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Abstract

Aims
The study aims were to evaluate the validity of two commercially available swimming activity
monitors for quantifying temporal and kinematic swimming variables.

Methods

Ten national level swimmers (5 male, 5 female; 15.3 “1.3years; 164.8 “12.9cm; 62.4 “11.1kg;
425 “66 FINA points) completed a set protocol comprising 1,500m of swimming involving all
four competitive swimming strokes. Swimmers wore the Finis Swimsense and the Garmin
Swim activity monitors throughout. The devices automatically identified stroke type, swim
distance, lap time, stroke count, stroke rate, stroke length and average speed. Video record-
ings were also obtained and used as a criterion measure to evaluate performance.

Results

A significant positive correlation was found between the monitors and video for the identifi-
cation of each of the four swim strokes (Garmin: X? (3) = 31.292, p 0.05; Finis:X? (3) =
33.004, p 0.05). No significant differences were found for swim distance measurements.
Swimming laps performed in the middle of a swimming interval showed no significant differ-
ence from the criterion (Garmin: bias -0.065, 95% confidence intervals -3.828+6.920; Finis
bias -0.02, 95% confidence intervals -3.095+3.142). However laps performed at the begin-
ning and end of an interval were not as accurately timed. Additionally, a statistical difference
was found for stroke count measurements in all but two occasions (p 0.05). These differ-
ences affect the accuracy of stroke rate, stroke length and average speed scores reported
by the monitors, as all of these are derived from lap times and stroke counts.
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Conclusions

Both monitors were found to operate with a relatively similar performance level and appear
suited for recreational use. However, issues with feature detection accuracy may be related
to individual variances in stroke technique. It is reasonable to expect that this level of error
would increase when the devices are used by recreational swimmers rather than elite swim-
mers. Further development to improve accuracy of feature detection algorithms, specifically
for lap time and stroke count, would also increase their suitability within competitive settings.

Introduction

Swimmingranksamongsthe mostpopularleisureactivitiesworldwide[1,2]. Thegeneral
healthbenefitsof regularswimmingarewell establishednd swimmingis oneof the fewsports
that canbeenjoyedduring all stage®f life [3]. Individualswho swimasarecreationahctivity
for healthandfithesscanbenefitfrom monitoring somebasicindicesof their performance.
Parametersnayincludethetime or distancecompletedjn muchthe samefashionasarecrea-
tional runner will usea stopwatchor GPSdevicelndeed researchtevidencesuggestthat bet-
ter healthoutcomescanarisewhenlevelsof physicalactivity arequantified[4].

Additional benefitsof quantifyingswimmingperformanceor healthmayincludeassisting
with goal-settingasan activity diary, asameansof monitoring trendsin performanceover
time or asamotivationaltool. In aquaticsettingssuchvariablesvould typicallybemeasured
usingmanualmethodssuchasa stopwatchHowever manualmethodsareproneto inconsis-
tenciesandinaccuracied-urthermore recreationabwimmersdo not typicallyhavethe avail-
ability of acoachor otherobservemwho canrecordthis information for them,usingvideofor
examplg5].

Wearablesensoitechnologiehavegainedpopularityin manysportingsettingsandcom-
merciallyavailableproductshavebeenvalidatedfor useacrossarangeof physicalactivities[6+
8]. With advancein MEMS-basedinematicsensingswimmerscanalsonow monitor their
own activityin their normaltraining environmentusingwearabléechnologie$9]. Several
prototypedesignhavebeendescribedandvalidatedin the swimmingliterature[10£13].
Additionally, commerciallyavailableswimmingactivity monitors havegainedprominence,
including the Finis 1 (FINISUSA, Livermore,CA, USA.)and Garmin
(Garmin Internationallnc, Olathe KS,USA.).

Thesecommercialactivity monitorsincludefeaturesuchasstrokecountingand swim
speedneasurementand canidentify the differentstrokegperformedautomatically Feedback
is providedeitherinstantlyon the wrist worn interfaceor by downloadingthe datato custom
designedvebsitegor amore detailedanalysi®ncethe swimmingsessiorhasbeencompleted.
Thesedevicesaremarketeddirectly atthe swimmerandareprimarily aimedfor recreational,
self-coachedndamateurswimmersor triathletesasopposedo eliteswimmersThesesystems
areseldomusedby swim coache$or competitiveswimmingtraining and performanceanaly-
sis[14]. Theseactivity monitors offer significantpotentialin recreationaswimmingsettings
by providing swimmerswith amethodof quantifyingandanalysingheir own training in the
pool.However to the authors'’knowledgethesedeviceshavenot yetreceivebjectivescru-
tiny to validatetheir performanceTheactivity monitors aredesignedor peoplewhotrain in
orderto achievegpersonakwimtraining goals.
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Theaim of this paperis to assesthe accuracyf the Finis andtheGarmin
activity monitorsin providing accuratdeedbaclon arangeof swimmingperformanceparam-
etersfor eachof thefour competitiveswimmingstrokes.

Methods
Participants

Tennationallevelcompetitiveswimmerswererecruitedto takepartin the study(5 male,5
female15.31.3 years164.812.9 cm;62.4 11.1 kg; 425 66 FINA points (FA&l&ation inter-
nationalede natation)). Competitiveathletesverechoseroverrecreationabwimmersn order
to ensurethatthe participantswould befully competentn performingall four competitive
swimmingstrokesin ahighly consistenmanneroverthe protocoldistanceln doing so,it was
expectedo achievahe absolutébestestimateof accuracythat could beattainedfrom the activ-
ity monitorsin arecreationaketting.The studyreceivedapproval(referencenumber13/
NOV/08) from theinstitutional ethicscommittee NUI GalwayResearclthicsCommittee
(REC),andfollowedthe termsof the Declarationof Helsinki. The protocolwasexplainedo
theswimmersandtheir parentsParentalvritten consentwasobtainedandthe participants
providedwritten informed assent.

Procedures

Datacollectiontook placein atemperaturecontrolled25m indoor swimmingpool (watertem-
perature29EC)which waswithin the normal operatingtemperaturegor both swimmonitors.
Participantaverefitted with amonitor on eachwrist, which wasallocatedatrandom.Both
devicedeaturetri-axial accelerometert® automaticallytrack the acceleratiorof the wrist asthe
swimmermoveshroughthewater.Poollengthcanbereadilyadjustecon both devicesandwas
programmedo suitthe 25m environment.Settingsvereconfiguredfor eachindividual user
(height,massagewrist used)andthe participantscompleteda self-directedvarm up of 15min-
utesdurationto preparephysicallyandto habituateto wearingthe devicesvhilst swimming.

Participantswvereinstructedto completea swimmingsessionotalling 1,500m (60laps)
comprisingeachof the four competitiveswimmingstrokescompletedn individual medley
order (i.e.butterfly, backstrokebreaststrokefrontcrawl). Butterflywasswumin 50m intervals
followedby 45srest,repeatedix times.The otherstrokeswereswumin 100m intervals,
againfollowedby 45srest,repeatedour times.Two minutesof restwasincludedwhentransi-
tioning betweerstrokesduring which swimmerswereinstructedto remainstill with their
forearmsrestingon the pool deck.In total, 15,000m of swimmingwerecompletedgenerating
600laps,or datasetsfor statisticabnalysisSwimmingspeedvasself-selecteduring all trials.

Trialsweresimultaneouslyeapturedat 50Hz usingtwo fixed underwatercameragGoPro
Hero3+)positionedto recordall eventsoccurringatthe pool wallsin orderto identify wall
contacteventsand onepanningvideocameraon the pool deckto recordthe participants
throughouteachlap (SonyHandycamHDR-XR550)Imagedrom thethreecamerasveresyn-
chronisedby interpolatingthe dataaccordingto thetime lagbetweercamerasisingablinking
light source[15]. Video footagewassubsequentlysedasthe criterion measurdo assesthe
performanceof the swimactivity monitors.

Data processing & analysis

Videofileswerestoredon aportablehard drive andanalysedvith the useof Dartfish Video
SoftwargProSuiteversion5.5;Dartfish, Fribourg, Switzerland}o allowfor criterion measures
of all variabledo bedeterminedthrough manualobservatiorof the videofootage.
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Inter-operatorandintra-operatorreliability testingwascarriedout by calculatinghe intra-
classcorrelationcoefficient(ICC) on asegmenbf the videodatafor laptime andstroke
count.ICC isusedto interprettherelationshipbetweertwo variableghatrecordthe same
measurementl6]. Thiswasanecessargtepin orderto ensurethe accuracyof the criterion
measureTheothervariablesneasuredn the studycanbederivedfrom thesevariablesothis
wasdeemedsufficientfor reliability assessmeialf the criterion measurelntra-operatorreli-
ability for laptime (ICC = 0.999)and strokecount (ICC = 0.972)werefound to beexcellent.
Inter-operatorreliability for laptime (ICC = 0.993)and strokecount (ICC = 1.000)werealso
foundto beexcellen{17]. Theseaesultsindicatethat the videofootages a valid criterion mea-
surefrom whichto comparethe performanceof the activity monitors.

Datafrom eachactivity monitor weredownloadedand exportedto Microsoft Excel(2010
version;Microsoft, USA)for collationand processingStroketype,swimdistancelaptime,
strokecount,andaveragepeedveremeasurean both activity monitors. Additionally, stroke
rateandstrokelengthwerealsorecordedfor the Finis . Thesewerenot availabldea-
turesonthe Garmin

Descriptivestatistic¥mean,standarddeviation)weredeterminedfor all variablesThe Kol-
mogorov-Smirnovestwasusedto assess the datawereparametricor non-parametric.
Strokeidentification datawerecategoricain natureandaPearson'shi-squargestwasused
to assestor agreemenbetweervalueq16].

Wilcoxon signed-rankestswereconductedo comparetherelationshipbetweemon-
parametricdata..Thestandarderror of the meanwascalculatedo determinethe standard
deviationof the samplemeans95%limits of agreementveredeterminedasthe meandiffer-
ence 1.96 timesthe standarddeviationof the differencelCC weredeterminedasameasure
of thereliability of the devicesA linear mixed modelwasusedto generatdimits of agreement
for eachsetof comparisondor the laptime and strokecountdatawhich accountfor the
(linked) replicateswithin individualsacrosgdeviceg18,19].Thesedata(laptimesandstroke
counts)arethe mostcritical andfundamentabarametersneasuredereasthesevaluesare
usedin the determinationof manyof the otherreportedparametersDataanalysesvereper-
formedusingStatisticaPackagéor the SocialSciencefor Windows(Version21,SPS3c.,
Chicago]L). A p-valueof 0.05wassetfor all statisticabnalyses.

Results

Tablel compareghe sensitivityand specificityof the stroketypeidentification function for
both activity monitors. The Garmin correctlyidentified which of the four competitive
swimmingstrokeswvasperformedfor agivenlapwith 95.4%overallsensitivityratewhilstthe
Finis wasslightlymore sensitiveat 96.4%overall.lt wasalsofound thattherewasa
significantcorrelationin stroketypeidentification betweerthe activity monitors andvideofor
eachof thefour strokegGarmin: 2 (3)=31.292p<0.05;Finis: ?(3)=33.004p<0.05). Tak-
ing eachstrokein isolation,asensitivityof 94%or greaterwasachievedn all but two cases;
namelybreaststrokevhenrecordedwith the Garmin (86.0%)andbackstrokevhenrecorded
by the Finismonitor (88.9%) Thisis alsoreflectedn the slightlylower specificityvaluesor
thesetwo strokes.

Thetotal distancerecordedby eachsensomwascomparedo the actualtotal distancecom-
pleted.Bothactivity monitors performedwith veryhigh accuracywhenmeasuringhetotal
distancecompletedor all four swimmingstrokesA cumulativetotal of 15,000m wascom-
pletedby the participants. The Garmin monitor registeredatotal of 14,925n (99.5%detection
accuracy)whichwas75m, or threelaps,short. Thesemissedapswereall for the frontcrawl
stroke.TheFinisregisterecexactlyl5,000m correctly,howevetinspectionof the results
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Table 1. Sensitivity and specificity of stroke identific ation for Finis Swimse nse and Garmin Swim. The actual stroke completed for each lap was com-
pared against the success of the sensors to correctly identify each lap. For both devices, a significant association was found with the actual stroke completed.
Sensitivity is a measure of the proportion of positives that are correctly identified, whilst specificity measures the proportion of negatives that are correctly iden-
tified. (Fly = Butterfly; Bk = Backstroke; Brs = Breaststroke; Fc = Frontcrawl; Miss = no lap registered).

Garmin Fly
Fly 94.9%
Bk 0%
Brs 0%
Fc 0%

Finis Fly
Fly 97.2%
Bk 0%
Brs 0%
Fc 0%

doi:10.137/journal.pon®170902001

Sensiti vity Speci®city

Bk Brs Fc Miss

0% 0.8% 4.2% 0% 100.0%
98.8% 0% 1.3% 0% 95.8%
13.2% 86.0% 0.7% 0% 99.8%

0% 0% 98.3% 1.7% 98.1%

Bk Brs Fc Miss

0% 0% 0.9% 1.9% 100.0%
88.9% 10.4% 0% 0.7% 99.8%
0.8% 99.2% 0% 0% 96.5%

0% 0% 100.0% 0% 99.7%

showedsmallvariationswithin strokes(-1 lap butterfly;-3 lapsbackstroker1 lap breaststroke;
+3 lapsfrontcrawl, giving an adjusteddetectionaccuracyof 98.7%).

Table2 and Table3 provideacomparisonof performanceof the activitymonitorsfor other
variablesn the study.Laptimes;strokecount;averagepeedstrokerateandstrokelength
werestatisticallysignificantlydifferentfrom the criterion measuren the majority of casesor
both activity monitors andfor all four strokes.

A comparisonof lapsperformedatthe beginningof aninterval(i.e.thefirst lap of four in a
100m swiminterval)werecomparedo thoseperformedduring the middle of anintervaland
thoseperformedat the endof aninterval. The butterfly trials wereomitted from this analysis
asbutterflywascompletedn 50m intervalsandthusdid not includeamiddle lapfor compar-
ison.Bothactivity monitorsdemonstratedisimilar patternof error in laptimes,with astatisti-
callysignificancaifferencefound for lapsperformedat the beginningandendof aninterval
but no statisticabifferencefound for thoseperformedin the middle of aninterval (Fig 1). For
exampletheaveragdront crawlmid intervallaptime was21.034.27 s.TheGarmin
average@1.532.17 s(+2.4%)andthe Finis average@0.914.48 s(-0.6%) How-
everfor lapsperformedatthe startandendof aninterval,thereportederror wasmuchlarger,
rangingfrom -13.4%0 +33.5%.

Theresultsshowedhat mid intervallaptimeswereaccuratelyecordedthe Garmin
showeda biasof -0.065salowerlimit of agreemenof -3.828sandan upperlimit of agreement
of 6.920sFor the samdaps the Finis demonstrated biasof -0.02salowerlimit of
agreemenbf -3.095sandanupperlimit of agreemenbf 3.142skFor startinglapstheresults
for Garmin showedabiasof 4.608g-4.855st 14.0704imits of agreementandfor Finis
showedabiasof 3.849-5.199s+ 12.871s)Finally,for endlaps theresultsfor Garmin showed
abiasof 1.382%-4.157s 6.920spandfor Finisshowedabiasof 0.774-5.679+7.217s).

Fig 2 highlightsthe resultsof the strokecountmeasurementsiemonstratingan overall
overestimatiorof strokecountfor both activity monitors. Takingall four strokescombined,
the Finismonitor correctlyregisteredhe strokecountto within onestrokeof the actualstroke
countin 62.2%of laps.Similarly,the Garmin monitor waswithin onestrokeof theactual
strokecountin 62.5%of laps.Lookingat eachstrokein isolation,the trend towardsoveresti-
mation of strokecountwasobservedn all strokesexceptutterfly,which showedatendency
towardsunderestimatiorfor both activity monitors. Theresultsfor strokecountwerestatisti-
callysignificantlydifferentfrom the criterion measuren all but two instancesin backstroke
for the Finismonitor andin frontcrawl!for the Garmin monitor.
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Fig 1. Comparison of overall frequency of error in the measurem ent of lap times for both Finis Swimsense and Garmin

Swim.

doi:10.131/journal.pon6170902.g001

Thehighestievelof accuracyor the Garmin monitor wasfound for frontcrawl,with the
strokecountwithin onestrokeof the actualstrokecountin 75.6%of laps.With the Finismon-
itor, the highestevelof accuracywasfound in the backstrokg73.4%1 of actual).Breast-
strokedemonstratedhe loweststrokecountaccuracyor both devicegFinis40.6%1 of
actual;Garmin50.0%21 of actual).Forthe Garmin monitor, thelong axisstrokesgperformed
betterthanthe shortaxisstrokesput this wasnot observedn the Finis monitor.

Discussion

Theaim of this studywasto assesthe accuracyf the Finis andthe Garmin
activitymonitorsandto assesthe validity of usingthesedevicesn recreationakettingslt is
well establishedhat the patternof handmovementduring swimmingshowsconsiderablear-
iancesowingto variousfactorsincluding anthropometricsskill levelandfatigue[20+22].
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Fig 2. Comparis on of overall frequency of error in the measureme nt of stroke count for both Finis
Swimsen se and Garmin Swim. The results indicate a significant overestimation of stroke count for both
devices for all strokes except butterfly.

doi:10.131/journal.pon8170902.g002

With recreationabwimmerstherecanbeaverywidevariationin skill levelandfatigue with
consequenhigh levelsof variationin swim performancen this groupof swimmersCon-
verselycompetitiveathleteslisplaymore consistenpatternsof movement23] andthusthese
athletesvereusedfor our testingin orderto minimize variationin swimmingperformance.
Thustheresultsobtainedin this studywould represenexpectedestcasdindingsfor these
devicesandit would bereasonabléo expecthattherewould beasignificantdeteriorationin
the activity monitors' performancavhenusedby recreationabwimmers.

Whenassessinthe performanceof theseactivity monitorsit isimportantto considercare-
fully whatcanberegardedasanacceptablperformancdevelfor differentcategorie®f users.
Whilst somefindingsin the presenistudysuggesthat someparametersverestatisticallysig-
nificantly differentfrom the criterion measureshesedifferencesin asportingcontext,may
or maynot beatascalgo beof concernto the intendedusersof theseactivity monitors[24].
A tableof proposedsystenrequirementdor swimmingactivity monitorswhenusedby either
recreationabr competitiveswimmersis presentedn Table4, showingthatthesewo groups
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Table 4. The system requirem ents of recreational and compet itive swimmer s will differ and have an
impact on the level of accuracy required of the swimming monitors.

System Recreation al Swimmer
Parameter
Lap time Accuracy required to within “2 seconds to

monitor trends over time. A variance of 2
seconds over a lap time of 30 seconds
equatesto a 6.7% error.

Accuracy within “2 strokes suf®cientto
monitor trends over time

Stroke count

Swim distance | Key determinant of training progression,
accuracy required to within “5% of actual
(i.e. no more than 2 missed/additional laps
included per 1,000 m completed ina 25 m

pool)

Swim speed | Not applicable to user, lap times provide a

suf®cientmetric

Stroke rate | Not applicable to user, stroke counts

provide a suf®cientmetric

Stroke length | Accuracy within “0.2 m suf®cientand

related to accuracy of stroke count measure

Stroke
identi®cdion

100% accuracy required as errors will be
very apparent

doi:10.131/journal.pon8170902.t004

Competi tive Swimmer

Accuracy required to within “0.3 seconds in
order to be comparable with a stopwatch
(current standard)

Accuracy required to lesson more than “1
stroke per lap

Not applicable to user, training distances
pre-prescribed and monitored by coach

Accuracy within “0.01 m/s required to relate
to required lap time accuracy and also to
compare with other reported methods. More
concerned with instantaneous speed or
speed during different race segments

Accuracy within “56% adequate (i.e. “2 str/
min).More concerned with instantaneous
stroke rate or stroke rate during different
race segments

Accuracy close to 100% required (i.e. errors
of no more than 0.1 m) and related to stroke
rate measure. More concerned with stroke
length during different race segments

100% accuracy required as errors will be
very apparent

will haveverydifferentrequirementdor the accuracyf feedbacknformation providedto

themon their swimmingperformance.

For exampleacompetitiveswimmeror coachmayrequirealaptime measurdo beprecise
to within threetenthsof asecondn atraining environment.This levelof performancewvould
effectivelybridgethe gapbetweerthe performancecapabilitieof astopwatchandthoseof a
video-basednalysisystemThe Garmin deviceregisteredhe lap time to within 0.3seconds
on 18%of lapsrecorded TheFinis alsoshoweda similar performancdevel(15%).The same
couldnot besaidfor arecreationahthlete whowould requireamuchlessstringentlevelof
laptime accuracyBasedn our experiencavorking with both eliteandrecreationakwim-
mers,laptime valuesof within oneto two second®f the actualtime for agivenlapwould be
appropriatefor arecreationabwimmerin orderfor themto gaugeheir performancdeveland
to monitor grossmprovementsn performanceoveran extendedoeriod of time. In the pres-
entstudy,both devicesegisteredhe laptime within two second®f the actuallaptime on

67%o0f occasions.

Moreoverwhenmeasuringstrokecount, recreationabwimmersarelikely to bemore
interestedn monitoring thetrendsoveraperiod of time, asopposedo monitoring the exact
strokecountfor eachlap,in orderto assesH training goalsarebeingachievedndif swim-
ming efficiencyhasimproved.lt wasfound that both devicesegisteredhe strokecountto
within oneof the actualstrokecounton over62%of lapsrecordedIn this context,boththe

Finis andthe Garmin

activity monitorswould appeatto providerecreational

swimmersandtriathleteswho without thesetypesof deviceswould not haveawayof keeping
arecordof their training and progressionConverselyacompetitiveswimmerwill already

PLOS ONE | DOI:10.1371/journal.pone.0170902 February 8, 2017
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havedeveloped consistenstrokecountpatternthrough extensiveraining. Theseswimmers
will havegreaterawarenessf their strokecountfor givenlapsand maydeliberatelynake
minor adjustmentgo their strokecountduring training setsjn orderto practicespecificrac-
ing strategiesor their differenteventsfor exampleAs such the strokecountaccuracywould
needto beveryhigh for competitiveswimmers.

Theability of suchactivity monitorsto correctlyidentify the swimmingstrokeusedin a
givenlapis afundamentaberformancecharacteristidor monitoring both recreationabnd
competitiveactivities Notwithstandingthe factthat the frontcrawl strokemayreasonablye
assumedo bethe mostprevalentstrokein the majority of training settingsall four strokes
maybeusedinterchangeablyuring training, evenfor elite swimmerswith specificstrokespe-
cializations Theresultsof the presentstudydemonstratehat the Finis performed
slightlybetterthanthe Garmin ,  but both sensorseportedveryhigh overallsensitivity
andspecificityfor strokeidentification (Tablel), whichis comparablevith previousresearch
[10,25,26].

Closerinspectionof theresultsin the presentstudysuggestthat whereerrorsdid occur
theseerrorsappeato beattributableto individual swimmersFor examplethe Finis monitor
registeredan entire backstrokesetfor oneswimmerasbreaststrokewhilst the Garmin moni-
tor incorrectlyrecordedbreaststrokasbackstrokeon 14 of the 16lapsfor anotherswimmer.
However asbackstrokds performedin asupineposition,in contrastto other strokesijt
shouldbepossibldo correctlyidentify whenthis is beingperformed.It is conceivabléhatthe
misidentificationissuecould belinked to clockwiseand counter-clockwisenovementsabout
the shoulderjoint. Backstrokearm pull is oppositein directionto frontcrawland butterfly,
whilst breaststrokeswimminghasamore backwardandforward movementof the wrist.
Another possibleexplanationis that activity during restperiods suchasslightarm movements
whenstandingat the pool wall, mayleadto errorsin the algorithmfor stroketype
identification.

Thislargelevelof misidentificationcouldbedueto individual variancesn stroketech-
nigue.lt isreasonabléo expecthatthis levelof misidentificationwould increasevhenthe
devicesareusedby recreationabwimmersratherthanelite swimmers.

Bothactivity monitors measuredwimdistancewith excellenticcuracyacrossll strokes.
The swimdistances derivedin both devicesy multiplying the numberof lapscompletedby
thelengthof the pool. Therefore swimdistances afunction of the accuracyof thelap counter
algorithm,whichrelieson accuratedetectionof wall contacteventsThreetypesof wall contact
eventanbedetectedthoseat the startand end of aswimmingintervalandthoseafterturns.
Datafrom awrist worn accelerometecanbeusedto determinetheseeventsasalargeimpact
acceleratiopeakwill signifythatawall strike hasoccurred[27]. From apracticalpoint of
view,accuratelyecordingthe distancecompletedduring atraining activity is afundamental
function for recreationabwimmersin fact,this function maybeusedalongwith thetotal
time spentswimmingby someusersasthe primary determinantof whethertheir training
goalshavebeenachieved.

Theability to recordlaptimesduring swimmingallowsfor the intensityof effortto be
monitored closelyduring training andto assesprogressionStatisticallysignificantdifferences
in laptime measurementwerefound for all of the four swimmingstrokesfor both the Finis
andthe Garmin monitors, with the devicesverestimatinghetime to completdaps(Table2).
Ultimately, statisticallysignificantdifferencesn laptimesmaynot beveryrelevanto arecrea-
tional swimmer,who maybesatisfiedwvith acloseapproximation.A two seconcerror overa
typicallaptime of 25secondsvould representin error of 8%.Both activity monitorswere
found to performwithin thesdimits for frontcrawl swimming.However this wasnot found
to bethe casdor the otherthreestrokesTheaveragerror in frontcrawllaptime was0.58s
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and 1.09or the Finisand Garmin monitors, respectivelypveranaveragdaptime of 21.24s
(i.e.7.7%and8.4%error). The maximumlaptime error wasfound for the butterfly stroke
(20.6%)Additionally alargerangeof errorswasfound for all strokes.

By examininglapsatthe start,middle andendof intervals,it wasfound that statisticallysig-
nificant errors,found for the Finisand Garmin monitors could beattributedto the an overesti-
mationin thetime takento completethefirst andlastlapsin agiveninterval,whilstthe
middle lapswerefound to accuratelyeflectthe actuallaptime (Fig 2). Thisfinding is consis-
tentwith previousresearch10].

Thereareseverafactorswhich mayhelpto explainthe errorsfound in thelaptimes,which
averageaverthreesecondsn somecasegTable2). A strongpush-offandfinish arerequired
to detecttheseeventsn orderto maximisethe accelerometeamplitudeatimpact[27]. Move-
mentthat occursprior to wall pushoff mayhavecausedhe sensoto beginrecordinganew
lapbeforeit hadactuallybegun.Forexampleaswimmermaypositionthemselvesnderwater
with their feetagainsthe wall beforeinitiating hip andkneeextensionresultingin anoveres-
timatedlaptime. A similar scenarianayalsooccurduring restintervals Another legitimate
concernis thatthesessueandresultanterrorswould befurther exacerbatedhenthe activity
monitors areusedby recreationabwimmersFinis' documentatioorecommendghatthe
swimmershouldremainstaticduring restintervalsandthatrestshouldbeatleasthreeto five
secondsn durationto avoidthe algorithmfrom registeringaturn [28]. This raisesanissueof
practicalityif the swimmerdrinks from abottle or adjuststheir gogglesluring thistime, for
exampleThe Garmin monitor requiresthe userto manuallypauseandrestartthetimer to
recordintervals.Thismayresultin aninevitableoverestimatiorof first andlastlaps.TheFinis
monitor featuresautomaticintervaldetection but this wasnot found to leadto improved
accuracybut clearlyis more convenientfor the swimmer.

It shouldbenotedthatif thetestprotocolhadincludedlongerintervalsthenagreaterpro-
portion of the lapsperformedwould havebeenmid swimminglaps,whichwerefoundto be
accuratelyegisteredy both activity monitors. This would havereducedhe impactof the
startingandendinglapson the overallstatisticaresults For examplejn a100minterval swim,
half of the lapsperformedaremid swimlaps.However,in a400minterval,thesdapswould
comprise87.5%of thetotal lapsperformed.For recreationabwimmerswho choseo swimin
acontinuousmanner,without taking frequentrestintervals this would greatlyimprovethe
performanceof the activity monitors during their swim. Swimmingstrokescanbeidentified
from anaccelerometeoutput asregularlyoccurringpeaksn the signalsignaturewith local
maximaand minima trackedand counted[10,13].Theactivity monitorstestedn the present
studywerefound to perform quite similarly for the strokecountmeasurdgFig 2). Both moni-
torsshowedsignificantdifferencegrom thecriterion in strokecounton all but two occasions.
TheFiniswasfoundto besignificantlyrelatedto the criterion measureluring backstroke
only, whilstthe Garmin monitor wassignificantlyrelatedfor frontcrawlonly. Outliers
increasedhe spreadf strokecounterrorsconsiderablffor both activitymonitors. Addition-
ally, both activitymonitors tendedtowardsoverestimatiorof the strokecountin all strokes
exceptutterfly. Themaximumreportederror wasfound to be-7 strokesfor the Finisand+7
strokedfor the Garmin. That said,both monitorsreportedthe strokecountto within oneof
the actualstrokecounton over62%of instances.

Previousstudieshavedeterminedstrokecountfrom eitherthe back,wrist or head[9]. The
tendencytowardsoverestimationof the strokecountmaybeexplainedoy ananalysiof the
actionof thearm on whichthe sensoiis placedlt is standardpracticeto only recordfull stroke
cyclesvhendeterminingstrokecount.In frontcrawland backstrokeswimming,this means
thatboth theleftandright armsmustcompletea strokefor acycleto becounted.Thealgo-
rithms usedby thesedevicesecordthe movementof only onearm howeverand multiply
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this by two to arriveat the strokecount[29]. Thereforethe activitymonitors mayreportan
incorrectstrokecountdependingon which armis usedfor thefirst andlaststrokesof agiven
lap.

Thiswould not explainthe resultsfor the short-axisstrokeshowever One possibilityfor
the overestimatiorin breaststrokeatrokecountis thatthe arm actionduring the push-offand
glidephasewereerroneouslycountedasstrokecyclesVariationsmayalsobedueto actionof
thearmsbeforeandafteraturn. It haspreviouslybeensuggestethatthefirst andfinal strokes
of agivenlengthcanbedifficult to recordandaremore proneto error thanstrokesperformed
mid-pool [27]. In butterfly,aswimmerwill aim to finish thefinal strokewith their armsatfull
extensiorandascloseto thewall aspossibleThis actionmayinterferewith the strokecount
algorithmasthe signalmaybedistortedwith the accelerationproducedby the turning action
of the swimmer.Againlike otherparametersywewould expecthat theseerrorswould be
greatewhenthe devicesareusedby recreationabwimmers.

Someof theissuesvith accuracymayarisefrom the wrist worn positionof thesedevices.
Consistentoordinationbetweereft andright armsor upperandlowerlimb actionscannot
beguaranteedSeverastudieshaveobjectivelydemonstratedhat variationsin inter-arm coor-
dination existin swimmingowingto variousfactorsincluding swimmingspeed22,30];arm
dominance[31]; physicaldisability[32]; energycost[33]; exercisentensity[34] and skill level
[30]. Furthermore asimilar varianceexistshetweerthe coordinationand synchronisatiorof
thearmsandlegsfor all swimmingstrokeq23,35].All of thesefactorshaveimplicationsfor
the accuracyof featuredetectionalgorithmswhenusingwrist mounteddevices.

In the presentstudythe averagepeedveragivenlengthof the poolwasdeterminedby
both the Garmin andFinis monitors by dividing the pool length(25m) by thetime takento
completeeachlap.Consequentlyt is unlikely that this parametemwould beof interestto arec-
reationaluserasthe lap time datawould providea sufficientmetric. Ultimately,asaconse-
quenceof both activitymonitors'inaccuracies recordinglaptimes;theresultsfor speedare
alsosignificantlydifferent(Table2). This approachhasbeenevaluategreviouslyandfound
to overestimatespeed27]. An explanatiorfor this liesin the effectof increasedpeedollow-
ing thewall-pushoff whenmeasureverthefull poollength.It is morecommonin coaching
practicefor swimmingspeedo bemeasureavershorterdistanceso removethe influenceof
increasedspeediuring wall push-off. This approachhasbeenfound to producemeasuresf
averagepeedvithin 3.5%z4.0%0f the criterion valueausinginertial sensobasedsystems
[12,36].In the presentstudythe meanabsolutgercentagerror wasfound to behigherthan
this,rangingfrom 7.3%to 16.4%This canbeexplainedy theissueswith the methodof deter-
mining speedandalsoby theinfluenceof poorly timed startingand endinglapsin agiven
interval. Againlike other parameterswewould expecthat theseerrorswould begreatenwhen
thedevicesareusedby recreationabwimmers.

Strokerateis the numberof strokesaswimmertakesper minute. A typicalstrokeratedur-
ing frontcrawl swimmingwould be betweer85+50strokesper minute. In comparisorto the
criterion measureit wasfound thatthe Finis significantlyunderestimatedtroke
ratesfor all four strokeqTable3). Theaveragealifferencesangedfrom -2.5strokesper minute
(breaststrokejo -9.9strokesper minute (butterfly), resultingin amaximumexpecteckrror of
9.0%and20.8%error, respectively.

Although specificdetailsof the Finisalgorithmareunclear,onepossibilityis that stroke
rateis derivedfrom the strokecountmeasurementsisingthetime takento completeall
strokedor agivenlap.If thisisthe casestrokeratecanfluctuateduring alap sois highly
dependenbn whenandhowit is measuredin the presentstudy,strokerateswerecalculated
from the videodatausingthe standardmethodof measuringhetime takento completethree
mid-pool strokecycled37]. This differencemaygo somewaytowardsexplainingthe
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underestimatedtrokeratesregisteredy the Finis . Secondlytheaccuracyof stroke
ratedeterminationdepend®n the accuracyof the strokecountalgorithm,which wasfound to
beerror prone.Additionally, smalldiscrepancies strokecountcanleadto largechangesn
derivedstrokerate.For exampleijf alap of frontcrawlis completedn 21secondandthe
swimmercompletedhine strokedn this lapthenthe strokeratewould becalculatedas25.7
strokegper minute. However jf the strokecountwasoverestimatedby just onestroketo ten,
thenthe strokeratewould beincreasedo 28.6strokegper minute.

Garmin'sdocumentationsuggestthat strokerateis abuilt-in function of the devicebut the
dataprovidedwerethe averagetrokesper minute for the entire swimmingsessiorf38]. This
information maybeof benefitif swimmingthe samestrokethroughoutthe entire sessiorbut
not if changingstrokedrequentlyandsois of little valuein competitivesettings.

TheFinisactivitymonitor determinesstrokelengthby dividing the lengthof the pool by
the strokecountcompletedoy the swimmerin onelap.Howeverthis methodwill overestimate
theactualstrokelengthfor the swimmerdueto theinfluenceof the wall pushoff andglideand
hasbeenrecognisedsan unsuitablemethodologyfor sometime [39,40].To illustrate,if ten
strokeswerecompletedn agiven25mlap,thenthe strokelengthwould becalculatechs2.5m
usingthe Finisalgorithm.However it is typicalthat the swimmerwould havepushedoff from
thewallandglidedfor severametersheforeinitiating arm movementsAs aresultthoseten
strokeswould actuallypecompletedoverashorterdistancelf, for examplethe swimmer
glidedfor five metersthenthe actualstrokelengthwould be 2.0meters This hasshownto be
the caseasthe Finisresultrevealed statisticadifferencewith actualstrokelength.

A moretypicalmethodof calculatingstrokelength(SL)is to usingtheformula SL= V/(SR/
60);thusrelatingit to the speedV) andstrokerate(SR)measure§?7,41].Howeverevenhad
adirectcomparisorbeenmadeto calculatghe strokelengthfrom videofootageusingthe
Finismethod,poor accuracywould still haveoccurredasthe strokecountresultsfor Finis
werein themselvesignificantlydifferent.

Conclusions
Thisisthefirst studyto assesthe accuracyf two commerciallyavailableswimmingactivity
monitors;the Finis andGarmin . Bothmonitorswerefound to operatewith a

relativelysimilar performancdevel However aspreviouslynoted,with recreationabwimmers
therecanbeaverywidevariationin skill levelandfatigue with consequenhigh levelsof vari-
ationin swimperformancen this groupof swimmersConverselycompetitiveathletesdis-
playmore consistenpatternsof movemenf23] andthustheresultsobtainedin this study
would represenexpectedestcasdindingsfor thesedevicesaaindit would bereasonabléo
expecthattherewould beasignificantdeteriorationin the activity monitors' performance
whenusedby recreationabwimmers.

Strokeidentificationand swimmingdistanceneredeterminedwith high accuracyThis
feedbaclkaloneis likely to besuitablefor the majority of recreationabwimmersseekinghealth
benefitfrom swimming.For arecreationaliser,high precisionin laptime measurementis
not necessanyt is alsoimportant to notethatissuesvith laptime measuresrespecificto laps
performedatthe beginningand endof aswimmingintervalandthatlaptimesperformedin
themiddle of aninterval(i.e.during alap thatinvolvestwo turns) weremeasuredhccurately
by both devicesMoreover issueselatedto the accuracyof thelaptime function areskewed
dueto the shortintervalsperformedin this study.Improvedoverallaccuracyn laptime mea-
surementsanbeexpectedor longerdistanceswimmingintervals.

Theseactivitymonitors aredesignedo beusedby swimmerswvho do not haveanymeans
of recordingthis information or for monitoring trendsin performanceovertime.
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Consequentliyvhilstthis studyhasrevealedtatisticaissueselatedto their performance,
both deviceoffertherecreationaliseranewwayof comprehensivelynonitoring their physi-
calactivitywhilst swimming.Futureresearcltouldaim to evaluatehe performanceof these
devicewith this specificcohortof swimmersjo assesBow increasedariabilityin stroke
mechanicsvould affectthe results Ongoingdevelopmentdy the manufacturerof both of
thesemonitorsarelikely to addresshesessuesin whatis arapidly expandingareaof both
researctandcommercialexploration.Rigoroustestingis alsonecessario ensurethat the
deviceofferavalid andreliablemeansof monitoring swimmingperformanceSuchimprove-
mentswould alsoincreaseheir applicabilityfor competitiveswimmingenvironments.
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