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Abstract

Introduction

Accentuated-eccentric loading (AEL) takes advantage of the high force producing potential

of eccentric muscle contractions, potentially maximising mechanical tension within the mus-

cle. However, evidence is lacking on how AEL squatting may load the involved musculature,

limiting scientifically justified programming recommendations. The purpose of this study

was to investigate the effects of concentric and eccentric loads on joint loading and muscle

activity of the lower limbs.

Methods

Resistance trained males performed traditional squatting (20±100% of concentric one-repe-

tition maximum [1RM]) and AEL squatting with eccentric loads (110±150% of 1RM) provided

by a novel motorised isotonic resistance machine (Kineo). Kinetics and kinematics of the

hip, knee, and ankle joints were collected, with electromyography from the gluteus maximus,

vastus lateralis, biceps femoris, and gastrocnemius medialis. A secondary cohort under-

went a kinematic and electromyography analysis of squatting technique to compare Kineo

and back and front barbell squatting.

Results

Knee joint peak eccentric moments occurred at 120% 1RM (P = 0.045), with no further

increase thereafter. As eccentric load increased, the time course of moment development

occurred earlier in the eccentric phase. This resulted in a 37% increase in eccentric knee

extensor work from the 80% 1RM trial to the 120% 1RM trial (P��0.001). Neither hip nor

ankle joints displayed further change in kinetics as eccentric load increased above 100%

1RM. Electromyographic activity during traditional squatting was ~15±30% lower in all

eccentric trials than in concentric trials for all muscles. EMG plateaued between a load of

80±100% 1RM during the eccentric trials and did not increase with AEL. No significant differ-

ences in kinematics were found between Kineo and barbell squatting.
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Conclusions

The knee extensors appear to be preferentially loaded during AEL squatting. The greater

work performed during the eccentric phase of the squat as eccentric load increased sug-

gests greater total mechanical tension could be the cause of adaptations from AEL. Our

data suggest that AEL should be programmed with a load of 120% of 1RM. Further studies

are needed to confirm the longer-term training effects of AEL.

Introduction
Increasingmuscleforceproducingcapacityisaprimary goalfor strengthandconditioning
(S&C)practice,asit canimproveperformancein awiderangeof sportingactivities[1, 2].
Enhancedforceproductioncanbeachievedby increasedneuraldriveandtheadditionof con-
tractilematerialviaskeletalmusclehypertrophy[3], bothof whichcanbeachievedwith resis-
tancetraining [4]. Skeletalmusclehypertrophyoccursasaresultof anincreasednet-protein
balance[5], which involvestheactivationof mTORC1[6]. Thestimulusfrom mechanicalten-
sionwithin themusclehasbeenhighlightedastheprimary mechanismbywhichhypertrophy
occurs[7], with adose-responserelationshipbetweenthepeaktensionthemuscleundergoes
andtheactivationlevelsof mTORC1[8]. Thesestimuli aredetectedbymechanosensorssuch
asthekinasedomainof thetitin myofilamentprotein [7]. Furthermore,atotal volumeof
mechanicaltension,dueto morework donebyamuscle,hasalsobeenshownto increase
markersof muscleproteinsynthesis[9]. However,highly trainedathleteshaveasmallerphysi-
ologicalresponse(e.g.,endocrineresponse)to resistancetraining, leadingto anattenuationof
skeletalmuscleadaptationcomparedto untrainedindividuals[10]. Thus,highlyresistance-
trainedindividualsmayrequiregreateror novelstimuli to elicit adaptation.Therefore,S&C
practitionersseekadvancedtraining methodsto facilitatecontinuedadaptation,oftenby
increasingthepeakmechanicaltensionor volumeof mechanicaltensionplacedupona
muscle.

Onesuchadvancedtraining methodiseccentricresistancetraining [11], wherebythedura-
tion or loadingof theeccentric(musclelengthening)phaseof agivenexerciseismanipulated
byapplyingloadsabovetheindividual'sconcentric(muscleshortening)one-repetitionmaxi-
mum (1RM),or throughtheuseof isoinertialor isovelocitydevicessuchastheKineotraining
system(kineo)(v7.0,GLOBUS,Italy) [12]. Thesetraining methodsexploitthegreaterforce
producingcapacityof eccentriccomparedto isometricor concentricmusclecontractions[13].
During eccentriccontractions,sarcomerelengthincreasesincludingactivestretchof the
spring-liketitin myofilamentincreasingits stiffness[14], facilitatinggreatertransferenceof
forcesthroughthesarcomerewhichcanbedetectedby thekinasedomainof titin, potentially
leadingto adaptation.Themagnitudeof eccentricforceenhancementrecordedisdependent
on theconditionsof measurement,with forcesup to 80%greaterin isolatedmuscle[15], and
forces/momentsup to 30%greaterfor single-jointmovements[16] and10%greaterduring
multi-joint exercises[12]. Thesedifferencesarelikely dueto aneccentric-specificneuralacti-
vationstrategy[17], anddifferencesin neuralactivationduring multi-joint movements[18].
To thatend,thequestionariseswhethersufficientlygreatermuscularforcesareachieveddur-
ing eccentrictraining to warrantthecomplexityof thesetraining designs.

During traditional (TRAD) squatting(i.e.,sameabsoluteloadfor theconcentricandeccen-
tric phase),groundreactionforceshavebeenreportedto begreaterduring theconcentricvs.
theeccentricphase[19], giventheloadmustbeacceleratedagainstgravityin theconcentric
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phase.Consequently,theloadduring theeccentricphasein TRAD squattingissignificantly
belowthemaximumeccentriccapacity,potentiallyunder-loadingthemusculatureandthere-
foreprovidingsub-optimalmechanicaltensionto promoteadaptation.However,thedegreeof
thisunder-loadingduring theeccentricphasecomparedto theconcentricphaseiscurrently
unknown.

Oneeccentricresistancetraining methodthatshowspromisefor overcomingtheabove
limitationsof TRAD squattingisaccentuated-eccentricloading(AEL) [20] in whichtheload
isgreaterduring theeccentricphasethantheconcentric.Bytakingadvantageof thedirection-
specificmechanicalpropertiesof musclecontraction,AELcanincreasethepeakandvolume
of mechanicaltensionexperienced.Previousliteraturehashighlightedpromisingresultsfrom
AEL,with increasesin bothstrengthandhypertrophy[11], aswellasmaintainedacuteendo-
crineresponses[21]. Thus,manyeliteS&CpractitionersnowadoptAEL into their training
repertoire[22]. However,thereisadearthof information regardinghowbestto program
AEL,especiallyconsideringasystematicreviewfrom 2017found~80%of eccentricresearch
hasbeenperformedusingsingle-jointmethodologies[23], whereasmulti-joint movements
aretypicallyusedin appliedpractice(e.g.,squatting).Thereisalsoahighvariabilitybetween
individualsin theabsoluteandrelativemagnitudeof maximumeccentricforcesproduceddur-
ing squatting[12]. Collectively,theseissuesmakeit difficult to producescientificallyjustified
AEL training recommendations.

Harden�� ��. [24] exploredtheissueof eccentricunder-loadingusingapneumaticleg-
pressto deliverloadsequivalentto 110,130,& 150%of isometricforce,andfound thata
greatereccentricloadresultsin anincreasein eccentricgroundreactionforce[24]. Likewise,
Sarto�� ��. [25] demonstratedthatanAEL loadof 150%during aleg-pressresultsin a31%
increasein quadricepsmuscleactivitycomparedto aTRAD eccentricloadof 80%of 1RM.
Takentogether,thesestudiesindicateagreaterloadingof thelowerlimb musculatureduring
AEL.However,it isuncertainhowthiswould translateto squatting,dueto thedifferencesin
kinematicsandmuscleactivitybetweenthesquatandleg-press[26]. Oneof thefewstudies
thathasexaminedtheeccentricphaseof thesquatwith AEL [27] found that this resultedin a
greatereccentricwork.Unfortunately,thiswasonly assessedwith oneAEL load(105%of con-
centric1RM)anddid not investigateindividual joint kinetics[27], andthereforecomprehen-
sivetraining recommendationscannotbeestablished.

In orderto producecomprehensivetraining recommendationsfor AELsquatting,it isnec-
essarynot only to understandthetotal loadthatcanbelifted,but alsoto understandthejoint
contributions,asnot all joints areloadedequallyduring multi-joint movements.Additionally,
theloadingexperiencedin eachphaseof thesquatmayvarydueto changesin squattingtech-
nique.During theeccentricphaseathletesmayaltertheir strategyto control theloadandmay
not producemaximumeffort throughoutthefull rangeof descent[28], andthusdescentveloc-
ity canvary[29]. Thesechangesmayaffecttherateof momentdevelopment,work,andpeak
joint momentexertedby thelowerlimb muscles,with work beinganindicatorof thetotal vol-
umeof mechanicaltension,andpeakjoint momentanindicatorof peakmechanicaltension
experiencedbyamuscle.Therefore,in orderto identify optimalAELprotocols,arangeof
AELparametersneedsto beassessed.Applicationof squattingloadsgreaterthen1RMcanbe
riskyandchallenging,or requiresspecialistequipmentsuchastheKineo,whichwehaveprevi-
ouslydemonstratedto besafeandeffectivefor thispurpose[12]. However,wealsoneedto
understandwhetherthesquattechniquewhenusingtheKineodiffersto thoseof typicalsquat
variations(e.g.,barbellbacksquat/frontsquat.

Therefore,theprimary objectivesof thisstudywereto studytheapplicationof AELduring
squattingandto: 1) determinehowtheeccentricjoint momentsandwork of thelowerlimb
joints changewith themagnitudeof eccentricload;2) determinehowtheconcentricand
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eccentricjoint momentsandwork of thelowerlimbsdifferedduring TRAD loading;3) estab-
lishwhether/howlowerlimb peakjoint momentsandwork from theAELtrialsdiffer from
thoseachievedduring commonlyprescribedTRAD loadsusedfor resistancetraining.Second-
aryobjectiveswereto investigatewhetheranychangesin joint momentsandwork areaccom-
paniedbychangesin muscleactivityor changesin joint kinematics,andif thesquat
kinematicsdiffer betweenbarbellvariationsandtheKineo.

It washypothesisedthat:1) aseccentricloadincreased,thejoint momentandwork of the
lowerlimbswould increase;2) concentricjoint momentsandwork of thelowerlimbswould
begreaterthaneccentricjoint momentsandwork during TRAD loading;3) eccentricjoint
momentsandwork during AELwouldexceedthoseduring theconcentricphaseof TRAD;
and4) anincreasedjoint momentwouldbeaccompaniedbyanincreasein EMGactivity.

Materials and methods

Participants
Nine maleparticipantswererecruitedfor thisstudy(age;24� 2 years,bodymass;81.2� 8.6
kg,height;178� 5 cm).Thissamplesizeexceededtheminimum participantsamplesize
(n = 7) determinedusingjoint momentdatafrom previousresearch[30] with powerand
alphalevelssetto 0.8and0.05,respectively.All participantshadcompletedat leasttwelve
monthsof resistancetraining prior to thisstudyandhadameanrelativebarbellbacksquat
1RMof 1.71� 0.17bodymass.Prior to commencement,participantswereinformedof the
studyproceduresandgavewritten informedconsent.Thestudywasapprovedby theLiver-
poolJohnMooresUniversityresearchethicscommittee(19/SPS/038).

Experimentalprotocol
All squattingtrials(bothTRAD andAEL) wereperformedon theKineoTraining System
(Kineo) (V7,GLOBUS,Italy),which isamotorisedcablepulleysystemthat facilitatesAEL
squattingviaautomaticloadadjustmentsatpre-definedrangesof motion. Wehavepreviously
showntheKineoto bereliable,accurateandsafein applicationof accentuated-eccentricloads
during squatting[12]. Participantsreportedto theLiverpoolJohnMooreslaboratorieson
threeoccasions.Thefirst visit wasusedfor familiarisationto theKineoandAELsquatting.
During thesecondvisit,eachparticipant'sconcentric1RMsquaton theKineowasmeasured.
Experimentaldatawerecollectedon thethird visit,consistingof kinetics,3D kinematicsand
electromyography(EMG) during TRAD andAELKineosquatting.Eachsessionbeganwith a
standardisedwarmupfollowing theRAMPprotocol[31].

Familiarisation andsquatsetup
Participantswerefitted with ashoulder/hipharness,adjustedfor goodnessof fit, beforebeing
attachedto theKineoviaacable(Fig 1).Rangeof motion wasdetermined,sothat theeccen-
tric phasecommenceduntil theparticipanthadsquatteddownto adepthatwhichthetop of
thethighswereparallelto theground.An audiblesignalwasgivenwhenthisdepthwas
attainedandconfirmedvia3D motion analysis.Theconcentricphasebeganimmediatelyafter
theend/completionof theeccentricphaseanduntil theparticipanthadfully extendedthehips
andknees.Thecorrespondingcablepositionswereprogrammedandsavedwithin theKineo
softwarecontrol systemto facilitateautomaticloadchangesfor AELsquattingduring the
experimentaltesting.Participantsfinishedthefamiliarisationsessionwith severalsetsof
TRAD andAELsquattingrangingfrom 20±150%of estimatedconcentric1RM,to become
familiar with theautomaticloadadjustmentsduring AEL.
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One-repetition maximum testing
Participantsreportedto thelaboratoriesin afedandhydratedstate.Bodymass(� 0.1kg)and
height(� 0.5cm) weremeasured(SECA704/202,Germany).Participantsthenperformeda
standardisedwarmup,finishingwith severalprogressivelyheaviersquatson theKineo,follow-
ing protocolsof theNationalStrengthandConditioningAssociation[32]. Participantswere
thenallowedamaximumof fiveattemptsto establishaTRAD squatting1RMusingisotonic
loadsappliedfrom theKineo,adheringto thetechniqueoutlinedin thefamiliarisation,with
3±5minutespassiverestbetweenattempts.

Kinetic, kinematic, andelectromyographytesting
On thethird visit (5±7dayspost1RM),participantsreportedto thelaboratoryatasimilar
time of dayto thatatwhichtheyperformedthe1RMtesting.Upon completionof the

Fig 1. Exampleof participant performing asquatutilising the Kineo Training System.Theparticipantisattachedto themachineutilising ashoulder/hip
harness,whichis thenattachedto acableprotruding from thefloor beneaththeparticipant. A) Startof eccentric phase,B) endof eccentricphase/startof
concentric phase.

https://doi.org/10.1371/journal.pone.0276096.g001
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standardisedwarmup,participantswerefitted with reflectivemarkersandsurfaceelectromy-
ographyelectrodes(BlueSensor,Ambu,Denmark).

Thirty-six sphericalreflectivemarkerswereusedto defineandtrackthelowerlimb seg-
ments.This includedamodifiedCODA pelvismarkersetto definethepelvissegmentwith
additionaltrackingmarkerson theiliac crestto aid in pelvistrackingandto overcomeASIS
markerocclusionduring deephip flexion.Theremainingmarkerswereplacedon thelateral
& medialfemoralepicondyles,lateral& medialmalleoli,heel,and1st & 5th metatarsalsto
definethethigh,shank,andfoot segments.Additionally, rigid four-markerclustersetswere
placedon thelateralthighsandshanksto aid in thigh andshanktracking.Jointcentresof the
hip andkneewereidentifiedby functionalmovementtrials that isolatedmovementsof those
joints,andwerecalculatedusingtheGillettealgorithm[33]. Surfaceelectromyographyelec-
trodeswereplacedon thegluteusmaximus,vastuslateralis,bicepsfemoris,andgastrocnemius
medialisaccordingto theSENIAMguidelines[34]. Prior to electrodeplacement,theskinwas
preparedbyshavingandabradingto enhancesignalquality.

Participantsperformedtentrialsof squatting(fiveTRAD,fiveAEL) in arandomisedorder.
TRADsquattingappliedthesameabsoluteloadfor boththeconcentricphaseandeccentricphase
(20%,40%,60%,80%,and100%1RM).AELsquattingappliedanincreasedload(comparedto con-
centric1RM)in theeccentricphase(110%,120%,130%,140%,and150%1RM)whilst theconcen-
tric loadremainedat60%1RMfor allAELtrials.A loadof 60%1RMwaschosenfor theconcentric
trialsbaseduponpilot testing,asit enabledenoughpreloadto enablemaximaleccentriccontrac-
tions[16],whilstminimisingexcessfatigue.Loadadjustmentbetweentheeccentricandconcentric
phasefor AELtrialswasperformedautomaticallybytheKineooncetheprogrammedtransition
point hadbeenreached.All trialswereperformedwith threerepetitions,interspersedbyfivemin-
utespassiverecovery.Theaverageof thethreetrialswasusedfor dataanalyses.

Data acquisition andanalyses
During all trials,groundreactionforceswerecollectedfrom two forceplatessamplingat1500
Hz (9287c,Kistler,Switzerland),amplified(9865,Kistler,Switzerland)andconvertedto adigi-
tal signal.Reflectivemarkersweretrackedat200Hz usingsix3D motion capturecameras
(Opus3 series,Qualisys,Sweden).Electromyographicsignalsweresampledat1500Hz and
transmittedwirelessly(ResearchDTS,Noraxon,USA).All force,motion andEMGdatawere
recordedsynchronouslyin QualisysTrackManager(Qualisys,Sweden),beforebeingexported
to Visual3D (C-Motion, USA)for analyses.Forceandmotion datawereprocessedwith alow-
pass4th orderButterworthfilter, with acut off frequencyof 6 Hz.EMGdatawasbandpassfil-
teredbetween10and250Hz androot meansquaredwith amovingaverageof 100ms.

Jointrangeof motion (Ê)andjoint velocity(Ê�s-1) during theconcentricandtheeccentric
phaseswerequantified.Inversedynamicscalculationswereusedto calculatejoint momentsof
thehip, kneeandankleduring theconcentricandeccentricphasesof thesquat,whichwere
normalisedto bodymass(N�m�kg-1). Integrationof thejoint powercurveallowedfor thecal-
culationof eccentricandconcentricjoint work (J).Jointwork wasreportedasanabsolute
magnitude,irrespectiveof direction(+ or -) for easeof comparisonandgraphicalrepresenta-
tion. Electromyographydatawereanalysedfor peakEMG,andtotal integratedEMGof the
eccentricandconcentricphasesof eachjoints individual rangeof motion. All EMGdatawere
normalisedto theequivalentmeasureobtainedduring theconcentricTRAD 100%trial.

Statisticalanalyses
Mauchly'stestfor sphericity,Levene'stestfor homogeneityof variance,andShapiro-Wilk's
testfor normality wereperformedon all data.Greenhouse-Geissercorrectionswereusedon
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datathatviolatedtheassumptionof sphericity.All datawerenormallydistributed(� = 0.145±
0.814)andhadahomogeneityof variance(� = 0.157±0.987).To assessstudyobjectiveone,a
one-wayrepeatedmeasuresANOVA wasusedto determineif eccentricload(20to 150%
1RM)hadaneffecton thekinetics,kinematics,andmuscleactivityduring theeccentricphase
of thesquat.To assessstudyobjectivetwo,atwo-wayrepeatedmeasuresANOVA wasusedto
comparethekinetics,kinematics,andmuscleactivityduring theconcentricandeccentric
phaseof thesquatduring TRAD loading(20to 100%1RM).Studyobjectivethreewassubse-
quentlyassessedwith aone-wayrepeatedmeasuresANOVA to comparethejoint moment
andwork from theAELtrials that leadto thegreatesteccentrickineticsto theconcentric80%
and100%trials.Bonferronipost-hocanalyseswereusedin all testswhereappropriate.Effect
sizeswerecalculatedfor all ANOVA testsusing� 2, with valuesof 0.01,0.06,and0.14indicat-
ing asmall,mediumandlargeeffectsize,respectively[35]. Additionally,apaired-samplest-
testwasusedto performacomparisonbetweenthe80%1RMand120%1RMtrial. A Cohen's
� effectsizewascalculatedwith valuesof 0.2,0.5,and0.8representingasmall,medium,and
largeeffectsize,respectively.

Coefficientof variation(CV) wasusedto identify repetition-to-repetitionreliability.Peak
joint moment(CV = 2.6±4.1%),joint work (CV = 1.8±2.4%),joint velocity(CV = 4.7±5.2%)
andEMG(CV = 7.2±18.6%)hadacceptablereliability andwassimilar to previousliterature
[30]. Forall data,statisticalsignificancewasassessedwith analphalevelof 0.05.All analyses
wereperformedin StatisticalPackagefor theSocialSciences(SPSSversion27,IBM, USA).

ComparisonbetweenKineo andbarbell squatting
A secondarycohortof resistancetrainedmales(age:25� 2years,weight:78� 7 kg,height:
179� 6cm;URECcode:21/SPS/035)performedbarbellbacksquat,barbellfront squat,and
Kineosquatunder50,85,and100%of bodymass,in arandomisedorder.Movementkine-
maticswasassessedin thesamewayasdescribedearlierandEMGwascollectedfrom gluteus
maximusandvastuslateralis.Foradetaileddescriptionof themethodologypleaseseethe
S1File.

Results
Therewasasignificanteffectof loadingcondition on thepeakjoint momentsin theeccentric
phasefor thehip (F = 2.773,� = 0.007,� 2 = 0.17)(Fig 2A) andknee(F = 16.408,�<0.001, � 2

= 0.61)(Fig 2B),but not on theankle(F = 0.254,� = 0.985,� 2 = -0.08)(Fig 2C).Post-hoctest-
ing revealedthat therewasaplateauin peakeccentricmomentataloadof 80%for thehip
(� = 0.039),andat120%for theknee(� = 0.045).

Analysesof eccentricjoint work found that therewasasignificanteffectof loadingonly on
theknee(F = 5.438,�<0.001, � 2 = 0.31)(Fig 2E),with no effecton thehip (F = 1.2,� = 0.307,
� 2 = 0.02)(Fig 2D) or ankle(F = 0.171,� = 0.996,� 2 = -0.09)(Fig 2F).Post-hoctestingof the
eccentrickneework revealedaplateauataload120%(P= 0.022).

During TRAD squatting,thepeakjoint momentsweregreaterin theconcentricthan
eccentricphasefor thehip (F = 3.982,� = 0.049,� 2 = 0.03),knee(F = 24.729,�<0.001, � 2 =
0.13)andankle(F = 3.691,� = 0.044,� 2 = 0.03)(Fig 3A±3C).Similarly,joint work wasgreater
in theconcentricthaneccentricphasefor thehip (F = 3.783,� = 0.045,� 2 = 0.02)andknee
(F = 31.58,�<0.001, � 2 = 0.19).However,no differencewasfoundbetweentheconcentric
andeccentricanklework (F = 0.819,� = 0.368)(Fig 3D±3F).Post-hocanalysesidentifiedthat
theconcentricandeccentrickneeextensionpeakmomentandwork increasedwith loadup to
100%1RM(� = 0.003).Concentricandeccentrichip extensionmomentandwork did not
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Fig 2. Box-plots(median� IQR) displaying theeccentricpeakmoment(N�m�kg-1) andwork (J)for thehip (A andD), knee(B andE),andankle
extensors(C andF) during theeccentric phaseof thesquatwith anexternalloadof 20±150%1RM.� = significant increase.

https://doi.org/10.1371/journal.pone.0276096.g002
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Fig 3. Box-plots(median� IQR) displaying theconcentric (redbars)andeccentric(bluebars)peakmoment(N�m�kg-1) andwork (J)for thehip (A and
D), knee(B andE),andankleextensors(C andF) during TRAD (20±100%)squatting.� = Eccentricjoint kinetics(momentor work) isstatistically
smallerthanconcentricjoint kineticsat thesamegivenload.#= JointKineticsisstatisticallydifferentto theprecedingtrial.

https://doi.org/10.1371/journal.pone.0276096.g003
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significantlyincreasepast60%(� = 0.039),andtheankleextensorssawno effectof loadingon
eitherpeakmomentor work for eithertheconcentricor eccentricphase(� = 0.084).

Asbotheccentrickneemomentandwork plateauedat120%,thesedatawerecomparedto
theconcentrickneemomentsandwork at80%and100%(moment:F= 2.775,� = 0.05,� 2 =
0.1,work:F= 2.251,� = 0.125,� 2 = 0.08).It wasfoundthatpeakkneemomentin theeccentric
phaseof theAEL120%trial wassignificantlylessthanin theconcentricphaseof 100%
(� = 0.042),but not significantlydifferentfrom concentric80%trial (� = 0.839).Eccentric
kneework at120%wassignificantlygreaterthanat80%(� = -6.444,�<0.001, Cohen's� effect
size= 0.81)(Fig 4).

Thekneemoment-timegraphsduring theeccentricphase(normalisedto eccentricphase
duration) (Fig 4) revealchangesin thetime courseof momentdevelopmentasloadincreased,
whichhelpsto explaintheeffectsof loadon peakmomentandwork during theAELtrials.As
externalloadincreasedfrom 80%to 120%1RM,eccentrickneeextensorpeakmoment
increased(17%)andthenplateaued,with adistinctpeakoccurringtowardstheendof the
rangeof motion. Furthermore,with eachincreasein load,momentdevelopmentin thefirst
halfof themovementwasgreater,resultingin a37%increasein work from the80%1RMtrial
to the120%1RMtrial (Fig 4).

Analysesof EMGactivityidentifiedgreaterpeakmagnitudesduring concentricthaneccen-
tric phasesduring TRAD squattingacrossall loads;gluteusmaximus(F = 51.952,�<0.001, � 2

= 0.58),vastuslateralis(F = 29.81,�<0.001, � 2 = 0.27),bicepsfemoris(F = 20.852,� = 0.002,
� 2 = 0.35),andgastrocnemiusmedialis(F = 18.545,�<0.001, � 2 = 0.14)(Fig 5).Additionally,
eccentricloadinghadaneffecton EMGactivity,with anincreasein activityasloadincreased
up to 100%for thegluteusmaximus(F = 4.069,�<0.001, � 2 = 0.23),80%for thevastuslatera-
lis (F = 2.165,� = 0.033,� 2 = 0.10)andbicepsfemoris(F = 2.754,� = 0.007,� 2 = 0.14),whilst
therewasno effectof loadon thegastrocnemiusmedialisactivity(F = 1.00,� = 0.447)(Fig 6).

Thejoint angularrangesof motion kinematicsdid not differ betweenloadsfor thehip
(F = 0.274,� = 0.98),knee(F = 0.276,� = 0.979),or anklejoints (F = 0.155,� = 0.998)
(Table1).Thejoint angleatwhichthepeakmomentoccurred,during both theconcentric
andeccentricphases,wasnot differentbetweenloadsfor thehip (F = 7.03,� = 0.426),knee
joints (F= 5.228,� = 0.052),or anklejoint (F= 0.610,� = 0.658).However,thepeakconcentric

Fig 4. Mean� SDeccentrickneeextensionmoment(N�m�kg-1) overtheeccentricphaseduration(%)graph,demonstrating theincreasein earlyrateof
momentdevelopmentaseccentric loadincreasedfrom 80%1RM(A), to 120%1RM(B). � = significantincreasein peakmoment.

https://doi.org/10.1371/journal.pone.0276096.g004
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anklejoint momentoccurredin asignificantlymoredorsi-flexedpositionthanthepeakeccen-
tric moment(34� 1Êvs26� 1Ê)(� = 0.006)(Table1).Lastly,concentricjoint angularvelocity
wasgreaterfor all joints,atall loads,thaneccentricjoint angularvelocity(Table2).For the
hip (F = 17.219,�<0.001), velocityduring concentricandeccentricphasesreducedasload
increasedup to 80%1RM,afterwhichit plateaued.Similarresultswerefound for theankle
(F = 8.516,�<0.001) with aplateauafter60%.However,thekneejoint angularvelocityonly
showedaplateauafter100%1RM(F = 22.837,�<0.001). Therewasno further decreasein
angularvelocityaseccentricloadincreasedabove100%(� = 0.698to 0.99).

ComparisonbetweenKineo andbarbell squatting
Analysesof joint rangesof motion found that therewasno effectof squattingvariationon the
rangeof motion for thehip (F = 0.338,� = 0.719),knee(F = 3.365,� = 0.109),or anklejoints

Fig 5. Box-plots(median� IQR) displayingtheconcentric (redbars)andeccentric(bluebars)normalisedEMGfor thegluteusmaximus(A), vastuslateralis
(B), bicepsfemoris(C) andgastrocnemiusmedialis(D) during TRAD (20±100%)squatting.� = Eccentricmuscleactivityissignificantly smallerthan
concentric muscleactivityat thesamegivenload.

https://doi.org/10.1371/journal.pone.0276096.g005
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Fig 6. Box-plots(median� IQR) displayingtheeccentricnormalisedEMGfor thegluteusmaximus(A), vastuslateralis(B), bicepsfemoris(C) and
gastrocnemiusmedialis(D) during theeccentricphaseof thesquatwith anexternalloadof 20±150%1RM.� = significantincrease.

https://doi.org/10.1371/journal.pone.0276096.g006

Table1. Joint anglekinematics(mean� SD)for the hip, knee,andanklejoints during the concentricandeccentricphasesof the squatwith externalloadsranging
from 20%to 150%of concentric one-repetition maximum. � = Jointangleduring theeccentric phaseisstatistically smallerthanduring theconcentricphaseat thesame
givenload.

LoadingCondition (percentageof concentriconerepetition maximum) (%)

20% 40% 60% 80% 100% 110% 120% 1305 140% 150%

JointAngleatPeakMoment (Ê) Hip Concentric 84� 17Ê 83� 18Ê 76� 16Ê 79� 14Ê 81� 13Ê

Eccentric 80� 11Ê 86� 14Ê 86� 11Ê 86� 11Ê 77� 10Ê 77� 13Ê 74� 12Ê 77� 14Ê 77� 10Ê 80� 14Ê

Knee Concentric 102� 11Ê 104� 10Ê 101� 7Ê 101� 8Ê 99� 14Ê

Eccentric 104� 10Ê 107� 9Ê 105� 6Ê 105� 10Ê 103� 10Ê 101� 8Ê 102� 9Ê 98� 7Ê 101� 9Ê 103� 9Ê

Ankle Concentric 37� 3Ê 36� 4Ê 34� 4Ê 32� 5Ê 30� 4Ê

Eccentric � 23� 7Ê � 26� 12Ê � 24� 8Ê 29� 9Ê � 27� 8Ê 25� 7Ê 23� 7Ê 23� 7Ê 26� 9Ê 23� 5Ê

Rangeof Motion (Ê) Hip 89� 12Ê 93� 14Ê 91� 9Ê 93� 11Ê 89� 10Ê 88� 10Ê 89� 10Ê 88� 10Ê 90� 10Ê 90� 10Ê

Knee 112� 8Ê 112� 8Ê 111� 8Ê 111� 9Ê 108� 6Ê 108� 8Ê 109� 8Ê 108� 7Ê 109� 8Ê 110� 8Ê

Ankle 41� 3Ê 40� 3Ê 40� 2Ê 40� 3Ê 40� 3Ê 40� 3Ê 40� 3Ê 40� 2Ê 40� 2Ê 40� 3Ê

https://doi.org/10.1371/journal.pone.0276096.t001
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(F = 1.295,� = 0.281).However,therewasamediumeffectof squattingvariationon pelvis
rangeof motion (F = 4.127,� = 0.039,� 2 = 0.08),with theKineosquat(11�8Ê)havingasignif-
icantlysmallerpelvicrangeof motion thanboth thebarbellbacksquat(21�6Ê)andbarbell
front squat(20�5Ê)(Fig 7).Externalloaddid not haveanyeffecton joint rangeof motion
(� = 0.09±0.754).Foranalysesof joint velocitiesandmuscleactivitypleaseseetheS1File.

Discussion
In thisstudywehaveestablishedthejoint kinetics,mechanicalloadingandkinematiccharac-
teristicsof traditionalandAELsquatting.Supportingour first hypothesis,wediscoveredthat
peakeccentrickneeextensormomentsoccurredat120%of 1RM,plateauingwith further
increasesin externalsquatload.Thehip andankleextensorsshowedno increaseabove100%
1RMin eccentricjoint momentor work during AELsquatting.Althoughonly smallincreases
in peakkneejoint momentwereobserved,eccentricmomentdevelopmentoccurredearlier
during theeccentricphaseaseccentricloadincreased(Fig 4),contributing to acontinuous
increasein kneejoint work up to 150%of 1RM.Furthermore,thevastuslateralisappearsto
experiencethegreatesteccentricEMGactivity(Fig 5/6) (relativeto concentric1RMactivity).
Takentogether,theseresultsindicatethat thekneeextensors,ratherthanthehip extensors,
contributemostto theincreasingsquatloadandexperiencethegreatestloading[stimulus] in
theform of peakjoint momentandjoint work during AELsquatting.

A secondarycomponentof thisstudywasto investigatewhetherthekinematicsandmuscle
activityduring squatsperformedon theKineodifferedfrom barbellsquatting.Our findingssug-
gestthat theKineosquatinvolvessimilarrangesof motion to boththebarbellbacksquatandthe
barbellfront squatfor thehip, knee,andanklejoints.However,theKineosquatpresenteda
reducedpelvictilt rangeof motion, thatresultedin lessposteriorpelvictilt whenthethighswere
parallelto theground.Muscleactivityduring theKineosquatwasmoreakin to thefront squat
thanthebacksquat,but thedifferencein muscleactivitywassmall(differencein normalised
EMG= 8%).Therefore,thefindingsobtainedfrom theprimary focusof thisstudyshouldbe
transferableto thebarbellsquattingvariants,providingloadingisappliedin asafemanner.

Thefirst aimof thisstudywasto identify whetherincreasedsquatloadingwouldresultin
anincreasedeccentricjoint momentandwork.Wecanacceptthefirst hypothesis,sincethere
wasanincreasein bothkneeextensormomentandwork aseccentricloadincreasedwith a
plateauin kneeextensormomentoccurringat120%1RM,andaplateauin hip extensor

Table2. Joint angularvelocitykinematics(mean� SD)for the hip, knee,andanklejoints during the concentricandeccentricphasesof the squatwith external
loadsranging from 20%to 150%of concentricone-repetition maximum. � = eccentric angularvelocityisstatisticallyslowerthanconcentricangularvelocityat the
samegivenload.#= Angularvelocityisstatisticallydifferentto theprecedingtrial.

LoadingCondition (percentageof concentricone-repetition maximum) (%)

20% 40% 60% 80% 100% 110% 120% 1305 140% 150%

PeakAngularVelocity(Ê�s-1) Hip Concentric 200� 83Ê�s-1 #180� 65Ê�s-1 #194� 66Ê�s-1 #182� 57Ê�s-1 185� 55Ê�s-1

Eccentric � 91� 30Ê�s-1 � #113� 41Ê�s-1 � #81� 17Ê�s-1 � #102� 29Ê�s-1 � 84� 27Ê�s-1 77� 35Ê�s-1 80� 22Ê�s-1 80� 30Ê�s-1 79� 23Ê�s-1 74� 22Ê�s-1

Knee Concentric 257� 74Ê�s-1 #251� 62Ê�s-1 #260� 62Ê�s-1 #250� 55Ê�s-1 256� 42Ê�s-1

Eccentric � 126� 26Ê�s-1 � #142� 43Ê�s-1 � #116� 32Ê�s-1 � 115� 32Ê�s-1 � #101� 31Ê�s-1 #91� 25Ê�s-1 98� 25Ê�s-1 95� 28Ê�s-1 104� 29Ê�s-1 97� 28Ê�s-1

Ankle Concentric 107� 41Ê�s-1 #102� 23Ê�s-1 103� 25Ê�s-1 101� 28Ê�s-1 105� 26Ê�s-1

Eccentric � 48� 16Ê�s-1 � #57� 16Ê�s-1 � #49� 13Ê�s-1 � 46� 12Ê�s-1 � 40� 11Ê�s-1 36� 8Ê�s-1 38� 11Ê�s-1 38� 11Ê�s-1 43� 12Ê�s-1 39� 9Ê�s-1

AverageAngularVelocity(Ê�s-1) Hip Concentric 94� 29Ê�s-1 #86� 24Ê�s-1 #77� 18Ê�s-1 #68� 17Ê�s-1 #60� 12Ê�s-1

Eccentric � 52� 15Ê�s-1 � #57� 20Ê�s-1 � #48� 15Ê�s-1 � #44� 13Ê�s-1 � 41� 13Ê�s-1 39� 40Ê�s-1 42� 15Ê�s-1 38� 14Ê�s-1 40� 17Ê�s-1 41� 16Ê�s-1

Knee Concentric 128� 28Ê�s-1 #117� 21Ê�s-1 #107� 16Ê�s-1 #92� 14Ê�s-1 #79� 14Ê�s-1

Eccentric � 74� 18Ê�s-1 � #79� 21Ê�s-1 � #69� 16Ê�s-1 � #63� 16Ê�s-1 � #57� 16Ê�s-1 55� 18Ê�s-1 60� 20Ê�s-1 54� 20Ê�s-1 56� 24Ê�s-1 53� 23Ê�s-1

Ankle Concentric 36� 10Ê�s-1 #32� 5Ê�s-1 #30� 5Ê�s-1 #26� 4Ê�s-1 24� 5Ê�s-1

Eccentric � 19� 4Ê�s-1 � 21� 4Ê�s-1 � 19� 3Ê�s-1 � 18� 3Ê�s-1 � 17� 5Ê�s-1 17� 4Ê�s-1 18� 5Ê�s-1 16� 5Ê�s-1 16� 6Ê�s-1 16� 5Ê�s-1

https://doi.org/10.1371/journal.pone.0276096.t002
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momentoccurringat80%1RM.Thiscontrastswith whatisknownabouttheconcentricphase
of squatting,in whichthehip extensormomentincreasesto agreaterextentthantheknee
extensorsasloadis increased[30,36].Althoughthismaybeexplainedbydifferencesin kine-
maticsandmuscleactivation,wefoundno changesin joint rangesof motion or velocitiesas
eccentricloadincreasedabove100%(i.e.,AEL).However,during heavyconcentricsquatting
(70%1RM)theforwardsinclination of thetrunk canincreaseby~16Êcomparedto lighter

Fig 7. Mean� SDjoint angle(Ê)during the eccentric phaseandconcentricphaseof the barbell backsquat,barbell front squat,andKineo squatwith
anexternalload of 100%of bodyweight. Positivepelvictilt angleis representativeof anteriorpelvictilt, with anegativeanglebeingrepresentativeof
posteriorpelvictilt. Positiveankleangleis representativeof dorsiflexion, with anegativeanglebeingrepresentativeof plantarflexion.

https://doi.org/10.1371/journal.pone.0276096.g007
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loads(30%1RM)[37], increasingthemomentarmof thecentreof massaboutthehipsand
reducingthemomentarmat theknee,explainingjoint-specificcontributionsin thosestudies
[30,36].Therefore,in thepresentstudyit couldbethat thepreferentialloadingof theknee
extensorsduring AEL isaresultof theparticipantshavingnot alteredtheir kinematicsand
joint dynamicswith increasingeccentricloadbykeepingthetrunk morevertical.Theprefer-
entialloadingat thekneeduring AELsquattingis further supportedby theEMGdata(Fig 6)
whichisconsistentwith previousliterature[38] showingEMGactivityof thehip extensorsis
lowerthantheactivityof thekneeextensorsduring eccentricsquatting.However,caution
mustbetakenwhenextrapolatingtheresultof thisstudyto barbellsquatting.Wehaveshown
that thebarbellandKineosquathavesimilarkinematicsandmuscleactivityin thelowerlimbs
undertraditional loadingconditions.For thisdatato betransferableto barbellsquatting,the
participantsmustbeableto maintaintheir kinematicsduring theeccentricphaseduring AEL,
whichmaybeamorecomplexmovementpatterndueto thehighcentreof masswith thebar-
bellbeingpositionedon theposteriordeltoids.Therefore,AELsquattingmayonly beapplica-
bleto well-trainedindividuals.

Supportingour secondhypothesis,thejoint momentsin theconcentricphasewere11±20%
greaterthanin theeccentricphase(Fig 3).Thisdifferencewassimilar for thehip, kneeand
ankleextensors,thereforeprovidingmoreevidencethatduring TRAD squattingtheeccentric
phaseisunderloadedandmaythereforebesub-optimalasatraining stimulus,considering
peakeccentricgroundreactionsforcesduring isovelocitysquattingare~10%greaterthancon-
centric[12]. Takinginto accountthatanincreasedeccentricloadresultedin anincreased
eccentrickneemomentandwork for thekneeextensors(Fig 2),AELwouldbeableto reduce
theunderloadingthatoccursduring TRAD andcanberecommendedfor inclusionin S&C
practice.

In thepresentstudy,eccentrickneeextensorpeakmomentplateauedafter120%1RM
(2.2� 0.3N�m�kg-1). However,thisvaluewaslowerthanthegreatestconcentricmoment
(2.5� 0.5N�m�kg-1 at100%1RM),suggestingthat theunderloadingof thekneeextensorsis
reduced,but not completelyovercomeduring AELsquatting,thuswerejectour third hypoth-
esis.Thereareseveralpotentialreasonsfor this.Firstly,therelativemuscularcontribution of
thekneeextensorsduring asquatis~60%comparedto their single-jointisometricmaximum
[39], which ispartiallyexplainedby thelow (<50%) muscleactivityduring asquatcompared
to single-jointmaximumvoluntarycontraction[40]. Consideringthatneuralactivationis
lowerduring theeccentricphasecomparedto theconcentric(Fig 5), thepotentialto produce
amaximalkneeextensormomentmight befurther reduced.Theseneuralcharacteristicsmay
thereforeexplainwhyeccentricjoint momentsdid not exceedtheconcentricmoments,even
with AEL.

Althougheccentrickneeextensormomentwaslowerthanconcentric,it washypothesised
thatEMGwould increaseaseccentricloadandmomentincreasedduring AEL [38]. However,
our data(Fig 6) showedno significantdifferencesin vastuslateralisEMGasloadsincreased
above80%,despiteanincreasein themeansfor joint momentandwork.Thissuggestsfactors
independentof theneuralinput, with aplausibleexplanationfor thisbeingrelatedto theforce
producingpotentialof eccentriccontractions,whichbenefitsfrom thespring-likebehaviour
of thetitin myofilament[41]. Additionally,otherpassive-elastictissues,suchasthetendons,
mayalsobecontributing to theincreasedjoint moments.Greatertendonforceshavebeen
observedundereccentricversusconcentricconditions[42], whichmaybepartlydueto
greatertendondisplacement,andthusincreasedtendonstrain[43], facilitatingthestorage,
andsubsequentreleaseof elasticenergy[44]. Therefore,werejectour fourth hypothesisthat
theincreasedeccentricjoint momentsduring AELareaccompaniedby increasedmuscle
activation.
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Practical implications
Althoughthegreatestpeakjoint momentsoccurredduring theconcentric100%1RM,training
volumealsoregulatesthehypertrophicstimulus[45] andgreatereccentricwork wasper-
formedduring theAEL trials,whichwould facilitateagreatervolumeof mechanicaltension.
Forexample,comparingtheeccentricwork during the120%trial to theeccentricwork during
atypicalTRAD protocolfor strengthtraining (e.g.,80%1RM)wouldresultin thekneejoint
experiencinganincreaseof 37%for eccentricwork,aswellasa17%increasein theeccentric
peakmoment.A training loadthatmaximisesthejoint moment,but alsofacilitatesmultiple
repetitionsatahigh loadis likely to optimisehypertrophyandstrengthgains.Therefore,
accordingto thepresentstudyusingtheKineosystem,it appearsthismaybebestachieved
with AEL training usingaloadof 120%1RMduring theeccentricphaseof thesquat.It
remainsto examinewhetherthekineticsduring AELsquattingarealteredasprogressiverepe-
titions areperformed,aspreviousresearchhasdemonstratedadecreasein kneeextension
momentandacompensatoryincreasein hip extensionmomentundertraditional loadingto
volitional failure[46].

Our datasuggeststhat thekneeextensorsarepreferentiallyloadedduring eccentricsquat-
ting, experiencinggreaterpeakmomentsandmuscleactivitythanthehip extensors.There-
fore,squattingwith AELmaybenefitsportingactivitiesthat relyheavilyon thekneeextensors
suchascycling[47], rowing [48], andsprinting [49]. Furthermore,AELsquattingmayelicit
eccentric-specificadaptationin theform of anincreasedfasciclelength[50], andthuscontrac-
tion velocity.Asthereappearsto beapreferentialloadingof thequadriceps,theseeccentric-
specificadaptationsmayprovebeneficialto changesof directionandbrakingability [51], and
injury prevention/rehabilitationof theknee[52]. Usingthedatacollectedin thisstudy,future
training interventionresearchshouldtestwhethertheseloadingcharacteristicsof AEL train-
ing translateinto thehypothesisedimprovementsin performance.

Conclusion
In conclusion,thekneeextensorswerepreferentiallyloadedduring eccentricsquatting,and
demonstratedincreasingjoint momentandwork aseccentricloadincreased,with eccentric
kneejoint momentplateauingat120%1RM.However,despiteeccentriccontractionshaving
thepotentialto producethegreatestjoint moments,AELsquattingdid not elicit aneccentric
kneejoint momentgreaterthantheconcentricjoint momentsproducedduring aone-repeti-
tion maximum.Increasingeccentricloadresultedin agreatervolumeof work (suggestingan
increasedvolumeof mechanicaltension)specificallyin theearlierphaseof thedescent,which
mayin turn enhancethestimulusfor hypertrophicadaptation.Thedatafrom thisstudysug-
geststhananAELof 120%1RMshouldmaximiseskneeextensorloadingduring theeccentric
phaseof theAELsquat.Futureresearchwill beneededto confirm if thegreaterloadingresults
in increasedtraining adaptations.
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