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ABSTRACT

Mostresearchintohapticfeedbackforin-carapplicationshasusedvibrotactilefeedback.Inthisarticle,
twosimulatorstudiesinvestigatenovelthermalfeedbackduringdrivingforalanechangetask.The
distractionandtimedifferencesofaudioandthermalfeedbackwereinvestigatedinthefirst,with
resultsshowingthatthermalfeedbackdoesnotincreaselanedeviation,butthetimetocompleted
lanechangeis1.82slongerinthethermalthantheaudiocondition.Thesecondexperimentexplored
thedifferenceinvariablechangesofthethermalstimuliontherecognitionrateandfalsepositive
recognitionatthereturntotheneutraltemperature.Variablealterationscanhavedifferenteffects
onthesetasksandarenotmirroredforthedirectionsoftemperaturechange.Thissuggeststhatthe
designofthermalstimuliishighlydependentonwhatresultshouldbemaximized:recognitionrate
orminimaladditionalchangesatthereturntotheneutraltemperature.
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INTRodUCTIoN

Driverdistractioncontributeshighlytocrashesandnearcrashes,mostlyduetoasecondarytaskor
driving-relatedinattention(Klaueretal.,2006).Thevisualpresentationofinformationonmobile
devices and infotainment systems can add to the visual distraction. Finding alternative ways of
providinginformationtodriverstoincreaseattentiononthedrivingtaskisthereforevital.Audio
feedback,oftenasspeech,isusedasanalternative,butthiscancompetewithconversationsormusic
inthevehicle.Hapticfeedbackontheotherhandcanbepresentedunobtrusivelytothedriverwithout
interruptingauditorytasks.Whenhapticfeedbackhasbeeninvestigatedforin-carapplications,the
focuswasoftenonvibration.Tactilefeedbackhasrepeatedlyreducedreactiontimes(Suzukiand
Jansson,2003;vanErpandvanVeen,2004),aswellaslanedeviation(Kernetal.,2009)andmental
demand(vanErpandvanVeen,2004).

However,thereareotheraspectsofcutaneoushapticswhichcouldpotentiallybeusedtoconvey
information.Researchintothermalfeedbackformobilephoneshasshownthatthedirectionofchange
(hotorcold)canbedistinguishedwith94%andthesubjectiveintensitywith73%accuracy(Wilsonet
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al.,2013).Subjectiveintensitywasacombinationofhowfastandhowmuchthetemperaturechanged,
representingthesubjectivelevelsmoderateandstrong.Thissuggeststhatthermalfeedbackcould
alsobeaneffectivewayofconveyinginformationtodrivers.Additionally,thermalfeedbackcanbe
unobtrusive(LeeandLim,2010).Thisisbeneficialforfeedbackinacar,wheresuddenprompts
canbedistractingandthereforedangerous.Thermalcuescanelicitaffectiveresponsesindifferent
contexts(Salminenetal.,2011;Wilsonetal.,2017)presentinginterestingandnovelpossibilities
forin-vehicleinteraction.

ThisarticleprovidesamoredetailedanalysisofthetwoexperimentsreportedinDiCampliSan
Vitoetal.(2018),capturingsomebasicdataoftheeffectsofthermalfeedbackduringdriving.The
studiesemployedasimulatedlanechangetask,wherethedirectionoflanechangeinthethermal
conditionwasgivenbythedirectionoftemperaturechange(warmorcool).Theseinvestigations
canbeusedasabaselineforfutureresearchintothermalin-carapplications.Theimpactofthermal
feedbackonthedrivingperformancewasinvestigatedanditwasfoundthatinthethermalconditionthe
completionofalanechangewas1.82sslowerthaninthespeechbaseline.Furthermore,modulations
ofseveralstimuliparametersofthethermalfeedbackwereexplored.Theearlieranalysisdidnot
investigatepotentialdifferences in thermalperceptionbasedongendernordid theydiscussuser
commentsandfeedback.Theseaspectswillbeilluminatedinthepresentpaper.

BACKGRoUNd

Haptic feedbackhasbeen the focusof research for some time.Mostly,vibration,orvibrotactile
feedback,hasbeeninvestigatedforseveralapplications(BrewsterandBrown,2004;Brownetal.,
2006).Amongthosearethepresentationofwarnings(BrownandKaaresoja,2006)andinstructions
(Pielotetal.,2010).

Incars,hapticfeedbackisoftenusedfornavigation.Kernetal.(2009)attachedvibrotactile
actuatorstothesteeringwheelandusedvibrationincombinationwithauditoryandvisualcuesto
conveynavigationinformationforlanechanges.Intheirexperiments,theyencounteredproblemswhen
presentingvibrationaloneononesideofthesteeringwheel:participantshadtroubleidentifyingthe
vibratingside.Additionally,theinformationpresentedwasnoteasilydistinguishedwhenpresented
by itself and influenced thedrivingperformancenegatively.Whenvibrationwaspresented in a
multimodalsetting,withvisualandauditorycues,drivingperformancewasincreasedandparticipants
preferredthevisualandtactilecombination.

Circumventingtheidentificationissuesofvibrationonthesteeringwheel,Medeiros-Wardet
al.(2010)usedshearfeedbacktoconveynavigationalinformation.Thefeedbackdevicewasalso
mountedonthesteeringwheel,withparticipantstouchingitwiththetipoftheirindexfingers.The
skinofthefingerwasthenpushedtowardstheturningdirection.Theycomparedthisfeedbackto
audionavigationandfoundthattheywereequivalentwhenparticipantsweredrivingwithoutany
additionaltaskspresent,butwhiletheperformancewithaudiofeedbackdecreasedwithaphonecall
assecondarytask,shearfeedbackwasnotinfluenced.Thissuggeststhattactilefeedbackcouldbe
lesssusceptibletodistractionsbysecondaryauditorytasks,suchasradioprogrammesorphonecalls.

Movingawayfromthesteeringwheel,vanErpandvanVeen(2004)presentednavigationalcues
underthethighbyembeddingvibrotactileactuatorsintotheseat.Thevibratingsideindicatedthe
turningdirection.Additionally,differentvibrationpatternsencodedthedistancefromtheturning
point.Inthebimodalpresentationofvisualandtactilefeedbacktheyfoundasignificantreductionof
reactiontime.Furthermore,theworkloadwassignificantlyhigherinthevisual-onlycondition.Under
differentworkloadconditionstheymeasuredtheperipheraldetectiontimeofrandomlypresented
visualcuesandobserveda10%increaseinthevisualcondition.

Thisresearchshowsthattactilefeedbackandmultimodalcombinationsofitcansuccessfully
beusedforin-carapplications.
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Thermal Interaction
As modern cars already use heated steering wheels and seats, drivers are familiar with thermal
changesinthecar.Theconceptofusingtemperaturechangesasmeansforfeedbackhasbeenmostly
investigatedformobiledevices.RecommendationsforitsusehavebeenprovidedbyWilsonetal.
(2011).Theyidentifiedthethenarregion(baseofthethumb)asmostsuitedforthermalfeedback.
Intheirstudy,theycomparedseveralratesoftemperaturechangeandidentified1°C/sand3°C/sas
equallyeffective.Whiletheslowerratetooklongertobeidentified,itwasratedasmorecomfortable.
Thermaliconswereinvestigatedinanothersuiteofexperiments(Wilsonetal.,2013).Fouricons
differingindirectionoftemperaturechange(warm/cold),rateofchange(1°C/sand3°C/s)andextent
ofchange(3°Cand6°C)weretestedinanoutdoortask.Whilethecompleteiconswereonlycorrectly
detectedwitharecognitionrateof64%,theindividualparametersdirectionandrateofchangewere
recognizedwith94%and73%,respectively.

Thesefindingswereadaptedtoexploretheinterpretationofthermalfeedbackinthecontext
ofseveraldifferentsituations(Wilsonetal,2015).Participantsdescribedthemeaningofthermal
feedbackforusecasessuchasrestaurantratingandsocialmediausage.Warmertemperatureswere
consistentlyconnectedtomorepositiveattributeslikephysicalpresenceandrecentactivity.Cooler
temperatures represented lessactiveand lesspositivemeanings. If thesekindsof interpretations
turnedouttobeconsistentinanin-carenvironment,thermalfeedbackcouldpotentiallybeeffective
evenwithoutextensivetraining.

Oneofthepossibleusecasesrelevanttodrivingisnavigation.Thermalfeedbackhasalready
beeninvestigatedfornavigationpurposes,bothforpedestriansanda2Dmaze.Wettachetal.(2007)
devisedamobilethermaldevicethathelpedpedestriansfindtheirdestinationbywarmingthedevice
when the correct directionwas targeted.Five different temperatureswere implemented, and the
participantscompletedextensivetrainingbeforethetrial.Eventhoughparticipantswereabletofind
theirdestination,theycommentedonmissingasenseofdistancewhenusingthedevice.Tewelletal.
(2017)assistednavigationthrougha2Dmazebypresentingcontinuousthermalfeedback.Thedevice
waswarmwhenthecorrectpaththroughthemazewastakenandturnedcoolerwhenitwasleft.The
useofthermalfeedbackreducedthenumberofmovesneededtofinishthemaze,butincreasedthe
timeneededtosolvethepuzzle.Thenavigationwasimprovedbyapplyingthermalfeedback,which
couldbeasusefulwhenprovidingturn-by-turnnavigationcuesincars.

User experiments
Twoexperimentswereconductedtoinvestigatethesuitabilityofthermalfeedbackduringdriving.
Navigationalcueswerepresentedthermallyforalanechangetask.Onethermoelectricdevicewas
presentedonthesurfacenexttotheparticipantsandtheywereaskedtotouchitwiththeindexfingerof
theirrighthand,whiledrivingone-handedwiththeleft.Whenthedevicecooled,participantsshould
changetotheleftandwhenitwarmedtotherightlane.Theapparatususedinbothexperimentswas
thesameandwillbedescribedbeforethedetailsoftheexperimentdesignsareprovided.

Apparatus
ThesimulatorenvironmentwasimplementedinOpenDS,depictingafive-lanemotorway.Itwas
shownona23.6-inchHannsGHL249screen,whichwasconnectedtoaDELLXPS159550laptop
operatingWindows10.ThesteeringwheelattachedwasaLogitechG920DrivingForcewheeland
SennheiserHD25-1IIBasicEditionheadphoneswereusedthroughouttheexperiments,playingcar
noisesandaudiofeedback,ifapplicable.Thethermoelectricdevicewasa2×2cmPeltier,firmly
attachedtoaheatsink,operatedviaBluetoothandbuiltbySAMHEngineering,seeFigure1(left).
Thecarhadaconstantspeedof100km/h,participantshadnoinfluenceonthespeedofthecar.The
setupcanbeseeninFigure1(right).TheEthicsCommitteeoftheUniversityofGlasgowapproved
bothstudydesigns.
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Study one: User distraction and Comparison with Speech Instructions
Thisfirststudyhadseveralgoals:

• Comparingdrivingdataduringthepresentationofthermalfeedbackandspeechtoassessthe
levelofdistraction;

• Gatheringuserfeedbackontheexperienceandpreferenceofbothtechniquesandcomparing
thereportedworkload;

• Examiningthedelayofthermalfeedbackdetection.

As mentioned by Kern et al. (2009), new feedback types tend to be more distracting than
establishedonesandauditoryfeedbackiswell-knownincars.Thedistractionlevelposedbythermal
feedbackwasthereforeexpectedtobehigher,influencingthedrivingperformance,measuredinthis
study through lanedeviation.Thepresented thermal feedbackwasslowly increasing, raising the
expectationthatthisfeedbackwouldbeexperiencedandratedaslessdisruptiveandmorepleasant
than sudden speech instructions. Geitner et al. (2015) observed that the sensitivity to vibration
presentedonanacceleratorpedalcanbeinfluencedbygender,withfemaleparticipantsshowing
moresensibility.Additionally,aliteraturereviewbyKarjalainen(2012)ontheinfluenceofgender
onthermalcomfortshowedthatfemalesaremoresensitivetodeviationfromneutraltemperatures
andexpresstheirdiscomfortmoreclearly.Therefore,theresultsofthisstudywereevaluatedforthe
wholegroupofparticipantsaswellasforthegendersfemaleandmaleseparately,toexamineifgender
influencedperceptionandpreference.Allparticipantsself-reportedtheirgenderasbeingoneofthe
two,theadditionaloptionotherwasgiven,butnotchosen.Additionally,priorresearchusedwarm
temperaturestorepresentthedestinationintheirnavigationtasks.Toconfirmthesuitabilityofthe
mappingwarmtodestination,participantswereposedanindirectquestiontocapturetheirpreference.

Study Design
The study was a within-subjects design with one independent variable: feedback type (thermal/
audio).Theexperimentitselfwasseparatedintotwoparts:ineachpartparticipantswerepresented
withoneblockof10thermalandoneblockof10auditorycues.Theorderofthefeedbacktypesfor
bothpartswascounterbalancedbyiteratingthroughallpossiblepermutationsofthetwofeedback
typeswithinthetwoparts.

Figure 1. Peltier device and experiment setup



International Journal of Mobile Human Computer Interaction
Volume 11 • Issue 2 • April-June 2019

43

In the thermal condition thedirectionof temperaturechange indicated thedirectionof lane
change:whenthedeviceturnedwarm,participantsshouldchangealanetotheright,ifitturned
cool,alanetotheleft.ThetemperatureswerechoseninaccordancewithWilsonetal.(2013,2011).
Theneutral temperaturewasset to30°C,fromwhichthedeviceheatedupto36°Corcooled to
24°C.Thistemperaturewasreachedwitharateof3°C/s,resultinginatotalof2softemperature
change.Afterthis,thewarmorcooltemperaturewaskeptconstantfor8sandthenreturnedtothe
neutraltemperaturewiththesamerateofchange.Thetemperaturechangestartingfromtheneutral
temperatureuntilitreturnedtoneutralwasintroducedtotheparticipantsasonecue,seeFigure2.

Inthefirstpartoftheexperiment,thevirtualcarshouldbekeptwithinthemiddlelane,without
anyactuallanechangeoccurring.Participantswereaskedtoreportthechangestheyfeltorcommands
theyheard.Thelanedeviationwascalculatedforthedrivingdatagatheredinthisfirstpartofthe
experiment,toinvestigateifthepresentationofthestimulialoneinfluencedthedrivingperformance
andposedadistraction.Toincreasethecomparabilityofthetwofeedbacktypes,twodifferentsets
ofaudiocueswereused:amalesynthesizedvoiceutteredwarmandcoldinthefirstpartofthe
experiment,andthenrightorleftinthesecond.Thecommandsrightorleftwouldbemorelikelyto
elicitaresponsethantemperaturechangeasanew,unassociatedfeedback,andthereforeinfluence
thelanedeviation.

Lanedeviationwasobservedforfourdifferentstages:the5sbeforetheonsetofthestimulus(as
baseline),duringthe2softhermalchange,the8sofconstanttemperatureandthe2softhereturn
totheneutraltemperature.Thesetimeframeswerechosentoallowamoredetailedobservationof
thedriverdistractionatdifferentstagesofthethermalfeedback.Thedeviationwascalculatedasthe
RootMeanSquareError(RMSE)ofthedistancefromthecenterofthecartothecenterofthelane.

Inthesecondpartofthestudy,theparticipant’staskwastochangelanes,whentheyfeltorheard
instructions.Thetimetocompletealanechangeandthenumberofcorrectlanechangeswerecollected
inthispart.Thetimetocompletelanechangewascalculatedfromtheonsetofthestimulustothe
momentwhenthecarhadfullyenteredthetargetlane.ParticipantsfilledinNASATLX(Hart&
Staveland,1988)questionnaires(ona10-pointLikertscale)afterbothconditionstoreportworkload,
aswellasfouradditionalsubjectiveratings(ona5-pointLikertscale)onhowpleasant,comfortable,
disruptiveandcomplicatedthefeedbackwas.

Attheendoftheexperiment,participantswereaskedtoratehowfamiliartheywerewithdriving
simulators,audiofeedbackandthermalfeedbackpriortotheexperimentona5-pointLikertscale
(1equalednoexperience).Racinggameswerecountedtowardsexperiencewithdrivingsimulators.

Figure 2. Thermal Stimuli for the first experiment
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Participants
Fourteenparticipantscompletedthestudy,allright-handedandwithoutreportedsensoryimpairments
intheirhands.Theyhadatleastcorrectedvisionandheldavaliddrivinglicense.Moredetailson
theparticipantpopulationandtheirexperiencewiththetechnologiespriortotheexperimentcanbe
foundinTable1.

Procedure
Participantswerepresentedwithaninformationsheetandaskedtosignaconsentform.Afterwards
theyweregivensometimetogetusedtothedrivingsimulator,wheretheycoulddriveonthemotorway
untiltheyfeltcomfortablewiththeprocedure.Afterwardsparticipantsstartedthefirstpartofthe
experiment,eitherstartingwiththeaudioorthethermalcondition.Beforethethermalcondition,the
cueswereintroducedtotheparticipants,presentingeachtemperaturechange,includingthereturnto
theneutral30°C.Therewasashortbreakbetweenthetwoconditions.

Aftereachconditioninthesecondpartoftheexperiment,theparticipantsfilledintheNASA
TLXquestionnaireandtheadditionalquestionsonthesubjectiverating.Thepreferenceoftheturning
directionwasposedasfollows:Imagineyouwerepresentedwiththermalfeedbackonthesteering
wheelfornavigationpurposes,wherethedevicesofonesideofthewheelwillbewarmed,while
theothersidewillbecooled,howwouldyouinteract:Iftherightsideofthesteeringwheelwas
warmed,whiletheleftsidewascooled,Iwouldturntothe:left/right.Additionally,participantswere
specificallyaskedforsuggestionsconcerningusecasesandlocationsinthecarforthermalfeedback.
Thestudytookaboutonehour,andparticipantswerecompensatedwith£6.

Results
Thedatabetweenthedifferentconditionswascomparedusingpairedt-tests,ifthedatawasnormally
distributed,andpairedWilcoxontestsotherwise.Thecomparisonbetweenthegenderswasdone
usingtheunpairedversionofthesame.

Lane Deviation
TheRMSEofthelanedeviationrangedbetween33cmand35cmintheaudioand37cmand42cm
inthethermalcondition.Overall,thelanedeviationinthethermalconditionwasbetween3.7cm
and7.2cmhigher,butthosedifferencesturnedouttonotbesignificant,andacomparisonbetween
gendersshowednosignificantdifferenceeither.TheresultsofthetestsareshowninTable2.

Table 1. Participant data of Study 1 for all participants together and gender separately

Number of 
Participants

Age 
(Years)

Driving 
Experience 

(Years)

Experience 
Simulator

Experience 
Audio

Experience 
Thermal

All 14 20-32
(M=26.36;
SD=4.68)

1-17
(M=7.71;
SD=4.92)

1-5
(M=2.00;
SD=1.29)

1-5
(M=2.93;
SD=1.63)

1-3
(M=1.18;
SD=0.54)

Female 8 20-32
(M=24.75;
SD=4.77)

1-17
(M=6.88;
SD=6.03)

1-4
(M=1.75;
SD=1.16)

1-5
(M=2.75;
SD=.75)

1
(M=1.00;
SD=0.00)

Male 6 23-34
(M=28.50;
SD=3.94)

5-14
(M=8.83;
SD=3.06)

1-5
(M=2.33;
SD=1.47)

1-5
(M=3.17;
SD=1.57)

1-3
(M=1.42;
SD=0.80)
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Time to Complete a Lane Change
4368.1mswereonaverageneededtocompletealanechange.Thiswashigherforthermal(M=
5.28s,SD=0.75)thanaudio(M=3.46s,SD=0.42),withadifferenceof1.82s(seeFigure3).This
differencewasstatisticallysignificantforallparticipants(t(13)=12.82,p<0.001),andforboth
genders(female:t(7)=8.34,p<0.001;male:t(5)=11,p<0.001).Womenchanged1.68sfaster
intheaudiocondition,men2.02s.Therewasalsoasignificantdifferencebetweenthegenders,for
bothconditions(thermal:t(11)=5.9,p<0.001;audio:t(7)=21.67,p<0.001).Femaleschanged
0.21sfasterinthethermalconditionthanmen,whilementurned0.1sfasterintheaudiocondition
thanwomen.

Stimulus Recognition
Recognitionaccuracyofthefeedbackinthefirstpartofthestudywas100%foraudioand97%for
thermal;4outof140thermalcueswereincorrectlyrecognised.Threeoftheseweremissedandinone
casethetemperaturedirectionwasidentifiedwrongly.However,25additionalstimuliwereidentified.
Theseweremostlymisinterpretationsofthetemperaturechangebacktoneutral:participantsmistook
thechangebacktoneutralasanewstimulus,afalsepositive.

Inthesecondpart,allaudiostimuliwererecognizedcorrectly.Therecognitionerrorrateof
thermal feedbackwas11%(16missedstimuli).Thenumberof falsepositivestimuliwentdown
toatotalof8,forchangesbacktotheneutralconditionbothfromcold(6times)andwarm(2).
Interestingly,alloftheseoccurredwithinthefemaleparticipantpopulation.Apartfromthis,there
werenosignificantdifferencesforrecognitionbetweengendersineitherpartoftheexperiment.

Table 2. Results of the statistical tests for the Lane Deviation of the first part of the experiment

Before During Constant Return

Condition V=29
p=0.15

t(13)=1.11
p=0.29

t(13)=1.39
p=0.19

t(13)=1.02
p=0.33

GenderThermal t(8.12)=0.42
p=0.69

t(9.19)=0.19
p=0.85

t(5.91)=0.64
p=0.55

t(7.72)=0.73
p=0.49

GenderAudio t(9.73)=0.31
p=0.76

t(10.07)=0.47
p=0.65

t(6.84)=0.01
p=0.99

V=21
p=0.76

Figure 3. Time to finished Lane Change for all participants and genders, error bars always show the standard error
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Subjective Rating
Figure4showstheresultsoftheNASATLXquestionnaire.ThefactorsMentalDemand(t(13)=
3.59,p=0.003;median(audio)=3.00,median(thermal)=7.00),Performance(V=8.5,p=0.02;
median(audio)=8.00,median(thermal)=5.00)andFrustration(V=7.5,p=0.03;median(audio)=
1.25,median(thermal)=3.75)weresignificantlydifferentbetweentheconditionsforallparticipants.
Theevaluationofthegenderspecificdatashowednosignificantdifferencesforanyofthefactors
forthefemaleparticipantpopulation,whileMentalDemandwassignificantlyhigherinthethermal
conditionformen(t(5)=3.14,p=0.03;median(audio)=3,median(thermal)=6.75).Thecomparison
oftheworkloaddatabetweengendersshowedasignificantdifferenceforthefactorPhysicalDemand
inthethermalcondition(V=40,p=0.04;median(female)=2.25,median(male)=4.75).

ResultsoftheadditionalsubjectiveratingscanbeseeninFigure5.Theonlysignificantdifference
between conditions for all participants was found for the parameter complexity (V=0, p=0.00;
median(audio)=1,median(thermal)=3.00).Thiswasmirroredwithinbothgenders(female:V=0,
p=0.04;median(audio)=1.25,median(thermal)=2.25/male:V=0,p=0.04;median(audio)=1.00,
median(thermal)=3.50).Whencomparingthegenderstoeachother,therewasasignificantdifference
fordisruptivenessintheaudiocondition(V=8.5,p=0.04;median(female)=1.00,median(male)=2.25).

Figure 4. Results of NASA TLX questionnaire for all participants and genders. Significant results between modalities are marked 
with asterisk (*), between genders with a tilde (~) and between modalities within gender groups with plus (+) for male and minus 
(-) for female participant groups

Figure 5. Results of the additional subjective questions for all participants and genders
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Turning Direction
When asked for their preference regarding the mapping of turning direction to temperature, 13
participantschose“right”,whichcorrespondedtothewarmside,whileonlyoneofthewomenchose
“left”,thecoldside.

Suggested Locations and Applications
Participantswereaskedtonamelocationsandapplicationsforthermalfeedbackinthecar.While
mostparticipantssuggestedaslocationthesteeringwheel(9),othersalsomentionedthegearstick
(5),seat(4)aswellasbeltandgearpedals(each1).Someexampleapplicationsweredirectedat
specificlocations,suchasFullwheelgoingwarm[…]wouldmeandangerisapproaching(P10),
Speeding-whenoverthespeedlimitthewheelheatsup(P03)orgearstick-indicateupordown
agear(P13).Theideaofwarningofapproachingdangerwassharedbyseveralparticipants,even
thoughtheynameddifferentkindsofdanger:anothercarhasenteredablindspot(P12),forgetto
turnonlightatnight(P11),dangerofcrash(P05),weatherconditions(P09,P14)andHowfaraway
youwerefromhazards(P14).P02andP07mentionedtheuseofthermalfeedbackforparking.P14
suggestedusingthermalfeedbackfornavigation:planroutes,avoidtraffic.

Discussion
Thisfirststudywasconductedtoexplorethermalfeedbackduringdriving,comparesomefeaturesto
audiofeedbackandinvestigatetheimpactofgenderontheresults.Therewasnosignificantdifference
inlanedeviation.Thedeviationwasabitsmallerforaudio,however,soamorepronounceddifference
mightbeobservablewithabiggersamplesize.

Lanechangesconsistentlytooklongerwhenthechangewasinitiatedbythermalfeedback:an
averageof1.82slongeroverallparticipants,wherewomenchanged1.68sandmen2.02sfasterinthe
audiocondition.Comparisonbetweengendersshowedsignificantdifferencesaswell,withwomen
beingfasterinthethermalconditionthanmenandmenfasterthanwomenintheaudiocondition.
Theseresultscouldhaveseveralreasons,oneofthembeingthatfemaleparticipantsmighthavebeen
fasterinthedetectionofthestimuli.Additionalexperimentsshouldinvestigatethedetectiontimeof
thermalfeedbackinmoredetail.

Stimuli detection was perfect for speech, while thermal feedback had a recognition rate of
97% in the firstpartof theexperimentand89% in the second.Someparticipantshadproblems
understandingifthetemperaturechangebacktoneutralwasanewstimulusornot.Thissuggests
thatadifferentstimulusrepresentationwithlessextentofchangeorlessdistinguishabletransition
totheneutraltemperatureshouldbeinvestigated.Areductioninstimuluslengthcouldalsochange
theperception,astheskinmightbelessadaptedtothestimulustemperaturewhenitisreturnedto
theneutraltemperature.Whilegenderdoesnotseemtohaveanyinfluenceontherecognitionrate,
theinvestigationofthefalsepositivereturnsduringthesecondpartoftheexperimentshowedthat
all8additionalchangesweredonebyfemaleparticipants.Thenumberoffalsepositiverecognitions
inthefirstpartoftheexperiment,however,wasnotsignificantlydifferentbetweengenders.

Thermalfeedbackwasratedasmorecomplexandthementaldemandandfrustrationdescribedby
theparticipantswerehigher.Audiofeedbackwasnamedasbeingmorefamiliarandthereforeeasierto
utilize,whichwasgivenasareasonforratingthethermalfeedbackmorenegatively.Furthermore,an
additionallevelofmappingwasneededinthethermalcondition:warmhadtobetranslatedtoright.
Overall,participantsreportedthattheysometimeshaddifficultiesdistinguishingbetweenwarmand
coldatfirst.Ittookthemsometimetobesureaboutthetemperaturedirection,whichmighthave
addedtothepreferenceofspeech.

Someinterestingresultswerefoundwhenlookingintotheratingseparatelyforeachgender.While
workloadparametersshowednosignificantdifferenceforwomen,menratedtheMentalDemand
posedbythermalfeedbackashigher.Furthermore,thecomparisonoftheworkloadofbothgenders
witheachothershowedasignificantdifferenceinPhysicalDemandinthethermalcondition:men
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rateditsignificantlyhigherthanwomen.Theseresultswouldsuggestthatmenseemtoexperience
thermalfeedbackasmoredemandingthanwomen.Anotherdifferencebetweenthegendersoccurred
whenthemaleparticipantpoolratedaudiofeedbackassignificantlymoredisruptivethanthefemale
counterparts.

Themappingofwarmthtodestinationtemperaturewasconfirmedbyparticipants,asalmost
allofthemchosethesameanswer.Butwhenaskedforapplicationsinthecar,onlyoneparticipant
suggestednavigation.Mostparticipantsenvisioned thermal feedbackforwarnings.However, the
resultsimplythatthermalfeedbackshouldbeusedforapplicationsthatarenottimeurgent,because
itneedssometimetoberecognized.

Asecondexperimentwasdesignedandconductedtoinvestigateseveralstimulidesigns,varying
thefactorsdiscussedaspossiblyhavinganinfluenceonthefalsepositiverecognitions.

Study Two: Investigation of different Stimuli designs
Thisstudywasdesignedtoevaluatetheimpactofdifferentdesigndecisionsonrecognitionrateand
falsepositiverecognitionatthereturntoneutraltemperature.Apartfromthedirectionofchange(warm/
cold),againindicatingthedirectionoflanechange,threemoreparameterswerevariedandtested.

Study Design
Theexperimentwasconductedaswithin-subjectsstudyandhad4independentvariables:

• Directionoftemperaturechange(DIR):WarmorCold
• Lengthofstimulipresentation(LEN):0s,3sor6s
• Extentoftemperaturechange(EXT):3°Cor6°C
• Rateofchangeatthereturntotheneutraltemperature(ROC):Slowrateof1°C/sorangledrate

of0.5C°/s

Figure 6 depicts the temperature changes of all evaluated stimuli. The rate of change was
influencedbyrestrictionsofthehardwareusedfortheexperiment:onlychangesofeither3C°/sor
1°C/swerepossible.Theangledrateof0.5°C/swassimulatedbychangingthetemperaturewith1°C/s
andthenkeepingthattemperaturefor1s,beforechangingagain(comparedashedlinesinFigure6).

Participantswereagaininstructedtochangealanetotheleftwhentheyfeltacoldtemperature
changeand to theright if itwaswarm.Thewarmandcoldstimuliwereevaluatedseparately in
analysis,asdifferencesinperceptionbetweenthetwohavebeenpointedoutbyWilsonetal.(2011).

Figure 6. Thermal Stimuli of the second experiment
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Aconventionfor labelling thestimuliwas introducedwitha listingof thevalueof the four
parameters(DIR-LEN-EXT-ROC).Forexample:awarmtemperaturechangeof6°Cwithareturn
rateof1°C/sandapresentationlengthof0s(returningtoneutralrightafterreachingthedestination
temperature)waslabelledw-0-6-s.

All24combinationsoftheseparameterswerepresentedtoeachparticipant3times,resultingin
72stimuli.Theorderofthecueswasrandomized.

Participants
Allparticipantspossessedavaliddrivinglicenseandreportednosensoryimpairmentsontheirhands.
Theywereallright-handedandhadatleastcorrectedvision.Additionalinformationonparticipantsof
thesecondstudyarepresentedinTable3,includinghowfamiliartheywerewithdrivingsimulators
andthermalfeedbackpriortotheexperiment.

Procedure
Afterreadingtheinformationsheetandsigningtheconsentform,participantsweregiventimetoget
usedtothedrivingsimulator.Afterwards,theywereintroducedtothedifferentthermalcues.The
experimenttaskthenconsistedof8blockswith9stimulieach,separatedbysmallbreaks.Demographic
datawascollectedattheendandparticipantswerepaid£6forcompletingthisone-hourstudy.

Results

Lane Changes at the Return to Neutral Temperature
The number of additional lane changes for return to the neutral temperature for warm and cold
temperatureswasevaluatedwitharepeatedmeasuresANOVAeach,withpredictorvariablesLEN,
EXTandROCaswithinfactorsandgenderasbetweensubjectfactor.Resultsshowednosignificant
maineffectsorinteractions,seeTable4.ForwarmstimulitheparameterLENviolatedsphericity
andwascorrectedwithGreenhouse-Geisser.Figure7showstherateofthefalsepositivechanges
orderedbyparameters;Figure8showsthemforeachstimulus.

Even though therewereno statistically significant results, some trendscouldbe seen.LEN
of6secondsledtomorelanechangesforbothwarmandcoldstimuli.Additionally,EXTseemed
to impact the changes inoppositeways:while ahigher extent increased lane changes forwarm
temperatures,itseemedtoreduceitforcoldtemperatures.ROConlyseemedtohaveasmallimpact
oncoldstimuli,notwarm.Amoreextensivestudymustbeconductedtoseeifthesetrendsinfluence
theresultsconsistently.

Table 3. Participant data of Study 2 for all participants together, and gender separately

Number of 
Participants

Age 
(Years)

Driving 
Experience 

(Years)

Experience 
Simulator

Experience 
Thermal

All 16 19-35
(M=25.88;
SD=5.06)

0-17
(M=75.28;
SD=5.20)

1-5
(M=3.25;
SD=1.29)

1-4
(M=2.00;
SD=1.32)

Female 8 19-35
(M=24.75;
SD=5.63)

1-17
(M=6.13;
SD=6.17)

1-5
(M=3.00;
SD=1.31)

2
(M=2.00;
SD=1.31)

Male 8 21-35
(M=27.00;
SD=4.50)

0-14
(M=4.44;
SD=4.27)

1-5
(M=3.55;
SD=1.31)

1-4
(M=2.00;
SD=1.41)
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Table 4. Test results for the ANOVA tests for the number of Lane Changes at the return to neutral

LEN EXT ROC LEN* 
EXT

LEN* 
ROC

EXT* 
ROC

LEN* 
EXT* 
ROC

WARM F(1.46,
21.90)=
2.42,p=
0.12

F(1,15)=
1.20,p=
0.29

F(1,15)=
0.00,p=
1.00

F(2,28)=
0.76,p=
0.48

F(2,28)=
3.13,p=
0.06

F(1,14)=
0.89,p=
0.36

F(2,28)=
0.48,p=
0.63

COLD F(2,30)=
1.92,p=
0.16

F(1,15)=
0.35,p=
0.57

F(1,15)=
0.39,p=
0.54

F(1.81,
25.39)=
0.10,p=
0.89

F(1.78,
24.90)=
0.81,p=
0.44

F(1,14)=
0.27,p=
0.61

F(1.81,
25.39)=
3.48,p=
0.05

LEN*
Gender

EXT*
Gender

ROC*
Gender

LEN*
EXT*
Gender

LEN*
ROC*
Gender

EXT*
ROC*
Gender

LEN*
EXT*
ROC*
Gender

WARM F(1.3,17.7)
=3.06,p=
0.09

F(1,14)=
0.16,p=
0.69

F(1,14)=
0.26,p=
0.62

F(2,28)=
0.36,p=
0.70

F(2,28)=
0.44,p=
0.65

F(1,14)=
0.47,p=
0.50

F(2,28)=
0.98,p=
0.39

COLD F(1.89,
26.50)=
2.79,p=
0.08

F(1,14)=
0.04,p=
0.85

F(1,14)=
3.35,p=
0.09

F(1.81,
25.39)=
1.36,p=
0.27

F(1.78,
24.90)=
0.81,p=
0.44

F(1,14)=
0.64,p=
0.44

F(1.81,
25.39)=
1.25,
p=0.30

Figure 7. Percentage of false positive recognitions ordered by parameters

Figure 8. Percentage of false positive recognitions for each stimulus
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Recognition
RepeatedmeasuresANOVAswereemployedtoevaluatetherecognitionforwarmandcoldstimulifor
allparameters.TestresultscanbeseeninTable5.SphericitywasviolatedforLENforthewarmstimuli
andtheinteractionofallthreeparametersforcoldstimuliandwascorrectedwithGreenhouse-Geisser.
Figure9and10showtherecognitionratesfortheparametersandforeachstimulus,respectively.

Forthecoldstimuli,therepeatedmeasuresANOVAfoundasignificantdifferenceforEXT(see
Table5COLD).Theinvestigationsofinteractionsshowednosignificantresults,yieldingaclearmain
effect.Thehigherextentof6°Cresultedinabetterrecognitionrate(272outof288)than3°C(246).

LENandEXTshowedsignificantdifferencesforwarmstimuli(seeTable5WARM),butthere
wasaninteractionbetweenthetwoparameters.PosthoctestsfortheinteractioneffectwithaTukey
correction showed significant results only for the LEN, EXT combination of 0,3 with all other
combinations,seeTable6.Therecognitionof0,3hadalowerrecognitionthantheothercombinations,
compareFigure11.

Time to Complete a Lane Change
ThemeantimetocompletelanechangecanbeseeninFigure12foreachstimulus.Theoverallmean
timeforcoldstimuliwas5.11s(SD=0.45),forwarmstimuli5.17s(SD=0.14).Thetimeswerenot
normallydistributed,andaWilcoxontestshowednosignificancefortemperaturedirectiononthe
timetocompletelanechange(Z=1.241p=0.22).

Discussion
Thisexperimentwasconductedtoinvestigatetheimpactofstimulidesignontherecognitionrate
andthefalsepositiverecognitionsatthereturntotheneutraltemperature.Theresultsshowedno
significantimpactoftheparametersonfalsepositives.Furthermore,thegenderdifferencesobserved
inthesecondpartofthefirstexperimentcouldnotbeobservedinthisstudyeither.Eventhoughnot
statisticallysignificant,theextentoftemperaturechangeseemstoleadtoahighernumberoflane
changesforwarmtemperatures,whileitseemstobetheoppositewayaroundforcoldtemperatures,

Table 5. Test results for the ANOVA tests for the recognition

LEN EXT ROC LEN*EXT LEN*ROC EXT*ROC LEN* 
EXT*ROC

WARM F(1.41,
21.20)=
10.75,p = 
0.002

F(1,15)=
23.13,p < 
0.001

F(1,15)=
2.36,p=
0.15

F(2,28)=
7.96,p = 
0.002

F(2,28)=
1.08,p=
0.35

F(1,14)=
0.56,p=
0.47

F(2,28)=
1.49,p=
0.24

COLD F(2,30)=
1.34,p=
0.28

F(1,15)=
8.37,p = 
0.01

F(1,15)=
1.47,p=
0.24

F(2,28)=
1.27,p=
0.30

F(2,28)=
1.38,p=
0.27

F(1,14)=
0.80,p=
0.39

F(2,28)=
1.21,p=
0.31

LEN*
Gender

EXT*
Gender

ROC*
Gender

LEN*
EXT*
Gender

LEN*
ROC*
Gender

EXT*
ROC*
Gender

LEN*
EXT*
ROC*
Gender

WARM F(1.43,
20.01)=
2.89,p=
0.09

F(1,14)=
0.04,p=
0.84

F(1,14)=
0.09,p=
0.77

F(2,28)=
2.33,p=
0.12

F(2,28)=
0.44,p=
0.65

F(1,14)<
0.001,p=
1.00

F(2,28)=
0.51,p=
0.61

COLD F(2,28)=
0.15,p=
0.86

F(1,14)=
0.05,p=
0.83

F(1,14)=
0.06,p=
0.81

F(2,28)=
0.17,p=
0.84

F(2,28)=
0.27,p=
0.77

F(1,14)=
0.09,p=
0.77

F(2,28)=
0.94,p=
0.40
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wherethelesserextentseemstohaveelicitedmorechangesback.Inthecaseofcoldtemperature
changesanadditionalcorrelationwiththerateofchangemightexist:theslowestrateofchangeseems
toleadtomorelanechanges.Futurestudiesshouldobserveifthetrendsbecomemorerelevantina
moreextensivesetup.

Therecognitionrateofcoldstimuliwas influencedby theextentof thermalchange:bigger
changeswere recognizedbetter.Forwarmstimuli, if the temperatureafterachangeof3°Cwas

Table 6. Post hoc tests for the interaction LEN*EXT for warm temperatures with Tukey corrections. Degree of freedom for all 
was 165, results were averaged over ROC.

Comparison t-Value p-Value Comparison t-Value p-Value

0,3-3,3 5.63 < 0.001 3,3-6,6 1.71 0.53

0,3-6,3 4.65 < 0.001 6,3-0,6 2.20 0.24

0,3-0,6 6.85 < 0.001 6,3-3,6 2.69 0.08

0,3-3,6 7.34 < 0.001 6,3-6,6 2.69 0.08

0,3-6,6 7.34 < 0.001 0,6-3,6 0.49 1.00

3,3-6,3 0.98 0.92 0,6-6,6 0.49 1.00

3,3-0,6 1.22 0.83 3,6-6,6 0.00 1.00

3,3-3,6 1.71 0.53

Figure 9. Recognition rates for the parameters

Figure 10. Recognition rates for each stimulus
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changedbackassoonasthedestinationtemperaturewasreached,therecognitionwasinfluenced
negatively.However,onlyonestimulusreachedaperfectrecognitionrate:w-6-6-a.Unfortunately,
thenumberoffalsepositiveswasoneofthehighestforthisstimulus.

Thesedifferencesinhowtheresultsareaffectedforthetwodirectionsoftemperatureshowthat
adirectmirroringofstimulidesignmightnotwork.Additionally,thechoiceofstimulusfeatures
dependshighlyontheprioritizedresult:shouldthedesignaimforahighrecognitionrateortryto
minimizefalsepositives?

CoNCLUSIoN ANd FUTURe woRK

Thesetwostudieshavegatheredinsightsintothermalfeedbackduringdriving.Futurestudieswill
havetoconfirmtheresults,asthesamplesizewassmallandlimitedtoright-handedparticipants.
Furthermore,thedrivingtaskwasrestrictedbyenforcingone-handeddrivingandprovidingaconstant
speed.Nonetheless,theseexperimentshighlightsomeimportantfeaturesandchallengesforthermal
interactionduringdriving.

Thecomparisonofthedistraction,measuredthroughlanedeviation,betweenspeechandthermal
feedbackdidnotshowanysignificantresults.Thelanechangesinthethermalconditiontookaround
5sinbothexperiments,lessthan2smorethanintheaudiocondition.Overall,speechwasratedas
morepleasantandlesscomplicated.Especiallythemaleparticipantsinthefirstexperimentseemedto

Figure 11. Recognition rates for Interaction LEN*EXT for warm stimuli

Figure 12. Mean Time to Completed Lane Change for each stimulus
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experiencethermalfeedbackasmoredemandingthanwomen,whereastheyalsoratespeechfeedback
asmoredisruptingthanwomen.Genderdifferencesinfalsepositiverecognitionswereonlyobserved
inthesecondpartofthefirstexperiment.However,thisdifferencecouldnotbeobservedinthesecond
experiment.Thiswouldsuggestthattherecognitionofthermalfeedbackisnotoronlymarginally
influencedbygenderandthermalfeedbackcanbeeffectivelyusedindependentofthisaspect.These
claimswillhavetobeconfirmedinfuturestudies,asthesamplesizewassmallintheseexperiments.

Thehighratingofaudiofeedbackcouldbeinfluencedbythefamiliarityofspeechaswellasthe
lackofadditionalmappingneededinthethermalcondition.Thiswillbeinvestigatedinfuturework,
alongtheuseofthermalfeedbackfornotifications,asthesecouldbenefitfromtheintrinsicimpression
ofurgencyassociatedwithhottemperatures.Astheidentificationofthermalfeedbacktakestime,
itcouldbeusedfornotificationsofalessurgentmanner,wherevibrationwouldbeunnecessarily
attentiongrabbing,as forexample tonotifywhen fuel is running low,or for foreseeableevents,
suchasturningpointsinnavigation.Someideashavebeenprovidedbyparticipants.Thesecond
experimentshowedthatthestimulidesignmustbespecificandcannoteasilybemirroredforwarm
andcoldstimuli.Conveyingdirectionwiththermalinteractionwithoutadditionalinformationdoes
notseemtobefeasible.Spatialinformation,givenbythelocationofthethermalfeedback,couldaid
thesituation.Acarprovidesthebestpossibleenvironmentforthermalfeedback,asitiswelldefined,
thedriver’spositioniswellknownasisthein-cartemperature.Additionalinstallationofsensorscould
makethermalfeedbackevenmoreadjustable.Tokeepthermalcomfortforthedrivers,weenvision
thermalfeedbacktobeadaptable,sodriverscanindividuallysetitaccordingtotheirpreference.
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