
DOI: 10.4018/IJGCMS.295874

International Journal of Gaming and Computer-Mediated Simulations
Volume 14 • Issue 1 


Copyright©2022,IGIGlobal.CopyingordistributinginprintorelectronicformswithoutwrittenpermissionofIGIGlobalisprohibited.



*Corresponding Author

1

Efficacy of Using Retro Games in 
Multimodal Biofeedback Systems 
for Mental Relaxation
Kulbhushan Chand, Dr. B. R. Ambedkar National Institute of Technology, India*

 https://orcid.org/0000-0001-6502-0748

Arun Khosla, Dr. B. R. Ambedkar National Institute of Technology, India

 https://orcid.org/0000-0001-8571-7614

ABSTRACT

Videogamesareusedtoincreasetheengagementofbiofeedbacksystems.Forcost-effectiveness,
theoriginalNintendoEntertainmentSystem(NES)gamescanbeused.Therefore,amultimodal
biofeedbacksystemwasdevelopedtoleveragetheNESgamesforbiofeedback.Thisstudyaimstotest
theefficacyofthedevelopedsystem,themotivationofparticipants,andtheusabilityofthesystem.
Awithin-groupdesignstudywasconductedwith16participantsfollowedthroughfourinterventions:
deepbreathing,stress-test,non-biofeedbackgame(control),andbiofeedbackgame(experiment),
wheretheirHRVwasrecorded.ParticipantsshowedsignificantlydifferentHRVduringinterventions
(F(1.60,23.93)=11.94,p&lt;0.001)andreportedhigherHRVwhenusingbiofeedbackgamethan
thenon-biofeedbackgame(t(15)=9.14,p&lt;0.0001).Themotivationwasreportedtobethesame
withbiofeedbackandnon-biofeedbackversionofthegame,andtheoverallsystemwasreportedas
usable.TheresultsofthisstudysupporttheefficacyofusingoriginalNESgamesinbiofeedback
formentalrelaxation.

KEywoRdS
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Entertainment System Games, Open-Source Software, Physiological Signal Acquisition

1. INTRodUCTIoN

Mentalstresshasdetrimentaleffectsonone’smindandbody(Lupienetal.,2009),andinthelongrun
mayleadtochronicdiseaseslikecardiovascularproblems(Larkin,2005)anddiabetes(S.Cohenet
al.,2012).IndevelopingcountrieslikeIndia,fortheproductivepopulation,stressfromthenumberof
contributingfactorsisresponsibleformentaldisorderswhichcontributetogreatermorbidityandisa
matterofseriousconcern(Murthy,2017).Besidestraditionalinterventionsforstressmanagementlike
CognitiveBehavioralTherapy,technologicalinterventionlikebiofeedbackisalsobecomingpopular
(L.Kennedy&Parker,2019).Inabiofeedbacksession,thephysiologicalparameters(likeheartrate)
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ofanindividualareshowninreal-timeandonecanlearntobettermanagethembyfollowingsome
specificprotocol(likepacedbreathing)(Schwartz,2010).

However,theroutineofatraditionalbiofeedbacksessioncanbequitemonotonousandmayoffer
alesserappealtotheyoungparticipants(Pope&Palsson,2001).Onewaytoincreaseengagement
withbiofeedbacksessionsistousevideogamesasabiofeedbackdeliverymechanism(Bersaketal.,
2001;Mandryketal.,2013;Pope&Palsson,2001;Wangetal.,2018;Zafaretal.,2020).Inthiscase,
theindividualplaysagamespeciallycreated/modifiedforbiofeedbackapplication.Thephysiological
stateof the individual isshownasachangeof in-gameelementsorgame-mechanics, insteadof
directlyshowingthephysiologicalmeasures(Wangetal.,2018).Inthisway,theparticipant/player
aimstocontrolthegamestatebyfollowingthebiofeedbackprotocolandthushaveanengagingand
funexperienceduringthebiofeedbackintervention.

Therearesomechallengeswithusingvideogamesforbiofeedback.Thelackofuseofthesame
gameorgamegenresacrossvariousstudiescreatesdifficultywiththereplicationandcomparisonof
results.Thenon-availabilityofthegameinthepublicdomainandproprietarysourcecodeofthestudy
furtheraddtothechallenges.Moreover,thereisahighercostassociatedwithgamedevelopmentand
maintenancewhichreducestheappealofbiofeedbackresearchtogroupswithlimitedfundingsupport.

TheretrogamesdevelopedforNintendoEntertainmentSystem(NES1)(Nintendo,Kyoto,JP)
canaddresstheseissues.Theseare8-bitgamesthatrunonNEShardwareorNESemulatorandare
popularamongpeople.Thesimplegameplayandmeticulousleveldesignofthesegamesmakesthem
excellentcandidatefordeliveringbiofeedback.Therefore,theauthorshavedevelopedanopen-source
systemtoleverageNESgamesformultimodal2biofeedback.Thesystemconsistsofdataacquisition
(DAQ)hardware (H/W), software (BioNES3), andagame system,whichcanbeused todeliver
heartrate(HR)and/orheartratevariability(HRV)biofeedbackviaanyNESgame.Theplayerhas
tofollowbiofeedbackprotocol(likedeepbreathing)tokeeptheHRVdeviationfrombaselinevalue
ataminimumwhilesimultaneouslyplayingthebiofeedback-enabledgame.Thein-gamefeedback
continuouslyshowsthecurrentdeviationofHRVtotheplayer.Failingtokeepupwiththebiofeedback
protocoltriggersadditionalgamemechanics(likewarningbeep,changeinplayerlife)whichbrings
aboutenhancementstotheoriginalgameplayoftheNESgame.Theappealofthesystemisthat
onedoesnotneedtoknowtheproprietarysourcecodeoftheNESgamesandthegamemechanics
canbemodifiedandfeedbackcanbedisplayedbyusingthesupportoftheNESemulator.Inthis
way,anyavailablegamecreatedfortheNESplatformcanbeleveragedfordeliveringbiofeedback.

Inthispaper,anattemptismadetounderstandtheefficacyofthedevelopedsystemininducing
mentalrelaxation.Super Mario Bros.(SMB)(Super Mario Bros. - Super Mario Wiki, the Mario 
Encyclopedia,n.d.),apopularNESgamewasused.Thepurposeofthisstudycanbesummarized
intwosteps.

• Firstly,tofindtheengagementofSMB,andwhatgamemechanicsofthegamecanbeusedfor
biofeedback.AuthorshaveusedOctalysis,apopulargamificationanalysistooltodisseminatethe
engagementcoredrivesintheSMBgame.Basedontheresults,thefeedbackdeliverymodality
ofthebiofeedbackisdecided.

• Secondly, to test the hypotheses about the developed system. It was hypothesized that the
biofeedbackgame(BF-Game)intheexperimentgroup/interventioninducesmorerelaxationthan
thenon-biofeedbackgame(NBF-Game)inthecontrolgroup/intervention.Thiswillattemptto
explaintheefficacyofthedevelopedsystemaswellasthegameusedforbiofeedback.Next,it
washypothesizedthattheparticipant’smotivationtowardsplayingtheBF-Gameisthesameas
towardstheNBF-Game.Here,theintrinsicmotivationtoplaytheBF-Gameisimportant,failing
whichdefeatsthepurposeofusingvideogamesforbiofeedback.Itwasalsohypothesizedthat
theparticipantsfindtheoverallbiofeedbacksystemusable,whichisanimportantcriterionfor
thecontinueduseandacceptabilityofthesystem.
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Thepaperisorganizedasfollows.Inrelatedwork,theliteratureandtheresearchgapsfocus
ontheuseofbiofeedbackformentalrelaxation,theuseofvideogames,particularlyNESgames
forbiofeedback,andtheuseofoff-the-shelfcomponentsforthebiofeedbacksystem.Next,the
materialandmethodsofthestudyarediscussedwithadetaileddescriptionofthebiofeedback
system.Then, the resultsareshownfollowedbydetaileddiscussionson theobtained results
andeffectsizes.Limitationsofthestudyarealsodiscussed.Finally,theauthorsconcludethe
findings,andalinktotherepositoryisprovidedwherethecode,data,andanalysisscriptsare
madeavailablewithanopen-sourcelicense.

2. RELATEd woRK

2.1. Biofeedback for Mental Relaxation
ClaudeBernardin1865introducedtheconceptofhomeostasis(Bernard,1865/1957).Laterin
1885,J.R.Tarchanoffshowedthatonecanvoluntarilycontrolhisheartrate(Tarchanoff,1885).
In 1969 the biofeedback term was coined during the first meeting of Biofeedback Research
Society.Over time,biofeedbackhas emergedas apopular alternative formofmedication in
the treatment of stress, anxiety, and achieving mental relaxation (Brinkmann et al., 2020;
Dillonetal.,2016;Kotozakietal.,2014).Mentalstressarisesduetoimbalancesinautonomic
regulation(Malik&Camm,2004,Chapter7).HRVisastandardmeasureofstress,wherelower
HRVindicateshigherstressandvice-versa(Maliketal.,1996).HRVismodulatedduringthe
respirationcycle,whereheartrateincreaseswithinhalationanddecreaseswithexhalationand
achievesitsmaximumatabreathingfrequencyof6-cyclespermin(Clark&Hirschman,1990;
Vaschilloetal.,2006).Thus,anindividualcanusepacedbreathingtoincreasetheHRVandin
turnreducementalstress.Biofeedbackcanhelpindividualstoacquirethenecessarybreathing
skillsthroughself-correctioni.e.bymonitoringtheirHRVresponseusingreal-timefeedback
andaimingtoincreaseHRVviapacedbreathing(J.J.Kennedy&Pretorius,2008;L.Kennedy
&Parker,2019;Sherlinetal.,2009).

2.2. Video Games for Biofeedback
Videogameshavebeenusedasabiofeedbackdeliverymechanismtoincreasetheengagement
ofthetraditionalbiofeedbackroutineandadherencetoitslong-termtreatment.Conversely,the
additionofbiofeedbackincreasesthelevelofimmersioninthegame(Nogueiraetal.,2016).In
theliterature,researchershaveusedarangeofvideogamesinbiofeedbackforstressmanagement
(Bouchardetal.,2012;Zafaretal.,2020),reducinganxiety(Bossenbroeketal.,2020),changing
stressmindset(Maarsinghetal.,2019),andphysiologicalrehabilitation(Gigginsetal.,2013).In
contexttothetypeofvideogame,researchershaveeitherusedopen-sourceversionsofpopular
games(Converseetal.,2013;Narduccietal.,2020;Othmer&Kaiser,2000),off-the-shelfgames
(Dekker&Champion,2007;Walther-Franksetal.,2013)orcreatedtheirgamesfromscratch
(Bossenbroeketal.,2020;Lobeletal.,2016).Oneoftheadvantagesofusingvideogamesis
theavailabilityofvariousmodalitiesforfeedback.Inliterature,studieshaveexploreddifferent
modalitieslikevisual,wherethein-gamevisualbar,screen-tintoroverlayisdisplayed(Bouchard
etal.,2012;Dekker&Champion,2007;Lobeletal.,2016;Mandryketal.,2013;Nackeetal.,
2011);auditory,wherestaticnoiseorawarningbeepisplayed(Bouchardetal.,2012;Laietal.,
2013);haptic,wherevibrationfeedbackisused(Asín-Prietoetal.,2020);andgamemechanics,
wheretherulesgoverningthegamearemanipulated(Dekker&Champion,2007;Parnandi&
Gutierrez-Osuna,2017;Sonne&Jensen,2016;Wangetal.,2018;Zafaretal.,2020).Thedirect
physiologicalcontrol(whereplayeraregivenoptiontocontroltheiraffectivestatedirectlyby
manipulatingphysiologicalsignallikebreathingrate)inthegameisapreferredwayofcontrol
inbiofeedback(Nackeetal.,2011).
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2.3. NES Games in Biofeedback
Theuseofretro/NESgamesforbiofeedbackisnotanewconcept.Thereisasuccessfulcommercial
useofretrovideogamesforbiofeedbacklikeAtariMindlink(The Atari Mindlink System,n.d.),Tetris
64(Tetris 64,n.d.),andWiiVitalitySensor(Wii Vitality Sensor,n.d.).Inliterature,researchershave
usedtheopen-sourceclonesofsomepopularretro/NESgameslikePong(Converseetal.,2013;
Emmen&Lampropoulos,2014;Narduccietal.,2020),Pac-man(Othmer&Kaiser,2000;Zafaret
al.,2020),andTetris(Braunetal.,2015;Narduccietal.,2020).Beyondbiofeedbackforrelaxation,
therearetailor-madeNintendogamesusedinhealthcareresearchlikePacky and Marlon(Brown
et al., 1997) which aims at teaching children about diabetes self-management, and Bronkie the 
Bronchiasaurus(Lieberman,2001)aimedatchildrenforself-managementofasthma,respectively.The
popularNintendoGameboyhandheldconsolewaseffectivelyusedtoreducepediatricpreoperative
anxiety(Pateletal.,2006)andmanagementofcompulsivehabits(Phillips,1991).TheNintendo
Wiiplatformwasalsousedinliteratureforbiofeedbackapplicationslikebalancetraining(Barcalaet
al.,2013;Jorgensenetal.,2013;Traversetal.,2018)andgaitimprovement(Levingeretal.,2016).

2.4. Using off-the-Shelf Components for Biofeedback
Theout-of-labexperimentsinbiofeedbackstudiesneedaffordableandquicktodeploydataacquisition
andfeedbacksystems(Fortin-Côtéetal.,2019;Nacke,2011).Ontheotherhand,thesamechallengeis
experiencedbythepatientsundergoingbiofeedbacktherapy.Particularlyinadevelopingcountrylike
India,thecostisamajorfactorfornon-compliancewithbiofeedbacktreatment(Jain&Baijal,2017).
Theresourcechallengeswithbiofeedbackresearchcanpartiallybealleviatedbyusingoff-the-shelf
components.Forthehardwarepart,open-sourceelectronicsplatformslikeArduinohavebeenused
inbiofeedback(Kimetal.,2011;Poloetal.,2018).Theseopen-sourcehardwarecomponentscan
easilymeettherelativelylowsamplingrate(~50Hz)requirementofbiofeedbackstudies(Alhamid
etal.,2012;Freyetal.,2018;Geršak&Drnovšek,2020;Luoetal.,2017;Moeyersonsetal.,2016;
Moravejietal.,2011).Likewise,hardware,thesoftwaredevelopmentcostcanbereducedbyusing
open-sourcesoftwarelikeInstrumentino(Koenkaetal.,2014)andTelemetryViewer(Farahbod,
2016/2020) for data acquisition, FCEUX (FCEUX, 2018/2020), and snes9x (gocha, 2011/2020)
foremulationofNESgames.Hostingtheprojectonpopularcode-sharingplatformslikeGitHub
(GitHub,n.d.)canhelpwithmaintenanceandsupport.Thecostassociatedwiththedevelopmentofa
biofeedbackgamefromscratchisalsonullifiedbyleveragingtheNESgamesforbiofeedbackdelivery.

Insummary,priorworkhasshownthatbiofeedbackcanbeeffectivelyusedtoachieveastateof
mentalrelaxationandvideogamescanbeusedtoincreasetheengagementofbiofeedbackintervention.
SeveralstudiesareconductedwithdifferentNESgamessporadicallyacrossthevarioushealthcare
applications.However,fewpriorstudieshaveusedtheexistingpureentertainment-basedoriginal
NESgamesformentalrelaxation.Thislackofusecanbepartlyduetotheclosedsourcenatureof
NESgames.Theaffordableopen-sourcebiofeedbacksystemusedinthisstudyisthusdevelopedto
leverageNESgamesforbiofeedbackwithoutmodifyingthesourcecodeofthegames.

3. MATERIALS ANd METHodS

3.1. Participants
Toascertainthesamplesize,a-prioripoweranalysisusingG*Powerver.3.1.9.6(Fauletal.,2007)
for therepeatedmeasure,withinfactorANOVAtest isconducted.Asdetailedinsection3.4 the
experimentisawithin-groupcrossoverrandomizeddesignstudywith4levelsofmeasurement(deep
breathing,stresstest,control,andexperiment).Thesignificancelevel(α)issetat5%andpower(1-β)
at80%.TheHRVbiofeedbackrelaxationstudiesintheliteraturehaveobtainedalargeeffectintheir
post-hocanalysislikeeta-squared,η2=0.77(Aritzetaetal.,2017),eta-partial-squared,ηp

2=0.698
(Thurberetal.,2010),d=1.09–2.63(Parnandi&Gutierrez-Osuna,2019),d=0.8(Loudonetal.,
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2017)andd=0.54(Zafaretal.,2017).Usingthemostconservativeoftheaboveliteraturevalues
ofeffectsize(d=0.54(Zafaretal.,2017)),asamplesizeN=7isobtained.Also,usingstandard
η2values(J.Cohen,1988,pp.286–287)orCohen’sfvalues4,formedium(η2=0.06,f=0.25)to
largeeffects(η2=0.14,f=0.4)weobtainedamaximumandminimumsamplesizeof23and10
respectively.AlthoughliteraturewarrantsthelargeeffectsintheHRVbiofeedbackforrelaxation
studies,theauthorsdecidedtochoosetheconservativevaluetohaveabettercontrastamongthe
controlvsexperiment.Themid-pointatη2=0.1orf=0.33,betweenmediumtolargeeffectsisused
whichgivesaminimumsamplesizeofN=14.

Therefore,forthisstudy16healthyparticipants,between13and34yearsofage(20.88±7.20,9
males,7females)wererecruitedbywordofmouth.Theinclusioncriteriafortheparticipantsistobe
healthyindividualsfortheirageandwillingtoplayvideogames.Threeexclusioncriteriausedwere:
anyformofloco-motorand/orcognitiveimpairmentthatmayhindertheeffortstoplayvideogames,
anydiscomfortlikeheadacheandnauseafromtheirpriorexperiencewithvideogames,andhavinga
stress-is-enhancing(SMM(Heathcoteetal.,2018)scoreof>2.5)mindsetwhichisusedtoexclude
theparticipantswhomayperformwellunderstress.Noothermedicalinformationwascollected.
Allparticipants reportedexperiencewithvideogamesbutnopriorexperiencewithbiofeedback
methods,biofeedbackenabledgames,orexergames.Outofthefinalrecruitedparticipants,12play
videogames5timesweekly,allknowabouttheSMBgame,14participantshavepriorexperience
withSMBgameandnoneofthemhaveplayedthisgamewithinthelast6months.

ThestudywasconductedfollowingtheprinciplesembodiedintheDeclarationofHelsinkiandis
pre-registered5withOpenScienceFrameworkregistriespriortothecreationofdata.Allparticipants
understoodthepurposeofthestudyandfilledinaconsentform.Fortheminorparticipants,informed
consentisobtainedfromtheircaregivers,afterfullyexplainingthestudyandprocedure.

3.2. Biofeedback System description
Theparticipant/playerinteractingwiththebiofeedbacksystemisshowninFigure1(a),wherethe
Photoplethysmograph (PPG)sensor,DataAcquisition (DAQ)Hardware (H/W),and the in-game
feedbackarehighlighted.Duringthegameplay, thegoal is toachievethehighestpossiblescore.
Concurrently,theplayerhastokeepthementalrelaxationaboveathresholdlevelbydeepbreathing.
Thein-gamebaratthetopshowsthementalrelaxationwhichisthescaledvalueofthepercentage
deviationofHRVfromthebaselinevaluesoftheplayer.

TheoverallfunctionaldiagramofthebiofeedbacksystemusedisshowninFigure1(b).Atits
corearethethreemaincomponents:DAQhardware,BioNES,andGamesystem.Theseindependent
components worked synchronously as a biofeedback system. At the left is the player, to whom
biofeedbackinterventionistobedelivered.Theplayerinteractswiththegamesystemi.e.toplay
anNESgameusingagamepadandsimultaneouslyreceivedthein-gamefeedback.TheDAQH/W
isresponsiblefortheacquisitionoftheRR(timeelapsedbetweensuccessiveheartbeats)intervals.
AtthecoreofthebiofeedbacksystemisBioNES,whichisaMATLAB(MathWorks,NatickMA,
USA)basedsoftwaretooldevelopedtoactasdataacquisitionsoftwareandbiofeedbackcontroller.
ItacquiresdatafromDAQH/W,processesthedata,displaysreal-timeresults,anddrivesfeedback
bycommunicatingwiththeGamesystem.

3.2.1. Data Acquisition Hardware
ThePPGsignalisrecordedfromtheplayer’sleftearlobeusinganearclipsensorasshowninFigure
1(a).AhardwareinterruptonArduino(ArduinoLLC,Somerville,MA,US)isusedtocapturethe
real-timeheartbeatfollowedbytheeliminationofhigh-frequencyartifacts.ThelastRRintervalvalue
isstoredtillthetimeofthenextheartbeat.TheBioNESsoftwareandArduinoactinmaster-slave
configurationrespectivelyandcustom-madecommandswereusedtofetchdatafromtheArduino.
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Figure 1. (a) Participant interacting with the system during biofeedback intervention. The acquisition hardware is attached to 
the ear-lobe to acquire the PPG signal. The GUI of the acquisition S/W is behind the game window and not visible to the player. 
The in-game visual feedback bar is displayed at the top of the in-game screen. In the figure, the feedback bar is at the 3rd level 
or 60%-70% deviation of current HRV from the baseline HRV value of the player, (b) System block diagram showing the various 
components of the developed biofeedback system.

Figure 2. The frontend of BioNES. The sub-components of the graphical user interface are arranged into different panels as per 
their functionality. Real-time average HRV (in ms) and heartbeat (spikes) are shown in the live plot.
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3.2.2. BioNES
TheBioNES6softwarerunswithinMATLABwheredataisreceivedfromtheArduinoMegavia
USBconnection(Figure2).Aftertheacquisition,thereal-timesignalconditioningoftheacquired
RRintervalsisperformedusingacustomalgorithmadaptedfromtheliterature

(Randetal.,2007).Thisisanimportantstepbecauseanysignificantplayer’smovementcan
causeartifactsinPPGacquisitionwhichcandrasticallyalterthecalculatedHRVvalues(Berntson
&Stowell,1998;Porges&Byrne,1992).HRViscalculatedastherootmeansquareofsuccessive
differences(RMSSD)(ms)valuesoflastN(=2)beatsfromsuccessiveRRintervals(Eqn.1)and
thenmedianofRMSSDvalues,takenoveraslidingwindowoflengthM(=30),isusedasthecurrent
averagedHRVvalue:
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Areal-timeplotofthefeaturesisalsoshowntotheresearcher.SincetheHRVvaluesstrongly
correlatewithage(Zhang,2007),thebaselineHRVvaluesofrespectiveplayersareusedforfeedback
inthebiofeedbackcontrollerstage.ThesebaselinevaluesofHRVareHRVR,obtainedwhilerelaxing
priortobiofeedbackintervention,andHRVS,obtainedfromtheStroopCWTtest,foreachplayer.
Thepercentagedeviation(HRVD)ofcurrentHRV(HRVC)fromHRVRiscomputedas:
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Forthein-gamefeedback,thisdeviationisdisplayedasa9-levelevenly-distributedhorizontal
topbar(Figure3)andiscalculatedas:
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3.2.3. Game-System
ThegamesystemconsistsofFCEUX(athird-partyopen-sourceNESemulator),agamepadforplaying,
andin-gamefeedbackmechanics.Theemulator’scapabilitytochangein-gamevariablesviaLUA
scriptingwasusedtodrivethein-gamefeedback(seerelevantdocumentation(Lua Scripting,n.d.;
Super Mario Bros.:RAM Map - Data Crystal,n.d.)).SMBgamewasusedtodeliverthebiofeedback.
Thegameiswell-knownamongthesamplepopulationandoffersengaginggameplaywithsimple
gamemechanics.Thein-gamebiofeedbackdeliverywasprovidedinthreeways.Firstly,anin-game
color-coded9-levelvisualbar(Figure3)wasdisplayedatthetopwhichindicatesthecurrentdeviation
oftheplayer’sHRVfromthebaselinevalue.Secondly,anin-gamewarningtonewasplayedwhen
thefeedbackbarreachesthelowestlevel.Thirdly,theplayerlosesalifeifthefeedbackbarstayedat
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thelowestlevel(Bar0)formorethan10consecutiveseconds.Togetherthesethreeadditionalgame
mechanicsintegratesthebiofeedbackgameplayintheSMBgame.

3.3. Statistical Instruments
TheStressMindsetMeasure (SMM)Youthversion (Heathcoteetal.,2018)wasused tocontrol
fortheparticipantswithstress-is-enhancingmindset,whomayexhibitgreatercognitiveflexibility
(Crumetal.,2017)andperformance(Crumetal.,2013)understressthanparticipantswithstress-
is-debilitatingmindset.AnIntrinsicMotivationInventory(IMI)questionnaire(Table1),adapted
fromtheoriginalIMI(“IntrinsicMotivationInventory(IMI),”n.d.;Ryan,1982)wasadministrated
immediately after the biofeedback gameplay. Two subscales: Interest/Enjoyment, and Perceived
Competence,consistingof8questionswereused.TheSystemUsabilityScale(SUS)wasusedto
evaluatetheusabilityandlearnabilityofthebiofeedback-enabledgame(Brooke,1986).Ascoreof
>70indicatestheacceptabilityofthesystembytheparticipants(Miller,2009).

3.4. Study Procedure
Theexperimentdesignwasawithin-subjectscrossoverrandomizeddesignwith1factor(intervention),
4levels(relaxation,stress-test,control,andexperiment),andrepeatedmeasures(HRV).Thedetails
ofthefourgroups/interventionsareasfollows:

• Deep Breathing (DB):Inthisgroup,thebaselinemeasureofeachparticipantwasestimatedin
arelaxedstate.Theparticipantsfollowedavisualcuetokeepupwiththepacedbreathingat6
breathsperminutefor4minutes.

• Color Word Test (CWT):Inthisgroup,thebaselinemeasureofeachparticipantwasmeasured
inastressedstate.TheparticipantscompletedStroopCWT(Stroop,1935)for4minutes.

Figure 3. Translation of deviation (current HRV from baseline HRV) to different levels of in-game feedback bar. The increase in 
deviation of HRV from the baseline value corresponds to the descending order of bars. Bar 9 to bar 1, shows visual feedback 
only, whereas bar 0, shows visual feedback, audio feedback (after 10 seconds), and change in-game mechanics (loss of player 
life after 10 seconds).
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• NBF-Game (Control):Inthisgroup,theparticipantswererunthroughthecontrolconditions.
TheparticipantsplayedtheSMBgamewithnobiofeedbackbutwithdeepbreathingtraining.The
controlledvariableisthepacedbreathingtraininggiventotheparticipantpriortotheintervention.

• BF-Game (Experiment): In this group, the participants were put through experimental
conditions.TheparticipantsplayedabiofeedbackversionoftheSMBgame.Likewise,forthe
controlledvariable,pacedbreathingtrainingwasgiventotheparticipantpriortotheintervention.
Theinstantaneouspacedbreathingisthemanipulatedvariablewhichparticipantstriedtocontrol
inordertoincreasetheirHRVduringgameplaywhichisarequirementofthemodifiedgameplay.

Theparticipantswererandomlyassignedtoeitherofthecounterbalancedarmsofthecontrol
grouportheexperimentgroup.Thebasicphase-wisestructureoftheexperimentcanbevisualized
asinFigure4.Uponarrival,theparticipantsweregivenbasicinformationaboutthepurposeofthe
experimentfollowedbyfillingoutasimplequestionnairewithbackground-specificinformationabout
theirage,gender,gamingexperience,andaconsentform.ThenSMM-Youthversionquestionnaire
wasfilledandanyparticipantscoringhighvaluewasexcludedfromthestudy.Theexperimental
protocolconsistedofthreemainphasesasdescribedbelow.

Phase I (Baseline): The unique baseline measures (baseline HRV and stressed HRV) for each
participantwerecomputedatthisstage.ForthebaselineHRV,theparticipantswereaskedto
relaxandbreatheinsynctoapacingsignal,whichwaspresentedtothemusinganonlineservice
(Breathe Slowly,n.d.),setat6breathsperminutefor4minuteswithinhalationandexhalation
timeof4secand6secrespectively.Thelongerexhalationtoinhalationratio(E:I>1)without
changeinthebreathingrateisknowntoincreasetheHRV(Baeetal.,2021;Strauss-Blascheet
al.,2000).TheaverageHRVvalue(HRVR)obtainedwasusedasthebaselineandasanupper
limitfordrivingfeedback.

ForthestressedHRV,theparticipantscompleted4min.oftheStroopColor-WordTest(CWT)
(Stroop,1935)whichiswidelyusedinthebiofeedbackliteraturetoinducementalworkloadand
stress.CWTwasimplementedandpresentedonlineusingthePsyToolkitplatform(Stoet,2010,2017).
InstructionsonhowtousetheCWTwereprovidedtotheparticipantpriortothebeginningofthetask.
Inthistest,theparticipantswereshownoneoffourwords(red,blue,green,andyellow)displayed
indifferentinkcolors(red,blue,green,andyellow),andwereaskedtopressthecorrespondingkey
(r,b,g,andy).AsingletrialofCWTspanned3secondswhichconsistsofafixationintervalof
500msec,stimulusof2000msec,andresultof500msec.Theparticipantshadtoanswerwithinthe
stimulusinterval.Bothincorrectresponseandfailuretorespondwithinstimulustimeframeresults,

Figure 4. The phase-wise experiment design for the study. The three main phases are the baseline measurements, counterbalanced 
trials between control and experiment groups, and the final interview.
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shownas“INCORRECT”andthecorrectresponsewasshownas“CORRECT”duringthe“result”
interval.Thenumberoftrialswas100whichspannedapproximately4.5min.Toreducethelearning
effects,thetestswitchedbetweencongruent(matchedwordandinkcolor)andincongruentmode
(mismatchedwordandinkcolor).TheaverageHRVvaluewasusedasthestressedvalue(HRVS)
andasalowerlimitfordrivingfeedback.

Phase II (Counterbalanced trial): In this stage, the trials were conducted for the control and
experiment groups. The paced breathing relaxation training is the control variable that was
alreadyprovidedinPhaseItoalltheparticipants.Toreducetheorderingeffect,thetrialswere
counterbalancedintotwoarmsandhalfoftheparticipantswererandomlyassignedtoeachof
thearms.Therandomizationwascarriedoutusinga list randomizerfromanonlineservice
(Haahr,1998).Thefirsthalfoftherandomlistwasassignedtothecontrolandthelattertothe
experimentgroup.Toreducethelearningeffectawash-outperiodof15minwasaddedafter
thefirstintervention.Togetafreshresponse,theIMIquestionnairewasexecutedimmediately
afterthecompletionofanyintervention.Asasidebenefit,theIMIquestionnairealsoextended
thewashoutperiod.

ForboththegroupsatthestartofphaseII,participantsweremadefamiliarwiththegameand
gamepadcontrolsafterwhichtheyplayedasingletryofthegame.Theyweretoldthattheirmaximum
scorewillbeevaluatedagainstothers.Thecontrolgroupplayedtheoriginalversion(withoutthetop
biofeedbackbar)oftheSMBgame,whiletheexperimentgroupplayedthemodifiedbiofeedback
version(withthetopbar)ofthegame.PhaseIIspannedapproximately30to45mins.

Phase III (Interview): In this phase, participants filled the SUS questionnaire regarding the
biofeedbacksystem,andanyqualitativefeedbackregardingtheirinvolvementandthebiofeedback
systemwastaken.Theentiresessionforasingleparticipantlastedfrom60to75mins.

3.5. Analysis
TheanalysiswascarriedoutusingRStudiover.1.4.1103(RStudioTeam,2010/2021).Thedatawere
checkedfornormalityandsphericitypriortoapplyingstatisticaltestsandaconfidenceintervalof
95%waschosenforallcomparisons.Firstly,Octalysis-analysiswascarriedouttofindtheengagement
oftheSMBgamefromasurveyof114participantswhowerewell-versedwiththegame.Next,
hypothesistestingwascarriedoutwherethemeanHRVfor4differentgroupswascomparedusing
aone-wayrepeatedmeasuresANOVAtest,andtherelaxationeffectsofthebiofeedbacksystemwere
analyzedbycomparing,theplayer’sHRVfromthecontrolversusexperimentgroupusingapaired

Table 1. Intrinsic motivation inventory subscales and questions

IMI subscale Questions

Interest/
Enjoyment

1.Ienjoyeddoingthisactivityverymuch
2.Thisactivitywasfuntodo.
3.Thisactivitydidnotholdmyattentionatall.*
4.Iwoulddescribethisactivityasveryinteresting.

PerceivedCompetence

1.IthinkIamprettygoodatthisactivity.
2.Iamsatisfiedwithmyperformanceatthistask.
3.Iwasprettyskilledatthisactivity.
4.ThiswasanactivitythatIcouldn’tdoverywell.*

*Tobereversescored.
IMI,intrinsicmotivationinventory
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t-test.Also,theplayer’smotivationtowardsbiofeedbackgameplayandsystemusabilitywasanalyzed
byusingaone-samplet-testontheobtainedIMIandSUSscoresrespectively,againstthesetcriteria.
Finally,thepost-hocsensitivityandpoweranalysiswerecarriedouttoestimatetheobtainedeffect
sizeandachievedpowerofthestudyrespectively.

4. RESULTS

Fromtheexploratoryanalysisoftheparticipant’spreliminarydata,themeanSMMscorewas1.29
±0.38,whichwassignificantlylessthantherequirement(mean<2.5),t(15)=-12.71,p<0.001.
Noneoftheparticipantsreportedanyformofdiscomfortduringgameplay.All theoutlierswere
includedinthedataanalysis.

4.1. octalysis Analysis of SMB
ThedescriptivestatisticsoftheOctalysisanalysisofSMBaresummarizedinTable2.Eachcore
driveisratedonascaleof0(Noinfluence)to10(maximuminfluence).Thedensityplotofobtained
ratingscomesouttobeskewed(Figure5(a)),andthusmedianwasusedforscoringandplottingthe
Octalysisgraph(Figure5(b)).TheOctalysisanalysisshowedthattheSMBgameiswell-balanced

Table 2. Descriptive results of the survey for Octalysis analysis

Core-drive Mean ± SD Median

CD1–Epicmeaningandcalling 5.51±2.86 6

CD2–Developmentandaccomplishment 7.49±2.20 8

CD3–Empowermentofcreativityandfeedback 6.88±2.48 8

CD4–Ownershipandpossession 4.87±3.11 5

CD5–Socialinfluenceandrelatedness 4.59±3.32 4.5

CD6–Scarcityandimpatience 5.22±2.95 6

CD7–Unpredictabilityandcuriosity 5.95±2.96 7

CD8–Lossandavoidance 6.78±2.67 7.5

CD,coredrive;SD,standarddeviation

Figure 5. (a) Density plot of the Octalysis core-drive ratings (scale of 0-10), vertical line and label marks the median value for 
each core drive, (b) Octalysis graph (in the form of radar chart) of SMB, rated using the median average. The dotted line shows 
the maximum possible area and the blue region defines the computed area.
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amongitscoredriveswithanOctalysis-score(calculatedbythesumofsquaresofmedianratings)
of350.5outof800.

4.2. Comparisons of Average HRVs Among Groups
HRVistherepeatedmeasuredvariableacrossalltheparticipantsinthefourgroups/interventions:deep
breathing(DB),stress-test(CWT),control(non-biofeedback-gameorNBF-Game),andexperiment
(biofeedback-gameorBF-Game).Figure6showsthemodulationofRespiratorySinusArrhythmia
(RSA)exhibitedbyparticipant1acrossallfourconditionsforthefirst50samplesineach.

ThedescriptivestatisticsoftheobtainedHRVvaluesforthefourgroupsarelistedinTable3.
Therepeatedmeasures(HRV)werecomparedusingone-wayrepeatedmeasuresAnalysisofVariance
(ANOVA)withHRVastherepeatedmeasure.Figure7(a),visualizesthedescriptiveanalysisofthe
interventionsalongwiththemeanvaluesandsignificantpairs.Mauchly’sTestofSphericityindicated
thattheassumptionofsphericityhadbeenviolated.

χ2(5)=26.32,p<.001,andtherefore,aGreenhouse-Geissercorrection(ε=0.53)wasused.
ThetestdeterminedthatmeanHRVdifferedstatisticallysignificantlybetweendifferentinterventions
(F(1.60,23.93)=11.94,p<0.001,ηp

2=0.44).Totestamongtheinterventions,post-hocmultiple
pairwise paired t-tests with holms correction, between the levels of the within-subjects factor

Figure 6. Respiratory Sinus Arrhythmia (RSA) was exhibited by participant 1 during the 4 different interventions. The RSA is 
pronounced in the DB and Experiment conditions, whereas desynchronization occurs in both CWT and control conditions.

Figure 7. (a) Mean HRV during four interventions. Violin plot shows the distribution, box plot shows the quartiles, and a path joins 
the centrality (mean) of each intervention. (b) Comparison of mean HRV between NBF-Game (Control) and BF-Game (Experiment). 
Individual comparisons of the subjects are also shown with dotted lines.
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(intervention)wereconducted.Table4,summarizestheresultsofthepost-hoctests.Fromthepost-hoc
tests,theparticipant’saverageHRVduringtheBF-Game(Experiment)wasstatisticallysignificant
thanNBF-Game(Control)(t(15)=9.14,p<0.0001,95%CI(3.84,7.66),dz=2.29),andwasalso
statisticallysignificantthanCWT(StressTest)(t(15)=4.90,p<0.001,95%CI(2.26,9.62),dz=
1.22).Figure7(b),showsthepoint-to-pointcomparisonamongtheparticipantsinthecontrolv/s
experimentgroup.

4.3. Comparisons of IMI Scores
ThedescriptivestatisticsofthescoreacrossquestionsofeachIMIsubscaleandaveragetotalscore
fortheIMIarepresentedinTable5.StatisticaltestresultsrevealedthatmeanscoresforBF-Game
ininterestandenjoyment(t(15)=1.06,p=0.30)andperceivedcompetence(t(15)=-1.20,p=
0.25)subscaleswerestatisticallysamethanthoseforNBF-Game.Figure8,showsthecomparison

Table 3. Descriptive statistics of the HRV obtained during four interventions/groups

Intervention/Group Mean ± SD SE Median Range Quartiles (Q1, Q3) N

DB 28.25±9.89 2.47 29.50 [12,47] [19.75,32.25] 16

CWT 19.56±7.65 1.91 18.50 [11,33] [12.75,23.75] 16

NBF-Game(Control) 19.75±7.25 1.81 19.00 [11,39] [14.75,23.25] 16

BF-Game(Experiment) 25.50±7.42 1.86 25.50 [13,46] [21.50,29.00] 16

DB, deep breathing; CWT, color-word test; NBF-Game, non-biofeedback-game;
BF-Game, biofeedback-game; SD, standard deviation; SE, standard error;
Q1, first quartile or 25th percentile; Q3, third quartile or 75th percentile

Table 4. Statistical difference between the interventions in terms of average HRV

DB CWT NBF-Game 
(Control)

BF-Game 
(Experiment)

DB - 0.009** 0.009** 0.406

CWT - - 0.883 <0.001***

NBF-Game(Control) - - - <0.0001****

BF-Game(Experiment) - - - -

****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05; df = 15; holm adjusted p values
DB, deep breathing; CWT, color-word test; NBF-Game, non-biofeedback-game; BF-Game, biofeedback-game

Table 5. Mean and standard deviation scores on two subscales of the intrinsic motivation inventory and overall intrinsic 
motivation for the two interventions

IMI subscale
Mean ± SD

NBF-Game (Control) BF-Game (Experiment)

Interest/Enjoyment 5.94±0.69 6.19±0.59

PerceivedCompetence 3.70±1.22 3.33±0.68

Overallintrinsicmotivation 4.82±0.79 4.76±0.52

IMI, intrinsic motivation inventory; NBF-Game, non-biofeedback-game; BF-Game, biofeedback-game; SD, standard deviation
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ofmeanoverallintrinsicmotivationbetweentheNBF-GameandBF-Gamewhichwasstatistically
same(t(15)=-0.27,p=0.79)forboththegroups.

4.4. Comparison of SUS Score
TheSUSratingsofalltheparticipantsforthebiofeedbacksystemareshowninFigure9.Thesystem
obtainedameanratingof74.69±10.16,whichwassignificantlygreater(t(15)=1.85,p<0.05)
thantheacceptablecriteria(>70)oftheSUSscale(Miller,2009).

4.5. Effect Sizes and Post-Hoc Power Analysis
TheeffectsizeswerecomputedusingJASPver.0.16(JASPTeam,2013/2021)fortheANOVAanalysis
andthepost-hoccomparisonofthedifferentgroups.Theobtainedeffectsduringcomparisonofmeans
forthefourgroupswereeta-partial-squared(ηp

2)=0.44,eta-generalized-squared(ηG
2)=0.18,and

omega-squared(ω2)=0.163,whichallfallsunderlargeeffectsasperCohen’srecommendations
(J.Cohen,1988,pp.286–287).Table6, lists theeffectsizesobtainedduringthepost-hoct-tests
formultiplecomparisonswherelargeeffectswereobtainedforthegrouppairsshowingsignificant
differencesinthemean.

Figure 8. Comparison of the Overall IMI Score rated by the NBF-Game (Control) and BF-Game (Experiment) groups

Figure 9. Comparison of SUS Score by the participants for the biofeedback system
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Thepost-hocanalysisforachievedpowerwascomputedusingG*Powerver.3.1.9.7.Fromthe
meanandstandarddeviationfromTable3,thegroupeffectsize(dz)of0.78wasobtainedforNBF-
Game(Control)v/sBF-Game(Experiment).Ata5%significancelevel(α)andsamplesizeofthe
presentstudy,N=16,thisobtainedeffectyieldeda91.04%ofachievedpower.

5. dISCUSSIoN

Theobjectiveofthisstudywastotesttheefficacy,motivation,andsystemusabilityofamultimodal
biofeedbacksystemusingNESgamesforachievingmentalrelaxation.Agroupofparticipantswas
testedunderfourdifferentinterventionsandtheiraverageHRVwasrecorded.Laterthemotivation
andsystemusabilityweredeterminedfromIMIandSUSquestionnairerespectively.

5.1. Choice of Game and Game Mechanics for driving Biofeedback
TheOctalysisanalysisoftheSMBgameshowedtherelativelyhighengagementwiththequantitative
gamemechanicslikescore,numberoflives,andlevelposition.InFigure5(a),theparticipant’sstrong
decisivenesscanbeseenwhileratingcoredrives2,3,7,and8.Incontrast,whileratingthecore
drives4,5,and6participantsgaveawiderresponsewithaninterestingbi-modalgraphwithcore-
drive2.Thevariabilityoftheparticipant’sratingscanbeexplainedbythelackofknowledgeabout
allthegamemechanics,lackofknowledgeaboutthegame,andtheexperienceofplayers(wherethe
playermayuseanecdotalevidencewhileratingcoredrives).Ourmainaimwastoidentifythecore
drivewithlessvariabilityinratingswhichwasshownbycoredrives2,3,and8.Therefore,twoof
thesecoredrives,thedevelopmentandaccomplishmentcoredrive(correspondinggamemechanic:
numberofplayer’slives),andavoidancecoredrive(correspondencegamemechanic:keepthehealth
barabove0thlevel)waschosentomodifyduringthebiofeedbackprocess.Usingsomeothercore
drive’sgame-mechanic(especiallywithflatorbimodalcurveswithrelativelylargervarianceamong
ratings)couldresultinrelativelylowerengagementwiththeBF-Gamebecauseparticipantsareunsure
abouttheengagementwiththecoredrive.

5.2. Hypothesis 1: The BF-Game Induces More Relaxation Than the NBF-Game
AsshowninFigure6,theRSAwaspronouncedintheDBgroupwheretheparticipantwasfollowing
thepacedbreathingrelaxationprotocolandsubsidestoaminimalvalueintheCWTgroup.TheRSA
isknowntoincreaseduringpacedbreathing(Strauss-Blascheetal.,2000),whichwasalsoseeninthe

Table 6. Obtained effect sized during post-hoc comparisons of groups

Case Mean 
Difference

95% CI of Mean 
Difference SE Cohen’s d#

Lower Upper

DBv/sCWT 8.69** 1.41 15.97 2.40 0.91

DBv/sNBF-Game 8.50** 1.52 15.49 2.30 0.92

DBv/sBF-Game 2.75 -3.52 9.02 2.07 0.33

CWTv/sNBF-Game -0.19 -3.98 3.61 1.25 -0.04

CWTv/sBF-Game -5.94*** -9.62 -2.26 1.21 -1.22

NBF-Gamev/sBF-Game -5.75**** -7.66 -3.84 0.63 -2.29

DB, deep breathing; CWT, color-word test; NBF-Game, non-biofeedback-game;
BF-Game, biofeedback-game; CI, confidence interval; SE, standard error
# Cohen’s d does not correct for multiple comparisons
****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05; df = 15; holm adjusted p values
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presentstudy.ThedesynchronizationofRSAinthecontrolgroupsuggeststhattheparticipantswere
unabletomaintaintheelevatedHRVlevelsdespitetherelaxationtraining.However,theexperiment
groupshowedasignificanteffortby theparticipant tomaintain theRSAamplitude.Thisvisual
inspectionpromisestherelaxationeffectsofthebiofeedbackcomponentinthegame.

Forthefirsthypothesis,theresultssuggestthattheexperimentgroupcanmaintainahighermean
HRVthanthecontrolgroupandalsotheCWTgroup.Inotherwords,thebiofeedbackversionofthe
SMBgamewascapabletoinducehigherrelaxationamongtheplayersincomparisonwiththeoriginal
SMBgameandCWT.Thesignificantstatisticaldifferencebetweenthebaselinemeasures(DBv/s
CWTgroup)wasaspertheexpectations.Itisinterestingtonotethattheparticipantsshowedalarge
variationamongtheDBinterventionthanCWT.Thissuggeststhelackofinterestandtrainingfor
relaxationintervention(DB)amongtheparticipants.Also,worthnotingis,theparticipant’smean
HRVduringtheNBF-GamewascomparableasintheCWT,whichshowsthattheNBF-Gameis
equallycapableofinducingmentalstresstoparticipantsthanastandardizedstresstest(CWT).

5.3. Hypothesis 2: The Participant’s Motivation Towards Playing 
the BF-Game is the Same as Towards the NBF-Game
Forthesecondhypothesis,theresultsindicatethatoverall,theparticipantswerestatisticallyequally
motivatedtoplayaBF-GamethananNBF-Game.AsshowninFigure8,theparticipantsreporteda
slightlylowermotivationforthebiofeedbackversionoftheSMBgameascomparedtotheoriginal
SMBgame.AsquantifiedinTable5,participantsgaveahighermeanratingforinterest/enjoymentbut
alowermeanratingforperceivedcompetencetothebiofeedbackgamethantheoriginalgame.This
suggeststhattheparticipantswereexcitedandmotivatedtotrythenewconceptofbiofeedbackinthe
popularSMBgame,butfeltlowercompetencewiththebiofeedbackgame.Theirlowercompetence
canbeattributedtotheadditionofextrabiofeedbackgamemechanicsintothegameandthelackof
biofeedbacktrainingfortheparticipants.Overall,theseresultssupporttheacceptabilityoftheBF-
Gamebytheparticipantsforfungameplayevenwiththeadditionalbiofeedbackgamemechanics.

5.4. Hypothesis 3: The Participants Find the overall Biofeedback System Usable
Forthethirdhypothesis,theresultsindicatethatparticipantsconsideredthedevelopedbiofeedback
systemtobeusable.TheSUSratingof>70isdefinedasthegoodadjectiveratingortheacceptable
range(Miller,2009),whichwasstatisticallyachievedbythedevelopedsystem.Duringthefeedback
phaseattheendofthesession,alltheparticipantsgavepositiveandconstructivefeedbackaboutthe
system.Theparticipant’senjoymentforthebiofeedback-enabledgameisexemplifiedbycommentslike
“Itwasfuntodo”(P1),“Iamveryhappytoplaythisgame”(P3),and“It’sanewandfunexperience
forme.Iwouldlovetousethisinthefuture”(P6).Theeaseofsystemusabilitywasmentionedby
participantsas,“therearefewpiecesofequipmentinvolved,sotheprocessiseasytofollow”(P10).
Additionally,theparticipantsunderstandthehealthbenefitofthebiofeedbackprocessandareevident
fromtheircommentslike,“It’shelpfultolearnthebreathingexerciseandstaysstress-free”(P12),
and“Igetawareofnewthinglikenottakingstresswhileplayingvideo-game”(P16).Theseresults
indicatetheusabilityofthedevelopedbiofeedbacksystemandparticipantsarelikelytoactivelyuse
thebiofeedbackgameinthefuture.

6. LIMITATIoNS

Thereareafewlimitationsinthisstudythatshouldbehighlighted.Atpre-registration,measureswere
takentoaccountfortheselimitationsundertheconstraintsofthestudy.Firstly,inthisstudyonlythat
participantswhichwereself-motivatedtoplayvideogames,wereconsideredforthestudy.Therefore,
theobtainedresultsweremorepositivethanwouldhavebeenforarandomsample.However,asthe
efficacyofageneralbiofeedbacksystemusinggameswasalreadyprovedinliterature(Bouchard
etal.,2012;Dekker&Champion,2007;Parnandi&Gutierrez-Osuna,2017;Walther-Franksetal.,
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2013;Zafaretal.,2020),thisstudyaimstovalidatethedevelopedsystem(specificallyuseoforiginal
NESgamesforbiofeedback).Secondly,sincetheparticipantswereawareofthepurposeofthestudy,
theresultsofthequestionnairesmaybebiased.

7. CoNCLUSIoN ANd FUTURE woRK

This study highlights the efficacy of the developed multimodal biofeedback system for mental
relaxationwiththeuseofNESgames.Itwasshownthattheoriginalvideogame,producesastress
response similar to a standardized stress test (CWT). However, the addition of the biofeedback
componentinthegameencouragestheparticipantstobettermanagetheirstressresponseusingpaced
breathing.Theresultsalsoshowthatthebiofeedbackenabledgamewasperceivedasmotivatingand
engagingwhencomparedtotheoriginalnon-biofeedbackversionofthegame.Finally,theoverall
systemwasratedgoodforusabilitywithsomescopeforimprovement.Thelargeeffectsobtained
in thepresentstudygivepromisingdirectionstoexplore theNESgamesforbiofeedback.While
SMBgameisusedinthisstudy,inthefuture,otherpopularNESgames(likeTetris,Pac-man,etc.)
canbeusedinthissystemwithminortweaking.Anotherlineofworkcanbethestudyofdifferent
gamemechanicsandadditionalfeedbackmodalities(likehapticfeedback)tofurtherincreasethe
engagementofthebiofeedbacksystem.

8. dATA AVAILABILITy

Thisisopendata,opencode,andreplicableresearch.Thesoftwaretool,data,andanalysisscriptsthat
supportthefindingsofthisstudyareavailableasanopen-sourceproject,undertheGPLv3license,
hostedatOpenScienceFrameworkrepository,andcanbeaccessedusingDOI:10.17605/OSF.IO/
Q5EZ3followinganembargoperioduntilthepaperisaccepted/published.
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