthe hardware,we soughtto estimatethe
transferfunction from commandedorce to measuredc-
celerationwhile the styluswasheld by a user The delity
of this model is most important at the high-frequencies
we seekto display far above the region of intentionalhu-
man motion. The multi-elementtransmissionfrom motor
to endpointmalkesit well-suitedto non-parametriédenti-

cation techniqueswhich treatthe systemasa black box.
An empiricaltransferfunction estimate(ETFE) canbe ob-

tainedby applyinga sweptsinusoidforce signalto the mo-

tor andrecordingthe resultingendpointaccelerationThe

frequeng contentof thesetwo signalsis thencomparedy

takingtheratio of their discreteFouriertransformgDFTs)

andexaminingtheresultingmagnitudeandphaseWe have

found this methodto be effective at characterizinghap-
tic devices[5], becauset elucidatesnterveningdynamics
withoutassuminga modelstructure.

A 2.5 secondlong sweptsinusoidfrom 10 to 500 Hz
wasappliedto the systemasa userpassiely heldthe sty-
lus. Four testswere performedat threeforce magnitudes
for two usersandresultswereaveragedn the complex do-
main acrosstests.Fig. 3 presentghe six resultingETFES,
which matchwell betweenusersand acrossforce magni-
tudesespeciallyat highfrequeng. Smallvariationsareob-
sened betweenusersat low frequeng, mostlikely dueto
differencedsn handimpedanceThe device exhibits a res-
onancenear 130 Hz and diminishing responsethereafter
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Figure 3. ETFE from force to acceleration.



A linear seventh-order relative degreefour model with a
0.25 ms time delay was hand- t to theseETFEs,and its

Bodeplot is shavn in Fig. 3. Thoughinterpretingits phys-
ical signi canceis dif cult, thisempiricalmodelaptly cap-
turesthesystems frequeng responseinderarangeof con-
ditions.It wasvalidatedin thetime domainby playingava-

riety of event-basedransientsasa usertappedon a virtual

object. The model's responsenatcheghe measuredialues
closely especiallyathigh frequeng, leadingusto conclude
thata simple,userinvariantdynamicmodelis usefulin de-

scribingthis systems responseluring hapticinteractions.

3.3. Model Inversion

Inverting the systemmodelenableausto determinethe
forcetransienthatmustbe appliedto createa speci edac-
celerationpro le at the device's endpoint.We record ac-
celerationfor 100 msfollowing impactbetweenthe Phan-
tom andthetamgetsubstanceThis signalis smoothedo re-
move high-frequeng electricalnoisewithoutalteringphase
andthenappliedto the inverseof the systemmodel, pro-
ducingaraw versionof therequiredforce.Low-passlter -
ing andsmoothingcombinedwith high-passltering, elim-
inatesnoiseanddrift while preservingthe force signalsin
our frequeng rangeof interest,from 10 to 500 Hz, which
constitutethe sensorysignatureof the impact. The magni-
tudeof theforcetransients thentaperedo zeroatthe start
andendto ensuresmoothsuperpositionThe modelinver-
sionprocesss veri ed by applyingthecomputedorcetran-
sientto the forward modelandcomparingthe model's pre-
dictedresponsevith the targetedaccelerationFurtherver
i cation was obtainedby testingthe transientson the ac-
tual hardware, supportingthe viability of modelinversion
for matchingvirtual feedbacko realaccelerations.

3.4. FeedbackAlgorithm

The modelinversionprocesscanbe usedto build a li-
braryof transientdor portrayingcontactwith aspeci c ob-
ject. Eachsignalis characteristiof the real situationthat
producedt, includingincomingvelocity, handimpedance,
and object contactlocation. The strongesiobsened effect
occurswith incomingvelocity, , asmagnitudencreases
andfrequencieshift. A velocity-scaledibrary canbe gen-
eratedby recordinga seriesof variedcontactswith the tar
get sample.Contacteventsare identi ed as crossingof a
positionthreshold,andthe subsequenacceleratiorsignals
areisolated,conditioned,andappliedto the inversemodel
asdescribedhbove. After ensuringevendistribution of con-
tactvelocities we assembléheremainingtransientsnto an
event-basedhapticlibrary.

We constructed transientibrary for contactwith wood
onafoamsubstrateasshavn in Fig. 4. Notethesigni cant
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Figure 4. Recorded accelerations and force
transient librar y for wood on foam.

differencesbetweenacceleratiorand force signals,which
highlight the usefulnessof a model-basedpproach.The
real-timecontrollerloadsthelibrary andselectsappropriate
transientsvhen contacteventsoccur The users incoming
velocity is comparedo thoseof the library transientsand
alinearcombinationof the closestsignalsis selectedThis
methodof acceleration-matchingucceedst creatingcon-
tact accelerationghat closely resemblethoseexperienced
when tapping on the real sample,but its performances
bestevaluatedby comparingits feel to that of tappingon
thetargetsample Whentransientaveresuperimposedith
strongproportionalforces,someusersreportedhatthesur
facefelt slightly active. Attenuatingthelibrary by afactorof
0.8 eliminatedthesecomplaints;future algorithmswill ac-
countfor superpositiorduringtransienigeneratiorandwill
alsoconsidetandimpedancet contact.

4. AssessingContact Realism

Realismof virtual contactis inherentlydif cult to quan-
tify andcanonly beaccuratelyassessely perceptuatests.
A comparatie user study was conductedto analyzethe
effectivenessof event-basechapticsand the performance
of the force feedbackiransientgproducedvia acceleration
matching Subjectgatedtherealismof tappingonthreereal
andeightvirtual objects.Thereal objectsincludedsamples
of densebalsawood, soft foam,anddensebalsaon a foam
substrateas shown in Fig. 5. Approximatestiffnessedor
thesethreereal objectsare given in Table 1, which con-
tainsthe parametersisedfor all testsamplesTheeightvir-
tual objectswerechoserto represeng variety of rendering
algorithms, differentiatingbetweensteady-stateand tran-
sienteffects. The rst two controllersprovide proportional
feedbackalone;the highergainwastunedto avoid buzzing
from encodemdiscretizationandthe lower gainwas setto
half this level. The remainingsix virtual samplescombine
velocity-scaledransientswith eitherthe rm or soft pro-
portionalcontroller, following the event-basegharadigm.
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Figure 5. Users blindl y tapped on three real
and eight virtual samples using the Phantom.

Wood K =70,000N/m
WoodonFoam K =350N/m
Foam K =220N/m
Firm Proportional K = 680N/m
SoftProportional K =340N/m
Fixed-DurationPulse A =5.7Ns/m, d=0.020s

DecayingSinusoid* A =15.9Ns/m, d = 0.055s, f = 36.2Hz

Table 1. Sample Parameters

The threechosencontactsignalswerea pulse,a decay-
ing sinusoid,and a library of acceleration-matchettan-
sientsdevelopedaccordingo themethodgresenteih Sec-
tion 3. All threeweretunedto emulateheexperienceof tap-
ping on the combinedwood/foamsamplebecausehe re-
sponseof wood alonecontainshigherfrequencieshat re-
quire actuationpower presentlybeyond the capability of
our ampli ers. Even at low magnitudesthe chosentran-
sientsproducedvirtual contactghatfelt morerealisticthan
thosematchedo wood,perhapdecaus¢heimpactdynam-
icsweremoreconsistentvith thelow stiffnessof theunder
lying proportionalcontrollet

While previous work investigated x ed-magnitude,
varying-duration pulses [3], we choseto use a pulse
of x ed duration and varying magnitude. The dura-
tion of the pulse was tuned to approximately match
the rst half-period of the measuredaccelerationtran-
sient,andits nominalmagnitudewas tunedby hand.The
frequengy of the decaying sinusoid was chosento be
66 Hz, but unfortunatelyan errorin the testingroutinere-
ducedits frequeng to 36.2Hz andwasnot discovereduntil
the completionof usertesting.This parametechangepro-
duceda sinusoidthat was poorly matchedto the target
sample,and pertinentresults are marked with an aster
isk (*) to remindthereaderof this mistale.

Usertestingwasperformednthehardwaredescribedn
Section3.1.A rigid standwaspositionedbeneattthestylus
for placemenbf thereal samplesasshowvn in Fig. 5. We

beganeachexperimentby explainingits threephasedo the
subject:familiarizationwith the wood sample demonstra-
tion of the eleventestsamplesandrepeatedating of sam-
ple realism.Usersweretold that they would be presented
with a numberof differentrenderingf the hard,wooden
surfaceandwould be asled to rate,on a scalefrom oneto
seren,how well eachsamplerepresentethe experienceof
tappingon the real pieceof wood. Eachsubjectwasasled
to repeatthe de nition of this realismmetric beforestart-
ing the experimentto ensurecomprehension.

To isolate the users senseof touch, extraneousstim-
uli wereremoved from the experimentalsetting.Sitting at
a computerterminal, the userpassechis or her right arm
throughan openingin a tall barrierto preventobsenation
of the device and samples.The userrestedhis or her el-
bow on a paddedarmrestto prevent musclefatigue. The
userwasinstructedo holdthestyluswith aconsistengrasp
andto avoid touchingthetablein orderto preventinadver
tenttransmissiorof contactvibrations.Theuserworehead-
phonesplaying white noiseat a high volume to maskthe
soundscausedby tappingon the different samples.Sim-
ple text commandsvere presentedn the computermoni-
tor to guidethe userthroughthe threephaseof the exper
iment. The operatorsatbehindthe barrierat anothercom-
puter monitoringthe progressof the experimentandplac-
ing sampledeneattthestylus.

During the rst phaseof the experiment,the userhad
an opportunityto tap repeatedlyon the real woodensam-
ple to becomefamiliar with its responseWhen the user
was doneinteractingwith the woodensample the system
transitionedinto a demonstratiorphase,in which eachof
the elevensamplesbothrealandvirtual, werepresentedo
the useroncein randomorder This phasewasincludedto
allow the userto learnthe experimentalprocedurewhich
was replicatedin the following testing phase,and to ex-
plore the rangeof samplesbefore beginning to rate their
realism.Before eachtap, the systemwould move the sty-
lus to a homepositionabove the sample giving the opera-
tor spaceto placethe next object. Two virtual placeholder
blockswere usedso thatthe operatorremoved and placed
anitem on the standevery trial, regardlessof whetherthe
samplewasrealor virtual. Whenthe samplewasready the
userwasinstructedo tap,bothby avisualcommandnthe
monitorandby arecordedvoicein theheadphones.

The userwould thenmove the stylusdown to tapon the
surfaceof the object,which wasalwaysat the sameheight.
Fromthetime of rst impact,they weregiven ve seconds
in which to tap repeatedlyon the surface.If they exceeded
thedevice's currentlimit whentappingon avirtual sample,
alow tonesoundedn the headphoneandthe testwasre-
turnedto the samplepool to be randomlydravn again.Af-
ter ve secondsthe device returnedto the homeposition,
andthe userwasinstructedto ratethe realismof the sam-
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Figure 6. Realism ratings of the eleven test samples: bars and circles indicate the mean and median
across subjects and tests, and error bars extend one standar d deviation from the median.

ple onascalefrom oneto sevenusingthe keyboard.

Following completionof the demonstratiorphase the
userproceededo the testingphasewhereineachsample
waspresentedhreetimesin randomorder, for atotal of 33
trials, plus any repeatsfor saturationsThe testingproce-
durewasidenticalto that of the demonstratiorphase and
the entire experimentlastedbetweenten and fteen min-
utes.A shortdebrie ng sessiorfollowedthe completionof
thetesting,whereinsubjectsvereasked to specifythe cri-
teriathey hadusedto evaluatesamplerealism.

5. Resultsand Discussion

The userstudy included nine subjects,rangingin age
from 24to 31,includingthreefemalesandsix males.Their
level of experiencewith hapticsystemgangedrrom novice
to nearexpert.For eachtrial, the systemrecordedhe sam-
ple type, testingphase saturationthe setof incomingtap
velocities,andthe usersrealismrating.

Each samples averagerealism rating for valid tests,
pooledacrossusers,is shavn in Fig. 6. Eachsamplewas
ratedthreetimesby eachof the nine subjectswith higher
valuesindicatinghigherpercevedrealism.The averagein-
comingvelocity, pooledacrossubjectsaandvalid test-phase
taps,was0.11m/s,with a standarddeviation of 0.033m/s.
Userssaturatedirtual samplesanaverageof vetimesdur
ing thetestingphasewith arangefrom zeroto eleven.Sat-
urationsoccurredmost frequently for the decayingsinu-
soidsandtheacceleration-matchdibrary, which bothcon-
tain largeinitial forcespikes.

Statistically signi cant differenceswere found among
the realismratingsgiven to the eleven samplesThe most
highly ratedsamplewaswood, followed by wood on foam
and the acceleration-matchedirtual surfaces.The foam
andthetwo proportionakcontrollerswereratedmostpoorly,
while the pulse and poorly-tuneddecayingsinusoidtran-
sientsfell in the centerof thedistribution. To evaluatethese

variations, pairedt-testswere conductedon useraverage
ratingsfor eachsamplecombination the resultsof which
areshowvn graphicallyin Fig. 7. Thep-valuegivesthe prob-
ability thattwo ratingsetsstemfrom indistinguishablgop-
ulations;thereforelower p-valuesindicatemoresigni cant
differencesbetweenthe ratings,and higher p-valuesshav
thatuserratingson the pair of sampleaveresimilar.
While the majority of samplerating pairs shaved lit-

tle correlation therewerethreenoticeablesxceptionsThe
rm andsoftacceleration-matchdibrariesclusterwith the
wood on foam sample(p m » Psoft ); theli-
brary was constructedrom transientsrecordedwhile tap-
ping on the wood/foamsample andsubjectsratedits real-
ism at alevel very similar to that of thetargetsample This
nding supportsthe ef cacy of the acceleration-matching
techniqudor mimicking realcontactransientaisingevent-
basedhaptics.Additionally, the strengthof the underlying
proportionalcontrollerdid not signi cantly affectthereal-
ism of thetwo acceleration-matcheshmpleqp ).

Also notethatratingsgivento the rm proportionalcon-
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Figure 7. Paired t-tests on the user average
realism ratings show three cluster s.
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Figure 8. Accelerations for contact with sam-
ples at an incoming velocity of 0.11 m/s.

troller were similar to thoseassignedo foam (p ).

This appraisabf standarchapticrenderingmethodss con-
sistentwith our experiencelt is alsoimportantto remem-
berthatthefrequeng of the decayingsinusoidsvaspoorly
matchedo the targetsampledueto animplementatiorer-

ror; we expectthattheintendedtransientwould have been
ratedmorehighly andplanto investigatdts relative perfor

mancein futurework.

Whenasledto nametheirratingcriteria,userdistedser-
eralsalientmetrics.Firstamongthesewaswhetherthe sty-
lus cameto a sudderstopaftercontactwe hypothesizehat
the foam andthe proportionalcontrollerswere ratedmost
poorlybecausehey cannotquickly cancekheusersincom-
ing momentumTheseconccommonlymentionectriterion
was the presenceof high frequeng vibrationsat contact.
We canexaminethe accelerationproducedby tappingon
therealandvirtual surfaces,asshaowvn in Fig. 8. Thethree
event-basedirtual samplegproducehigh-frequeng accel-
erationghataresimilar to thoseseerfor thewoodon foam
andwood objects.Of thesethree the acceleration-matched
transientmostcloselyresembleshereal signals which we
hypothesizecontritutesto its high realismratings. Third,
usersdisliked sampleghat felt boung or active. We con-
jecturethatsomeof thesecommentsveredueto the poorly
tuneddecayingsinusoid andothersstemfrom variationsin
handinertiaandgrasp.Theseusercommentandtheabove

ndings supportthe casefor event-basecapticsand pro-
vide guidancdor its future development.

6. Conclusions

Encouragedy the resultsof this work, we believe the
paradigmof event-basedhapticshasthe potentialto signif-
icantly improve therenderingof hardcontact.ts asymmet-
ric structurenaturallycomplimentsusercapabilitiesgener
atinghigh-frequeng transientdy observingow-frequeny

usermotions.The basicalgorithmis userindependenand
doesnot requirechangedo device hardware. Meanwhile,
open-loopoutput precludeghe needfor high-gainclosed-
loop feedback potentially relaxing requirementgor com-
putationrateandsensoiresolution.
Userevaluationsvalidatedthe realismof transientover-

lays; in particular ratingsof a force display basedon dy-
namicinversionandacceleratiormatchingwereratedsim-
ilarly to contactwith wood on a softer substrate We be-
lieve increasingthe currentavailable to drive the mecha-
nism will allow us to reproducethe sensationof contact
with evenstiffer materialssuchasmetal.Usersalsojudged
classichaptic feedbackto be equivalentto real foam, re-
iterating the softnessof traditional haptic display Future
work will investigatethe role of handimpedancen con-
tact dynamics,adding the variablesof inertia and grasp
strengthto the transientgenerationalgorithm. Extrapolat-
ing to three-dimensionasurfacesand additional dynamic
effects,we hopeevent-basedapticswill instill authentic-
ity into virtual-reality simulations.
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