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ABSTRACTThemonitoringofcoordinativeabilitiesinsportsapplicationsisoftencarriedoutbytrainers
thatadoptsubjectiveprotocolsandevaluationsnotsupportedbyrepeatableandreproduciblemeasurement
setups.Thisoftenleadstounreliableevaluationsthatdonotallowustoquantifythepositiveornegative
effectofsometraininginasimpleway.Inthisscenario,therapidspreadingofwearabledevicesableto
capturehumanmovementsprovidingdatatotheuserscouldbeausefulinstrumenttofacetheproblem
ofsimplifyingthedevelopmentofautomated,repeatable,andreproduciblemeasurementprocedureseasily
adoptablebyacommunityofathletesorcoaches.Followingthispath,thepaperproposesanautomatic
measurementprotocolfortheassessmentofcoordinativeabilitiesbasedontheuseofIMUsembeddedin
wearabledevices.Anewprotocolbasedontherulerandtappingtestsandasetofobjectivekeyperformance
indicators,derivedfromIMUmeasurements,toevaluatetheoutcomeofthetestisthendeveloped.Indetail,
theprotocolisbasedonthesequence1)rulertest;2)tappingtest;3)rulertest.Thetappingtestisperformed
untilenergyexhaustiontotryandidentify,frominertialdata,featuresthatcandescribepossiblefatigue
effectsandcorrelationswithreactiontime.Rulertestsareadoptedtoevaluatethereactiontime.Thefirst
rulertestprovidesreactiontimeinformationinrestconditions,whilethelastoneconsidersitafterarepeated
movement.Thecomparisonofthesetwotimeswillshowwhetherthereactiontimechangesafterafatigue
condition.Analgorithmcapableofcalculatingthenumberoftappingandthereactiontimeofeachsubjectis
implementedtoevaluatetheaccelerometricdataacquiredduringthetests.Therefore,theimpactofthework
istwo-fold:fromanengineeringpointofview,theautomationandperformanceevaluationoftheproposed
algorithmisprovided;fromasport-medicalperspective,themainfindingisageneralreductionofthe
reactiontimeaftertheenergy-exhaustingtappingtest,asifthislastcouldbeconsideredasapowerfulwarm-
upexerciseforsportspeople.Twoarethemainresultsachieved:i)theproposedprotocolallowsareduction
ofthereactionstimeinaboutthe83%ofcases;ii)theproposedmeasurementsystemallowsobtaining,
regardingthetappingtest,additionalveryusefulquantitiesasthetapintertemps,frequencyspectra,and
accelerationexcursions,whichtypicallyarenotprovidedinstate-of-the-arttappingtestexecution.
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I.INTRODUCTION
Coordinativeabilitiesareneuro-motorcharacteristicsthat
distinguishourmovements[1],whichinfluencethelearning
andrefinementofnewmotoractsandtheirstabilityover
time.Coordinationallowspeopletoperformamovement,
orgroupofmovements,withbetterqualityandeffect[2].
Furthermore,theseabilitiespromotetheefficientexecution
ofmotoractionsunderavarietyofconditions,enhance
therestructuringofmovementsinhigh-performancetrain-
ingphases,improvebasicandappliedmotorabilities,and
aidtheuseofconditionalabilities[3].Indeed,theyarethe
basisforlearningandimprovementoftechnicalabilities
andareinclosecooperationwithconditionalabilities[4].
Bodymovementisdeterminedbytheindividual’sabilityto
effectivelyusethesurroundingenvironmentinformation[5]
andcoordinativetraininginterventionscanbefundamental
inenhancingalsocognitiveabilities,onwhichfunctional
motionsdeeplydepend[4].Themostcommonassessmentof
neurologicalefficiencyisreactiontime[6],[7].Reactiontime
istheperiodbetweentheonsetofstimuliandtheinitiation
ofreactionstothem.Thisfactorisavaluableindication
forinvestigatingcentralnervoussystemabilityandmotor
function[8].Recentworkstatesthatmaintainingagoodstate
ofreactiontimetrainingcanhelpustoimproveourability
toconcentrateandoverallperformance[9].Bodytrainingis
afundamentalpractice,buttrainingcoordinativecapabilities
areequallyimportant,andrarelyitisconsideredaspecific
trainingprogram.Authorsin[10],reportedthatsubjectswith
bettervisualinformationacquisitionabilitiesperformbetter.
Forinstance,anathletewithatrainedvisualsystemperforms
betterincomparisonwithanathleteofsimilarcharacteristics,
butwithalessperformingvisualsystem.Toevaluatereaction
time,apossiblemethodologyconcernsoculo-manualexam-
inations,suchastheRulerTest(RT)andTappingTest(TT).
Thesetestsareoftenusedasanindicatorforvisualcontrol,
hand-eyecoordination,andresponsetime[6],[8].Todate,the
handlingofthesetestsisgenerallycarriedoutbyanoperator.

Forinstance,inthecaseofRT,theoperatorheldtherulerin
theairaligningthezeropointwiththesubject’sindexfinger
andthumbfingertips.Withoutnotice,theoperatordropped
therulerandthesubjectshouldcatchtherulerasfastas
possible.Thedistancetraveledbytherulerbeforecatching
ismeasuredincentimetersandtransformedinreactiontime
bythestandardformula[11].Asconcernstappingtests,the
operatorcountsthenumberoftapsperformedinatimeframe,
eitherbyadoptingaspecificapporbyvisualcounting.Inboth
thedescribedcases,theevaluationsmaybeaffectedbya
subjectivecomponentrelatedtothepresenceoftheoperator,
whichwouldmaketheresultsinaccurate.Theseboundaries
canbeovercomebytheuseofobjectivemeasurementsys-
temsthatcanreduceevaluationbiasesandmaketesting
automated[12].Furthermore,althoughtheabove-mentioned
limitationscanbeovercomebytheautomationandobjective
evaluationofthemeasurementsduringbothRTandTT,such
testsarestilladoptedsingularlyonlyforassessingthecurrent

statusoftheinvolvedsportsperson.Itisanywaypossibleto
combinetheminaspecificsequence.Particularly,theRT
isusuallyadoptedtoassessreactiontimeand,therefore,
itcanbeseenasacognitivereadinessindex.TheTT,onthe
otherhand,contributestotrainingthecoordinativeabilities
andfocusingonaspecificrepetitiveaction.Accordingly,
theexecutionofTTcouldaffectthereadinesslevel,which
changesinrelationtoexternalstimuli.Toassessit,apro-
cedureemployingthesequenceRT-TT-RTisexperiencedto
evaluatesuchaneffect.Startingfromsuchconsiderations,the
presentwork’scontributionsaremainlydevotedto:i)propose
ameasurementprotocoltohavebothtrainingandevaluation
purposesforsportspeople,capabletoproduceadetailed
andeasy-to-readreportontheirphysicalstatus;ii)create
anautomatedmeasurementset-up,whichisabletocapture
movementsthroughtheuseofanInertialMeasurementUnit
(IMU)andprocesstheacquireddatainreal-timetoestimate
severalquantitiesofinterestrelatedtopreviouslydescribed
purposes.Eveniftheuseofopticalsystemswhichcapture
humanmovement,suchascameras,surelywarranthighaccu-
racy,accordingto[13]and[14],anIMUwearabledevice
hasbeenconsideredinthepapersinceitiswellsuitedfor
performinghome-environmentmonitoringofmotiontrack-
ingreducingcostsandinfrastructureneeds.Infact,whena
camera-basedmeasurementsystemisconsidered,toobtain
veryaccurateresults,itisadvisabletohavehigh-resolution
cameras,whichentailshighercostswithrespecttoinertial
sensors.Moreover,amotiontestusingcamerasrequiresa
suitableworkspaceandaspecializedstafftosetupthesys-
tem.Ontheotherhand,inadditiontobeinglow-costand
easy-to-usedevices,inertialsensorsallowmotionanalysis
tobecarriedoutevenineverydayenvironments.Infact,
wearabledevicesarenon-invasivemonitoringinstruments
thatcaneasilybeintegratedintoasmartwatchorring.The
slightlyloweraccuracyofinertialwearabledevicesversus
high-speedcamerasiswidelyrecoveredbytheirflexibility,
portability,lowcost,easetowear,andnoneedtohavea
structuredenvironmentwheretoperformthetest.
Inthedevelopedset-up,theadoptedIMUhasbeenplaced

ontheruler,forthehomonymtest,andononefingerof
thedominanthandoftheparticipantforthetappingtest.
Theacquisitionofrawdatafromthesensorismanagedby
automatedsoftwareworkingonalaptop,wirelesslycon-
nectedtothesensoritself.Inaddition,weadoptedan
algorithmabletodetecttapsandcomputeinter-taptimes
(intertemps),previouslyvalidatedin[12],wheredifferent
methodologiestomeasuretappingfeatureswerecompared
andassessedintermsofresultscompatibility.Thetest
evaluationiscarriedoutbyadoptingsyntheticfigures
ofmerit.Theadvantageofhavinganautomatedsystem
fromdataacquisitiontodataprocessingmakesitpossi-
bletoreduceuncontrollableinfluencecomponentssuchas
observerevaluationsthatcouldbeaffectedbyapercent-
ageofsubjectivitythatwouldaffectthereliabilityofthe
results.
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ThisprojectwasapprovedbytheInstitutionalReview
BoardoftheUniversityofCassinoandSouthernLazio(No.
24777.2022.12.12).Beforeparticipatinginthestudy,subjects
havebeeninformedindetailabouttheprotocol.Thecon-
tentofthepresentworkisstructuredinsectionsasfollows.
SectionIIexplainstheStateoftheartaboutusageofobjective
measurementtoolsinthesportsenvironmentandthedescrip-
tionofthecoordinativetests.InSectionIIIinformationabout
thedevelopedset-up,themeasurementprotocol,andthedata
processingcycleisgiven.ResultsarereportedinSectionIV
andtheirdiscussionisprovidedinSectionV.SectionVI
concludesthepaperwithfinalremarksanddiscussesfuture
applicationsoftheproposedprotocol.

II.STATEOFTHEART
Inthelastdecade,agoodamountofresearcharticleshave
beenfocusedonthecollectionofdataregardingthebenefits
ofphysicaltraining.Asanexample,in[15],ithasbeen
provedthatphysicaltraininginavarietyofsportsimproves
certainabilitiessuchasagilityandcoordination.Suchaspects
arecrucialforallphysicalactivities,particularlyathletic
performance,indeed,inthescientificliterature,therewere
manyreportsofeye-handcoordinationtrainingthatenhanced
anindividual’smotorperformance[10].

Inthecategoryofeye-handcoordinationpapers,particu-
larlyrelevantis[16],wheresixweeksofupperextremity
proprioceptiontrainingwereemployedasanintervention
toenhancetabletennisplayers’reactiontime.Participants
demonstratedimprovedeye-handcoordinationandresponse
speed.Usingtherulerdroptest,eachplayer’sresponsetime
wasassessed.Thecontrolgroupreceivedonlyconventional
training,whereastheexperimentalgroupreceivedconven-
tionaltrainingtogetherwithproprioceptioninstructionsfor
sixweeks.Aftersuchatimeinterval,theathletes’response
timeswereonceagainassessed.Theresearchshowedthatthe
reactiontimewasshorterfortheexperimentalgroupthanfor
thecontrolgroup.

In[15],theRTwasusedtoassesssubjects’attentive-
nessandagility.Theresearchindicatesthatfourweeksof
conventionalarcheryinstructionmayenhancetheeye-hand
coordinationofinactiveyoungmen.However,toincrease
theimpactoftrainingontheresponsetimeoftheupper
extremities,extratrainingorinterventionmayneed.

Accordingtoresearchongenderdifferencesinreaction
time,menandwomenresponddifferentlytoanumberof
stimuli[17].Particularly,inWadooetal.research[18],the
authorsexaminedtheeffectsofgenderandphysicalactiv-
ityonadults’visualandauditoryresponsetimes:itwas
foundthatthereisasubstantialdifferencebetweenwomen’s
andmen’sreactiontimes.Anotherstudyalsoexaminedthe
impactofa9-weekeducationalinterventionontheresponse
timeof15to18-year-oldadolescentsanddiscoveredthatboth
girls’andboys’reactiontimesimprovedafterthetraining[9].

Insomestudies,theassessmentofcoordinationabilitiesis
carriedoutthroughtheintroductionofspecifictechnologies,
asinthework[19],wheretheauthorsaimedtocreatea

simpleresponsetimemeasurementdevice.Thetechnology
mustcomputethespeedofhumanresponsesbasedoncogni-
tiveandmotorfactors.Severalstepsofproductdevelopment
werecarriedout,includingthediscoveryofuserneeds,
ideadevelopment,embodimentdesign,building,andtesting.
Inparticular,theadoptedideawastousealightstimulus
toassessresponsetime,takingintoaccountdifferencesin
lighthue,flashrate,andintensity.Aseriesoftestsshowed
thatthesefeaturesmightbeusedtoevaluateanddifferentiate
responsetime,takingcognitiveandmotortimeintoconsider-
ation.Itwasalsoshownthatthedevicecantellthedifference
betweennormalresponsetimesandthoseoftiredpeople.
InGrigoroiuetal.[20],theauthorsattemptedtoinvestigate
thereactiontimetocomplexvisualstimulifortheupperlimbs
in18–20-year-oldstudents.Usingtwocomputerizedtests,
thefeaturesoftheindividuals’upperlimbsweredetermined:
thecomplexresponsetimeofthedominanthandandthe
non-dominanthand.ThedatawereanalyzedusingtheTReac-
tionCosoftware,whichenabledtherecordingandstoringof
responsetimesforeachexecutionaswellasthedisplayofthe
arithmeticmean,highestvalue,andlowestvalueforaseries
ofdeterminations.Inassessmentsofcomplexreactiontimes
forboththedominantandnon-dominanthand,theresults
demonstratedastatisticallysignificantdifferencebetween
maleandfemaleresponders.
Coordinationexercisessuchastappingareusedinclinical

settingstoassessmotion-relatedpathologies.In[21]authors
suggestedthebradykinesiaincoordination(BRAIN)testto
evaluateParkinson’sdisease(PD)patients’movements.The
BRAINtestisavalidatedkeyboardtappingtestusedto
assessthedistalmotorfunctionofPDpatientsremotely.
Thetestwasabletoidentifytinychangesinthefluctuation
statesofthemotorsystemthatwerenotclearlyreflected
inthesecondaryscoresoftheMDS-UPDRS-III[22]that
wereutilizedthroughouttheresearch.InresearchbyVan
Schootenetal.[23],theauthorsintendtoinvestigatethepsy-
chometricfeaturesofReacStickmeasuresofreactiontime
andexecutivefunctioninginhealthyolderindividualsliving
inthecommunity.Anunavoidabletimeconstraintmayresult
ininformationthatcomplementsthestandardmetrics.The
ReacStickisagoodwaytotestanolderperson’sresponse
time,anditcouldbeusedtofigureouthowlikelytheyareto
fall.
Inthisfield,theobjectiveassessmentofphysicaltests

israpidlymovingtowardstheemploymentofwearable
technology-baseddevices[24].Theyareabletorecognize
gesturesbydetectinglimbmotionsinspaceandtime,which
wasacrucialcharacteristicforcollectingdataonusers[25].
Outofthedifferentdevicesusedtodetecthumanmotion,
IMUsarethemostwidelyusedbecausetheyaresmall,
networked,cheap,andeasytouse.Inertialdataprovideinfor-
mationonacceleration,angularvelocity,andmagneticfield
change.Duetothesecharacteristics,IMUsensorsmaybe
usedinseveralfields,includingsportsandmedicine.Theuse
ofinertialsensorsinthesportingfield,therefore,represents
avaluabletoolthatcanprovideobjectiveinformationthat,
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TABLE1.Meanandstandarddeviationoftheanthropometricdataofall
subjects.

inadditiontostandardizedtests,allowsformorerobustand
accurateresults.

III.MATERIALSANDMETHODS
A.THEMEASUREMENTPROTOCOL
Inthisstudy,eighteenvoluntarystudentsfromtheUniversity
ofCassinoandSouthernLazioareinvolved.Inparticular,
9malesand9femalestookthetestduringaninternship
activityintheframeworkoftheMotorScienceCourse.For
eachsubject,anthropometricdatathatareage,lengthofthe
indexfingerusedforthetappingtest,weight,andheightare
collected.Moreindetail,heightandweightarecombinedin
asyntheticparameterthatistheBodyMassWeight(BMI).
Fig.1describesanthropometricinformationforeachsubject,
whileinTab.1,themeanandstandarddeviationofthe
maininformationofthegrouparereported.Foracomplete
overview,informationonsportsandpersonalactivitieshas
beenrequestedandsummarizedinTab.2.Participantsare
informedaboutthestructureoftheprotocolandtheexecution
ofthetests.Indetail,theyareaskedtoperformatestcontain-
ingthreedifferentexercisesinthefollowingorder:rulertest;
tappingtest;rulertest.Thefirstexercisewiththerulershows
thereactiontimeatrest,thentheyareaskedtoperformthe
tappingtestinanenergy-exhaustingfashion,and,finally,the
rulertestisrepeatedagaintohighlightanypossiblechange
inthereactiontimeafterthetappingtesttask.Torecord
theinertialdataofthedifferenttests,thesensorisfixedby
theoperatorontherulerfortheRTandtheindexfinger
ofthedominanthandfortheTT;Fig.2showstheposition
andorientationofthesensorinthethreedifferentphases
describedabove.Dataacquisitionstartsatthebeginningof
thetestandstopsafterthelastrulertest.Attheendof
eachtest,thedataaresavedinthecloudviatheproprietary
app.ThisprojectwasapprovedbytheInstitutionalReview
BoardoftheUniversityofCassinoandSouthernLazio(No.
24777.2022.12.12).Beforeparticipatinginthestudy,subjects
havebeeninformedindetailabouttheprotocol.Moreover,
informedconsentandauthorizationaboutbenefitsandrisks
havebeenobtainedinaccordancewiththeDeclarationof
HelsinkiforHumanResearchof1964.

B.THEDEVELOPEDSET-UP
ToperformobjectivemeasurementsanIMUsensoris
selected.Inparticular,thechosendeviceisaMetaMotionR
(MMR)anditismadebyMBIENTLABcompany[26].
Itisequippedwiththefollowingtriaxialsensors:accelerom-
eter,gyroscope,andmagnetometer.Furthermore,thanks

FIGURE1.Anthropometricdataevaluatedforeachsubject.

FIGURE2.Measurementprotocol:theIMUsensororientationand
positioningduringthethreeexercises.

TABLE2.Sportsandactivitiesdoneinfreetimebyeachsubject.

toMEMS(Micro-electromechanicalsystems)technology,
itcanbeusedasawearablesystem.Thedevicedimensions
(includingthecase)are:L:36mm⇥W:27mm⇥H:10mm
anditsweightisabout8.5grams.ThesetupreportedinFig.3
hasbeenadoptedbothforrulerandtappingtests,according
tothemeasurementprotocolexplainedinsubsectionIII-A.
Picturesoftheset-uparrangedforeachtestcanbeseenin
Fig.4.Indetail,inFig.4a,twopeopleareinvolvedtoperform
therulertest.Thefirstonekeepstherulerand,atarandom
instant,leavesitfalling,whilethesecondpersonshouldcatch
itinthefastestpossibletimeassoonastherulerisleft
infallingmode.Fig.4breportsanothervoluntaryperson
performingthetappingtest.Inthiscase,theonlyconstraintis

VOLUME11,202376999



C.Carissimoetal.:ObjectiveEvaluationofCoordinativeAbilitiesandTrainingEffectivenessinSportsScenarios

FIGURE3.Theimplementedsetupischaracterizedbysensor,devices,
andtechnologyusedintheacquisitiondataprocess.

FIGURE4.Picturesoftheset-upmountedforexecutingrulerandtapping
tests.

representedbythetappingamplitudethatmustbeascloseas
possibletotheoneindicatedinthehandcraftedbackground
panel,equalto4cm.

Theoperationsofsettingsensorparametersanduploading
dataarecarriedoutviaMetabase’sproprietaryapplica-
tion[27],andtheMMRcommunicationtechnologyisbased
ontheBluetoothLowEnergy4.0SmartÆmodule.

AccelerationdataareacquiredviatheMMRbysetting
asamplingrateof100Hzandarangeof±8g,wheregis
thegravityaccelerationconstant,equalto9.81m/s2.The
overalltestdurationisnotfixedbecauseitdependsonthe
subject’sendurancetimeduringtheTT.Oncethedatahas
beenacquired,itisstoredinacloudandthendownloadedtoa
PCforanalysis.Itisworthnotingthatthesetupiscomposed
ofthreeelements:theIMUsensor,agatewaydevice,anda
PC.Inordertominimizethehardwareimpact,thesetupcould
alsobecomposedofthesensorandthePConly.Nevertheless,
forflexibilityreasonsandtofastexecutethetests,atablet
hasbeenusedasagatewayinordertoexploitBluetoothlow-
distanceranges,withouttheneedtohavetheprocessingunit
closetothetestlocation.

TABLE3.Validationofproposedalgorithmwithrespecttogolden
standardmethods.

C.AUTOMATEDMEASUREMENTALGORITHM
Toanalyzethedataset,analgorithm(seeFig.5),thatreceives
therawaccelerometerdataofthesingletestasinputand
computesthecorrespondingtimeintervalsofRTandTT
activitiesisimplemented.
Thealgorithmacquiresallrawaccelerationdataalong

threeaxesandseparatesthosebelongingtoRulerTestsfrom
dataderivingfromtheexecutionoftheTappingTest.
Anexampleofaccelerometerdatarecordedduringatestis

showninFig.6.Indetail,theshowndataconsistofademo
test,lasting8s,wherethesequenceRT-TT-RTisreported.
AsmallamountofdatabetweenRTandTTisdiscardedsince
itreferstothesensorpositionchangefromtherulertothe
subject’sindexfinger.
Themainoperationsofthedevelopedalgorithmscon-

cerntheestimationofreactiontimefromtherulertestdata,
byanalyzingtheaccelerometerdataalongthex-axis(Fig.5a)
andthecomputationofthenumberoftapsbyconsidering
theaccelerometerdataalongthez-axis(Fig.5b).Theaxis
selectionismadebyconsideringthesensororientationand
themaindirectionofmotion,i.e.theoneinwhichagreater
excursionofaccelerationisobserved.
Goingintodeepwiththedevelopedalgorithm,themain

sectionsareexplainedinthefollowing.FortheRTalgorithm,
theMatlabTMroutinefindchangepts[28]isusedtodetect
theaccelerationabruptchangeduringthefallingruler,while
forthetapnumberdetection,thefindpeaks[29]routineis
chosen.Theadoptedalgorithmhasbeenalreadyvalidatedin
ourpreviouswork[12],atleastasconcernstheestimation
ofreactiontimeandnumberoftaps.Furthermore,in[12],
resultsderivedfromtheIMUsensorwerealsocompared
withstandardvisualinspectionandwiththoseprovidedbya
Tabletappthatuseditsdisplayasatouchsensor.Particularly,
Tab4in[12]showstheobtainedresultsthatconfirmfull
compatibilitywithaconfidencelevelof95%.
Briefly,thecharacterizationresultsarereportedinFig.7,

intermsofGaussianprobabilitydensityfunctions(pdf),
obtainedthankstotheCentralLimitTheorem(n=400)
whereahigh-levelofoverlappingisvisible,andinTab.3,
intermsofMeanValueandStandardDeviation(Std.Dev.).
Suchanoverlappinghasbeenquantifiedintermsofcommon
areainTab.3as‘‘OverlappedpdfArea’’columnvalues[12].
Theobtainedhighlevelofagreementallowsusingtheauto-
matedalgorithminsteadofmanualinspectionand,therefore,
byadoptinganobjectiveprocedure,andincreasingtheover-
allreliabilityoftheobtainedresults,especiallyintermsof
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FIGURE5.AutomatedmeasurementalgorithmAge.epsdiagram:inpart(a)theproceduretocomputereactiontime,whileinpart(b)the
processusedtoobtainthenumberoftappingarereported.

FIGURE6.Exampleoftheaccelerometricdataalongthex-axisrecorded
duringacompletetest.

processingspeedandavoidanceofsystematicerrors,that
couldoccurwhenhumanoperatorsareinvolved.Clearly,the
comparisonhasbeencarriedoutinaverycontrolledenviron-
ment,whereallpossiblesystematicerrorsbytheoperators
havebeenfixed.

Initsfullversion,thealgorithmperformsadeeperanalysis
withparticularreferencetoTT.
Indetail,theaccelerometerdataareusedto:

•countthetotalnumberoftapsoftheexecutedtestand
groupingtheminvariabletimeobservationwindows;

•computetheintertemps,i.e.thetimedistancebetween
eachcoupleofconsecutivetapstohighlightpossible
fatiguephenomenathatcouldariseinthesubject;

•estimatethefrequencybehaviorintotalsize(wholetest
duration),batchsize(forspecificobservationwindow)
oftheaccelerometerdata.

•computetheaccelerationexcursions:theamplitudeof
theaccelerationdataiscalculatedandmonitoredduring
thewholetestexecutiontime.

FIGURE7.Distributionofrulerandtappingvaluesforvalidationpurpose.

IV.RESULTS
Inthissection,detailedresultsobtainedthroughtheimple-
mentedalgorithmareshownfortherulerandtappingtests.
Particularly,fromtherulertest,piecesofevidenceabout
reactiontimesubjectbysubjectandcomparisonbetween
obtainedtimesbeforeandafterexhaustingtappingtaskare
provided.Asthetappingtestregards,severalprocessing
aspectsareconsidered,and,particularly,resultsaregrouped
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FIGURE8.BarDiagramofreactiontimesbeforeandaftertappingtest
evaluatedforeachsubject.

asfollows:1)Tapcountingandgrouping;2)Intertempeval-
uation;3)Frequencybehaviorobservation;4)Acceleration
AmplitudeExcursions.Theprovidedresultscaneasilybe
accessedbyauserthroughasimpleselectioninthedeveloped
algorithminterface.Particularly,theycanbeevaluatedby
amedicaldoctortoachieveapersonalizedreportaboutthe
subject’shealthstatusandcoordinativecapabilities.

A.REACTIONTIMEEVALUATION
Theproposedtesthasbeenusedtoevaluatethereactiontime
inagroupofhealthysubjects.Inparticular,RTisusedto
evaluateandcomparethereactiontimebefore(RTB)and
after(RTA)thetappingtest.AbardiagraminFig.8shows
theobtainedresults.

ThehorizontallinesindicateRTBandRTAboundsfor
allsubjects.Aboundisdefinedasthefollowinginter-
val:[LowerBound,UpperBound]=[µ��,µ+�],where
µand�aretheaverageandthestandarddeviationval-
uescomputedonthewholesubjectsample.Theredlines
definetheRTAboundwhilelightbluelinesincludetheRTB
bound.Allparticipants’reactiontimesfallintotheboundin
thecaseofRTB,i.e.beforecarryingoutthetappingtest.
Onthecontrary,theRTA,i.e.thereactiontimeevaluated
afterthetappingtest,hassubject-basedspecificbehavior,not
alwaysadheringtothecomputedbound.

Tobetteranalyzetheresults,thesubjectsaredividedinto
twogroups:subjectswithRTARTBandsubjectswith
RTA>RTB.InFig.9(a),itcanbeseenthat15outof
18subjectsdonotincreasetheirreactiontime,whilethe
remaining3haveaslightworseningofitafterthetapping
exercise,ascanbeseeninFig.9(b).Allsummaryvaluesof
meanandstandarddeviationcalculatedforthethreegroups
identifiedforthereactiontimetestsaregiveninTab.4.
Duetotheinherentnatureoftheprocedure,asinglevalue
ofRTAandRTBisavailableforeachsubject.Therefore,
adetailedanalysisofthesingle-subjecteffectcannotbe
performed.Anyway,itispossibletoconsiderthewholegroup
asarepresentativesampleofapopulation,beingidentified
byyoungandhealthypeople.Inthisapproach,resultspro-
videanaveragedecreaseinthereactiontimeaftertheTT,
althoughtherangeintervalsarepartiallyoverlapped.Theidea

FIGURE9.Barchartofreactiontimesbeforeandafterthetappingtest
forsubjectswithimproved(a)andworsening(b)RTA.

TABLE4.Meanandstandarddeviationofreactiontimescalculatedfor
eachsubgroup.

torepeattheprocessmultipletimesonthesamesubjecthas
animportantdrawback:itisnotpossibletoensurethesame
measurementconditionsneededtoevaluatefeaturessuchas
repeatabilityandtype-Auncertaintycontributions.Moreover,
toassessthestatisticalsignificanceofresults,threestatistical
analyses,suchastheFriedmantest[30]andtheDurbin-
Conovertest(pairwisecomparisons)[31],andalsothePaired
SamplesT-Test[32]havebeencarriedout.Foreachofthem,
theobtainedP-valueswereevaluatedandcomparedwiththe
typicalreferencelevelof0.05.AsfortheFriedmantest,
aP-valueequalto0.018wasobtained.AsfortheDurbin-
Conovertest(pairwisecomparisons),theP-valuewasequal
to0.014.AsforthePairedSamplesT-Test,consideringthe
Hypothesisthatthemeasures(RTAandRTB)haveanon-null
differencemeanvalue,aP-valueof0.006resulted.Therefore,
withaconfidencelevelhigherthan95%,itispossibleto
statethatthereisastatisticallysignificantmeaningbetween
reactiontimesbeforeandafterthetappingtest.

B.TAPPINGTESTRESULTS
Thetappingexerciseisperformedbetweenthetworulertests
andthesubjectperformsituntilhe/sheisexhausted.Fromthe
rawdataofthistest,thankstothevalidatedalgorithm,several
aggregatedandindividualfeatures,whichprovidemoredetail
ofthesubject’sperformance,canbeextracted.

1)TAPCOUNTINGANDGROUPING
Toevaluatetheperformanceofthetappingtest,thefirst
observationconcernsthenumberoftapsperformedduring
thewholetest.AscanbeseeninFig.10theuppergraph
showsthetotaltapsobtainedforeachsubject,andtheother
plotshowsthetotaltimetakentoperformthetest.
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FIGURE10.Bardiagrams:thefirstrowshowstheNumberofTappingfor
eachsubject;thesecondrowdisplaysthetotaltappingtesttimeforeach
subject.

FIGURE11.ErrorbarinTappingTests:evaluationofmeanvalue(Avg)
andstandarddeviation(Std.Dev)forallinvolvedparticipants.
SpectrogramsrelatedtoIDs5and12,concerningthefirst2minutesof
activities,arereportedinsubplots.

Fromtheresults,itcanbeseenthat4outof18participants
showedahigherdegreeofresistanceduringtheexercise,
managingtoperformthetestformorethan20minutesand
scoringmorethan4000taps.Ontheotherhand,7subjects
wereabletoperformtheexerciseformorethanoneminute,
whiletheremaining7performedthetestforlessthanone
minute.Thevariabilityofthetimetakentoperformthe
tappingtestuntilexhaustionstronglydependsonthephys-
iologicalcharacteristicsofeachsubject.

Fig.11showstheerrorbarintheTT.Inthefirstsubplot,
itcanbeseenthemeanvalueandthestandarddeviation
ofthenumberoftapscomputedevery5secondsforeach
participant.Itcanbeobservedanon-uniformbehavioramong
participants:specifically,theirvariabilityisquantifiedby
thestandarddeviationreportedasaverticalbarintheplot.
Tobetterillustratethisphenomenon,twolimitcaseshave
beenconsidered:ID5andID12.TheTTevolutionofthe
specifiedparticipantshasbeencomputedbyspectrogram
functionandreportedinthesecondandthirdsubplots,respec-
tively.Tomakeauniformcomparison,onlythefirst120sof
testshavebeenreportedforbothIDs,aswellasthespec-
trogramsettingshavebeentakenincoherencewiththeerror
barcomputationsettings(5-second-window,nooverlap).The
yellowlinesinthespectrogramsindicatethefrequencies
containingthehighestpowerdensity.AsID5concerns,their

FIGURE12.Intertempsdistributionforeachsubjectduringthewhole
tappingtest.

FIGURE13.Mean(Avg)andStandarddeviation(Std.Dev)ofintertemps
computedforeachsubjectduringthetappingtest.

highstandarddeviationvalueresultsinahighlyvariablemain
frequencybehavior(i.e.theyellowlineoftenchangesits
frequencyposition).Onthecontrary,observingID12’stest
trend,amainfrequencyequalto3Hzisconstantlykeptalong
thetest’sduration,justifyingthelowerstandarddeviation
value.

2)INTERTEMPEVALUATION
Afurtherprocessingstageconsistedoftheassessmentofthe
intertemps,i.e.thetimedistancebetweentwoconsecutive
taps.Indetail,theintertemptimedistributionforeachsubject
duringthewholetestisshowninFig12.Subjectswho
performedalongtest(IDs:9,11,12,and14)obtainedmost
intertempsin[0.3,0.4]srange,whileforsubjectsperforming
ashortertappingtest,theoverallintertempdistributiongen-
erallymovesdownward,provingafasterwaytotap,which
leadstoashorterendurancetime.(Fig.13).
Toobtainquantitativeoverallinformationabouttheir

distribution,themeanandstandarddeviationhavebeencal-
culatedforeachsubject.Obtainedresultsarepresentedinthe
formoferrorbarssuperimposedonthemeanvaluesandthey
areshowninFig.13.
Theresultsclearlystatethatthemeanvaluesareonly

anapproximationoftherealbehavior,sincethestandard
deviationvaluesaregenerallyveryhigh,especiallyforsub-
jectsperformingashorttappingtest,whiletheygota
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FIGURE14.Exampleoflinearfittingforintertempsversustaskexecution
time-SubjectID:18.

TABLE5.Meanandstandarddeviationofangularcoefficientscalculated
forallsubjectsandtheirdifferentbehaviors-intertempcase.

morestablebehaviorforsubjectshavingalong-lastingtest,
as9,12and14.

Tofindapossiblelinearrelationbetweenintertempsand
testduration,afittingprocedurehasbeencarriedout.Results
arepresentedinagraphicmodeforSubject18(seeFig.14)
andintermsofthemeanandstandarddeviationofthe
obtainedangularcoefficientsintabularform(seeTab.5).
Indetail,tablecontentsareexpressedusingms/smeasure-
mentunit,justtoobtainhighervalueseasiertobereported
andcommented.Byanalyzingsuchresults,itisevidentthat
themajorityofsubjectsshowanincreaseintapintertemps,
whichcouldbeseenasafatigueeffectduetoprolonged
exercise.

Inmoredetail,theobtainedresultsshowtwodifferent
behaviors:i)subjectsincreasingthetimebetweenconsecu-
tivetaps;ii)subjectskeepinganearlyconstantrhythmduring
thetest(thedecreaserateisalmostnull).Thesubjectswithan
increaseinthenumberoftapswere13,whiletheremaining
5werethosewhoshowednosubstantialchange.

3)FREQUENCYBEHAVIOROBSERVATION
Anotherwaytoanalyzethetimingduringthetappingexercise
istheobservationofthefrequencybehavior.Particularly,
wehaveatleasttwowaystoanalyzefrequencydata:i)
performaFastFourierTransform(FFT)onthewholetime
sequencedataorii)consideraspecifictimeframetoobserve
anduseitasinputforthefrequencytransformation.

Asnapshotofthefrequencyanalysisperformedbythe
algorithmisdepictedinFig.15.Theconsideredprocessing
wayscanbeseeninthesecondandthirdsubplotsofthecited
figure.Itisimportanttonotethatthefrequencyspectraare
obtainedafteradetrendoperation,inordertoremovetheDC

FIGURE15.Timeandfrequencybehaviorobservation-SubjectID:1.
Particularly,thefrequencyspectrumisreportedforthewholetest
durationandconsideringonlythelast24-secondinterval(batchmode).

FIGURE16.Accelerationamplitudedistributionforeachsubjectduring
thewholetappingtest.

componentandbeabletodiscriminatefrequencycomponents
higherthan0Hz.Althoughtheresultsareplottedonlyfor
SubjectID1,similarconsiderationscanbedrawnforthe
wholepopulationsample.Indetail,thespectrumconsidering
theentiretappingtesttimeseriesshowsapredominantfre-
quencytoneataround4Hz,withsmalleramplitudesinthe
surroundingfrequencyinterval.Onthecontrary,whenonly
abatchisconsidered(thelast24-secondcaseisreportedin
Fig.15)ageneraldecreaseofthepredominanttonefrequency
locationisobserved,probablyduetoaprogressiveslowing
ofthetappingrate,stillimputabletothefatigueeffectthe
subjectexperiences.

4)ACCELERATIONAMPLITUDEEXCURSIONS
Thelastproposedprocessingstageregardingthetappingtest
istheanalysisoftheamplitudeoftheaccelerationsignals.
Indeed,althoughthesubjectswererequiredtogetafixed-
angleexcursionduringthetest,thewaytheygotitwasnot
uniformandgeneralizable.Forthisreason,afteranalyzing
thetimeandfrequencybehaviors,weputourattentionalso
toamplitudevalues.Symmetrically,weperformedthesame
processingstagesastheintertempcase,soitispossibleto
notetheirdistributions(seeFig.16)andthelinearfittingver-
sustime.InTab.6,informationabouttheangularcoefficients
ofthefittedlinesisreported.
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TABLE6.Meanandstandarddeviationofangularcoefficientscalculated
forallsubjectsandtheirdifferentbehaviors-amplitudeexcursioncase.

Togetthesameinformationlevel,weshouldconsider
thatthefatigueeffectinthiscaseshouldcorrespondtoa
decreaseintheamplitudevaluesand,consequently,toa
negativeangularcoefficientinthefittingprocess.Thatisthe
caseof14subjectsover18.Itisimportanttohighlightthat
mostsubjectsexhibitareductionofthereactiontimetogether
withanincreaseoftheintertemptrendandadecreaseof
theamplitudebehaviorversustime.Thiscouldbeajoint
phenomenontobeconsideredasawholeforamedicaldoctor
toassessasubject’sperformancelevel.

V.DISCUSSION
Inseveralcases,theliteraturedemonstratesthatreactiontime
mightprovideanindicatorofthecentralnervoussystem’s
abilitytoreceiveandsynchronizemovementconveyedby
theperipheralnervoussystem[33].Thiscognitive-motor
relationshipisessentialforseveralareasofeverydaylife.
Inthisinvestigation,weutilizedtheTTtodeterminethe
fatigueindexresultingfromrepeatedmovements,ofeighteen
youngandhealthysubjects.Theparticipantswererequiredto
completethetestinanexhaustionmodality.Indeed,subjects
wereinstructedtoexecutethetappingtaskatthehighest
pacetheycouldsustain.Inaddition,wedeterminedthateach
tapmustaccomplishaminimumexcursionoffourcentime-
ters.Toensurethattheimposedamplitudewasmaintained
consistently,theminimumamplitudetobemaintainedwas
indicatedthrougharedline.Apurpose-builtboxwasmade
toconductthetests.Furthermore,utilizingRTallowedfor
thecompletionoffurtherevaluationsinordertohaveabetter
understandingoftheeffectsthatrepetitivemotionhason
theanatomicbodydistrictsandmotortasks.Asamatterof
protocol,subjectsperformedanRTbefore(RTB)andafter
(RTA)theTT.

ThemeasurementsandresultsobtainedduringtheTT
couldleadtothedefinitionofafatiguecoefficient.Inpar-
ticular,theincreasingintertempsanddecreasingamplitude,
discussedintheprevioussection,canbeanindicationof
fatigueoccurringduringarepetitiveexerciseperformedat
maximumspeed.

However,whentheTTisdoneatamaximalpace,the
frequencylowersinamatterofseconds,indicatingtheonset
ofmuscularexhaustion.Fatiguecouldbetask-dependent,
asarethefactorsthatleadtodecreasedmotorperformance
duringquickandrepeatedactivities[34].Eventhoughthe
lengthofeffortisequal,itisfeasibletohypothesizethat

thephysiologicalprocessesbehindfatigueinducedbyrapid
andrepeatedfingertappingdifferfromthosebehindfatigue
inducedbyanisometriccontraction[35].Ontheotherhand,
somesubjectsmaintainedafairlyconstantrhythmwhile
performingthetest:inthecaseofisometricmuscularcon-
tractions,theseprocesseshavebeenwidelyexplored;they
involvechangesinexcitabilityinboththespinalcordand
M1networks[36].Duringrhythmicmotionsperformedat
maximalspeed,peripheralexhaustioninmusclefibersand
neuromuscularsynapsesreducestheeffectivenessofmuscle
contractions[37].Nonetheless,alterationsintheexcitability
ofspinalandsupraspinalregionsalsodefinefatigueinthese
motions[36].Atthecerebrallevel,theexcitabilityofthe
inhibitoryinterneuronsoftheM1risesasmaximalmovement
speeddeclines[38].Fatigueduringthetappingtestdoes
notaffectcentralmusculardriveorforceloss,andsome
evidencesuggestsitmayinvolvemotorrhythmcreation[39].
Inaddition,exhaustionduringanactivitysuchastapping
mayaltertheactivation-timesequenceofagonistandantag-
onistmuscles,withco-activationincreasingasfatiguegrows.
Thisindicatesthatthemusclesinvolvedinmovingtheindex
fingerareactivatedsimultaneously,reducingtheirpaceof
execution[40].
Basedonourresults,itisreasonabletohypothesize

thatskeletalmusclefiberactivationmayberesponsiblefor
changesinreactiontime.Thechemicalenergysuppliedby
metabolicprocessesisconvertedintomechanicalenergyby
themusclefibers,which,workingonthebonelevels,culmi-
nateinmovement.Whentheloadisminimal,typeIfibers
arethemostactive,buttypeIIfibersbecomemoreopera-
tiveasthedemandforforceincreases[41].Musclefibers
expandwhenstimulatedandcontractwheninactive[41].
Thisisbecauseexercisecausesanincreaseinmyofibrils,
whichincreasesthesizeofmusclecellsoverall[42].The
centralnervoussystemrecruitsmotorunitsbasedonthe
sizeofthefibers,beginningwithsmallerandlesspowerful
excitablefiberscomparedtobiggerandmorepowerfulfibers
sincethesizeofthefibersaffectstheirpotentialtogenerate
force.Phasicmotorunits,instead,includemayor-sizemotor
neurons,haveahigherintervaldischargefrequency,andhave
amuchgreaterelectricalpulseintensity.Theyaremostly
locatedinthelimbmuscles[43].Indeed,activitiesrequiring
dexterity,suchasTT,engagetheinterosseousandlumbrical
musclesofthehandviamyoelectricstimulationinducedby
repetitivemovement.Thelumbarinterosseousjointisthe
primaryunitinvolvedinTTmovement.Theinterosseous
musclesarepalmarmusclesandmuscleoccupiesthespace
betweenthemetacarpalbones.Thelumbarmusclesflexthe
metacarpophalangealjointsandextendtheinterphalangeal
jointsofthefinalfourfingersofthehand[44].
IntermsofRTreactiontimes,about16%improve-

mentinpost-tappingwasobservedin14subjects,while
about9%worseninginRTAwasobservedintheremaining
foursubjects.Theconceptofviscoelasticitycouldpro-
videanexplanationforthesefindings.Viscoelasticityisthe
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propertyofasubstancetoshowbothelasticandviscous
behavior.Viscosityisdirectlyrelatedtotemperatureinan
inverserelationship.Thatis,whentemperatureincreases,
viscositydecreases[45].Inmuscles,asimilarphenomenon
occurs.Theviscosityandhencethepassivetensionofthe
wholemusclestructurearedecreasedbyheatingthemuscle.
Asthemuscle’selasticitydecreases,itstendencytostretch
increases[46].TTactedasastimulatororwarm-up,increas-
ingheartrateand,subsequently,bloodandoxygenflowtothe
workingmusclegroups,warm-upalsodecreasinginenergy
ratesactivationofmetabolicchemicalreactions,inmuscle
bloodflowandinmuscleviscosity[47].TheTTtestmay
promotetheviscoelasticpropertiesofthemusculotendinous
skeletalsystem.Temperatureincreasegeneratesanenhance-
mentinviscoelasticfunctionsofthemuscle,whichallows
forfaster,morefluidmovementswiththerecruitmentofa
greaternumberofmusclefibersdeputedtowork[48].Thus,
itisconceivabletoassertthattheviscoelasticityofthesystem
istheprimarycontributortotheresultingenhancementin
RTA.Inconclusion,viscoelasticitydecreasesinheatedmus-
cle,resultinginincreasedflexibilityanddecreasedrigidity,
facilitatingmovementsthatrequirerapidity,asinthecaseof
thetwotestsconsidered,fortheassessmentofreactiontime.

VI.CONCLUSIONANDFUTUREDEVELOPMENTS
Wearablesensorsarebecomingincreasinglysuccessfulin
motionanalysisandarebeingusedinmoreandmoredifferent
fields.Thesedevicesarecapableofconductingmovement
analysisthatmaybeusedinsports,clinicalenvironments,and
evenasremotehomecaredevices.Owingtothesedevices,
itissimpletoobtainfundamentaldataforanalyzingthe
spatialandtemporalbehaviorofdifferentbodydistricts.
Non-intrusivenesswiththetopicbeinginvestigatedisthe
characteristicthatbroughttolighttheeffectivenessofIMU-
sensor-basedsystems.Thiskeyeffectarisesfromthenatural
analysisofmotordatawithoutcausingdiscomforttothe
user.Asaresultoftechnologicalinnovation,thesedevices
couldserveasimportantaidsinawiderangeofinvesti-
gations.Inparticular,thisworkfocusedontheapplication
ofanIMUsensorasatoolformotionanalysisduringthe
assessmentofreactiontime.Theassessmentofreactiontime
mayofferin-depthinformationaboutthefeaturesofasubject
ofwhateverage,whichisalsoessentialforenhancingcog-
nitiveandphysicalperformance.Thisstudywasconducted
followingpreviousresearchthatconfirmedthereliabilityand
validityofRTandTTmeasurementsobtainedwithanIMU
sensor.Basedontheanalysisofthedatacollectedduring
TT,wederivedfeaturesthatcanbeindicatorsoffatigue
duringrepeatedexercise.Contrarytopreviousworkinwhich
specificexecutiontimesweresetfortheTT,thetestwas
conductedatexhaustionandperformedatthehighestpos-
sibleindexfingerexcursion.Thepurposeofthisimposition
wastoobtainamorenoticeableangularcoefficient,which
isrelatedtoneuromuscularfatigue.Theparticipantscould
initiallystarttheTTtestatmaximalspeedandwithinthe
lowestamplitudelimitation(4cm).Subsequently,thetapping

speedofallindividualstendedtodecline,althoughtheywere
abletoextendthetestmaintainingtheminimumamplitude.
ItwasobservedthatTTworksasawarm-up,allowingfor
RTAimprovement.Thisallowedconsideringthesequence
RT-TT-RTasanevaluationandtrainingprocedureandthere-
foreproposingsuchasequencealongwiththeautomation
levelandtheadoptedwearabledevice,asanovelprotocol
forsportspeopletobecarriedoutandfastlyassesstheir
physicalstatusandincreasetheirfocusontheirmaintask
(e.g.,justbeforetheirsportsperformance).Potentialfuture
useofthemethodologyutilizedinthisworkmightbeinthe
pathologicalsector.Theworkcouldbeappliedinthelimb
gestureassessmentofpatientswithneurodegenerativedisor-
ders.Throughtheuseofthesensor,theeffectsonmovements
duetoagivenprogramofphysicalactivity,ordrugtreatment,
couldbeassessed.
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