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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: X2 (3) = 31.292, p��0.05; Finis:X2 (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
Swimmingranksamongstthemostpopularleisureactivitiesworldwide[1,2].Thegeneral
healthbenefitsof regularswimmingarewellestablishedandswimmingisoneof thefewsports
thatcanbeenjoyedduring all stagesof life [3]. Individualswhoswimasarecreationalactivity
for healthandfitnesscanbenefitfrom monitoring somebasicindicesof their performance.
Parametersmayincludethetime or distancecompleted;in muchthesamefashionasarecrea-
tional runner will useastopwatchor GPSdevice.Indeed,researchevidencesuggeststhatbet-
ter healthoutcomescanarisewhenlevelsof physicalactivityarequantified[4].

Additional benefitsof quantifyingswimmingperformancefor healthmayincludeassisting
with goal-setting,asanactivitydiary,asameansof monitoring trendsin performanceover
time or asamotivationaltool. In aquaticsettingssuchvariableswould typicallybemeasured
usingmanualmethodssuchasastopwatch.However,manualmethodsareproneto inconsis-
tenciesandinaccuracies.Furthermore,recreationalswimmersdo not typicallyhavetheavail-
ability of acoachor otherobserverwhocanrecordthis information for them,usingvideofor
example[5].

Wearablesensortechnologieshavegainedpopularityin manysportingsettingsandcom-
merciallyavailableproductshavebeenvalidatedfor useacrossarangeof physicalactivities[6±
8]. With advancesin MEMS-basedkinematicsensing,swimmerscanalsonowmonitor their
ownactivityin their normal training environmentusingwearabletechnologies[9]. Several
prototypedesignshavebeendescribedandvalidatedin theswimmingliterature[10±13].
Additionally,commerciallyavailableswimmingactivitymonitorshavegainedprominence,
including theFinis��������� 1 (FINISUSA,Livermore,CA,USA.)andGarmin ���� �	

(Garmin InternationalInc, Olathe,KS,USA.).
Thesecommercialactivitymonitorsincludefeaturessuchasstrokecountingandswim

speedmeasurementsandcanidentify thedifferentstrokesperformedautomatically.Feedback
isprovidedeitherinstantlyon thewrist worn interfaceor bydownloadingthedatato custom
designedwebsitesfor amoredetailedanalysisoncetheswimmingsessionhasbeencompleted.
Thesedevicesaremarketeddirectlyat theswimmerandareprimarily aimedfor recreational,
self-coachedandamateurswimmersor triathletesasopposedto eliteswimmers.Thesesystems
areseldomusedbyswimcoachesfor competitiveswimmingtraining andperformanceanaly-
sis[14]. Theseactivitymonitorsoffersignificantpotentialin recreationalswimmingsettings
byprovidingswimmerswith amethodof quantifyingandanalysingtheir own training in the
pool.However,to theauthors'knowledge,thesedeviceshavenot yetreceivedobjectivescru-
tiny to validatetheir performance.Theactivitymonitorsaredesignedfor peoplewhotrain in
orderto achievepersonalswimtraining goals.

Evaluation of activity monitors for swimming performance analysis
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Theaimof thispaperis to assesstheaccuracyof theFinis��������� andtheGarmin ����
activitymonitorsin providingaccuratefeedbackon arangeof swimmingperformanceparam-
etersfor eachof thefour competitiveswimmingstrokes.

Methods

Participants
Tennationallevelcompetitiveswimmerswererecruitedto takepart in thestudy(5 male,5
female;15.3�1.3 years;164.8�12.9 cm;62.4�11.1 kg;425�66 FINA points(FeÂdeÂration inter-
nationaledenatation)).Competitiveathleteswerechosenoverrecreationalswimmersin order
to ensurethat theparticipantswouldbefully competentin performingall four competitive
swimmingstrokesin ahighlyconsistentmannerovertheprotocoldistance.In doingso,it was
expectedto achievetheabsolutebestestimateof accuracythatcouldbeattainedfrom theactiv-
ity monitorsin arecreationalsetting.Thestudyreceivedapproval(referencenumber13/
NOV/08) from theinstitutionalethicscommittee,NUI GalwayResearchEthicsCommittee
(REC),andfollowedthetermsof theDeclarationof Helsinki.Theprotocolwasexplainedto
theswimmersandtheir parents.Parentalwritten consentwasobtainedandtheparticipants
providedwritten informedassent.

Procedures
Datacollectiontookplacein atemperaturecontrolled25m indoor swimmingpool (watertem-
perature29ÊC),whichwaswithin thenormaloperatingtemperaturefor bothswimmonitors.
Participantswerefitted with amonitor on eachwrist,whichwasallocatedat random.Both
devicesfeaturetri-axial accelerometersto automaticallytracktheaccelerationof thewrist asthe
swimmermovesthroughthewater.Poollengthcanbereadilyadjustedon bothdevicesandwas
programmedto suit the25m environment.Settingswereconfiguredfor eachindividual user
(height,mass,age,wrist used)andtheparticipantscompletedaself-directedwarmup of 15min-
utesdurationto preparephysicallyandto habituateto wearingthedeviceswhilstswimming.

Participantswereinstructedto completeaswimmingsessiontotalling1,500m (60laps)
comprisingeachof thefour competitiveswimmingstrokes,completedin individual medley
order(i.e.butterfly,backstroke,breaststroke,frontcrawl).Butterflywasswumin 50m intervals
followedby45srest,repeatedsixtimes.Theotherstrokeswereswumin 100m intervals,
againfollowedby45srest,repeatedfour times.Twominutesof restwasincludedwhentransi-
tioning betweenstrokes,during whichswimmerswereinstructedto remainstill with their
forearmsrestingon thepooldeck.In total,15,000m of swimmingwerecompleted,generating
600laps,or datasets,for statisticalanalysis.Swimmingspeedwasself-selectedduring all trials.

Trialsweresimultaneouslycapturedat50Hz usingtwo fixedunderwatercameras(GoPro
Hero3+)positionedto recordall eventsoccurringat thepoolwallsin orderto identify wall
contacteventsandonepanningvideocameraon thepooldeckto recordtheparticipants
throughouteachlap(SonyHandycamHDR-XR550).Imagesfrom thethreecamerasweresyn-
chronisedby interpolatingthedataaccordingto thetime lagbetweencamerasusingablinking
light source[15]. Videofootagewassubsequentlyusedasthecriterion measureto assessthe
performanceof theswimactivitymonitors.

Data processing & analysis
Videofileswerestoredon aportableharddriveandanalysedwith theuseof DartfishVideo
Software(ProSuiteversion5.5;Dartfish,Fribourg,Switzerland)to allowfor criterion measures
of all variablesto bedeterminedthroughmanualobservationof thevideofootage.

Evaluation of activity monitors for swimming performance analysis
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Inter-operatorandintra-operatorreliability testingwascarriedout bycalculatingtheintra-
classcorrelationcoefficient(ICC) on asegmentof thevideodatafor laptime andstroke
count.ICC isusedto interpret therelationshipbetweentwo variablesthat recordthesame
measurement[16]. Thiswasanecessarystepin orderto ensuretheaccuracyof thecriterion
measure.Theothervariablesmeasuredin thestudycanbederivedfrom thesevariablessothis
wasdeemedsufficientfor reliability assessmentof thecriterion measure.Intra-operatorreli-
ability for laptime (ICC = 0.999)andstrokecount(ICC = 0.972)werefound to beexcellent.
Inter-operatorreliability for laptime (ICC = 0.993)andstrokecount(ICC = 1.000)werealso
found to beexcellent[17]. Theseresultsindicatethat thevideofootageisavalidcriterion mea-
surefrom whichto comparetheperformanceof theactivitymonitors.

Datafrom eachactivitymonitor weredownloadedandexportedto MicrosoftExcel(2010
version;Microsoft,USA)for collationandprocessing.Stroketype,swimdistance,laptime,
strokecount,andaveragespeedweremeasuredon bothactivitymonitors.Additionally,stroke
rateandstrokelengthwerealsorecordedfor theFinis���������. Thesewerenot availablefea-
tureson theGarmin ����.

Descriptivestatistics(mean,standarddeviation)weredeterminedfor all variables.TheKol-
mogorov-Smirnovtestwasusedto assessif thedatawereparametricor non-parametric.
Strokeidentificationdatawerecategoricalin natureandaPearson'schi-squaretestwasused
to assessfor agreementbetweenvalues[16].

Wilcoxonsigned-ranktestswereconductedto comparetherelationshipbetweennon-
parametricdata..Thestandarderror of themeanwascalculatedto determinethestandard
deviationof thesamplemeans.95%limits of agreementweredeterminedasthemeandiffer-
ence�1.96 timesthestandarddeviationof thedifference.ICC weredeterminedasameasure
of thereliability of thedevices.A linearmixedmodelwasusedto generatelimits of agreement
for eachsetof comparisonsfor thelaptime andstrokecountdatawhichaccountfor the
(linked) replicateswithin individualsacrossdevices[18,19].Thesedata(laptimesandstroke
counts)arethemostcritical andfundamentalparametersmeasuredhereasthesevaluesare
usedin thedeterminationof manyof theotherreportedparameters.Dataanalyseswereper-
formedusingStatisticalPackagefor theSocialSciencesfor Windows(Version21,SPSSInc.,
Chicago,IL). A p-valueof 0.05wassetfor all statisticalanalyses.

Results
Table1 comparesthesensitivityandspecificityof thestroketypeidentificationfunction for
bothactivitymonitors.TheGarmin ���� correctlyidentifiedwhichof thefour competitive
swimmingstrokeswasperformedfor agivenlapwith 95.4%overallsensitivityratewhilst the
Finis��������� wasslightlymoresensitiveat96.4%overall.It wasalsofound that therewasa
significantcorrelationin stroketypeidentificationbetweentheactivitymonitorsandvideofor
eachof thefour strokes(Garmin:
 2 (3) = 31.292,p<0.05;Finis:
 2 (3) = 33.004,p<0.05).Tak-
ing eachstrokein isolation,asensitivityof 94%or greaterwasachievedin all but two cases;
namelybreaststrokewhenrecordedwith theGarmin(86.0%)andbackstrokewhenrecorded
by theFinismonitor (88.9%).This isalsoreflectedin theslightlylowerspecificityvaluesfor
thesetwo strokes.

Thetotaldistancerecordedbyeachsensorwascomparedto theactualtotaldistancecom-
pleted.Bothactivitymonitorsperformedwith veryhighaccuracywhenmeasuringthetotal
distancecompletedfor all four swimmingstrokes.A cumulativetotalof 15,000m wascom-
pletedby theparticipants.TheGarminmonitor registeredatotalof 14,925m (99.5%detection
accuracy),whichwas75m, or threelaps,short.Thesemissedlapswereall for thefrontcrawl
stroke.TheFinisregisteredexactly15,000m correctly,howeverinspectionof theresults

Evaluation of activity monitors for swimming performance analysis
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showedsmallvariationswithin strokes(-1 lapbutterfly;-3 lapsbackstroke+1 lapbreaststroke;
+3 lapsfrontcrawl,givinganadjusteddetectionaccuracyof 98.7%).

Table2 andTable3provideacomparisonof performanceof theactivitymonitorsfor other
variablesin thestudy.Laptimes;strokecount;averagespeed,strokerateandstrokelength
werestatisticallysignificantlydifferentfrom thecriterion measurein themajority of casesfor
bothactivitymonitorsandfor all four strokes.

A comparisonof lapsperformedat thebeginningof aninterval(i.e.thefirst lapof four in a
100m swiminterval)werecomparedto thoseperformedduring themiddleof anintervaland
thoseperformedat theendof aninterval.Thebutterfly trialswereomittedfrom thisanalysis
asbutterflywascompletedin 50m intervalsandthusdid not includeamiddle lapfor compar-
ison.Bothactivitymonitorsdemonstratedasimilarpatternof error in laptimes,with astatisti-
callysignificancedifferencefound for lapsperformedat thebeginningandendof aninterval
but no statisticaldifferencefound for thoseperformedin themiddleof aninterval(Fig1).For
example,theaveragefront crawlmid intervallaptime was21.03�4.27 s.TheGarmin ����
averaged21.53�2.17 s(+2.4%)andtheFinis��������� averaged20.91�4.48 s(-0.6%).How-
everfor lapsperformedat thestartandendof aninterval,thereportederror wasmuchlarger,
rangingfrom -13.4%to +33.5%.

Theresultsshowedthatmid intervallaptimeswereaccuratelyrecorded,theGarmin ����
showedabiasof -0.065s,alowerlimit of agreementof -3.828sandanupperlimit of agreement
of 6.920s.For thesamelaps,theFinis��������� demonstratedabiasof -0.02s,alowerlimit of
agreementof -3.095sandanupperlimit of agreementof 3.142s.Forstartinglaps,theresults
for Garminshowedabiasof 4.608s(-4.855s± 14.070slimits of agreement)andfor Finis
showedabiasof 3.84s(-5.199s± 12.871s).Finally,for endlaps,theresultsfor Garminshowed
abiasof 1.382s(-4.157s± 6.920s)andfor Finisshowedabiasof 0.77s(-5.679±7.217s).

Fig2highlightstheresultsof thestrokecountmeasurements,demonstratinganoverall
overestimationof strokecountfor bothactivitymonitors.Takingall four strokescombined,
theFinismonitor correctlyregisteredthestrokecountto within onestrokeof theactualstroke
countin 62.2%of laps.Similarly,theGarminmonitor waswithin onestrokeof theactual
strokecountin 62.5%of laps.Lookingateachstrokein isolation,thetrend towardsoveresti-
mationof strokecountwasobservedin all strokesexceptbutterfly,whichshowedatendency
towardsunderestimationfor bothactivitymonitors.Theresultsfor strokecountwerestatisti-
callysignificantlydifferentfrom thecriterion measurein all but two instances;in backstroke
for theFinismonitor andin frontcrawlfor theGarminmonitor.

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).

Sensiti vity Speci®city

Garmin Fly Bk Brs Fc Miss

Fly 94.9% 0% 0.8% 4.2% 0% 100.0%

Bk 0% 98.8% 0% 1.3% 0% 95.8%

Brs 0% 13.2% 86.0% 0.7% 0% 99.8%

Fc 0% 0% 0% 98.3% 1.7% 98.1%

Finis Fly Bk Brs Fc Miss

Fly 97.2% 0% 0% 0.9% 1.9% 100.0%

Bk 0% 88.9% 10.4% 0% 0.7% 99.8%

Brs 0% 0.8% 99.2% 0% 0% 96.5%

Fc 0% 0% 0% 100.0% 0% 99.7%

doi:10.1371/journal.pone.0170902.t001
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Thehighestlevelof accuracyfor theGarminmonitor wasfound for frontcrawl,with the
strokecountwithin onestrokeof theactualstrokecountin 75.6%of laps.With theFinismon-
itor, thehighestlevelof accuracywasfound in thebackstroke(73.4%�1 of actual).Breast-
strokedemonstratedtheloweststrokecountaccuracyfor bothdevices(Finis40.6%�1 of
actual;Garmin50.0%�1 of actual).For theGarminmonitor, thelongaxisstrokesperformed
betterthantheshortaxisstrokes,but thiswasnot observedin theFinismonitor.

Discussion
Theaimof thisstudywasto assesstheaccuracyof theFinis��������� andtheGarmin ����
activitymonitorsandto assessthevalidity of usingthesedevicesin recreationalsettings.It is
wellestablishedthat thepatternof handmovementduring swimmingshowsconsiderablevar-
iancesowingto variousfactorsincludinganthropometrics,skill levelandfatigue[20±22].

Fig 1. Compa rison of overall frequency of error in the measurem ent of lap times for both Finis Swimsense and Garmin
Swim.

doi:10.1371/journal.pone.0170902.g001
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With recreationalswimmers,therecanbeaverywidevariationin skill levelandfatigue,with
consequenthigh levelsof variationin swimperformancein thisgroupof swimmers.Con-
versely,competitiveathletesdisplaymoreconsistentpatternsof movement[23] andthusthese
athleteswereusedfor our testingin orderto minimizevariationin swimmingperformance.
Thustheresultsobtainedin thisstudywouldrepresentexpectedbestcasefindingsfor these
devicesandit wouldbereasonableto expectthat therewouldbeasignificantdeteriorationin
theactivitymonitors'performancewhenusedby recreationalswimmers.

Whenassessingtheperformanceof theseactivitymonitorsit is important to considercare-
fully whatcanberegardedasanacceptableperformancelevelfor differentcategoriesof users.
Whilst somefindingsin thepresentstudysuggestthatsomeparameterswerestatisticallysig-
nificantly differentfrom thecriterion measures,thesedifferences,in asportingcontext,may
or maynot beatascaleto beof concernto theintendedusersof theseactivitymonitors[24].
A tableof proposedsystemrequirementsfor swimmingactivitymonitorswhenusedbyeither
recreationalor competitiveswimmersispresentedin Table4,showingthat thesetwo groups

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:10.1371/journal.pone.0170902.g002
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will haveverydifferentrequirementsfor theaccuracyof feedbackinformation providedto
themon their swimmingperformance.

Forexample,acompetitiveswimmeror coachmayrequirealaptime measureto beprecise
to within threetenthsof asecondin atraining environment.This levelof performancewould
effectivelybridgethegapbetweentheperformancecapabilitiesof astopwatchandthoseof a
video-basedanalysissystem.TheGarmindeviceregisteredthelaptime to within 0.3seconds
on 18%of lapsrecorded.TheFinisalsoshowedasimilarperformancelevel(15%).Thesame
couldnot besaidfor arecreationalathlete,whowouldrequireamuchlessstringentlevelof
laptime accuracy.Basedon our experienceworking with botheliteandrecreationalswim-
mers,laptime valuesof within oneto two secondsof theactualtime for agivenlapwouldbe
appropriatefor arecreationalswimmerin orderfor themto gaugetheir performanceleveland
to monitor grossimprovementsin performanceoveranextendedperiodof time. In thepres-
entstudy,bothdevicesregisteredthelaptime within two secondsof theactuallaptime on
67%of occasions.

Moreover,whenmeasuringstrokecount,recreationalswimmersarelikely to bemore
interestedin monitoring thetrendsoveraperiodof time,asopposedto monitoring theexact
strokecountfor eachlap,in orderto assessif training goalsarebeingachievedandif swim-
ming efficiencyhasimproved.It wasfound thatbothdevicesregisteredthestrokecountto
within oneof theactualstrokecounton over62%of lapsrecorded.In thiscontext,both the
Finis��������� andtheGarmin ���� activitymonitorswouldappearto providerecreational
swimmersandtriathletes,whowithout thesetypesof devices,wouldnot haveawayof keeping
arecordof their training andprogression.Conversely,acompetitiveswimmerwill already

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
Parameter

Recreation al Swimmer Competi tive Swimmer

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
equates to a 6.7% error.

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

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

Accuracy required to lesson more than �“1
stroke per lap

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 in a 25 m
pool)

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

Swim speed Not applicable to user, lap times provide a
suf®cientmetric

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

Stroke rate Not applicable to user, stroke counts
provide a suf®cientmetric

Accuracy within �“5% adequate (i.e. �“2 str/
min).More concerned with instantaneous
stroke rate or stroke rate during different
race segments

Stroke length Accuracy within �“0.2 m suf®cientand
related to accuracy of stroke count measure

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

Stroke
identi®cation

100% accuracy required as errors will be
very apparent

100% accuracy required as errors will be
very apparent

doi:10.1371/journal.pone.0170902.t004
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havedevelopedaconsistentstrokecountpatternthroughextensivetraining.Theseswimmers
will havegreaterawarenessof their strokecountfor givenlapsandmaydeliberatelymake
minor adjustmentsto their strokecountduring training sets,in orderto practicespecificrac-
ing strategiesfor their differentevents,for example.Assuch,thestrokecountaccuracywould
needto beveryhigh for competitiveswimmers.

Theability of suchactivitymonitorsto correctlyidentify theswimmingstrokeusedin a
givenlapisafundamentalperformancecharacteristicfor monitoring both recreationaland
competitiveactivities.Notwithstandingthefactthat thefrontcrawlstrokemayreasonablybe
assumedto bethemostprevalentstrokein themajority of training settings,all four strokes
maybeusedinterchangeablyduring training,evenfor eliteswimmerswith specificstrokespe-
cializations.Theresultsof thepresentstudydemonstratethat theFinis��������� performed
slightlybetterthantheGarmin ����, but bothsensorsreportedveryhighoverallsensitivity
andspecificityfor strokeidentification(Table1),whichiscomparablewith previousresearch
[10,25,26].

Closerinspectionof theresultsin thepresentstudysuggeststhatwhereerrorsdid occur
theseerrorsappearto beattributableto individual swimmers.Forexample,theFinismonitor
registeredanentirebackstrokesetfor oneswimmerasbreaststroke,whilst theGarminmoni-
tor incorrectlyrecordedbreaststrokeasbackstrokeon 14of the16lapsfor anotherswimmer.
However,asbackstrokeisperformedin asupineposition,in contrastto otherstrokes,it
shouldbepossibleto correctlyidentify whenthis isbeingperformed.It isconceivablethat the
misidentificationissuecouldbelinked to clockwiseandcounter-clockwisemovementsabout
theshoulderjoint. Backstrokearmpull isoppositein directionto frontcrawlandbutterfly,
whilstbreaststrokeswimminghasamorebackwardandforwardmovementof thewrist.
Anotherpossibleexplanationis thatactivityduring restperiods,suchasslightarmmovements
whenstandingat thepoolwall,mayleadto errorsin thealgorithmfor stroketype
identification.

This largelevelof misidentificationcouldbedueto individual variancesin stroketech-
nique.It is reasonableto expectthat this levelof misidentificationwould increasewhenthe
devicesareusedbyrecreationalswimmersratherthaneliteswimmers.

Bothactivitymonitorsmeasuredswimdistancewith excellentaccuracyacrossall strokes.
Theswimdistanceisderivedin bothdevicesbymultiplying thenumberof lapscompletedby
thelengthof thepool.Therefore,swimdistanceisafunction of theaccuracyof thelapcounter
algorithm,whichrelieson accuratedetectionof wallcontactevents.Threetypesof wallcontact
eventscanbedetected;thoseat thestartandendof aswimmingintervalandthoseafterturns.
Datafrom awrist worn accelerometercanbeusedto determinetheseeventsasalargeimpact
accelerationpeakwill signifythatawallstrikehasoccurred[27]. Fromapracticalpoint of
view,accuratelyrecordingthedistancecompletedduring atraining activityisafundamental
function for recreationalswimmers.In fact,this function maybeusedalongwith thetotal
time spentswimmingbysomeusersastheprimary determinantof whethertheir training
goalshavebeenachieved.

Theability to recordlaptimesduring swimmingallowsfor theintensityof effort to be
monitoredcloselyduring training andto assessprogression.Statisticallysignificantdifferences
in laptime measurementswerefound for all of thefour swimmingstrokesfor both theFinis
andtheGarminmonitors,with thedevicesoverestimatingthetime to completelaps(Table2).
Ultimately,statisticallysignificantdifferencesin laptimesmaynot beveryrelevantto arecrea-
tional swimmer,whomaybesatisfiedwith acloseapproximation.A two seconderror overa
typicallaptime of 25secondswouldrepresentanerror of 8%.Bothactivitymonitorswere
found to performwithin theselimits for frontcrawlswimming.However,thiswasnot found
to bethecasefor theotherthreestrokes.Theaverageerror in frontcrawl laptime was0.58s

Evaluation of activity monitors for swimming performance analysis

PLOS ONE | DOI:10.1371/journal.pone.0170902 February 8, 2017 11 / 17



and1.09sfor theFinisandGarminmonitors,respectively,overanaveragelaptime of 21.24s
(i.e.7.7%and8.4%error).Themaximumlaptime error wasfound for thebutterflystroke
(20.6%).Additionally alargerangeof errorswasfound for all strokes.

Byexamininglapsat thestart,middleandendof intervals,it wasfound thatstatisticallysig-
nificant errors,foundfor theFinisandGarminmonitorscouldbeattributedto theanoveresti-
mation in thetime takento completethefirst andlastlapsin agiveninterval,whilst the
middle lapswerefound to accuratelyreflecttheactuallaptime (Fig2).This finding isconsis-
tentwith previousresearch[10].

Thereareseveralfactorswhichmayhelpto explaintheerrorsfound in thelaptimes,which
averagedoverthreesecondsin somecases(Table2).A strongpush-offandfinish arerequired
to detecttheseeventsin orderto maximisetheaccelerometeramplitudeat impact[27]. Move-
mentthatoccursprior to wallpushoff mayhavecausedthesensorto beginrecordinganew
lapbeforeit hadactuallybegun.Forexample,aswimmermaypositionthemselvesunderwater
with their feetagainstthewallbeforeinitiating hip andkneeextension,resultingin anoveres-
timatedlaptime.A similarscenariomayalsooccurduring restintervals.Another legitimate
concernis that theseissuesandresultanterrorswouldbefurther exacerbatedwhentheactivity
monitorsareusedbyrecreationalswimmers.Finis'documentationrecommendsthat the
swimmershouldremainstaticduring restintervalsandthat restshouldbeat leastthreeto five
secondsin duration to avoidthealgorithmfrom registeringaturn [28]. Thisraisesanissueof
practicalityif theswimmerdrinks from abottleor adjuststheir gogglesduring this time,for
example.TheGarminmonitor requirestheuserto manuallypauseandrestartthetimer to
recordintervals.Thismayresultin aninevitableoverestimationof first andlastlaps.TheFinis
monitor featuresautomaticintervaldetection,but thiswasnot found to leadto improved
accuracy,but clearlyismoreconvenientfor theswimmer.

It shouldbenotedthat if thetestprotocolhadincludedlongerintervalsthenagreaterpro-
portion of thelapsperformedwouldhavebeenmid swimminglaps,whichwerefound to be
accuratelyregisteredbybothactivitymonitors.Thiswouldhavereducedtheimpactof the
startingandendinglapson theoverallstatisticalresults.Forexample,in a100mintervalswim,
halfof thelapsperformedaremid swimlaps.However,in a400minterval,theselapswould
comprise87.5%of thetotal lapsperformed.For recreationalswimmerswhochoseto swimin
acontinuousmanner,without takingfrequentrestintervals,thiswouldgreatlyimprovethe
performanceof theactivitymonitorsduring their swim.Swimmingstrokescanbeidentified
from anaccelerometeroutputasregularlyoccurringpeaksin thesignalsignature,with local
maximaandminima trackedandcounted[10,13].Theactivitymonitorstestedin thepresent
studywerefound to performquitesimilarly for thestrokecountmeasure(Fig2).Bothmoni-
torsshowedsignificantdifferencesfrom thecriterion in strokecounton all but two occasions.
TheFiniswasfound to besignificantlyrelatedto thecriterion measureduring backstroke
only,whilst theGarminmonitor wassignificantlyrelatedfor frontcrawlonly.Outliers
increasedthespreadof strokecounterrorsconsiderablyfor bothactivitymonitors.Addition-
ally,bothactivitymonitorstendedtowardsoverestimationof thestrokecountin all strokes
exceptbutterfly.Themaximumreportederror wasfound to be-7 strokesfor theFinisand+7
strokesfor theGarmin.Thatsaid,bothmonitorsreportedthestrokecountto within oneof
theactualstrokecounton over62%of instances.

Previousstudieshavedeterminedstrokecountfrom eithertheback,wrist or head[9]. The
tendencytowardsoverestimationof thestrokecountmaybeexplainedbyananalysisof the
actionof thearmon whichthesensorisplaced.It isstandardpracticeto only recordfull stroke
cycleswhendeterminingstrokecount.In frontcrawlandbackstrokeswimming,thismeans
thatboth theleft andright armsmustcompleteastrokefor acycleto becounted.Thealgo-
rithms usedby thesedevicesrecordthemovementsof only onearmhowever,andmultiply
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thisby two to arriveat thestrokecount[29]. Therefore,theactivitymonitorsmayreportan
incorrectstrokecountdependingon whicharm isusedfor thefirst andlaststrokesof agiven
lap.

Thiswouldnot explaintheresultsfor theshort-axisstrokeshowever.Onepossibilityfor
theoverestimationin breaststrokestrokecountis that thearmactionduring thepush-offand
glidephasewereerroneouslycountedasstrokecycles.Variationsmayalsobedueto actionof
thearmsbeforeandafteraturn. It haspreviouslybeensuggestedthat thefirst andfinal strokes
of agivenlengthcanbedifficult to recordandaremoreproneto error thanstrokesperformed
mid-pool [27]. In butterfly,aswimmerwill aim to finish thefinal strokewith their armsat full
extensionandascloseto thewallaspossible.Thisactionmayinterferewith thestrokecount
algorithmasthesignalmaybedistortedwith theaccelerationsproducedby theturning action
of theswimmer.Againlike otherparameters,wewouldexpectthat theseerrorswouldbe
greaterwhenthedevicesareusedby recreationalswimmers.

Someof theissueswith accuracymayarisefrom thewrist worn positionof thesedevices.
Consistentcoordinationbetweenleft andright armsor upperandlowerlimb actionscannot
beguaranteed.Severalstudieshaveobjectivelydemonstratedthatvariationsin inter-armcoor-
dination existin swimmingowingto variousfactorsincludingswimmingspeed[22,30];arm
dominance[31]; physicaldisability[32]; energycost[33]; exerciseintensity[34] andskill level
[30]. Furthermore,asimilarvarianceexistsbetweenthecoordinationandsynchronisationof
thearmsandlegsfor all swimmingstrokes[23,35].All of thesefactorshaveimplicationsfor
theaccuracyof featuredetectionalgorithmswhenusingwrist mounteddevices.

In thepresentstudytheaveragespeedoveragivenlengthof thepoolwasdeterminedby
both theGarminandFinismonitorsbydividing thepool length(25m)by thetime takento
completeeachlap.Consequentlyit isunlikely that thisparameterwouldbeof interestto arec-
reationaluserasthelaptime datawouldprovideasufficientmetric.Ultimately,asaconse-
quenceof bothactivitymonitors' inaccuraciesin recordinglaptimes;theresultsfor speedare
alsosignificantlydifferent(Table2).Thisapproachhasbeenevaluatedpreviouslyandfound
to overestimatespeed[27]. An explanationfor this liesin theeffectsof increasedspeedfollow-
ing thewall-pushoff whenmeasuredoverthefull pool length.It ismorecommonin coaching
practicefor swimmingspeedto bemeasuredovershorterdistancesto removetheinfluenceof
increasedspeedduring wallpush-off.Thisapproachhasbeenfound to producemeasuresof
averagespeedwithin 3.5%±4.0%of thecriterion valuesusinginertial sensorbasedsystems
[12,36].In thepresentstudythemeanabsolutepercentageerror wasfound to behigherthan
this,rangingfrom 7.3%to 16.4%.Thiscanbeexplainedby theissueswith themethodof deter-
mining speedandalsoby theinfluenceof poorly timedstartingandendinglapsin agiven
interval.Againlike otherparameters,wewouldexpectthat theseerrorswouldbegreaterwhen
thedevicesareusedbyrecreationalswimmers.

Strokerateis thenumberof strokesaswimmertakesperminute.A typicalstrokeratedur-
ing frontcrawlswimmingwouldbebetween35±50strokesperminute.In comparisonto the
criterion measure,it wasfound that theFinis��������� significantlyunderestimatedstroke
ratesfor all four strokes(Table3).Theaveragedifferencesrangedfrom -2.5strokesperminute
(breaststroke)to -9.9strokesperminute(butterfly),resultingin amaximumexpectederror of
9.0%and20.8%error, respectively.

Althoughspecificdetailsof theFinisalgorithmareunclear,onepossibilityis thatstroke
rateisderivedfrom thestrokecountmeasurements,usingthetime takento completeall
strokesfor agivenlap.If this is thecase,strokeratecanfluctuateduring alapsoishighly
dependenton whenandhowit ismeasured.In thepresentstudy,strokerateswerecalculated
from thevideodatausingthestandardmethodof measuringthetime takento completethree
mid-pool strokecycles[37]. Thisdifferencemaygosomewaytowardsexplainingthe
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underestimatedstrokeratesregisteredby theFinis���������. Secondly,theaccuracyof stroke
ratedeterminationdependson theaccuracyof thestrokecountalgorithm,whichwasfound to
beerror prone.Additionally,smalldiscrepanciesin strokecountcanleadto largechangesin
derivedstrokerate.Forexample,if alapof frontcrawl iscompletedin 21secondsandthe
swimmercompletedninestrokesin this lapthenthestrokeratewouldbecalculatedas25.7
strokesperminute.However,if thestrokecountwasoverestimatedby justonestroketo ten,
thenthestrokeratewouldbeincreasedto 28.6strokesperminute.

Garmin'sdocumentationsuggeststhatstrokerateisabuilt-in function of thedevicebut the
dataprovidedweretheaveragestrokesperminute for theentireswimmingsession[38]. This
information maybeof benefitif swimmingthesamestrokethroughouttheentiresessionbut
not if changingstrokesfrequentlyandsoisof little valuein competitivesettings.

TheFinisactivitymonitor determinesstrokelengthbydividing thelengthof thepoolby
thestrokecountcompletedby theswimmerin onelap.Howeverthismethodwill overestimate
theactualstrokelengthfor theswimmerdueto theinfluenceof thewallpushoff andglideand
hasbeenrecognisedasanunsuitablemethodologyfor sometime [39,40].To illustrate,if ten
strokeswerecompletedin agiven25mlap,thenthestrokelengthwouldbecalculatedas2.5m
usingtheFinisalgorithm.However,it is typicalthat theswimmerwouldhavepushedoff from
thewallandglidedfor severalmetersbeforeinitiating armmovements.Asaresultthoseten
strokeswouldactuallybecompletedoverashorterdistance.If, for example,theswimmer
glidedfor fivemetersthentheactualstrokelengthwouldbe2.0meters.Thishasshownto be
thecaseastheFinisresultrevealedastatisticaldifferencewith actualstrokelength.

A moretypicalmethodof calculatingstrokelength(SL)is to usingtheformulaSL= V/(SR/
60);thusrelatingit to thespeed(V) andstrokerate(SR)measures[27,41].However,evenhad
adirectcomparisonbeenmadeto calculatethestrokelengthfrom videofootageusingthe
Finismethod,pooraccuracywouldstill haveoccurredasthestrokecountresultsfor Finis
werein themselvessignificantlydifferent.

Conclusions
This is thefirst studyto assesstheaccuracyof two commerciallyavailableswimmingactivity
monitors;theFinis��������� andGarmin ����. Bothmonitorswerefound to operatewith a
relativelysimilarperformancelevel.However,aspreviouslynoted,with recreationalswimmers
therecanbeaverywidevariationin skill levelandfatigue,with consequenthigh levelsof vari-
ation in swimperformancein thisgroupof swimmers.Conversely,competitiveathletesdis-
playmoreconsistentpatternsof movement[23] andthustheresultsobtainedin thisstudy
wouldrepresentexpectedbestcasefindingsfor thesedevicesandit wouldbereasonableto
expectthat therewouldbeasignificantdeteriorationin theactivitymonitors'performance
whenusedby recreationalswimmers.

Strokeidentificationandswimmingdistanceweredeterminedwith highaccuracy.This
feedbackaloneis likely to besuitablefor themajority of recreationalswimmersseekinghealth
benefitsfrom swimming.Forarecreationaluser,highprecisionin laptime measurementsis
not necessary.It isalsoimportant to notethat issueswith laptime measuresarespecificto laps
performedat thebeginningandendof aswimmingintervalandthat laptimesperformedin
themiddleof aninterval(i.e.during alapthat involvestwo turns)weremeasuredaccurately
bybothdevices.Moreover,issuesrelatedto theaccuracyof thelaptime function areskewed
dueto theshortintervalsperformedin thisstudy.Improvedoverallaccuracyin laptime mea-
surementscanbeexpectedfor longerdistanceswimmingintervals.

Theseactivitymonitorsaredesignedto beusedbyswimmerswhodo not haveanymeans
of recordingthis information or for monitoring trendsin performanceovertime.
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Consequently,whilst thisstudyhasrevealedstatisticalissuesrelatedto their performance,
bothdevicesoffer therecreationaluseranewwayof comprehensivelymonitoring their physi-
calactivitywhilst swimming.Futureresearchcouldaim to evaluatetheperformanceof these
deviceswith thisspecificcohortof swimmers,to assesshowincreasedvariability in stroke
mechanicswouldaffecttheresults.Ongoingdevelopmentsby themanufacturersof bothof
thesemonitorsarelikely to addresstheseissues,in whatisarapidlyexpandingareaof both
researchandcommercialexploration.Rigoroustestingisalsonecessaryto ensurethat the
devicesofferavalidandreliablemeansof monitoring swimmingperformance.Suchimprove-
mentswouldalsoincreasetheir applicabilityfor competitiveswimmingenvironments.
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