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ABSTRACT

One of the key aims of modern football shoe manufacturersis to find the balance
betweendevelopinga shoethat improves performancebut also minimisesthe risk of
injury. Traction properties of the outsole play an important part in reaching this
balance;high levels of traction are necessaryo enableplayersto accelerateand change
direction without slipping, but excessivetraction can lead to stud fixation, a potential
causeof injuries. The ability to accuratelymeasureand assesghe traction propertiesis
essentialin the designof outsoles,but appropriatetest parametersneedto be usedin
order for the assessmentp relate back to the intendeduse. The purposeof the study
was to develop a methodto identify how the shoe interactswith the surface during
realistic football movementsand then to use observationsfrom data collected to

recommendappropriatetestparameters.

A high-speedcamerasystemwas developedto capturethe motion of the shoein both a
laboratory and natural turf environment. The cameraswere calibrated using the
checkerboardapproachand filmed at 1000Hz. Five markerspositionedon the side of
the shoe were tracked using a semi-automatedalgorithm developed using image
processingtechniques. Transpositionmatrices were usedto identify the location of
individual studs on the outsole of the shoe enabling the orientation, velocity and
accelerationof the shoeto be calculated. Two datacollection studiestook place;firstly
a single-participanstudyin the laboratoryusing a force-plateto relatekinematicresults
to kinetic information and secondly,a larger scale data collection outside on natural
turf. Three movementsrepresentingscenariosrequiring high levels of traction in
football were assessedaccelerationchangein direction and braking. A representative
trial for eachmovementwas selectedand full post-processin@nalysiswas carried out.
Information suchasthe orientationof the shoeon foot-strike, translationdirectionsand
centre of rotationsduring the transition phaseand the numberof studsin contactwith

the surfaceduring push-offwasobtainedfor eachmovement.

The period at which the playerwas at greatestrisk of slipping was identified for each
movement. The motion of the shoeduring this period was usedto suggestappropriate
test conditions for mechanical and computational traction testing methods. The
influenceof the shoe-surfacénteractionon outsoledesignwas alsoconsideredwith the
observedtranslationdirections and centre of rotationsbeing usedto suggesta design

aimingto enhanceranslationaltraction,but minimiserotationalresistance.
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1 INTRODUCTION

The following chapterscontaina threeyearstudy into the developmentand application
of a measuremensystemto identify appropriatetest parameterdor traction testing of

studdedoutsoles.

1.1 Motivation for the research

Footballis one of the mostpopularsportsin the world, with approximately270 million
peopleactivelyinvolved in the game(FIFA 2007). Secondaryto the ball, football shoes
play an importantand influential role in the game. For many they are perceivedas a
footballers tool (Torell 2011), forming the link betweenthe ball and the player, and
similarly betweenthe pitch and the player. Football shoeswere originally work boots,
and althoughnot fitted with studs,playerswould hammernails or metal tacksinto the
sole of the shoeto increasethe traction on the muddy pitches. By the 1920sfootball
specific boot designswere being produced;for examplethe ‘Mansfield Hotspuir was
marketedas a boot offering “a roundedsoleto edgepreventingmud clogging and lock-
riveted studsplacedfor improvedgrip and support (Winner2005). Shoedevelopment
progressedsteadilyand at the 1954 World Cup adidasgainedinternationalrecognition
with the innovationof interchangeablestuds. During the final againstHungary,weather
conditionsturned causingthe pitch to becomemuddy and waterlogged. At half time,
the Germanteam switchedthe studson their bootsto provide extratraction andwenton
to win the match whilst the Hungarian team struggled with the slippery conditions
(adidasGroup 2009). The 1954 World Cup was a wake-upcall to the footwearindustry
with the notion that the design of the shoe can have a directed influence on the

performanceof playersandthe outcomeof a game.

A wide selectionof football shoesis now availableon the market,targetedto meetthe
requirementof naturaland artificial turf andindoor surfaces. With sucha large choice
availableto consumerspressureis on manufacturerdo releaseinnovative and exciting
new designs. The currenttrendis for lightweight football shoes;during the build-up to
the 2010 World Cup, the title for lightestfootball shoechangedhandsfour times with
the winning shoeweighing only 150 g. Many playersmake a connectionbetweenthe
use of lighter shoesand the feeling of speed(Torell 2011) and lightweight shoesare
often marketedtowardsfast and skilful players;startingwith Ronaldoin 1998 wearing

the Nike Air Mercurial (>200g) andnow Messiin 2011 wearingthe adidasF50 adiZero

1 -



(165 g). The reduction of weight however, comes at a price; many players have
experiencednegativehealthrelatedissuesdue to the lack of foot supportor protection
from impactsfrom the lighter weight shoes(Torell 2011). In 2000, the frequencyof
football injuries was estimatedto be up to 35 per 1000 playing hours,with the majority
of injuries occurringto the lower extremities(Dvorak and Junge2000). Lack of support
and lacerationsfrom other players studs are two potential injury causes;another
significant contributoris stud fixation causedby excessivetraction particularly during

turning movements.

The tractionbetweena football outsoleandthe surfacewas originally necessaryo meet
one goal; preventthe playerfrom slipping over. If the availabletractionfrom the shoe-
surfaceinteractionwas greaterthanthe requiredtraction for a particularmovement,the
playerwould not fall andthe outsolewould be deemedsuccessful. The increasein the
physicaldemandsof playersduring a modernfootball gamehasinfluencedthe demands
of the outsole. Players want to be able to rapidly accelerateand quickly change
direction meaningthe requiredtractionis greater. Studconfigurationsand profiles were
changedin order to meet these demands. However, as mentioned, the increasein

traction also has negative side-effects;improving traction to aid in accelerationmay

causethe shoeto fixate to the surfaceduring turning movementdeadingto injuries.

One of the key aims of modern football shoe manufacturersis to find the balance
betweendevelopinga shoethat improvesperformancebut also minimisesthe risk of
injury. Improvementn performanceoften takesthe driving seatasit is canbe easierto
measureand validate biomechanicallyand then marketto the consumers. Releasinga
new designthat claimsto be saferthan previousonescan often lead to the assumption
that previous productsare unsafe. The designof outsolesto reduceinjuries therefore
hasto almostbe unseenby the consumerputis animportantandoften expensiveaspect
to consider,with the averagecostfor medicaltreatmentper football injury estimatedto

be $150 (Dvorak andJunge2000).

The ability to accuratelymeasureand assesghe traction propertiesof the shoesplays a
vital role in design. Appropriatemeasurementf the traction can give an indicationto
the expectedperformanceof the shoeandits susceptibilityto causeor preventinjury. It
also allows new designsto be comparedto successfupastdesignsor competitorshoes.

Tractionmeasuremendanbe donecomputationally mechanicallyor with players.



The sponsorof this projectis the football division of adidaswhose principal aim is to
designand manufacturefootball shoesfor both amateurand professionalplayers. They
usea combinationof mechanicalcomputationaland playertestingto assesghe traction

of existingandprototypeoutsoledesigns.

In order for the traction assessmento bearany relevanceon the intendeduse of the
final product, appropriatetestparametersmeedto be used. From the view point of the
sponsor,‘appropriate refersto the ability to producetraction resultsquickly and easily
and produceresultsthat can be comparedwith minimal analysis. ‘Appropriaté also
refersto the realism of the test parametersthe traction assessmenteedsto mimic the
conditionsseenby playersduring a game;this includesaccuratekinematicsandkinetics
to representplayer movementsand also the use of representativeest surfaces. This

appliesto all forms of traction testing.

The sponsorwould like to improve the veracity of their traction assessmenty
incorporatingrealistic testparametersnto both their mechanicaland computationaltest
methods. The intention of the projectis to initially developa methodto identify how
the shoeinteractswith the surfaceduring realistic football movementsand thento use
the observationsto suggestappropriatetest parameters. The full project aims and

objectivesare outlinedbelow.



1.2 Aim and objectives

Aim

To defineappropriateestparameterdor tractiontestingof studdedfootwear.

Objectives

1. To identify the advantagesand disadvantagesf computationaland practical

tractionassessmemnmhethods.

2. To select, develop and validate an appropriate measurementsystem for the

motion captureof studdedfootwear.

3. To usethe measuremensystemto obtaintestparameterdrom realistic football

movementsn alaboratoryenvironmentand on naturalturf.

4. To adviseon modificationsto currenttestmethodsto betterrepresenimeasured

testparameters.

1.3 Thesis structure

The chaptersin this thesis form three main sections; methodology, results and
discussion. The first stageof the projectis to identify an appropriatemethodologyto
capturethe interactionbetweenthe shoe and the surfacein 3D. Validation and error
assessmemnif the methodis requiredbeforedatacollection. The methodis thentrialled
using a controlled study in the laboratoryand a larger samplesize outside on natural
turf. The resultsfrom the trial studiesare analysedin detail to provide an exampleof
the expectedestparameters.Potentialusesof the testparametersn tractiontestingand

designarediscussedn the latterpartof the thesis.



2 LITERATURE REVIEW

2.1 Introduction

The aim of the study s to identify appropriatetestingconditionsfor the measuremenof
traction betweena surfaceand a studdedoutsolewith respectto football. In orderfor
this aim to be fulfilled, recognition of current traction testing methods and their
limitations is required. To identify appropriatetest conditionsthe understandingof
football playermovementand methodsof motion captureis also essential. This chapter
providesan overview of relevantliteraturein the areasof traction measurementsurface

classification,biomechanicof football and motion analysistechniques.
Forconsistencythe following terminologywill be used:

* Reportsof frictional force, surfacefriction or resistanceo sliding in relation to
studdedfootwearwill be describedastraction.

» Cleatsor tractionoutsoleswill be referredto as studs.

e Socceror associatiorfootball will be referredto asfootball.

« Bootswill bereferredto asshoes.

« Boundaryconditions or test conditionswith respectto traction testing devices
will bereferredto astestparameters.

e Touchdown,impactor heelcontactwill bereferredto asfoot-strike.

e Toe-offortake-offwill bereferredto as push-off.

2.2 Definition of traction

The frictional adhesionbetweena players outsoleand the surfaceis known astraction.
McNitt (2000) defined that with respectto shoe-surfacdnteractions,the term friction
appliesto the interactionwith smooth-soledfootwearand the surfacewhereastraction
appliesto studdedor spiked footwear. Although the classicallaws of friction do not
apply to outsolessliding on natural or artificial surfaces(Valiant 1993), Barry and
Milburn (1999) used research from tribology and soil mechanicsto explain a
mechanismfor how traction is developedfor footwearsliding on natural surfaces. The
first stage to understandingtraction is to identify the factors affecting frictional

behaviour.



The resistanceto motion of a body on a flat surfaceis a result of the frictional force
acting betweenthe two surfaces. Early investigationsinto friction were carried out by
da Vinci, Amontons and Coulomb leading to what are now known as the laws of

friction (Muncaster1981):

1. The frictional force betweenthe two surfacesopposestheir relative motion or
attemptedmotion;

2. Frictional forcesareindependentfthe areaof contactof the surfaces;

3. Fortwo surfaceswhich have no relative motion, the limiting frictional force is
directly proportionalto the normalreaction;

4. For two surfaceswhich have relative motion, the sliding force is directly
proportionalto the normalreactionandis independenbf the relative velocity of

the surfaces.
The final two laws canbe describedby the simpleequation:

F Equation 2.1

where F is the frictional force, R is the normal reaction and p is the coefficient of

friction.

When a body is placedon an inclined slope, but has no relative motion, the force that
effectively holds the body in this position is known as the static frictional force. The
static coefficient of friction is independenbf the weight and surfaceareaof the body.
The dynamic coefficient of friction is the force resistingthe movementof a body in
motion (dynamicfriction or sliding friction). It is generallyconsideredhatthe dynamic
coefficient of friction is lower than the static coefficient of friction. Thesedefinitions
alsoapply to traction; valuesof dynamiccoefficientof tractionrelateto the resistanceof
the surfacewhen the shoeis in motion, whereasthe static coefficient of traction relates

to the resistancdo motion.

For dry friction, when a body is placedon a surface,the actual areaof contactis much
smallerthanthe assumedsurfaceareaof the body; on amicroscopiclevel, the surfaceof
bodies are rough and consistof raised asperities. Hence,when the two surfacesare
placedtogether,someregionson the surfaceswill touch whilst otherregionswill be

separatedy a smalldistance(Figure 2.1).



Figure 2.1 - Schematic illustration of an interface, showing the real areas of contact

(adapted from Persson 1998).

How the asperitiesrespondto each other when sliding occurs dependson their
respectivematerialdeformationproperties(Barry and Milburn 1999). It is assumedhat
plastic deformation occurs at the junctions createdby two asperitiesas the surfaces
come into contact; as such, the coefficient of friction becomesthe ratio of the shear
stressto yield stress. The complex molecularinteraction betweenthe two materials
meansthat a number of factors can influence the resulting coefficient of friction.

Coulombhypothesisedive contributingfactors (Persson1998):

1. Thenatureof the materialsin contactandtheir surfacecoatings;
The extentof the surfacearea;
The normal pressureg(or force);

The lengthof time the surfacesremainedin stationarycontact;

oo e

Ambientconditionssuchastemperatureand humidity.

Thesefactors are also thoughtto apply to the traction betweenan outsoleand a natural
turf surface. Natural turf consistsof a particulate structureconsistingof discreteun-
bondedparticles separatedby pores of air or water (Figure 2.2) (Barry and Milburn

1999). Traditionally, when playing on naturalturf, playerswill wearstuddedoutsoles.
When load is applied to the natural surface through the outsole the studs and soil

particles act as asperitiesand develop contactforces at the junctions. The reaction of
the particlesto the contactforces varies; the particles may slide, compressor bend.
Barry and Milburn (1999) hypothesisedhat sliding was the mostcommonmechanism
of soils underload and as such the theory usedto explain dry friction also appliesto

soils. The ability of a particle to slide dependson the friction and bonding forces

betweenit and neighbouringparticles.



Natural turf is howevera very complex structureconsistingnot only of soil, but also
grassfibres, thatch,root zoneand waterpores(Mumford 2006). It is thesefactorsand
others(Table 2.1) that make the shoe-surfaceanteractiona complex mechanismthat is

also highly dependenbn the surface.

Influencingfactors

< Grasstype/species

e Thatchaccumulation

e Soil texture,structure,compactionand strength
e Watercontentandwater releaseharacteristics
e Rootgrowth

e Areaspreviouslyploughedby studs

Table 2.1 - Factors influencing shoe-surface traction.

Traction plays an importantpart in the ability of a football playerto perform at their
best;alossof tractioncancausea playerto slip and negativelyaffecttheir performance.
Redfernetal. (2001)identified thatin orderfor a personto avoid slipping dueto loss of
traction, the traction required by a personfor that movementmust be less than the
traction availablefrom the surfacefor that specific setof circumstances.The causesof
the loss of traction leadingto slips wereidentified by Redfernetal. and were saidto be

dueto both environmentaland humaneffects(Figure 2.3).
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Figure 2.3 - Causes of slips (adapted from Redfern etal. 2001).

The negativeconnotationsassociatedvith lossin traction aswell asthe concernsover
injuries causedby too much traction has meantthat the measuremenbf the traction
betweena shoe and a surfaceis an areathat is continually investigated. Section 2.3
outlinesthe mostcommonmethodsusedto measureraction andthe improvementshat

canbe madeto ensurethatthe shoe-surfacénteractionis fully understood.

2.3 Measurement of traction

Traction testing measurementsnot only concern the shoe, but also the surface.
Measurementsan be usedto comparestuddedoutsole designsor as a classification
measuregor pitch quality. Mechanical,playerand computationalmethodsof measuring

traction arereviewed.

2.3.1 Traction testing: Mechanical

Mechanicaltesting is one of the most commonly used methodsto assessthe traction
betweena studdedplate or outsoleand the surface. For evaluatinga surface,a simple
studded plate is normally used. Mechanical testing allows repeatabletests to be
performed allowing quick assessmentbf the traction performance of outsoles or
surfaces. In comparisonplayertestingis often found to be intrusive and suffer from
poor repeatability,whereasmechanicaltesting has the advantageof being able to use

fixed loadingconditionsleadingto morerepeatableesults(ClarkeandCarre2010).



The Federationlnternationalede Football Association(FIFA) guidelinefor the quality
control of football turf hastwo teststhatrelateto the traction performanceof a surface;
the first measureghe linear friction stud slide value and stud decelerationvalue andthe
secondmeasureghe rotationalresistancgFIFA 2008). The first methodusesa curved
test foot with sevenplastic studs (height 13 mm) attachedto a pendulumarm (Figure
2.4). The armis allowedto swing freely onto the surfaceandthe peakdeceleratiordue
to the interaction of the studswith the surfaceis recorded. The secondmethodusesa
flat plate with six plastic studsweighing approximately46 kg. The torquerequiredto

rotatethe platethrough45° at 12 rev/minis recorded.

Figure 2.4 - Pendulum test foot in zero position (adapted from FIFA 2008).

The pendulumtestmethodis recognisedby the Health and Safety executivein the UK
(Ferry 2005) but is not often usedin research;instead horizontal translation of the
whole shoeis usedto representsliding during a push-off movement. Translational
tractiontestingdevicescanbe simple; Vachon (2005) applieda 15.9 kg vertical load to
arangeof shoesand measuredhe horizontalresistanceto motion using a load spring.
The uncertaintyin the measurementsvas between 10 - 15% of the mean suggesting
poor repeatability in the measurements. The method of measurementwas also
susceptiblego humanerrorandthe load non-representativef realistic conditions. More
sophisticateddevices use a motor to either drive or pull the shoe or plate acrossthe
surface. Haakeetal. (2004)useda sledwith aloadcell to pull a studdedplate acrossan
artificial surface. The standarddeviationin the measurementwasonly 2% of the mean
indicating a much higherrepeatabilitythan the manuallypulled device. The advantage

of using mechanically driven devices is that the traction force can be measured
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throughoutthe whole movement. Haake et al. measuredthe traction force at 100 Hz

producingtractioncurvessimilarto Figure2.5.

Figure 2.5 - Example traction curve.

The initial peakrepresentghe static force and the lower value the dynamicforce asthe
sled beginsto move. Haake et al. used the mean dynamic value for comparison
purposesithis is one of the shortcomingsof the device,with Kirk etal. (2007) arguing
thatthe shoemoveslessthan 10 mm during realistic sprinting movementsand as such,
the measuremenof traction at distancesgreaterthan this are non-representative. A

modified versionof the traction sled was usedby Clarke and Carre (2010) to assesghe
traction properties of different stud designs. The traction rig consistedof a high

pressurepneumaticram to drive a studdedplate horizontally forwards. The devicewas
capable of measuringthe displacementof the studdedplate as well as the resistive
traction force. Although able to produce repeatableresults, the use of a plate as
opposedto a shoeoutsolewas a potentialareaof concern. The authorsnotedthatwhen
full studpenetrationinto the surfacewaspossible,the friction betweenthe plate andthe
surfacewas also a contributing factor to the resulting traction force. This was also

observedby Haakeetal. (2004),theorisingthatthe total traction measuredvas:

total traction = ploughingtraction + plate skinfriction Equation 2.2

Consequentlyif the materialand areaof the plateis notillustrative of a shoeoutsolethe

total tractionmeasuredvill alsonotberealistic.

Devicesthat are able to usefull or part shoeoutsolesare also usedfor traction testing.

McNitt et al. (1997) developeda device to measureboth the linear and rotational

-11 -



traction. A jointed leg and foot assemblycapableof attachingfull size football shoes
was driven by pneumatic pistons in both rotation and translation. Although the
movementand application of load was more representativethan other devices, the
authorsacknowledgedhatit did not simulateactualmovements. A similar devicewas
developedmore recently by Kuhlmann et cil. (2009) that either pulled or pushedan
artificial jointed foot along the surface. The traction force was measuredcontinuously
during the movementand producedan output similar to Figure 2.5 wheretherewas a
distinct static and dynamic traction phase. Kuhlmann et al. (2009) usedthe deviceto
investigatethe effect of vertical load on the traction performanceof a range of studded
outsoles. The resultssuggestedhat at vertical loadsof lessthan 888 N, it was difficult
to distinguishany differencesbetweenthe traction behaviourof the shoestestedbut at
loads greaterthan 1776 N, the artificial turf test surface was permanentlydamaged.
This highlights the problemsof testing at loadsthat are potentially achievableduring a

sprintingmovement.

The rotationalresistanceof a studdedplate or shoeis a popularmeasuremenof traction
andis usedto replicatea movementmostcommonlyassociatedvith lower limb injuries
in football. Although mechanicaladvanceshavebeenmaderegardingthe translational
traction testing, many studies related to rotational testing use similar devicesto the
FIFA standardtest device. Livesay et al. (2006) measuredthe peak torque and
rotationalstiffnessof a rangeof different shoedesigns,surfacesandvertical loads. The
device usedwas similar in designto the FIFA device but included a biaxial load cell
and goniometerto measurethe torque and rotation angle during the measurements.
This enabledtorque graphsto be createdsimilar to the translationaltraction graphs
(Figure 2.5) displaying a peaktorque and the dynamicrotational stiffness. The results
indicatedthatasthe vertical load increasedpoth the peaktorque and rotationalstiffness
increased.Livesayetal. alsoobservedthat significantdifferencesexistedbetweenshoe
types and surfacetypes but that the optimum torque and rotational stiffnesswas still
undetermined,and as such it was difficult to commentwhethera shoe that offers a
lower torque and rotational stiffness was preferentialto one that displayed higher

values.

Andreassonet al. (1986) carried out one of the first studies that simultaneously
measuredhe torque and traction when the shoeslideson the surface. The device used
consistedof an artificial surfacefixed onto circularrotatingdisc which wasdriven by an
electric motor. An artificial testleg and foot assemblywas positionedon the rotating
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surfacewith a vertical force of 241 N suppliedby a pneumaticcylinder. Straingauges
in the testleg were able to measurethe torque and flexional stress,the reportedvalue
for comparisonwasthe meanleverarm which wasaratio of the torqueandtraction. No
degree of error or deviation of the results collected was given which means the
repeatabilityof the device cannotbe commentedon. Although attemptswere madeto
ensurethat the position of the vertical centre of load of the shoerepresentedealistic
conditions, the conditionswere for a stationarystanceand the vertical force actually
appliedhadto be lower than observeddue to the mechanicalconstraintsof the testleg.
The device allowed full outsolesto be testedbut the choice of test surfacewas limited

dueto the fixation to therotatingdisc.

Attemptsto replicaterealistic loading conditionshaveimproved since the device used
by Andreassonet al. in 1986 with the technicaladvancementof the test equipment
available. Grund et al. (2007) proposeda complex list of requirementsfor a more

realistictractiontesterfor high-risk loading scenarios:

* Replicationof the full rangeof motion of the ankle;

e Application of forcesandtorquesalongthe lower leg;

« Adjustableshoe-to-shafpositionsandvaryingload conditions;
 Measuremenof resultantforcesandtorquesat the tibia position;

- Portabledesignto testthe bootson differentsurfaces.

However, the criteria did not highlight the need for repeatableresultsthat were also
easyto interpretand compare. The testdevicedevelopedby Grund et al. replicatedthe
movementobservedto causeanteriorcruciateligament(ACL) injuries and consistedof
an artificial foot and anklejoint and shaftrepresentinghe lowerleg. The movementof
the leg was controlledby pneumaticcylindersand forcesandtorquesaroundall axesof
the leg weremeasured.Grundand Senner(2010) reportresultsof the torquearoundthe
longitudinal axis of the lower leg for a range of different outsoleson natural turf.
Despitethe complexity of the movementsperformedby the test shoe on the surface,
only two measurementsvere used for comparison;peak torque and effective peak
torque. The resultsindicatedthatboth the peaktorqueand effectivetorquedependedn
the loading conditions used and the outsole type. The order of the results for the
outsoleschangeddependingon which loading condition was used. Although more
representativéoading conditionswere used,the actualvariablefor comparisonwas still

ambiguousandtheresultsproduceddid notlendthemselvedo easyanalysis.
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Frederick(1986) highlightedthatplayershavebeenobservedo modify theirkinematics
as a resultto changingsurfaceconditions;this is not possiblewith mechanicaltraction
testing and calls into questionthe traction characteristicsof shoesand surfacesbased

only on mechanicakesting.

This concern for the validity and relevance of traction characteristicsbased on
mechanicalestsonly was also raisedby Nigg (1990). Nigg reviewedthe methodsand

resultsof usingboth mechanicaland playertestingand observedhe following:

Observation Conclusion
« Tractioncoefficientwasdependenbn e Both shoeandsurfacematerialsneedto
materialproperties; be representative;
* No correlationbetweenrotationaland « Bothtranslationalandrotationaltests
translationaltraction values; needto be performed,;
e Theorderof translationaltraction e Appropriatevertical loadsneedto be
coefficientson arangeof surfaces used;

changeddependingon the vertical load .
e Mechanicaltestsassesshe shoe-surface

applied; interaction,playertestingassessethe

e Mechanicalandplayertestingtraction shoe-surface-playdnteraction;both are
resultscorrelatedfor 6 out of the 7 requiredto allow conclusionsaboutthe
surfacedested. performanceof a shoe-surface

combination.

Table 2.2 - Observations and conclusions made by Nigg (1990) in relation to the traction

assessment of shoes and surfaces.

2.3.2. Traction testing: Player

Despitethe limitations of mechanicaltraction testing,there are few studiesthat attempt
to use participantsto measurethe traction force during realistic movements. This is
partially due to the negative connotationsassociatedwith player testing; increasein
variability and potential for subjectiveoutcomes,but also due to the complexities of

measuringthe tractionforce on a variety of surfaces.

To understandthe interactionbetweenthe studs and the surfaceduring player testing
one of the mostpromisingdevelopmentsvasthe developmenbf instrumentedstudsby

Garcia et al. (1999) and Gonzalezet al. (2003) at the Institute of Biomechanicsof
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Valencia. Thirteenstudswere instrumentedwith strain gaugesattachedto a steelspigot
in the middle of the stud. Fourgaugeswere positionedat 90° to eachotherto allow the
measuremenin the anterior-posterioand medial-lateraldirections. The gaugecables
passedhroughthe shoeinsole and were attachedto an amplifier box sewnonto the side
of the shoe. Therewas little datapublishedon the resultsand accuracyof the system
butinitial analysisshowedthatsignificantdifferencescanbe seenbetweenstudsduring
differentmovements(Gonzalezetal. 2003). With the developmentsn wirelesssensor
technology,the disadvantage#n the instrumentedstud systemof potentially hindering

playerperformancewill be minimised (Kirk 2008).

More detailson playeranalysistechniquesusingforce-plates pressurensolesandhigh-

speedcamerasare given in section2.6.

2.3.3 Traction testing: Modelling

Modelling techniquescan also be usedto evaluatethe interactionbetweenthe shoeand
the surface. Modelling allows prototypeshoedesignsto be assessedvithout incurring
manufacturingcosts. However,to ensuresuitableresultsthe model needsto accurately
representthe surface, the shoe and the interaction betweenthe two. To do this,
understandingof the mechanicalpropertiesof the surface and modelling techniques
used to representthem needto be understood. Natural turf is a complex material
consistingof both soil and grassfibres. Modelling of soils is of particularinterestin
geotechnicalengineeringapplicationsfrom earth penetrationfor tunnel and mining to

the designof earthretainingstructures(Sallam2009).

With regard to the popularity in modelling soil using finite element applications,
Brinkgreave (2005) revieweda range of soil modelsto provide guidelineson selecting
the most appropriatemodel for the given application. Brinkgreaveinitially identified
five aspectsof soil behaviourthat soil modelsneedto be able to replicate. Soil is a
complex material that exhibits non-linear, anisotropic and time-dependenbehaviour

with respecto stressand strains. The characteristicsoil aspectshighlightedwere:

1. Influenceofwateron behaviourofthe soil'. Porepressuredistribution can affect
the total stressstatein the soil.
2. Soil stiffnessis not a constant'. Stiffnesscan be affectedby stresslevel, stress

path, strainlevel, time, density,water,over-consolidatiorand direction.
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3. Soilsirreversibly deform under loading'. Soils only have a small elastic region
anddeformirreversiblyfrom the onsetof loading, howeverthe soil doesnot fail.

4. Shearstrength is dependent'.Soil shearstrengthcan be influenced by loading
speed, duration, density, undrained behaviour, over-consolidation and
anisotropy.

5. Soil exhibitstime-dependenbehaviour. Pore-pressureand swelling which can

influencesoil stiffnessand strengthcandecayin time.

The above list of soil characteristicsis not exhaustiveand demonstrateghe highly
complex nature of soil. It is therefore hardly surprising that the developmentof a
computationalfinite elementmodel to accuratelyrepresentthe characteristicsof soil
would be complicatedand time consuming. Attemptshavebeenmadeto developa soil
modelto measurethe interactionbetweena shoeand the surface(Sunetal. 2005, Kirk
2008) howeverthe focus has been on producingresultsthat are able to give similar
resultsto mechanicaltractiontests. The modelsalso primarily representhe particulate

natureof the soil and neglectthe influenceof grassfibresandroot zones.

To accuratelyrepresenthe interactionbetweenthe shoeandthe ground, the shoeand
human sectionsof the model also needto be represented. Mass-springsystemshave
often been used to model the dynamic impact betweenthe body and the surface
(Cavagnhal970, Blickhan 1989, Nigg and Liu 1999). The simplestmodel (Blickhan
1989) consists of a single linear spring. Over time more complex models were
developedo represenboth the body andthe ground;for example,Nigg andLiu (1999)
simulatedthe impactforce during running using a spring-dampemassmodel consisting

of four massessix springsand four dampers.

Computationalmodelsusedto modeltraction behaviourbetweena shoeand a surface
arechallengingto develop,but when usedsuccessfullycan be a valuabletool in outsole
design. The fundamentalpart of the model is the surface; natural turf is a complex
medium and classificationusing mechanicalmeasurementss one of the first stagesin

understandingts behaviourduring shoeinteraction.
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2.4 Surface classification

During a typical sprinting movementin football, the motion can be describedin three
stages;impact, contactand push-off. The impact phaseplays an important part in

forming the first stagein the interactionbetweenthe studdedoutsole and the surface.
Penetrationdepth of the studs has beenshownto have a direct effect on the resulting
traction properties (Clarke and Carre 2010). Being able to estimate the expected
penetrationof the studscan help inform playerson the appropriatestuddedoutsolefor

that surface. In the UK and the majority of Europe, natural turf can be generally
groupedinto two types; firm ground and soft ground. Firm groundis typically pre-

seasongend of seasonand the spring/summemonths;soft groundusually occursin the
winter months (unless frozen which is then more representativeof the firm ground
hardness). However,the hardnesss not the only parametethat affectsthe interaction
betweenthe stud and the ground; factors such as grass cover, root depth, moisture
content,temperature soil density and pitch constructionall come into play (Canaway
and Baker 1993). In winter, with soft ground conditions,it is expectedthat the stud
would penetrateinto the ground and thus give greatertraction comparedto in firm

grounddueto the enhancedcontactarea. However,firm groundin the spring monthsis

likely to have greater grass cover and root strength, leading to improved traction
throughroot-studinteraction. Completelydifferentturf conditionsare likely to be seen
when playing in say Africa or Australasia. In essence,natural turf surfacesare
geographicallyand temporallyvariable (Stiles etal. 2009) making categorisatiorof the

surfacedifficult.

As describedthe condition of naturalturf surfacescan influencethe traction properties
of the shoe and as such it is importantthat when carrying out traction testing either
mechanicallyor with playersthat the surfaceis appropriatelyclassified. Stiles et al.
(2009) definedthree groupsof mechanicaltesting methodologiesthat could be usedto

classify naturalturf conditions:

1. Ball surfaceinteractions;
2. Surfaceperformanceand aesthetics;

3. Player-surfaceénteractions.

The FIFA quality conceptfor football turf handbook(FIFA 2008) outlines a set of ten

teststhatcoverthe topics suggestedy Stilesetal. (2009):
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1. Footballrebound;
Angle ball rebound;
Ball roll;

Shockabsorption;

2

3

4

5. Vertical deformation;

6. Rotationalresistance;
7. Studslide valueand stud decelerationvalue;
8. Surfacefriction and abrasion;
9. Simulatedwear;

10. Simulatedweathering.

The testsrelating directly to traction were discussedin section2.3. Testsrelating to
surface hardnessinclude a measureof the force reduction or shock absorptionand
vertical deformation of the surface. The shock absorption is measuredusing test
apparatusknown as an “artificial athlet¢. A 20 kg falling weight is guided to fall
smoothlyonto a spring, load cell and testfoot restingon the surface. The springhasa
stiffness of 2000 N/mm and togetherwith a load cell sampling at 500 Hz restson a
round steelplate weighing 3 kg acting asthe testfoot. The percentagaeductionof the
maximum force measuredon the test surfacerelative to the maximum force measured
on a concretesurfaceis reported as the force reduction. A similar testis usedto

measurehe vertical deformationof the surface.

The deviceusedby FIFA is alsoknown asthe Berlin Artificial Athlete. A modification
to this test procedureis the Stuttgart Artificial Athlete which has an increaseddrop
weight andreducedspring stiffnessleadingto a slight reductionin touch down velocity

butanincreasein the contacttime of the testfoot (Nigg and Yeadon 1987).

Nigg and Yeadon (1987) comparedthree mechanicaldrop tests; the Berlin Artificial
Athlete, the StuttgartArtificial Athlete and a standarddrop testwherean accelerometer
is placedin aweightand droppedfrom a setheight. The testswererepeatedon arange
of surfaces. For all tests, the ground reaction force and surface deformation were
dependentupon the impact velocity and the radius and mass of the drop object. A
changein one of the parametersiot only changedthe maximumforce recorded but also
changedthe ranking orderof the group of testedsurfaces. This is shownin Figure 2.6;
the graph showsthe resultsfor the impactforce peaksmeasuredn a drop teston three

different surfaces. Using the shot with mass 7.3 kg and radius 6.2 cm, surface A
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recordedthe lowestimpactforcesand surfaceC the highest. However,using a massof
4 kg and radius 5.25 cm, the situation becamereversedwith surfaceC measuringthe
lowestimpactforcesand surfaceA the highest. This examplehighlights the needfor a

standardisednethodfor the comparisonof surfaces.

- m = 7.3 kg
o m = 4.0 kg
o)
o
A B C
Surface

Figure 2.6 - Left: Influence of mass, radius and impact velocity on maximum force in a
drop test with force platform. Right: Maximum force with two different shots on three

surfaces (adapted from Nigg and Yeadon 1987).

The drop test describedby Nigg and Yeadon (1987) is also known as the Clegg
hammer. The Clegg hammeror Clegg Impact Soil Testerwas original designedto
measurethe suitability of soils as a basecoursefor roadsin Australia(Dr BadenClegg
Pty Ltd 2011) and has since been adoptedby sports clubs and local councils as a
standardtest procedurefor measuringthe hardnessof playing surfaces(Twomey et al.

2011).

Carre et al. (2006) assessedhe performanceof the Clegg impact hammerand the
findings were used to develop a novel device to assessthe performanceof sports
surfacesduring ball impacts. The new systemwas designedto give consistentand
accurateresults for the hardnessof a surface. Analysis of the Clegg impact hammer
revealedinconsistencieselating to the uncontrolleddrop of the impact mass,pressure
build up in the tube as well as friction betweenthe mass and the tube; leading to

standarderrorsup to 30% for contactvelocitiesfor the samedrop height. A new system
was designedconsistingof a hemisphericadrop hammeron alinearbearingrail to give

controlled motion. Furtherinvestigationrevealedthat a hemisphericaldrop hammer
shape better representedimpacts between sports balls and surfacesand gave better
guality raw datathanflat drop hammers. The devicealsoincludedadjustablefeetto aid

in level setup and an electromagnetiadrop mechanismto aid in accuratedrop heights.
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The new systemgave standarderrorsof lessthan 5% and Carreetal. deemedthat this

was sufficiently accuratefor useasareplacementor the Clegghammer.

Despitethe problemsof the Clegghammerfor surfacetesting,it hasoften beenusedin
researchas a simple way to classify the hardnessof naturalturf surfaces. Dixon et al.
(2008) investigatedthe loading within the shoeon a range of different surfaces. This
required the soil surfacesto be characterised. The soil was characterisedusing two
tests;the hardnesswas measuredusing a Clegg impacthammer(0.5 kg droppedfrom
0.55 m height) and the peak penetration resistancewas measuredusing a cone

penetrometef130 mm? basearea,30° cone,penetratiorrate 30 mm/s) (Table2.3).

Bulk densitykg/mj Hardnes<(g) Peakpenetration(kPa)
1460 125 1200
1590 235 1500

Table 2.3 - Soil properties (from Dixon €t al. 2008).

Dixon et al. (2008) observedthe difference in hardnessto be equivalentto the
difference betweencomplete sinkage of the studdedsole to 50% stud penetrationin
staticconditionsfor the medianparticipant. The two surfaceconditionswere thoughtto
be representativeof typical field conditionsfor 'soft' and 'hard' surfacesrespectively.
Thesepeak hardnessvalues correspondto measurementdy Kirk (2008) usedin the

vertical interactionanalysis(Chapter3.5).

Baker(1991) at the SportsTurf Researchinstitute also usedthe Cleggimpacthammer
to investigatethe effect of temporalparameterson the mechanicalpropertiesof natural
turf football pitches. The mechanical properties chosen were deemed to be
characteristicof playing quality and consistedof a measureof hardnessand traction.
The hardnesswas measuredusing a Clegg impact hammer;0.5 kg, 50 mm diameter,
droppedfrom a heightof 0.3 m. The peakdecelerationupon impactwith the ground
was recorded. The traction was measuredusing a studdedplate with a torque wrench;
in this casethe force requiredto initiate rotationalmovementof the plate wasrecorded;
similar to the standard FIFA test procedure for rotational resistance. Additional
measurementsvere also madeto help characteriseghe condition of the naturalturf on

the day of testing;thesewere:

e grassgroundcoverpercentage,

e gravimetricmoisturecontent,
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* antecedentainfall data.

Four different root-zone constructionswere also useddiffering in the mixing ratio of
soil to sand. Measurementsvere collectedonce a week from Septemberl986 to May

1987.

Results indicated that the moisture content was strongly influenced by root-zone
compositionand was particularly high in Octoberand December1986 in responseto
higher than averagerainfall. The authorpostulatedthat the low moisture contentin
Januaryand February1987 was dueto the increasedevapotranspiratiorat the end of the
playing season. The traction wasfound to decreasdrom Septemberl986to May 1987;
with the differencein traction on the varied root-zonesnegligible. In contrast, the
hardnesswvas found to vary significantly with the root-zonemixing ratio. Bakernoted
thatin wet weatherthe root-zoneswith high soil contentgave lower hardnesseadings
comparedto the sand;this was also reversedin dry conditions. In terms of temporal
parametersthe traction was found to havelittle variation on a weekly basis,but simply
decreasedhroughoutthe seasonwith the wearof the turf. This wasto be expectedas
traction is saidto be relatedmore strongly to the amountof root materialpresent. The
hardnesswas found to be very dependenton the moisture contentof the turf; and as

suchwasalso stronglyinfluencedby the antecedentainfall (Baker 1991).

Giving referenceto the proposedstandardsfor playing performance(Canawayet al.
1990) (Table 2.4), Baker (1991) proposedgrades of pitches defining under which
circumstancesthey would be suitable for play. Basic grade pitches were deemed
suitablefor play in relatively dry conditionsonly with light rainfall expectedto cause
retentionof surfacewater. Standardgradepitcheswere definedsuitableundermoderate
rainfall intensitieswith high gradepitchesexpectedto be playableunderintenserainfall
conditions. Baker (1991) also defined the maximum antecedentrainfall limits for

mechanicalestresultsto be valid (Table 2.5).

Preferredrange Acceptablelimits
Traction (Nm) >25 >20
Surfacehardnesgg) 20-80 10- 100

Table 2.4 - Proposed standards for playing performance (Canaway €t al. 1990).
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Maximum permittedrainfall in thetime periodbeforetesting(mm)
Gradeof pitch

1 hour 6 hours 12 hours 24 hours
Basic 2 4 6 10
Standard 5 8 12 20
High 10 15 20 30

Table 2.5 - Maximum permitted rainfalls for test results to be valid (Baker 1991).

Theresultsfrom Baker(1991) highlight the effectsthe temporalparameterganhaveon
the surface condition and consequentlythe traction property of the shoe-surface
interface. Rogersand Waddington(1989) revealedthatthe grassheightcan also affect
the hardnessand traction performanceof a surface. The authorsuseda Clegg impact
hammerto measurethe hardnessof a surfaceover a period of a year also noting the
grassheightand moisturecontentof the surface. The hardnessusing the 0.5 kg Clegg
hammerwere shownto be sensitiveto the presenceof verdure (top growth remaining

aftermowing) and grassheight.

Fujikake et al. (2007) reporteda similar sensitivity betweenthe hardnessand the grass
type over a period of several months. Impact hammertest and traction tests were
performedat 13 naturalturf pitchesand eight artificial turf pitchesin Japan. The study
focussedon mechanicaldifferencesbetweenartificial and naturalturf pitchesand more
importantly, how the changeof seasonaffected the mechanicalcharacteristicsof the
pitches. From the results,of particularinterestwasthe hardnessndex recordedfor the
samenatural turf pitch over severalmonths. The impact drop testwas performedin
August2003 andthenJanuary March, May, Augustand Octoberof the following year.
The authorsrecordeda significantdifferencein the hardnessof the turf in March and
Octobercomparedto the othermonths. The authorsreportthat March was a transition
periodfrom rye grassto Bermudagrassand Octoberwasan ‘overseedingeriod which
meant the amount of turf was less. Combined with an aeration processto allow
nutrients and water to penetrateinto the soil, Fujikake et al. concludedthat in these
monthsit was likely that the ground would be softer. This study again highlights the
effectsthe grasstype can have on the surfacecondition, but also the effect of ground

maintenance.

An alternative measureof surfacehardnessis surfacepenetration. Penetrometersre
morecommonlyusedon horseracingcircuits with the introductionof the GoingStickin
2006 (Brighton and Godwin 2006), they have however been extensively used by
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Orchard(2001)in his studyinto the causesand effects of injuries in AustralianFootball
Leaguematches. One of the initial studiesby Orchard (2001) wasto use an objective
measureof ground hardnesgo analysethe relationshipbetweenground conditionsand
ACL injury ratesin the Australian Football League(AFL). The ground hardnesswas
measuredusing the Penetrometer. According to Neylan and Stubbs (1998, cited by
Orchard 2001), the Penetrometehas better correlation with track hardnessand race

timesthanthe Clegghammer.

AFL injury surveillance data found that ACL injuries were less likely at Victorian
(southern) venues and in games during the winter months (later in the season).
However,the penetrometestudy was unableto specify the particularcharacteristicof
groundsthat are responsiblefor the 'northern'and 'early-seasonbias for ACL injuries.
Orchard (2001) reporteda non-significanttrend towardsmore ACL injuries on harder

grounds,aswell asa similartrendwherecouchgrasswasthe predominantspecies.

Orchard (2001) identifies the relationship between weather variables and surface
conditions and in turn how these may ultimately affect the shoe-surfacetraction of

players(Figure2.7).

Figure 2.7 - Relationship between hardness, shoe-surface traction and other ground

characteristics (adapted from Orchard 2001).

_23-



The range of surface measurementsavailable togetherwith the effect of additional
surfaceconditionssuchas grasstype, length, soil density and moisturecontentrenders
the task of classifying surfaces confusing and sometimescontradictory. Without
consistencybetweensurfacemeasurements surfacedeemedhardby one studymaybe

classedsoftby anothersimply by using a differentweightin a drop test.

2.5 Biomechanics of football

2.5.1 Biomechanics of football

One of the mostcomprehensiveeviewsof biomechanicdn football was undertakenby
Leesand Nolan (1998). They identified the biomechanicalaspectsof kicking, throw-
ins and goalkeepingand also the influence of the ball, shoe and surface on player
performanceand injuries. The authorsidentified that ball speedcould be usedas a
measureof kicking success.Using this notion, Sterzingand Hennig (2008) investigated
the influence of the traction of the planted foot during kicking. The authors
hypothesisedhat due to kinetic chain theory, the transferof momentumto the ball is
basedon awhole sequencdrom foot strike of the plantedfoot to the end of the collision
phaseof the kicking leg, and as such, highertraction of the plantedshoewill leadto an
increasedperformancein ball velocity in kicking. The traction performanceof four
different studdedoutsoleswas measuredby observationof the groundreactionforces
on impact. The ball velocity was measuredusing a radargun. Playerperceptionof
both traction performanceand ball velocity were also recorded. The resultsindicated
that the shoesrelatedto the highestball velocity also recordedthe highestmaximum
shearforce and shortestreactiontime. Perceptionratings were variable; participants
were able to differentiatedifferentball velocitiesbut were unableto correctly rank the
traction performanceof the shoes. An interestingaddition to this study would be the
mechanicalmeasuremenbf the traction values of the shoesand the comparisonto

functionalperformanceandperceptionratings.

Lees and Nolan (1998) also suggestedthat the placementof the planted foot during
kicking may influence the performance. McLean and Tumilty (1993) identified for
right foot kicks that participants (elite junior football players)positionedtheir support
foot 373 £41 mm to the side of the centreof the ball and 81 + 53 mm behindthe ball.

This was differentto left foot kicks wherethe supportfoot was451 +31 mm to the side
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and 39 £ 91 mm behind the ball. Lees and Nolan (1998) postulatethat the anterior-
posteriorpositioning of the supportfoot is relatedto the type of kick and the intended
trajectory; howevertherewas no evidenceto suggesthatpositioningthe foot furtheror

closerto the ball will causeit to go low or high.

The use of biomechanicsin football shoe design has mainly been focused on shoe
ergonomicsand reductionin injury. Johnsonetal. (1976) investigatedhow the design
of the shoe affected stiffness. They hypothesisedthat the stiffness of the shoe in
inversion and eversioncould be relatedto the ankle injuries in football players. In the
1970s, shoedesignswere introducedthat had significantly lower profile in the ankle
and thesewere often blamedfor ankle injuries during football games. Johnsonet al.
compareda high ankle profile shoeand a low cut shoeby measuringthe resistanceto
rotationin inversion and eversionof a participants ankle while strappedin aleg brace.
A third shoein the low cut designbut made from the sameleatheras the high ankle
designwas also tested. Resultsindicatedthatthe high cut designwas 50% stiffer than
the new low cut shoe,butthatthe low cut shoewith old leatherwas40% stiffer thanthe
new design. The authorsconcludedthat 80% of the differencesbetweenstiffnessin
shoedesigncould be attributedto a changein materialratherthan a changein shape.
LeesandNolan (1998) also identified that materialselectionplayedan importantpartin
the biomechanicaldesign of football shoes. Shoe-splittingwas reportedby 27% of
professionalplayersquestionedthe authorsestimatedthat during a gamessituation, the
accumulatedstresson the bootwasthreetimes greaterthan during training, and as such,

the selectionof materialhasto takeinto accountboth demands.

Sterzing et al. (2010) used player testing to evaluate a series of prototype designs
specific for artificial turf. The study involved both biomechanicalassessmenand
perceptionratings from players. 47 playerswere askedto perform a slalom courseon
an artificial surface wearing a selection of artificial turf outsolesfrom a range of
manufacturesand a new prototypedesign. The time takento completethe coursewas
used as a comparativemeasure,combinedwith the perceivedrun time and traction
rating of the shoe from the participants. Cutting and turning movementswere also
performedin the laboratoryon a force-plateto measurethe shearand vertical forces.
Assessmenibf the prototype shoe comparedto three shoesavailable on the current
marketrevealeda fasterrun time roundthe slalom courseand higherratio of peakshear
to peak vertical forces during the cutting and turning movementsin the laboratory.
From the results, the authors concludedthat the new prototype exhibited a higher
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functional traction (defined by ratio of horizontal to vertical force) than existing
designs. This study demonstrateow player feedbackand biomechanicalassessment

canbe usedto evaluatetractionrequirementsvithout mechanicatesting.

Brizuelaetal. (1998) usedpressureinsolesto investigatethe influence of stud position
on performanceand injury prevention. Participantswere askedto perform an obstacle
coursewearingfive different prototypeoutsoledesigns. The first designconsistedof 15
studs distributed equally aboutthe sole. The outsole designswere then modified by
removingone or more studs. A final designmimicked a commerciallyavailableshoe
with 13 studs. A goniometemwas usedto measurethe inversion-eversiorstability of the
shoe and pressureinsoles used to determinethe pressuredistribution underthe foot
during differentmovements. Playerquestionnairesvere also usedto obtain the comfort
level of the shoe. Resultsindicatedthat stud position had a significantinfluence on the
pressuredistribution and stability of the shoe. Shoeswith equivalentnumberof studs
did not necessarilyhave the samecomfort rating or high pressureareasindicating that
the position of the studsis important. A more complete study would again be to
investigateadditionalinformation suchas mechanicalraction valuesor groundreaction

forces.

To date, the traction performanceof outsoleshas been highlighted as an important
playing quality (Lees and Nolan 1998) but has predominatelybeen investigatedfrom
the point of view of the surfaceratherthan the biomechanicainfluence on stud design
or configuration. Muller et al. (2010) identified that the stud configuration can
influencethe turning patterns;with playerswearingan outsolewith no studsdisplaying
lower horizontal reaction forces comparedto those wearing studded footwear. The
observationsfrom biomechanicalstudiesare more commonly linked to the causeor

reductionof injuries.

2.5.2 Injuries

The level of traction requiredby a playeris a balancebetweeninjury preventionand
performanceenhancementtoo much traction and the shoe can lock into the surface
causingpotentialinjuries to the lower limbs, too little traction and the player may slip
compromisingperformance. The influence of traction on player injuries has always
beena concernbut hasmore recentlybeeninvestigatedwith the increasein the number

of artificial or portablegrasssurfaces,especiallyat elite competitionlevel (Orchardet
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al. 2008). As such,researchon the influence of traction on injuries has predominately
been focussedon surface characteristicsrather than outsole designs. Orchard et al.
(2008) hypothesisedhat portable natural grassmay be a risk factor for knee injuries.
Portablenatural grassinherently has high resistanceto shearingand as such has been
linked to ACL injuries due to excessiveshoe-surfacdraction. Orchardet al. identified
a numberof case studiesof ACL injuries on natural grassand concludedthat until
furtherevidenceis presentexcessiveshoe-surfacdractionis a likely cause butrandom
injuries can also occur that may or may not have any relation to shoe-surface
interactions. The authorsalso observedthat a successiormof knee injuries occurring at
one particularground can causean increasein mediaattentionevenwhen thereis no

guantitativeevidenceto suggesthatthe surfacewasthe influencingfactor.

The negative media associationto injuries does not always focus on the surface. A

successionof injuries occurring by players wearing a particular brand or style of
football shoeor stud designcan also causethe mediato speculatethat the shoeis the
causeof the injury. Modern bladedstudsare a prime exampleof a shoedesignthat is

constantly under question from the media as to its safety for football players of all

levels. In 2005, Sir Alex Fergusonraised one of the first public concernsfor bladed
studs,calling for a completeban afterinjury to Roy Keane(BBC 2005). In 2010, Steve
Bruce called for a conferenceon football player footwearand pitch conditions after a
seriesof injuries causedby playerswearing bladed footwear (Taylor 2010). Taylor
(2010) reported that the fashion for players to wear bladed footwear over more
conventionalround studswas causingthe shoeto stick in the surfaceleadingto ACL

injuries. The bladedstud alsoreceivednegativepresswith respectto injuries causedby
stud lacerations. Hall and Riou (2004) raised concernthat the bladesposeda greater
threatto lacerationinjuries thatroundedstudsandthattheir usein youth football should

be monitored.

The scientific evidenceto supportthe claims that bladed studs poseda greaterinjury
risk have also had mixed results. Kirk (2008) measuredthe resistanceto rotation of
both bladed and conventional round studded outsoleson natural turf. The results
indicated that the rotational torque of the bladed designswas lower than the rounded
studs. The authorhowever,expressectoncernthatthe type of stud mustbe appropriate
for the surface;a shoe designedfor soft ground conditions (longer stud profile) may
pose an injury risk on other surfaces. Bentley et al. (2011) measuredthe pressure
distribution on the foot when wearing bladedor round studdedoutsoles. The results
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indicated that the pressuredistribution on the lateral side of the foot during certain
movementsin the bladed shoe was significantly greaterthan the round studdedshoe.

This led the authorsto speculatethatthe bladedshoeposeda greaterrisk to injury.

As mentionedby Kirk (2008)the players selectionof studdedfootwearhas significant
influence on both their performance and susceptibility to injury. There is little
informationon the relationshipbetweensurfacecondition and playerfootwearselection
perhapsleading to a lack of educationin players on appropriatefootwear. Rennie
(2010) measuredhe Cleggimpacthardnessf the football pitch beforeeverymatchand
training sessionfor LeicesterCity Football Club to investigaterelationshipbetween
hardnessand incidenceof injury. The seasonalvariability of pitch hardnesswas also
investigated. However,the authorreportedthatthe playerswere not madeawareof the
pitch hardnessand as such it did not influence their footwear selection. A players
ability to perceivethe hardnessand traction propertiesof the surfaceplays an important

role in selectionof footwearandultimate mediaportrayal.

2.5.3 Perception

The evaluationof playerperceptionhas always played an importantpartin sportsshoe
designandresearch. A playersability to perceiveinformation suchas surfacehardness
or traction propertiescan leadto a more informed selectionof footwear. Muller et al.
(2010) undertook an evaluation of player-surfaceinteraction on artificial surfaces
investigating both mechanical,performanceand perceptionresults. Playerswore a
rangeof studdedoutsolesand performedslalom and accelerationmovementsto gauge
both the performanceof the shoesand the players ability to perceivethe traction
performance. The perceivedranking of traction performancecorrelatedwith the course
times used as a performanceindicator. These also matchedwell with mechanical
measurementsaken for the traction performanceof the shoes. The authorsconcluded
that the combination of perception, performance and mechanical testing was a
successful way to ensure a comprehensive understanding of the shoe-surface

interactions.

Perceptionof loss of traction, or slipping has more readily been investigated with
respectto heel slide during walking (Redfern et al. 2001, Grongvist et al. 2001,
DiDomenico et al. 2007). Redfernetal. (2001) stipulatedthat the kinematicsof the

heelasit contactsthe floor hasa high potentialfor slips; the heelrapidly decelerategust
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prior to contactand then there is a slight sliding motion along the surfaceat impact.
LeamonandLi (1990, cited by Redfernetal. 2001) statedthat during normal walking
gait, it was expectedfor thereto be somesliding observedat andjust after heel contact.
This was termeda microslip and was said to be in the orderof 10 mm. A microslip
greaterthan 30 mm wasthentermeda slip. Perkins(1978) reportedthat slip distances
up to 30 mm can occur without being perceived. Information on perceived slip
distancescan affect the realism of traction testing devices. If translationdistancesof
greaterthan 30 mm aretested,it is likely thatthe playerwould haveperceivedthis slip
and monitoredtheir movementto compensatdor it. This will havecompromisedheir
performanceand as such questionsthe translation distancesmechanicaltests should

measureo.

As suggested,players are able to adaptto the surface conditions and adjust their
movementsaccordingto the shoe-surfaceanteractionat the time (Hennig 2011). On a
soft, wet surface, Hennig (2011) observedthat players ran more cautiously and
performed movementsslower. Changing the footwear causeda 3% difference in
performance whereas a change in the surface caused up to 20% difference in
performance. The ability to observethe shoe-surfacénteractionandthe resultingeffect
on the playerperformanceduring different movementson a range of surfacescan help
further the understandingn traction requirementsn orderto improve performancebut

reducethe likelihood of injuries.

2.6 Motion analysis

Nigg (1990) stressed the importance of understandingthe shoe-surface-player
interaction as well as just using mechanical measurementsto assess traction
performance. To do this, knowledge of the loading conditionsand movementof the
shoeduring motion is required. Motion analysistechniquesfor human movementsare

usedto obtain measurementand understandingf the following areas:

 Forceandpressurgloadingconditions);
« Rateof movement(velocity andacceleration);

« Position:displacementandanglesof an objector person.

Techniguesusedfor motion analysiscan be classifiedinto two areas;intrusive and non-

intrusive datacollection methods.
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2.6.1 Intrusive

Intrusive datacollection involves making modificationsto the testenvironmentn order
to measurethe desiredparameter. The changescould be major, suchas moving the test
environmentto a laboratory rather than an outside playing field, or minor such as

addingtrackingmarkersto a playeror pieceof equipment(Kelley 2011).

a) Information of loading conditions

Force-plates(or platforms) are one of the mostcommonly used methodsfor obtaining
loading information during playertesting. Modern force-platesusually consistof four
pedestaldnstrumentedwith eitherstrain gaugesor piezoelectriccrystals. Eachpedestal
measuredorcesandbendingmomentsthatresultfrom loading of the top plate; they are
instrumentedto measurein threedirections(Figure 2.8) operatingon the principle that
no matterhow manyobjectsapply the force, thereis only one resultantgroundreaction

force vector (GRF) (Robertsonetal. 2004).

Centre
of pressure

Figure 2.8 - Force-plate with its reaction to applied force and vertical moment of force

(adapted from Robertson et al. 2004).

Shortenet al. (2003) useda rubbercoatedforce-plateto investigatethe shoe-surface
traction of American football playersduring cutting movements. The surfacenormal
and surfacetangentialforces were measuredfor playersperforming45°, 90° and 180°
changesof directionwhilst wearingrubbersoledshoes. The tractionrequirementof the

movementwas defined as the ratio of normal to horizontal force. Shortenet al. also
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investigatedthe available traction and resistanceto rotation of a range of studded
outsoleson an artificial turf surfaceusing a motor driven mechanicalig. Comparisons
were made betweenavailable and required traction, noting that the available traction
exceededhe 95th percentileof requiredtraction. However,one of the majorlimitations
of this study was that the requiredtraction measurementsvere made on a different

surfacewith flat soledshoes.

Kaila (2008) useda combinationof a force-plateand gait analysissystemto investigate
the effect of different style studdedoutsoleson the loading of the knee during cutting
movements. The study built on previouswork by Shortenetal. (2003) by installing an
artificial turf surfaceover the force-plateand test area. Although the requiredtraction
(ratio of vertical to horizontal)was not calculated the resultssuggestedhat differences
betweenstudtypescould be seenin the kneeloading during cutting movementsbut not
straightrunning. This suggestghatlimiting traction testingto just one movementmay

not be representativef the interactionslikely to occurduring football.

One of the limitations of force-plate testing is that they are often restrictedto a
laboratory. Portableforce-platesare available,for examplethe Kistler multicomponent
plate (type 9286B), but havea reducedmeasurementangeand lower naturalfrequency
comparedto a standardembeddedforce-plate(type 9281E) (Kistler 2011). They also
sit abovethe surface,eitherrequiring the playerto step onto the plate, or needto be

imbeddedinto the testsurfacerequiring modificationto the testarea.

An alternativeto force-platesthat allows testing away from the laboratoryon realistic
playing surfacesare pressureinsoles. The use of pressureinsolesas an alternativeto
force-plateswas validated by Barnett et al. (2000). The study concludedthat the
accuracyof the pressureinsoles was sufficient enoughto warrantits usein clinical
applications. Ford et al. (2006) usedpressureinsolesto comparethe in-shoeloading
patternson natural and artificial turf. Participantsperformeda slalom coursewearing
studdedfootball shoeswith pressureinsoles. The advantageof the pressurensolesover
the force-platewasthatthe pressurecould be measuredor the whole course ratherthan
justin one discretelocation. The resultsshowedthat the total force time integralsfor
the artificial and natural surfaceswere not significantly different, but that differences
did exist betweenthe plantarloads at specific foot regions. During the cutting move,
the medial forefoot region had a higherrelative load on natural grasscomparedto the

artificial surface. A standardforce-platewould notbe ableto detectthesedifferences.
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Queenetal. (2007) undertooka similar studyto Ford et al. (2006) but also varied the
outsoledesignas well asthe surface. The experimenttook placein a laboratorywith
participantswearing pressurensolesand performinga slalom style course. The authors
concludedthat significant differencesexisted betweenthe forefoot loading patternsof
different studdedoutsolesbut that there was no conclusive evidenceto suggestthat

playersshouldselectone designoveranotherin orderto minimisethe risk of injury.

Pressureinsolesare limited to only measuringthe effect of the vertical forces. Force-
plates have an advantagein that they are capableof measuringboth the shearingand
vertical forces, but only give the resultantforce; there is no information about the
location of forcesas providedby pressureinsoles. Davisetal. (1998)designeda device
to simultaneouslymeasurethe vertical pressureand the shearingforcesin the anterior-
posteriorand medial-lateraldirectionsunderthe plantarsurfaceof the foot. The device
consistedof sixteen transducerscomprisedof a cylindrical column with an S-shaped
cantilever. The column containedeight rosettestrain gaugesequally spreadaroundthe
surface;thesestrain gaugesmeasuredhe shearingforces. The S-shapedcantileverhad
four rosettestrain gaugesand measuredhe vertical forcesactingon the transducer.The
transducersvere arrangedin a4 x 4 array giving a surfaceareaof 10.5cm x 10.5 cm.
This areawas only large enoughto coverthe forefootand not the entire plantarsurface
areaof the foot. The resultsvalidatedwell againstforce-platedatabut were limited by
the size of the test area. It was thought that the transducerarea was likely to
underestimatethe true peak pressures. The results were able to identify areas of
maximum shearand maximum pressurewithin the forefoot. The device was also
limited to samplingat 37 Hz; coupledwith the small test areathis also restrictedthe

rangeof movementghatcanbe performedon the device.

Aside from force-platesand pressuremats, plantarfoot pressurecan also be measured
by optical techniques. This is most commonly seenin the medical industry where
optical methodsare usedto identify high pressureareasin the foot plantarsurface of
diabetic patients. The Pedobarograptwas a major developmentin the field of foot
pressuresensing (Chodera 1960, cited by Urry 1999). A Pedobarographuses the
principle of critical light reflection along a glassplate. The glassplateis coveredwith a
thin rubber mat and illuminated from the side. When no pressureis applied to the
rubbersurface,the light is internally reflectedalong the glassplate. When pressureis
applied, the rubber surface is pushed againstthe glass deforming the microscopic

surfaceasperities(Urry 1999). This altersthe critical angleandlight is transmittedout
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of the glass. The higher the applied pressure,the greater the intensity of light
transmitted. As such,whenviewed from below a pressureprofile is seenin which the
pressureis proportionalto the intensity of light. Although beneficial for identifying

pressurethe Pedobarograpls unableto measureshearforces.

An alternativeoptical methodto measureshearingforcesis photoelasticity. The theory
of photoelasticityis outlined in Chapter3.4. The use of photoelasticityto measurefoot
pressurewas first proposedby Arcan and Brull in 1976. The device was later usedby
Rhodeset al. (1988) to determineground foot reactionforces and by Nishizawaet al.
(2006) to investigatethe contactpressuredistribution in Down syndromeinfants. The
underlying method behind the device makes use of the principle of photoelasticity.
Photoelasticity is a stress analysis technique and is commonly used to identify
maximum shearforces in mechanicalstructures. The device usedconsistedof a sheet
of photoelasticmaterial on a rigid transparentsupport. A flexible sheetwith contact
points was on the top of the surface upon which the pressurewas applied. When
illuminated from below stressfringes were visible in the photoelasticmaterial. The
outer fringe of each contact point was calibrated againstthe applied pressure. In
essencea relationshipwas derivedbetweenthe outerfringe diameterand the pressure;
the higher the pressure,the greaterthe diameterof the fringe. Rhodeset al. (1988)
indicatedthatthe set-upproducedhigh resolutionresultswith a good accuracy. One of
the problemsof using a photoelasticmethodaloneis thatthereis no informationon the
vertical pressureapplied to the plate which can causeout-of-plane shearforces. A
potential solution to this would be to combinethe principles of the Pedobarograpand

photoelasticnethods.

b) Information of position

Optical methods

To obtain information on the position of an object or playerin the test environment
using intrusive methodsrequiresthe addition of a tracking marker. Markers can be

passiveor active:

» Passivemarkersreflectelectromagneticadiation;

e Active markersemitelectromagneticadiation.
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Many visual 3D motion analysissystemsusepassivemarkers;Eharaetal. (1995, 1997)
reviewed a range of 11 commercially available systems assessingthem on the
measuremenerror and processingtime. The position of two markersplaced a fixed
distance apart were moved around the test environmentand tracked by the camera
systems. The accuracyof the re-projectionof the markerswas evaluated. The most
accuratesystemhad a meanerrorof 0.53 mm and standarddeviationof 0.31 s and took
47 s to process. The leastaccuratesystemhad a meanerror of 18.42 mm and took 16
min to process. The longestprocessingtime was 28 min and the shortestonly 10 s.
The review highlightedthe differencesbetweencommerciallyavailablesystemsin both

the level of accuracythatcanbe achievedand alsothe time takento processdata.

Many commercially available motion analysis systemsalso require an external light
source. This increaseghe amountof equipmentnecessaryo collectdataand can make
testenvironmentanore complexto setup. Many laboratorieshaveone systeminstalled
eliminating the needto set-upand take down the systems. To reducethe amountof
equipment,commercially available systemsthat also combine the sensorand light
source are available. The Motion Analysis Corporation system (MAC) (Motion
Analysis Corporation2011) usesa red light and sensorwith a red light filter to detect

passivesphericalreflective markers.

Potthast (2010) used four high-speedcamerasfilming at 100 fps to capture the
kinematicsof the lower extremitiesduring kicking on naturaland artificial turf surfaces.
A commercialvideo analysispackagewas usedto track the markerpositionsand create
an anatomicalmodel. The datawasfiltered usinga secondorderButterworthfilter with
a cut-offfrequencyof 20 Hz. Two artificial turf surfacesweretested;onewith sandand
rubberinfill and one with just rubberinfill. Resultsindicatedthat for five variables
evaluated(deceleration,maximum foot pronation, backwardsinclination of the leg at
impact, ball velocity and percentageof good shots) that there were significant
differencesbetweenthe artificial surfacesand the natural surface,but also betweenthe
two artificial surfaces. Potthastcommentedthat these results indicated that the
classification of pitchesinto just two categories:natural and artificial, is perhapsan
oversimplification of the situation. A low samplingrate was used which could also

affectthe calculationof the angleof leg on impact.

Muller et al. (2010) investigatedthe lower extremity kinematics and kinetics during

turning movementsfor four different studdedoutsoleshoes. Eight high-speedcameras
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samplingat 500 fps were usedto capturethe reflective tracking markerson the leg and
shoe of participants. A commercial processingpackagewas usedto filter the data
(Butterworth 30 Hz) and generatethe 3D coordinatesof the markers. The foot and
shankorientations(plantarflexion, abductionand eversion)were usedas variablesfor
comparison. The resultsindicatedthat the outsolewith no studswas observedto show
an increasein foot translationduring contactwhich could increasethe risk of slipping,
but also a decreasén the turning momentsat the knee and anklejoints minimising the
risk of injuring during rotation. The increasein risk of slipping was perceivedby the
participants,with a slowerapproachspeedand significantly reducedhorizontalground
reactionforce. Movementadaptionsprior to and during landing for the three studded

outsoleswerenotobserved.

Although many commercially available systemsinclude software to automatically
detectand track the markersin the testenvironmentthey are also very susceptibleto
noise and are unableto differentiate betweena marker and a rogue reflective object.
Non-commercialsystemsinvolve the use of high-speedcamerasand photogrammetryto
identify the position of a tracking marker and generateits location with respectto a
global axis systemwhetherin 2D or 3D. High-speedphotography,photogrammetry
and studiesusing non-commercialmotion analysissystemsare discussedn more detail

in section2.7.

Non-optical methods

Orr and Shelton (1997) identified three non-optical methodsthat could be usedto
determinethe position of a body segmentor piece of equipment. The three methods
were goniometry, accelerometryand magnetic tracking devices; the advantagesand

disadvantagesf eachmethodare highlightedin Table 2.6.

Ahmadietal. (2010) comparedthe accelerationcalculatedby a commerciallaboratory
basedoptical systemto thosefound from gyroscopesensordor a participantperforming
an overheadtennis serve. The resultsshowedgood agreemenbetweenthe calculated
and measuredesults,indicating that the gyroscopesensorsmountedon the arm, chest
andhandwereaccuratein obtainingthe angularvelocity requiredto monitor playerskill
(Ahmadi et al. 2010). This allows measurement$o be taken during play in the field

ratherthanbeingrestrictedto a laboratorysetting.
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Method Advantages Disadvantages

Goniometry Cheap; Cannotmake absolute

i i m rements;
Lightweight; easurements

. Sensitiveto mountingerror;
Possiblefor usefor remote 9
activities. Generally2D;

Electronicdevicesrequireelectrical
powerandcablesattachedo the
participant.

Accelerometry High naturalfrequency; Difficult to relate motion to global

. axis systemandforce-plate;
Very sensitive; y P

. Sensitiveto mounting/placement;
Very accuratedevices; 9'p

. . . Deli ;
Velocity and position obtainedby elicate
integration,reducingnoise; Expensive;
Canget3D motion measurement. Suffersfrom drift;
Needsminimum 6 persegment;

Requireselectricalpowerand
cables.

Magnetictracking Givesabsolutemovementof Limited volume;

segments; :
Needsseparateunit persegment;

Gives3D motion measurement. .
Sensitiveto presenceof some

metals- producesartefact;
Requireselectricalpower.

Table 2.6 - Summary of non-optical measurement methods (Orr and Shelton 1997).

2.6.2 Non-intrusive

Non-intrusive motion analysis allows players to be observed in their natural
environmentwithout the distractionsof additional markersor basedin a laboratory
setting. Non-intrusivetechniguesare often usedfor eitherlive analysisof the gameto
provide playerinformationto commentatorsor postgameanalysisto aid coachesn the
review of playerperformances.In football, one of the most successfulmatch analysis
systemsis Prozone. Prozoneis usedby over 100 sporting organisationsworld-wide
from schoolsto professionalclubs such as Arsenal and Real Madrid (Prozone2009).

Prozoneoffers servicesin four areasof analysis:

1. Performancelive analysis
Feedbackpost-matchanalysis

Evaluation:trendanalysis

B owon

Preparationoppositionanalysis
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The playertracking systemprovided by Prozone(PROZONE3)consistsof 8 cameras
positionedaroundthe pitch. Di Salvoetal. (2006) validatedthe velocity measurement
of players using the Prozone system againstlight-gate recordings. Resultsrevealed
good correlation betweenmeasurementswith a Pearsonproduct momentcorrelation
coefficientgreaterthan 0.9 for all run distancestrialled. The run trial that showedthe
mostdiscrepancywasthe 20 m sprintwith left andright turns. One of the drawbacksof
the systemis the installationcost,estimatedto be around£100000 for a stadiumsystem
(Setterwall2003). The systemalsorequiresskilled manualoperatorsand full analysis

of amatchcanbetimely (Bradleyetal. 2007).

Bloomfield et al. (2004) used the ‘PlayerCam facility provided by Sky Sports
Interactive Service to undertakemotion analysis of individual playersin a game of
football. Footageof six playerstrackedindividually for 15 mins was analysedmanually
by eight observers. Playermovementwas designatedising the ‘Bloomfield Movement
Classification (BMC) and consistedof a behaviourand a modifier. Examples of
behavioursrangedfrom sprint, fall, swerve,shootanddribble. Modifiers were usedto
identify the direction: forwards, backwards,up, left, etc. The dataentry processwas
very time consumingdue to the combinationof movementsgiven in the BMC but the
concept allows the physical demandsof each player or position to be identified

(Bloomfield etal. 2007).

2.7 Photogrammetry

Photogrammetryis the method of obtaining information from a single or series of
photographs. Videogrammetryis an extension of photogrammetry,using recorded

video footageto generatea seriesof imagesandthenextractingthe information.

Photogrammetry for motion analysis uses high-speed photography. High-speed
photographyallows information from imagesto be processedthat are too fast for a
humaneyeto register. One of the first motion sequence®f animalsin locomotionwas
taken by Muybridge in 1872 (Kingston Museum and Heritage Service 2010).
Muybridge used 12 camerasactivated with electro-switchesand timers to capture
imagesof arunning horse(Figure 2.9). Theseimagesshowedthatphotographywas not
justan art form but had the potentialas a tool for scientific analysisleadingto the field

of photogrammetry.
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Figure 2.9 - Locomotion of a running horse captured by Muybridge (Kingston Museum

and Heritage Service 2010).

Photogrammetrycan eitherbe carried out with a single camerafor 2D analysisor with
multiple camerasfor 3D analysis. Examplesof both techniqguesbeing usedfor analysis

of playeror equipmentmotion are given below.

2.7.1 Single camera photogrammetry

For sports analysis, one of the most popular photogrammetry examples is the
stroboscope. The electronic stroboscopes said to havebeeninventedby Edgertonin
1931; using a flash strobe light, a camerawith an open shutterwas usedto capture
imagesshowingthe high-speednovementof objects(MIT Museum 1998). Figure2.10
showsthe use of stroboscopiceffectsto capturethe swing of a golf club andthe launch
of the ball from a baseballpitcher. Stroboscopicimagesare often usedto measurethe
characteristicof sportsballs (Haake 1991, Carreetal. 1998), but there use of late has

fallen dueto the increasedavailability of high-speedvideo cameras.
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Figure 2.10 - Stroboscopic images by Edgerton, Left: “Densmore Shute bends the shaft”;

Right: “Pitcher” (Edgerton, MIT Museum 2011).

Kirk et al. (2007) used a single high-speedcamerato observe the shoe-surface
interaction of playerson a natural turf surface. A 2 x 2 m zone was capturedby the
camerafilming at 1000 fps. This frame rate was significantly higherthan that usedin
otherstudiesusingcommerciallyavailablesystems(Muller etal. 2010, Potthast2010).
Tracking of the shoewas carried out manually at 500 fps using featureson the shoeto
define two rigid segments. Using a single camera,the results were susceptibleto
parallax error when the test object moved out of the plane of the camera. To ensure
theseeffects were minimised, the authorspositionedthe cameraapproximately 10 m
from thetestareaanduseda largefocal length. The velocity and orientationof the shoe
on impactwas calculatedusing the trackedshoeposition. The resultsof the studywere
subjectto high variability and as such no significant differencesbetweenthe angle or
velocity of the shoe during impact on different surfaceswas observed. Additional
information such as the orientationof the stud on impactwas howeverableto be found
from the high-speedfootage. The study was also limited to movementsin a single
plane; rotations or cutting movementswere not able to be investigateddue to the 2D
analysisrestrictions. The authorconcludedthat an extensionof the study using 3D
analysistechniqueswould be beneficial to identify potential shoe-surfaceanteractions

thatcanbereplicatedin mechanicatestdevices.

As highlighted,one of the weaknesse®f singlecameraphotogrammetrys the potential
for high error when the tracked object movesout of plane. One solutionis to use an

additionalcameraand capturethe movementof the objectin 3D.
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2.7.2 Multiple camera photogrammetry

Two or morecamerascanbe usedto obtain 3D positioninformation aboutobjectsin the

field of view; this is known as stereo-photogrammetry.

Therehavebeenvery few studiesusing multi-cameranon-commerciabnalysissystems
to monitor playermovementn football; morerecentdevelopmentdavebeenin tennis,
using atwo cameraapproachto identify the impactcharacteristichetweenthe ball and
racket. Choppinetal. (2011) positionedtwo high-speedcameraseither side of the net
line to capturea 2 x 2 x 2 m volume at the centreof the baseline. The cameraswere
calibratedusing the checkerboardechnique. To track the position of the racket, five
high contrasttape markerswere placed on the rim of the racket; only three markers
were necessaryto define the racketposition but an additionaltwo were addedto allow
for markerocclusion. Choppinetal. developeda MATLAB™ graphicaluserinterface
to digitise the markerlocationsin 2D, transformthe datato 3D coordinatesand return
shotcharacteristics. The characteristicobtainedwere ball and racketvelocity in three
dimensions,racket angularvelocity aroundthree axes, ball-to-racketimpact position
and ball spin. The errorin tracking the 3D position of the racketwas+ 2.5 mm. By
usingbespokesoftware,the authorswere ableto track the position of the racketandalso
the location of the ball. The ball did not include any specific tracking markersand as
such, is unlikely that commercial analysis programmesused to track the reflective

markerson the racketwould be ableto locatethe ball aswell.

a) Tracking algorithms

The limitation of non-commercialtracking systemsis the additional time requiredto
digitise the location of the marker. Kelley etal. (2010) validateda bespokeautomated
analysistool by using a tennis ball launcherto fire balls which were recordedby two
high-speedcamerasat 1000 fps. The cameraswere positionedonein front of the other
and the balls launchedat anglesof 10°, 45° and 90° to the cameras. To validate the
softwaretool, the ball speedand spin rate were measuredmanuallyand then compared
to the automatedmeasurements. Kelley et al. used image processingtechniquesto
firstly locatethe ball in the testvolume and then identify a markeron the ball thatcan

be usedto definethe spinrate.
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Kelley (2011) identified five potentialimage processingtechniquesthat could be used

for objectdetectionfrom high-speedvideo:

1. Thresholding;
Imagedifferencing;
Morphologicaloperators(erosionanddilation);

Houghtransform;

gk w0

Edgedetection.

Thresholding and image differencing are two of the simplest methods to apply.
Thersholdinginvolves convertingthe imageto a binary image (black and white) where
eachpixel in the original imageis comparedto a thresholdvalue. If the pixel valueis
abovethe thresholdit is assigneda value of 1 (white) and otherwiseO (black). The
threshold value can be modified to leave only the tracking object white and the
backgroundblack. This techniqueworks bestwhenthe tracking objectis high contrast

comparedo the background.

Imagedifferencingis simply the differencebetweentwo imageswhen oneis subtracted
awayfrom the other. This techniquecanbe usedto removethe background;if animage
consistingonly of the backgroundand not the tracking object is subtractedfrom an
image of both backgroundand tracking object, the resultingimagewill containonly the

trackingobject.

Erosion and dilation can be usedto make an object smaller or larger respectively.
Erosion removespixels from the edge of an object and dilation adds pixels. If the
distancebetweentracking objectsfrom one imageto the nextis small, object dilation
canbe usedto increasethe size of the objectin the first image,and useonly this areato
locatethe objectin the nextimage. This techniquecan be usedto minimise the search

areaof the trackingobject.

The Hough transform is used to detectparametric shapessuch as straight lines or
circles. Its usein trackingcanbe in detectinglines on the side of the pitchesor courts
to determinethe field of play or detectingthe circular ball. Edge detectionpotentially
has more use than the Hough transform and essentiallydetectssharp changesin the

imagebrightnessand displaysthemasabinary image (Kelley 2011).

Colour can also be usedin image processedracking. Agbinya and Rees(1999) used
colourhistogramso developan objecttrackingprogrammefor usein playertrackingin
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arangeof televisedsports. The methodworks by first identifying the colour histogram
of the objectto be tracked,M andthenthe histogramof the whole image,l. The ratio
(M/i, 1) is thencalculatedwhere i denotesa particularcolour. The ratio is a measure
of how much colouri is in the image. The imageis then convertedto greyscaleusing
the thresholdscaledby the colour ratio. Objectswhich matchthe colour of the initial
tracked objectthen appearbrighter (white) comparedto the backgroundimage. This
techniquecanbe usedto identify playersof the sameteamon a playing field by identify
just one player in the first image. Agbinya and Rees investigatedthe successof
tracking playersfrom televisedfootageof a gameof football. The succesgate over 80
frameswas 88%. The limitations of the methodare mostly basedon objectocclusion.
If a playeris partially obscuredfrom view, for exampleif their colour shirt was not

visible, they are unlikely to be identified by the tracking software.

Utsumi et al. (2002) also used colour basedtracking to analysefootball gamesfrom
single cameravideo footage. The method firstly detectedthe playing field, then
detectedobjectson the field, it trackedthe objectsand finally labelled the individual
playersand monitoredtheir performance. The methodhad an overall detectionrate of

64.9% whenincludingtrackingoccludedplayersand94.1% for non-occludedplayers.

To overcomethe problemsassociatedwith player occlusion, Figueroaet al. (2006)
developeda playertracking algorithm using multiple cameras. Image differencing and
thresholdingwas usedto segmentthe playersas blobs in the image. Morphological
filtering wasthen usedto removenoise. Informationon the size of the blobswasthen

determinedby usingits contourinformation:

 Width andheight: size of the boundingrectangleof the blob;
* Area:the numberof pixelsin the blob;
e Perimeterithe numberof pixels aroundthe edgeof the blob;

¢ (x,y): thecoordinatesof the centreof the blob.

This informationwasthen usedto split the blobs so that one blob was associatedo just
one player,andthen provide information on its position on the field and its movements

overaperiodoftime.

Most of the image processingand tracking work in football has beenon tracking the
location of a playeror ball ratherthan morein depthmotion analysisof body segments

or individual limbs. To derive the testing conditionsfor a traction tester,Grund et al.
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(2007) analysedthe video footage of a playerin an injury causingscenario. A 3D
skeletalmodel was superimposedver the playerin the video to define the body into
distinct segments. Using the mass of the player and the accelerationof the body
segment,the approximatereactionforce during the injury time was calculated. These
reactionforcesand body segmentangleswere usedto inform the testing conditionsfor
the traction tester. This approachis a promisingdevelopmentowardsmechanicalests
mimicking injury scenarios but the data collection method relied on using an
approximatemodel for the body segmentsratherthan exactmeasurements.The data

collectionprocesswasalsolengthy, taking severalmonthsto analysisone scenario.

b) Calibration techniques

When obtaining object information using photogrammetrymethodscalibration of the
camerasis required. Calibrationallows 2D image coordinatesto be transformedto 3D
coordinatesin the test space. Zhang (1999) identified the two types of calibration

techniques:

1. Photogrammetriccalibration: Calibration is performedby observingan object
whosegeometryin 3D spaceis known with accurateprecision.
2. Self-calibration:Moving the camerain a static sceneprovidesconstraintson the

camerasparameters.

Photogrammetricalibrationis the mostcommonlyusedapproachin biomechanicsand
in mostcases,the direct linear transformation(DLT) methodis the preferredapproach
(Robertsonet al. 2004). The DLT method was first describedby Abdel-Aziz and
Kararain 1971. The calibrationinvolves positioning an objectin the control volume
consistingof a numberof points with known relative position on the object. At least6

non-coplanaroints are required. The 2D image coordinatesof the control points, n

from eachcameraarethenfound. From the 2D imagecoordinatesa setof 2n equations
arefound for eachcamera. Solving theseequationsdeadsto 11 DLT parameterghatare

usedto describethe 3D system.

An alternativemethod of calibration was developedby Zhang (1999). The technique
requiresthe camerato view a 2D planarpatternfrom at leasttwo orientations. Either
the cameraor the planarpatterncan be moved. The planarpatterntypically usedis a

checkerboardpattern with known numberand size of grid squares. Bouguet (2010)
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developeda MATLAB™ toolbox implementingthe planarcalibration algorithms. The
methodworks by defining a camerareferenceframe attachedto the planarpatternin
which the coordinatesof the patterncoordinatesare found. The coordinatevectorsof
the patternin the camerareferenceframe (Xt) relateto the 3D world coordinatevector
(%0 )n the testvolumethroughan unknownrigid motion transformationconsistingof a

translation(Tc) and rotation matrix (/?c):

= Reft+ Equation 2.3

The unknownsare solvedby matchingthe observedcornerson the imagewith the final

projectionof their position usingthe calibrationparameters.

Whyld (2004) and Choppin (2008) assessedhe accuracyand easeof use of both the
DLT method and the planar calibration technique. The methodswere assessedy
calibratingtwo camerasusing both techniques. The positionsof a setof known points
were found using both techniquesand the averageand maximum error calculated.
Whyld and Choppin concludedthat the most versatilecameracalibration methodwas
the planarcalibration technique;the errorswere lower than the modified DLT method
and only slightly greaterthanthe standardDLT method. Howeverthe addedflexibility

of the calibration objectbeing easyto manufactureand use gave it the advantageover

the DLT method.
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2.8 Chapter findings

Eachsectioncanbe summarisedsfollows:

Measurementof traction'. Mechanical traction tests provide a quick and repeatable
assessmenof the translationalor rotational shoe-surfacenteraction but care must be
takenoverthe testparametersised. Theycanbe usedto eitherassesshe surfaceor the
outsoledesignbut changingthe load or translationdistancecan affectthe tractionrating
of the surfaceor shoe. The lack of bio-fidelity in mechanicaltraction testshas raised
concernsoverthe soleuseof mechanicakteststo understandhe shoe-surfacénteraction
(Frederick 1986). Player testing has the advantagethat loading conditions are
representativebut can produceresultswith high variability and also can be subjective.
Computational modelling offers scope to accurately representthe surface and the
loading conditionsbut to fully developa representativenaturalturf modelis challenging
and subjectto manyassumptionghatcan affectits realism. Nigg (1990) concludedthat
both mechanicalandplayershoe-surfacaneasurementwere neededto fully understand

the situation.

Surfaceclassification: Naturalturf surfacesarecomplexandvariationsin hardnesssoil
composition,grasstype and water contenthave all been shown to affect the traction
performance(Baker 1991). Accurately classifying the test surface allows traction

resultsto be comparedon a moreevenlevel.

Biomechanicsoffootball: The literatureon the biomechanicof football predominantly
focuseson the factors effecting kicking performance(Leesand Nolan 1998). Support
foot position andtraction haveboth beenshownto relateto the ball speed(Sterzingand
Hennig 2008). Identification of injury mechanismgelatedto shoe-surfacenteractions
has always beenan importantresearchareawith both too much and too little traction
having the potential to causeinjuries. Playertesting in this areais difficult due to
ethical reasons but injury statisticsover a playing seasoncan be usedto hypothesise
causesof injury. In manycases,ACL or lower limb non-contactinjuries were caused
by non-relatedmeans,these howevercan be misinterpretedby the medialeading to
speculationsover surfacesor stud designs(Orchardet al. 2008). Playershave been
shown to modify their movementsto adaptto different surfaces(Hennig 2011). This
makes player testing difficult and relevant only to the specific surface conditions.
However,the ability of the playerto perceivethe surfaceconditionsor potential of slips

is important. Playerperceptionof the hardnessor traction propertiesof a surfaceleads
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to their choice of footwear. Incorrectperceptionscan leadto unsuitablefootwearbeing
worn increasingthe susceptibilityto injury. Literatureshowedthathumanswereunable
to perceiveslip distancessmallerthan 30 mm, but after 30 mm are likely to make
modification to their movements(Perkins 1978). This raisesthe questionof how far
should mechanicaltraction testsmove the shoein translation;greaterthan 30 mm and
the player is likely to have modified their movement and hence compromised

performance.

Motion analysis: Two types of motion analysistechniqueswere identified; intrusive
and non-intrusive. Intrusive techniquesinvolve modifications either to the player,
equipmentor environment. Many force sensing measurementdevices require the
testingto take placein the laboratoryor use of pressuransoles. Both devicesare likely
to affect natural movement. Optical measurementsare primarily used to track
movementsof equipmentor body segments. Many commercialsystemsare available
but generally require either use of a laboratory with external light sources,or large
tracking markers. Non-intrusive methodshave the advantagethat observationscan be
made during match conditions. It is difficult to obtain accurateinformation of exact
kinematic data using intrusive methods. Developmentof custom motion analysis
systemsallow greatercontrol over which variable are measuredand smaller markers

canbe usedreducingthe impedimentto the players.

Photogrammetry: Photogrammetryis the use of imagesto obtain information on
position or movements. 2D and 3D photogrammetrymethodshave been successfully
used in sports analysisto track the movementof equipmentor players (Kirk 2008,
Choppin2008). Customtracking algorithmsmake use of image-processingechniques
to identify the targetobjectin the video footage. Calibrationtechniquesusedin stereo-
photogrammetrywere assessedvith the planar checkerboardtechniqueidentified as

offering both high accuracyandeaseof use.
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3 ASSESSMENT OF CURRENT TRACTION TESTING METHODOLOGIES

3.1 Introduction

Traction testing methodologieswere assessedin order to highlight the problems
associatedwith experimentaltesting. Three different methodologieswere chosen;
traditionalmechanicalraction testing,a new approachto identify surfaceshearstresses
and a modelling method using analytical and computationaltechniques. The three
methods were selected as they covered a range of the potential advantagesand
disadvantagesof experimentaltraction testing; mechanicaltraction testing can be
carried out on realistic surfacesbut the movementsare limited, surface shearstresses
canuserealistic movementsput the surfaceis notrepresentativeand modellingusesan

approximationof both surfaceand movement.

The adidastraction testerwas chosenfor the investigationinto mechanicaltraction
testing. A rangeof stud configurationson both shoesand studdedplateswere assessed
on three different surfacesand the traction values producedwere discussed. For the
secondmethodology,a bespokephotoelasticexperimentrig was assembledn orderto
identify and analysethe surfaceshearstresseggeneratedduring running. Surfaceshear
stressesare rarely measuredwhen assessingraction howeverthey can provide more
information on how individual studs interact with the surface. Two modelling
technigueg(analyticalandfinite elementanalysis)were usedto highlight the advantages

anddisadvantagesf predictingthe traction computationally.

3.2 Aim and objectives
Aim

* To assesshe methodsusedin experimentalractiontesting.
Objectives

e Totestarangeof methodologiesncluding:
Mechanicaltractiontesting;
Identification of surfaceshearstress;
Computationaimodelling.

« Toidentify the advantagesanddisadvantagesf eachmethod.
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3.3 Mechanical traction testing

3.3.1 Introduction

As reportedin Chapter2 thereis a range of mechanicaltraction testersusedto either
measurethe translationalor rotational resistanceto movementon a playing surface.
Thesedevicesrange from a complex robotic leg said to replicate an injury loading
movement(Grundand Senner2010)to a simplependulumswingtest(FIFA 2008). For
the assessmendf mechanicaltraction testing, the adidastesterwas used. The adidas
tractiontesterasdescribedby Kirk (2008)replicatesthe acceleratiorduring sprinting by
posteriorly translatingthe forefoot of a shoe. The traction testercan also representa
rotational movementof the forefoot. The traction testerconsistsof an electric motor
and two separateload cells enabling the rotational and translational traction to be
measured;rotational speedsup to 200°s+ for a range of up to 180°, and translational
speedsup to 300 mms! over a distanceof 450 mm are achievable. This type of device
was selectedfor assessmendsit allows an easyand direct comparisonof shoedesigns

and surfacetypes.

The tractiontesteris compatiblewith both full shoesand studdedplates. Studdedplates
are often usedto assessnew stud configurationsor shapes(Clarke and Carre 2010).
The purposeof the assessmenwas also to identify the limitations of the studdedplate

by testingstud configurationssimilar to the shoesbeingtested.

A rangeof surfaceswas also testedto highlight the differencesbetweentestingindoors

on an artificial turf samplecomparedo outsideon firm or soft naturalturf.

3.3.2 Aim and objectives

Aim

« To assesghetestingpropertiesof the adidastraction tester.

Objectives

« To assesghe effect of changingthe standardtest parametergload, speedand

displacement);
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e Test a range of stud configurationsusing a studdedplate and a selection of

shoes;
« Testthreesurfacesfirm and soft naturalturf and artificial turf;

- Classifythe groundconditionusinga Cleggimpacthammer.

3.3.3 Experimental procedure

The effect of load, displacementand speedon traction were assessedising the Copa

Mundial shoeon an artificial surface(Table 3.1). Standardtest parametersas usedby

adidaswere:

e Translation:50 mm at 10 mms!
« Rotation:60°at 12V!

e Total load: 69.3kg

The carrierload on the tractiontesterwas 34.3 kg; an additional 35 kg was addedto the

tractiontesterto increaseto the standardoad of 69.3 kg.

Testcondition Load Displacement Speed

| - Standard 69.3 kg 50 mm 10 mms!
2 - Load 34.3kg 50 mm 10 mms!
3 - Speed 69.3 kg 50 mm 100 mms!
4 - Displacement 69.3kg 100 mm 10 mms!

Table 3.1 - Assessment of testing parameters.

Four adidasshoeswere usedfor the traction testing assessment.The Copa Mundial,
Predator(FG), Tunit and World Cup were selectedfor the rangein stud shape,number
and material. Shoe (UK size 8.5) and plate configurationsare shownin Figure 3.1 and
Figure 3.2; the plate configurationsmatchedthe shoe outsoleconfigurationsas closely
as possible. Due to the bladedprofile of the Predatorstuds,a plate configurationwas
not designed. An additional pentagonshapedstud configurationwas also testedwith
the plate. Rubberstuds, 12 mm in length were usedin the plate. The shoeswere
positionedwith a heelangle of 18.1°to ensureonly the forefoot was in contact. The
stud configurationswere testedusing the standardtesting parameterqtotal load = 69.3

kg, translation50 mm at 10 mms], rotation 60° at 12V1). Stud characteristicswere

identified as shownin Table 3.2).
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Shoe No. of studs Studprofile Studheight Studmaterial Surface

CopaMundial 8 Round 10 mm Rubber FG

aREMTORE 0 mae wnm MRS

F50i TUNIT 6 Round 10 mm Plastic SG

World Cup 4 Round 14 mm Metal SG
Plate 4-7 Round 12 mm Rubber -

Table 3.2 - Shoe properties.

Five repeatsof each test condition were carried out. This provided enoughdatato

enablerepeatabilityto be analysed put ensuredthe testsurfacewas not ‘overtested.

Figure 3.1 - Stud configurations on plate, from Left to Right: Copa Mundial, Pentagon,

Tunit and World Cup.

Figure 3.2 - Boots tested, from Left to Right: Copa Mundial, Predator, Tunit and World

Cup.

Three surfaceswere used for testing; artificial, natural firm ground and natural soft
ground. The artificial turf was testedin the adidasTest Center. The firm groundwas
testedat the ScheinfeldSchool sportsfield; no additional conditioningwas applied to
the pitch. The soft ground was tested at the Scheinfeld Football Club pitch;
approximately1.5 | of waterwas addedto an areaof 0.25 m" (equivalentto 6 mm of
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rain) betweeneachshoeor plate setof tests. Pitch conditionsare shownin Figure 3.3.
Eachtestsurfacewastestedwith the Cleggimpacthammer(0.5 kg, 0.3 m drop height,
50 mm diameter)to provide an estimationof the surfacehardness. Impacttestswere

takenbeforeand aftertesting.

Figure 3.3 - Traction testing pitch locations, from Left to Right: Artificial turf (adidas
TestCenter), Firm ground natural turf (Scheinfeld School) and Soft ground natural turf

(Scheinfeld Football Club).

3.3.4 Results and discussion

a) Investigation of testing parameters

Figure 3.4 - Investigation of testing parameters. Top left: Standard (adidas); Top right:
No additional load; Bottom left: Faster translation; Bottom right: Longer displacement
(mean + standard deviation).
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After reviewing the results (Figure 3.4), the standardtesting parametersurrently used
by adidasproduceda smoothcurve with minimum variation betweenrepeats. Although
maximum traction may not necessarilybe reachedafter 50 mm, results showedgood
repeatabilitywith smallerstandarddeviation betweenrepeatsand allowed more results
to be performed on the same size test section compared to other parameter

combinations. The following observationsvere madefrom Figure 3.4.

e Using the standardtesting parametersit was not possible to see whether
maximum traction was reachedafter 50 mm displacement,however results
displayedgoodrepeatabilityand no oscillationsduring translation.

¢ Reducingthe additionalload enabledthe maximum traction value to be reached
after approximately40 mm but it wasthoughtthatthe load was not high enough
to be representativeof realistic conditions(Representingpnly 0.4 BW for an 80
kg player).

e Increasingthe speedof the displacementintroducedoscillationsin the initial
displacemenandincreasedhe variability betweenresults.

e Increasingthe length of displacementnabledthe maximumtraction valueto be
reachedbut valuesafterthis point tendedto show more variation.

* Increasingthe length of displacementlsoincreasedhe arearequiredfor testing.

The standardadidastest conditionswere used for the next stagesof testing; this also

allowed the potential for resultsto be comparedto previoustests carried out on the

tractiontester.
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b) Translation of shoe results

Figure 3.5 - Traction force displacement graphs for Top left: Copa Mundial; Top right:
Predator; Bottom left: Tunit; Bottom right: World Cup shoes on natural firm ground turf

(mean * standard deviation).

Currently, the traction value at the end of translation(50 mm) is usedfor comparison
(Table 3.3). In most cases,this is the maximum traction reading for the movement.
However,whencomparingthe force-displacementurve for the translationalmovement
it becomesapparenthatthe shoesthat display the highesttraction valuesat 50 mm do

not alwayshavethe highesttractionprior to this point.
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Artificial
CopaMundial
Predator
Tunit

World Cup

Firm Ground
CopaMundial
Predator
Tunit

World Cup

Soft Ground
CopaMundial
Predator
Tunit

World Cup

Table 3.3 - Traction force values for all shoes at set displacements

Table 3.4 illustrates the variation between traction rankings depending upon the
displacemenvalue usedfor comparison. For all surfaceconditions,the rankingorderat
10 mm displacementdiffers from the final 50 mm displacementreading. The most
extreme example is the Predator shoe on artificial turf, at 10 mm and 20 mm
displacementthe shoeexhibits the highesttraction force out of the 4 shoes. However,

only using the traction value at the end of the translation (50 mm) for comparison

Force(N) at 10 mm
374.2+ 35
415.7x7.7
359.5+ 8.6

389.2+9.7

Force(N) at 10 mm
433.9+£5.9
4574+ 6.4
415.3+ 12.1

4429+ 11.5

Force(N) at 10 mm
369.7+ 9.0
409.1+ 15.0
390.0+ 14.4

399.3+ 2.9

Force(N) at20 mm
595.3+7.6
656.9+ 10.2
551.8+7.7

588.3+9.8

Force(N) at20 mm
631.7+£8.7
662.0x 10.8
586.3+ 18.1

613.1+25.8

Force(N) at20 mm
548.1 + 13.1
590.1+ 17.6
582.2+ 24.2

579.2+ 9.0

(mean + standard error).

Force(N) at50 mm
994.0% 20.6
843.6+20.1
901.2+ 17.9

881.2+38,4

Force(N) at50 mm
1005.3+ 18.5
1046.2+x22.0
976.4+x25.8

953.2+55.0

Force(N) at50 mm
906.5+ 32.3
930.5+ 29.8
965.7+52.3

918.4+22.7

during translation

causeghetractionresultfor the Predatorshoeto thenbe the lowest.
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Artificial Rankat 10 mm Rankat20 mm Rankat50 mm

CopaMundial 3 2 1
Predator 1 1 4
Tunit 4 4 2
World Cup 2 3 3
Firm Ground Rankat 10 mm Rankat20 mm Rankat50 mm
CopaMundial 3 2 2
Predator 1 1 1
Tunit 4 4 3
World Cup 2 3 4
SoftGround Rankat 10 mm Rankat20 mm Rankat50 mm
CopaMundial 4 4 4
Predator 1 1 2
Tunit 3 2 |
World Cup 2 3 3

Table 3.4 - Ranking of traction values for translation movement for shoes on all surfaces

(1 = highest).

An ANOVA F-testwasusedto seeif therewere any significantdifferencesbetweenthe

shoeson the samesurface.

Sourceof variance Sum of squares df Meansquare F p
Betweengroups 4660.93 3 1553.64 3.52 < .05
Within groups(error) 7065.24 16 441.58

Totals 11726.18 19

Table 3.5 - Analysis of Variance for all shoes on firm ground at 10 mm displacement.

Sourceof variance Sum of squares df Meansquare F p
Betweengroups 15213.62 3 5071.21 3.43 <.05
Within groups(error) 23668.07 16 1479.25

Totals 38881.70 19

Table 3.6 - Analysis of Variance for all shoes on firm ground at 20 mm displacement.
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Sourceof variance Sum of squares df Meansquare F )

Betweengroups 24165.03 3 8055.01 3.06 <.10
Within groups(error) 42050.13 16 2628.13
Totals 66215.16 19

Table 3.7 - Analysis of Variance for all shoes on firm ground at 50 mm displacement.

Resultssuggestedhat at 10 mm and 20 mm significant differences(/? < .05) existed
betweenthe shoeson the samesurface. To assessvhich shoesdiffer significantly, the
raw score mean differences between each shoe were calculated for the 10 mm

displacement.

CopaMundial Predator Tunit World Cup
CopaMundial 0.0 23.6 18.5 9.1
Predator 0.0 42.1* 14.5
Tunit 0.0 27.6
World Cup 0.0

Table 3.8 - Mean difference analysis, * P < .05.

Tukey's honestly significant difference test was usedto determinewhich shoeswere
significantly different. Tukey's testindicatedthatonly the Tunit andthe Predatorwere
significantly differentat the 10 mm displacementeading(Table 3.8). The Predatomwas
the only bladedshoetestedwhereasthe Tunit wasa round studdedshoe. The Tunit also
had fewer forefoot studs than the Copa Mundial shoe and a shorter stud height
comparedto the World Cup shoe. This combinationof factorslead to the Tunit shoe
showing the lowest traction value for 10 mm and the Predatorshoe displaying the
highest. The absenceof significant differencesbetweenthe World Cup and Predator
shoeindicatesthat althoughthe World Cup wastargetedfor soft ground conditionsand

the Predatorfirm ground;both displayhigh tractionvalueson firm groundconditions.
Generalobservationfor translationmovements:

 On firm ground, the Predatorand CopaMundial displayedthe highesttraction
values.
« Onsoftground,the Tunit shoedisplayedthe highesttractionvalue at 50 mm but

alsohadthe largeststandarddeviationbetweenrepeattesting.
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e The World Cup shoedesignedfor soft groundfell in the lower half of the group
on all surfacesafter 20 mm, but showedhigh traction resultsin the O-20 mm
range.

e The CopaMundial shoedesignedfor firm groundgave high traction resistance
on both artificial and firm groundconditions,butrankedlow on soft groundturf.

e The Predatorshoe, the only bladed stud outsole tested showed high traction
valueson all surfacesoverthe initial O-20 mm displacementput fell slightly

whencomparingtractionvaluesat 50 mm.

c¢) Plate and outsole comparison

Figure 3.6 - Force displacement plot for Copa Mundial on artificial turf. Left: Studded

plate. Right: Full shoe.

A platewasusedas a comparisonto the shoeoutsoleto investigatewhethera plate was
a suitable alternativeto an outsolewhen researchinghe effect of stud configurations.
The advantage®f usinga platewould meaneasyalterationand assessmemnif new stud
designsand configurations. ANOVA r-testswere usedto comparethe Copa Mundial

configurationof the plate and shoeon artificial turf.

Mean (N) SD SEm sed t =
Plateat 10 mm 420.8 30.0 13.4 13.9 3.36 <.01
Shoeat 10 mm 374.2 8.0 3.6
Plateat 20 mm 656.1 61.3 27.4 28.4 2.15 <.05
Shoeat 20 mm 595.3 16.9 7.6
Plateat 50 mm 1109.1 69.8 31.3 37.3 3.08 <.01
Shoeat 50 mm 994.0 45.9 20.5

Table 3.9 - ANOVA f-test assessment of the plate and shoe on the artificial surface.
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Significant differenceswere seenbetweenthe plate and the shoe. The traction values
for the plate at 10 mm and 50 mm were significantly higher (p < .01) than the shoeat

the sameposition. The differenceseenmay be accountedor by anumberof reasons:

« The plate allowed all forefoot studsto be in contactand imbeddedup to the
samedepth. It wasdifficult to testonly the forefoot of the shoewithout a high
heelanglewhich was not alwayspossiblewithout a deformablelast; as such, at
certainconfigurationsthe heelmay alsobe in contact.

e Theplatewasexpectedio havehighertraction valuesdueto a greatersurcharge
pressureasit hasalargerarea.

e The plate displayedpoor repeatabilitydue to the edge of the plate interacting
with the surface. A solution to this would be to have a curved front edgeto
mimic thetoe of the shoe.

< Comparisonsbetweenrotational results cannotbe drawn as the shoe and plate

havea differentpoint of rotation.

d) Surface hardness

The Clegg impacthammerwas usedto measurethe surfacehardness. The devicewas
modified to read the voltage for the complete impact. The voltage was directly

proportionalto the force beingmeasuredFigure 3.7).

Figure 3.7 - Clegg hammer impact testing; voltage is directly proportional to impact

force.
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Artificial Natural firm ground Natural soft ground

80=Ig 105+3 g 79+4 g

Table 3.10 - Clegg hardness values (mean #* standard error).

The artificial and soft ground conditionsdisplayedsimilar maximum hardnessvalues
and force curves. The firm ground was approximately25 g harderthan the other
surfaces. A r-testwas usedto ensurethattherewas a significantdifferencebetweenthe

hardand soft groundsurfaces.

Mean SD sed t P
Firm 105 3 1.34 2.23 11.6 <.01
Soft 79 4 1.79

Table 3.11 - Significance of difference between firm and soft ground conditions using a t-

test.

A f-testindicateda significantdifferencebetweenthe firm andsoft groundconditions(p
<.01). Thevaluesof surfacehardnesdor all three surfaceswere within the upperlimits
of the guidelinesissuedby Canawayet al. (1990); valuesof 10 to 100 g were set as
acceptablelimits. This indicatesthat the soft ground condition, although statistically

differentfrom the firm groundcondition, may not bestrepresensoft surfaces.

The standarddeviationof the maximumimpactforce for the naturalturf conditionswas
greaterthanthe artificial turf. This highlightsthe problemswith testingnaturalsurfaces

dueto the lack of consistencyin surfacepropertiesacrossthe testarea.

e) Surface comparison

The shoestestedwere marketedas being suitablefor a rangeof surfaces;the Predator
and Tunit were designedfor firm groundconditions,the World Cup for soft groundand
the Copa Mundial suitable on all surfaceconditions. The suitability of a shoeon a
surfacedependsnot only on the translationaltraction value, but also on the rotational
traction value. The coefficient of traction (COT, traction force at 50 mm divided by
vertical load) was calculatedfor eachshoeon soft and firm naturalgroundconditionsat
50 mm displacement. The torque for each shoe was also calculatedat 60° rotation.
Figure 3.8 displays the maximum coefficient of traction (COT) value for all shoe

configurationson both firm and soft ground conditions. The COT value is plotted
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againstthe maximum torque for internal rotation. In previous work, Kirk (2008)
proposedan acceptanceone of COT andtorque values;valuesof COT betweenl1.35
and 1.9 and torque between54 and 77 Nm definedthe limits of the zone. The values
were obtainedfrom traction assessmemf the CopaMundial shoeon dry naturalturf, a
bladed stud design on dry natural turf and the World Cup shoe on wet natural turf.
Values above the zone were seenas extreme, and below as insufficient. Values of
extremetorquebut insufficient traction were classedas the dangerzone. Although the
exact values of acceptancecannotbe used for comparisondue to the differencesin
surface conditions, the conceptcan still be applied to Figure 3.8 using the Copa

Mundial, World Cup and Predatorshoeto definethe acceptanceone.

Min torque - Predator SG Max torque - Copa Mundial FG

1.65

+ Copa Acceptance zone
1.60

m Predator
1.55 ATunit

« World Cup
1.50 Max COT - Copa Mundial FG

—el— - emeeeeeeo t -
1.45
0
o A-
1.40
Min COT-World Cup SG
1.35 -0
1.30
1.25 m - Firm ground
[ - Soft ground
1.20
36.0 38.0 40.0 42.0 44.0 46.0 48.0 50.0

Torque (Nm)

Figure 3.8 - Maximum coefficient of traction (COT) against maximum torque for all shoe

types on natural firm and soft ground conditions (mean + standard deviation).

Thefollowing observationsvere madefrom Figure 3.8:

e The World Cup shoeshoweda low COT value but reasonablyhigh torque on
soft ground surfaces;for a shoedesignedfor soft ground, a higher COT would
havebeenexpected.

e The World Cup on firm groundwas positionedat the centre of the group, with

bothmoderateCOT andtorque.
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« Both the Predatorand Copa Mundial shoesexhibited high COT and torque
valuesfor firm groundconditions,but had significantly reducedperformanceon
softgroundconditions.

e The COT value for the Tunit shoedid not vary betweenfirm and soft ground
andonly exhibited a slight changein maximumtorque. This could suggestthat
the Tunit is a good all round shoe,with an unchangingmid performanceon both
surfaces.

« A high standarddeviation of all resultswas seenhighlighting the problems of

testingon naturalsurfaces.

f) Repeatability

Figure 3.9 - Copa Mundial (shoe), force-displacement plot for all 5 repeats.

The averagestandarddeviation of force for five repeatsoverthe 50 mm displacement
rangedfrom 20 to 70 N. This was approximately2-7% of the tractionat 50 mm and 4-
15% of the traction at 20 mm. All the shoe configurationson soft ground displayed
higher standard deviations than the other surfaces. This again highlighted the

difficulties in outdoortestingof realistic surfaceconditions.

Artificial (N) Firm Ground(N) Soft Ground(N)
CopaMundial 25.3 28.9 39.3
Predator 32.4 35.6 44.6
Tunit 22.4 48.9 69.8
World Cup 42.3 54.4 28.1

Table 3.12 - Average standard deviation in force over 50 mm displacement during

translation movement.
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3.3.5 Summary

The results provided a suitable databaseof traction valuesto use for comparisonfor
either future experimentaltesting or to validate analytical models. Differenceswere
shown between firm and soft ground conditions, but high deviations between soft

groundrepeatshighlightsthe issuesinvolvedin testingrealisticconditions.

Furtherresearchis requiredto find the most suitable traction values for comparison.
Resultsshowedthat using the traction value at 50 mm was not representativeas to how
the shoeperformedduring the early stagesof translation. A comparisonat 10 or 20 mm
may provide betterindication of how the shoewill behaveduring the initial stagesof

slip.

Thefollowing advantagesnd disadvantagesvere identified:

Advantages Disadvantages
e Controlled,repeatablaest; e Non-realisticloadingconditions;
e Useof standardtestingprotocol e Testingon naturalsurfacesintroduces
allowsresultsto be comparedover variability;
a periodof time; e Difficult to control surface
e Cantestrealistic surfaces; consistency;
« Non subjectivetesting. e Useofaplateto testshoe

configurationsis non-representative.

Table 3.13 - Advantages and disadvantages of mechanical traction testing.
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3.4 Surface shear stress analysis (Photoelasticity)

3.4.1 Introduction

In previouswork, the overall resistiveforce (traction) betweenthe studdedoutsoleand
the surfacewas measuredby use of mechanicaltest equipment(traction tester). The
limitation of this approachwasthat little is known aboutthe effect the individual studs
haveon the overalltraction; particularly underrealistic loading conditions. Oneway to
enablemore information to be gatheredis to analysethe shearstressesarising between
the studdedoutsole and the surface. The purposeof the study was to developa low
costbut high resolutionsystemto enablethe shearstressedetweenindividual studsin
the outsoleandthe surfaceto be identified. This wasdoneby the useof photoelasticity.
The advantagesand disadvantage®f this approachwere also assessedfocussingon its

potentialfor repeatabldestingand comparisonof outsoledesigns.

3.4.2 Aim and objectives

Aim

» To identify the shearforces betweenthe shoe and the surfaceduring football

specificmovementausing photoelasticity.

Objectives

e Undertakea pilot study at Sheffield Hallam University to design and make a
small scale experimentto producea method of displaying and measuringthe
shearforcesin apolyurethaneplate;

« Usethe successfulmethodon the glassforce plate at the adidastestcentreand
collect photoelasticimages of participantsrunning over the plate in studded
footwear;

¢ Analysephotoelastidmagesusingimageprocessingechniques.

-63-



3.4.3 Theory of photoelasticity

Photoelasticity is an experimental stress analysis technique utilising the optical
phenomenonof birefringence (or double refraction) which occursin some stressed,

transparentnaterials.

Birefringence nominally occurs in non-cubic crystals which due to their atomic
structureare optically anisotropic. When a light ray is incidenton an optically isotropic
material,the speedof light is the samein all directions. However,when a light ray is
incident on a birefringent material it splits into two rays; the ordinary ray and the
extraordinaryray (Tipler and Mosca2004). The two rays travel at different velocities,
and dependingon the orientation of the material they can also travel in different
directions. Theraysemergewith a phasedifferencethatdependson the thicknessof the
materialand the wavelengthof the incidentlight; in essencethis resultsin the material
having two refractive indices. The same phenomenonoccurs in some transparent
materials when under stress. As the material deforms the internal structure of the
materialchangesand the material-lightinteractionaltersresultingin the changein the
refractiveindex (Klamecki 2001). A materialthatwasinitially optically isotropicwhen
free of stressbecomesoptically anisotropic when stressed(Dally and Riley 1991).
When the incidentlight on a stressecdbirefringentmaterialis polarised,againtwo light
rays emergetravelling at different velocities and perpendicularto each other but they
are also orientatedto the direction of principal stress(Strainopticsinc. N.D.). If the
resulting light is viewed through a secondpolariserorientatedat 90° to the first, the

stresspatternsin the materialcanbe seen.

The changein the indices of refraction (retardation)of a birefringent material under
stressis linearly proportional to the loads and thus related to stressesand strains
(Maxwell 1853). This givesrise to the stressoptic law. For plane-stressituations(<73

= 0), usingthe changein refractiveindex this canbe expresseds:
n2 - Hi = cfa - <2) Equation 3.1

where;nl andn2 = principalindicesof refraction
0g and(j2 = principal stresses

c = cr — c2= relative stress-opticoefficient(Dally andRiley 1991)
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Figure 3.10 - Stressed birefringent model viewed with two crossed polarisers (adapted

from Dally and Riley 1991).

By relating the relative retardation(relative angularphaseshift, A) to the changein the
indices of refractionin a stressedmaterial of thicknessh, the stressoptic law can be

written as:

27r/IC

A= ___ (Col - 02) Equation 3.2

This canbe simplified to:

Equation 3.3

wherethe fringe order, N:

Equation 3.4
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andthe materialfringe valueis:

Equation 3.5

The maximum shearstresscan be found from the differencebetweenthe two principal

stresses;

KIf
Equation 3.6

Hence,the maximum shearstresscan be simply obtainedfrom measuringthe relative

retardationor fringe order,N apparenin the resultingfringe pattern.

Two fringe patternsresultin the stressedbirefringent material; isoclinic fringes and
isochromaticfringes. Isoclinic fringe patternsappearas dark lines on the material,they
are used to determinethe direction of the principal stress. The isochromaticfringe
patternsgivesthe lines alongwhich the principal stressdifferenceis equalto a constant
(Dally and Riley 1991) and appearas colouredlines when white incidentlight is used.
The colour or intensity of the isochromaticfringes is indicative of the shearstress
presentin the material. By countingthe reoccurrenceof a particularcolouror intensity,
the fringe order can be determined;this can be usedin Equation 3.6 to calculatethe
shearstress. A quarter-waveplate can be used at 45° to the polarisersto removethe

isoclinic fringes;this canaid in the identification of the isochromaticfringe order.

Figure 3.11 - Fringe pattern in a frozen stress disk. Left: The dark isoclinic lines indicate
the direction of the principal stresses. Right: The isochromatic fringe pattern indicates
the areas over which the shear stress is constant. The reoccurrence of a colour or

intensity can be used to determine the fringe order.
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3.4.4 Method

a) Experimental design

Preliminarytestingwasinvestigatedin Sheffieldto find appropriatematerials,apparatus
set-upand methodologyto capturethe dynamicphotoelasticimagesbeforetransferring

the pilot studyto Germany.

An 8 mm acrylic sheetwasusedat the supportsurfaceandplacedin a 500 x 500x 500
mm wooden frame. Acrylic is non-birefringentand hence provides a suitable rigid
supportsurface. Two photoelasticmaterialswere chosenfor initial analysis;a rigid
polycarbonatesheetand a flexible polyurethanesheet. A summaryof the optical and

mechanicalpropertiesof the materialsare shownin Table 3.14.

Property Polycarbonate Urethanerubber
Time-edgeeffect Excellent Excellent
Creep Excellent Excellent
Machinability Poor Poor
Modulus of Elasticity 2480MPa 3 MPa
Poissons ratio 0.38 0.46
Proportionallimit 34.5MPa 0.14MPa
Stressfringe value 7.0KNm | 0.18 kNm'l
Sensitivity index 4.92ram| 0.78 mm!

Table 3.14 - Optical and mechanical properties of polycarbonate and urethane (adapted

from Dally and Riley 1991).

If the top surface of the materialis reflective, a single polarisercan be used; this is
known as ‘reflective photoelasticity and allows the stresspatternto be viewed from the
sameside as the incidentlight. Silver spraypaintwas appliedto the top surfaceof the
polycarbonateproviding a reflective coatingwhen viewedfrom below. However,spray
paint would not adhereto the polyurethanesurface; instead an additional layer of
polyesterwith silver spraywas used. The photoelasticmaterialwas placedon the top
surfaceof the acrylic supportsheet. A polarising film and a quarter-waveplate were
placedbetweenthe photoelasticmaterial and the acrylic. The quarter-waveplate was

alignedsuchthatthe isoclinic lines wereremovedfrom theimage. A frozen stressdisk
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was usedto align the platesand confirm the polarising axis of polarisersheet(Figure

3.11).

In order for the photoelasticimage to be viewed, the material was illuminated from
below and a camerafocussedon the undersideof the acrylic. Numerouslighting and
cameraset-upswere experimentedwith to obtain the bestimage for post processing.
Reflectionson the undersideof the acrylic were one of the most difficult issuesto
resolve;all supportframesand cameracomponentsvere coveredwith black materialto

help reducethe problem.

A round plate with 5 rubber studs was used to localise the shear forces on the
photoelasticmaterial. A 30 kg load was applied to the studdedplate and moved in
translationand rotation on the surfaceto instigateshearforces. Figure 3.12 showsthe

final set-upsystemat Sheffieldthatprovideda suitablequality image.

Reflective surface
Photoelastic material
Circular polariser

Wooden frame

Black coating

High-speed video camera

Floodlights

Figure 3.12 - Experimental set-up in Sheffield.

Using the studded plate, it was difficult to generatefringes in the polycarbonate
material; the friction betweenthe studs and the surfacewas not sufficient enoughto
create shear forces in the material. In comparison,the fringe patternsfrom the
polyurethanematerial were clear and there were sufficient fringes outside the contact

zone(out of planeshearfringes) to indicateshearstressesn the material (Figure 3.13).
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Figure 3.13 - Example of stress fringes generated in polyurethane using the studded

plate.

3.4.5 Final experimental procedure

The imagesobtainedfrom the preliminary work in Sheffield gave proofthatthe shear
stressescould be obtaineddynamically from the photoelasticmaterial. As such, the
experimentwasmovedto the adidasTestCenterin Scheinfeld. An elevatedglassforce
plate was used as the supportsurfacein replacementof the acrylic sheet. The glass
force plate allowed the photoelasticimagesto be viewed but also allowed force plate

datato berecordedin synchronismwith the photoelastiowork.

Again, reflectionswere the main problem when trying to obtain a high quality image.
The camerahadto be removedfrom directly underthe plate andrepositionedoutsideof
the supportframe. The camerawas focussedon the photoelasticplate via a mirror
angled at 45°. The lights usedto illuminate the surface had to be cold lighting to
preventthe glassplate from overheatingand cracking. This howevermeantthe image
appearedvery blue and washedout. This colouring was hinderedfurther by the blue
tint to the glassplate. Theseissueswere overcomeby adjustingthe contrast,brightness
and gammavalues of the camera. Again, the supportframe was coveredwith black
materialto preventunnecessaryeflections. Diffusers were also placedover the lights
to softenthe lighting. A high-speedcamera(PhotronAPX-RS) was usedto recordthe
photoelasticimagesat aframerate of 50 fps andresolution 1024 x 1024. Giventhe low
frame rate, ideally an SLR cameracould have been used at a higher resolution;

however, there was no externaltrigger for the camerameaningthe image had to be
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manually taken from underthe plate at the correcttime of the movement. This was
deemedunreliableand not practical;as suchthe high-speeccamerawith externaltrigger

wasused.

The reflective surface,polyurethane polariserand quarter-waveplate were layeredon
the top surfaceof the force plate. Anotherproblemencounteredvas the fixation of the
sheetsto the glasssurface. Tapewas usedas the fixation hadto be temporaryand not
leave permanentmarks on the glass. Slippageof the sheetswas a problemthat could
have been overcome by an external frame supporting the polyurethane; this

unfortunatelywasnot possiblegiven the time constraints.

Dynamic photoelasticimageswere recordedfor two different loading scenarios. The
first methodmadeuse of the adidastraction testerto horizontally move a studdedplate
and football shoesacrossthe surface. Four stud configurationsand four football boots
were usedto vary the stud placementand number. No additionalload was appliedto
the traction testing given a vertical load of 34.3 kg. The studdedplate and shoeswere
movedin translation50 mm acrossthe surfaceat a speedof 10 mmsl Imageswere
also recordedfor rotation, 60° at 12°s1 Photoelasticimagesand traction datawere

recordedfor all tests.

The secondloading conditionaimedto replicatemorerealistic movements. Participants
wearingWorld Cup adidasfootball bootswith rubberstudsran acrossthe photoelastic
material, with the heel-strike landing in the centre of the image. The photoelastic
camerawas synchronisedvith the force plate and an additionalcamerafocussedon the
sideview of the heel-strike. The secondcamera(VDS VosskuhlerHCC-1000)recorded
at 200 fps and a resolution 1024 x 512 pixels. The two cameraswere triggeredby a
light-gate sensorsetup 2 m beforethe force plate and photoelasticmaterial. The force

platewastriggeredby a falling edgetriggeron impactandsampledat 1000Hz for 0.5 s.

Shearstressesvere producedin the materialwhenthe outsolecamein contact. Studded
outsoles(4 studsin the forefootand 2 studsin the heel) were usedto localisethe shear
stressand minimise the interferencefrom out-of-planestresses. Eachfoot-strike had a
ground contacttime of approximately0.5 s, producing 25 photoelasticimages. The
start and end of contact was defined visually through the side-view images and

validatedagainstthe force-plateresults.
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Reflective surface
Photoelastic material
Circular polariser

Glass force-plate

High-speed camera

Reflective surface

= atas°
Spotlight
Light-gate

Force-plate with
photoelastic material

Catwalk
Side-view
camera

> |

Trigger

Photoelastic Force-plate
images data

Side-view
images

Figure 3.14 - Experimental set-up at Scheinfeld. Top: Side-view; Bottom: Plan view (not to

scale).

3.4.6 Image processing

Dynamic imageswere recordedand savedas individual image files using the Photron
software. This allowed post-processin@f the imagesto be carriedout. The aim of the
post-processingvas to convertthe imagesinto a form from which the fringes could be
easily counted,and the movementor growth of a fringe tracked. The imagetoolbox in
MATLAB™ was usedto do this. Background subtraction, histogram equalisation,
L*a*b* K-mean clusteringsegmentationand contourmapping of the greyscaleimage

were all investigated.

The images were initially converted into greyscale(0 - 255) and the background
removedby the calculationof the absolutedifferencebetweenthe stressedmageand a
non-stressedmage. Figure 3.15 showsthe original and processedmagecapturedatt =
0.2 s during the foot-strike. The two heel studsandthree of the forefoot studswere in
contact;i.e. the foot wasin transitionbetweenheel-strikeand forefoot push-off. Figure

3.15 displaysthe isochromaticfringes (loci of constantmaximum shearstress);when
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viewed in colour, the repetitions of green and red bands were the most prominent.
Whenconvertingto greyscalethe maximumshearstressloci becomevisible asbandsof
constantgreyscaleintensity. The greenand red bandsformed the lightest and darkest
fringes respectivelyand it was their reoccurrencethat was usedto identify the fringe
order (TV). Due to the set-up and processing,the backgroundof the imagesappeared
dark (N = 0), as suchthe first fringe detectedwas a light fringe (N = 1/2) andthe nexta
dark fringe (N = 1). The processedesultswere then usedto evaluatethe subsequent

maximumshearstresses.

Original Greyscale imabsdiff imadjust

Figure 3.15 - Image processing; the images were converted to greyscale and the
background removed by calculation of the absolute difference method. The image

properties were adjusted to produce a clearly defined stress patterns (t = 0.20 s).

3.4.7 Results

Figure 3.16 showsthe growth of the photoelasticfringes for the foot-strike. Upon the
initial heel-strike, the shearstressesradiated from the stud contact points along the
direction of motion. When the forefoot cameinto contact, the influence of the heel
shear stressesdecreased,and the fringes around the forefoot studs grew indicating

maximumshearstressesactingpredominatelyin the opposingdirectionto motion.
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Figure 3.16 - Time series of stress patterns. Heel-strike and forefoot push-off

photoelastic images during running in studded outsoles (At = 0.04 s).

3.4.8 Analysis

a) Fringe identification

To identify the location of the fringes, greyscaleintensity profiles were drawn radiating
from the centreof eachstudon theimage. The intensity profiles showedclearpeaksfor
the light fringes and troughsfor the dark fringes. A contactzone directly beneaththe
stud placementwas defined. This was the regionin which the stressesvere no longer
directly related to out-of-plane shear stresses,and were instead a result of stresses
arising from the normal force during contact. The contact zone produceda large
number of fringes tightly spacedtogether; as such, the fringes could not be easily

distinguishedon the intensityprofile andthe overallzonewas insteadidentified.

Figure 3.17 illustrates the intensity profile for one stud in the forefoot during a
translationalmovement(push-offafter heel-strike,t = 0.2 s). A profile line 45° to the

direction of motion waschosenasthe distinctionbetweenfringeswas clearly observed.
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Figure 3.17 - Identifying maximum shear stress using greyscale intensity profiles. Top
left: The intensity profile indicates clear peaks for the light fringes (I ~ 255) and troughs
for the dark fringes (I ~ 0); Top right: Processed image - focussed on lower left forefoot;
Bottom left: Calculation of shear stress using fringe order; Bottom right: The contour

maps of the fringes indicate the increase in maximum shear towards the contact zone.

The fringe ordersdeterminedin Figure 3.17 canbe usedto estimatethe maximumshear
stressby useof the stress-optidaw (Equation3.6). Furthercalibrationof the materialis
requiredto determinethe stressfringe coefficient (/o), howeverusing an estimation of
0.20-0.28kNm’ (Dally andRiley 1991,Doyle 2004),rudimentaryanalysisof the fringe
patternsuggestedhat shearstressesof 0.12-0.16 MPa were evidentin the heel-surface
during initial impact and approximately0.08-0.12MPa at the forefoot-surfaceduring

push-off.
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b) Stress trajectories

An alternative method of analysis involves plotting the "stress trajectories” of the
fringes. Thesearelines indicatingthe maximumdistancea shearstressfringe radiates
from the point of contact(stud). This is a useful visualisationtool as it indicatesthe
direction the materialis likely to fail. Figure 3.18 showsthe stresstrajectoriesfor a
heel-strikein the World Cup boot. The imagesare coupledwith the side-view stills to

show how the position of the bootrelatesto the fringe patterns.

Figure 3.18 - Stress trajectory and side view of shoe during heel-strike and forefoot push-

off (white arrows indicate direction of motion of studs or growth of fringes).

The vector plot shown in Figure 3.19 was createdby tracking the growth of the first
fringe at eachtime step at 30° intervals aroundthe point of stud contact. The overall
growth pattern suggeststhe direction in which the shear stressesare acting at that
momentin time. A symmetricalvector plot suggestsa predominatelyvertical force
being applied, whilst one which is significantly more prominentin one direction (i.e.
aspectratio of horizontalto vertical diameter 1) would indicatea shearforce actingin

thatdirection.
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Figure 3.19 - Vector plot of first fringe location attime steps 0.02 s at 30°

stud contact.

@ U B W N
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12
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intervals around

The vectorplot indicateda shearforce acting along the direction of motion upon heel-

strike contact. This was also consistentwith the force data shown in Figure 3.20; a

noticeableforce in the anterior(-Fy) direction was observed. The propulsiveforce on

push-off (+Fy) was not as prominentas the impact forces. This was also seenin the

vector plot; the vectorsradiating from the forefoot studson push-offwere uniform in
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shapewith no dominantshift in the aspectratio. The force datawasrepresentativef a
typical heel-strikerun; an initial first peakin the Fz direction representghe full body
weight being transferredto the loading in the foot and the secondpeak occurring at
push-off. The netnegativeimpulsein the Fy directionindicatesa slight deceleration. It
is anticipatedthat during an accelerationmovement,therewill be a notableshift in the
aspectratio of the vector patternoccurring oppositeto the direction of motion on the

forefootstuds.

Figure 3.20 - Force data for heel-strike.

c) Kinematic analysis

The medial heel stud (Figure 3.21) on the right foot was tracked at 200 fps using the
footage from the side-view high-speedcamera. The pixel coordinates(w, v) were
convertedto x andy coordinatesusing the length of the adidasstripe for calibration (1
pixel = 0.41 £ 0.09 mm). The velocity of the heel stud was calculatedusing the finite
differencing numericalmethod,the averagefor the 5 framesbefore impactwas taken.
The resultant velocity and the velocity vector were calculated from the u and v

components.

The resultantvelocity of the heel on impact was 2.6 ms! at an angle of 61° to the
horizontal. This is similar in magnitudeto the valuescollectedby Kirk et al. (2007);
2.90+0.13 msl. However,the velocity anglewas significantly higherthan Kirk et al.
(2007); 16.81 + 1.86°. This could be attributed to the surface the participantwas
running on; the surfacewas perceivedto be more susceptibleto slipping than a natural

grasssurfacewhich could leadto reluctanceto load the foot.
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Figure 3.21 - Tracking locations for the right foot during heel-strike.

3.4.9 Summary

The photoelasticmethod was suitable for obtaining dynamic photoelasticimagesbut
more work is requiredto deal with discolourationof the fringes and selectionof a top
reflective surface to provide more traction. Image processing methods were
successfullyusedto identify the first fringe for tracking to producethe vector plots.
Surfaceshearstressesn the materialwere also calculated,but further calibration of the

materialwasrequiredin orderto validatethe values.

During the courseof the experimentalesting,concernswere raisedaboutthe suitability

of usingthe methodfor tractiontestingpurposes:
Main concerns

» Players cannot perform realistic movements (due to surface and length of
catwalk afterforce-plate);

e Difficult to distinguish out-of-planeshearcontactpressurefrom the true shear
stresses;

e Shear patterns around the stud on the photoelastic material is likely to be

differentto thatexpectedn soil.
Possiblesolutions

« Use a strongeradhesive,such as sprayratherthan tapeto fix the photoelastic
material to the glass-plate. This will give a more stable surface and allow
participants more confidencewhen running over the surface. An alternative

reflective layer could also be usedto give a higherfriction surface.Reflective
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foils and sprayscontainingmicro-particlesof silver are availableand may be a
better solution than the polyesterlayer. Achieving natural movementsof a
playerin any laboratoryenvironmentis difficult; but the movementsperformed
by a player can also be analysedagainstmovementsundertakenin real game
situationsto assesgherealismof the study.

e A calibration methodsimilar to the work by Nishizawaet al. (2006) and Arcan
and Brull (1976) wherethe outerfringe diameterwas relatedto the normalload
could be usedto distinguishthe contactstressesfrom the direct shearstresses.
Oncecalibrated,the force plate dataat eachtime frame could be correlatedto a
fringe diameterfor the vertical load. This would provide a maskingareaaround
eachstud, outsideof which the fringe patternscould be said to be due to direct
shearingforcesonly.

e It is difficult to know the exactshearpatternsthat occurin soil. Models have
beenpresentedGodwin and Spoor 1977 cited by Kirk 2008) usingthe empirical
observations of soil failure patterns; crescent failure and lateral failure.
However,it is difficult in any modelto truly replicatethe soil conditions;this is
alsotrue for computationalmodelling. The photoelasticwork shouldbe treated
asanothermodellingtool that gives a suggestionof the shearstressesjt may be
possibleto verify the stressedy useof acomputationalsimulation,but eventhis

would haveto be basedupon assumptions.

The overall advantagesand disadvantage®f the systemwith respectto traction testing

wereidentified:

Advantages Disadvantages
e Realisticplayermovement; e Non-realisticsurface;
e Knowledgeofinfluenceofindividual e Complexanalysisis timely and not
studs; suitablefor large scaletesting;
e Producesdentifiablevisualimages. e Useof playersintroduces

subjectivity into results.

Table 3.15 - Advantages and disadvantages of photoelastic testing.
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3.5 Modelling techniques

3.5.1 Introduction

Modelling the interaction betweenan outsole and surfaceis complex and a suitable
modelis requiredfor both the surfaceand the shoe. Modelling the interaction of the
shoeandsurfacecanbe thoughtof asatwo stageprocessesfirst impactand penetration
and then translation along the surface. This section introduces two techniques
attemptingto mimic the impactphase(penetration)of studs. The associatedroblems

andbenefitsof the techniquesare acknowledged.

The vertical interactionbetweenthe stud andthe groundcan have a significanteffecton
the level of traction providedby the shoe. Stud penetrationis fundamentallydependent
on two conditions; the stiffness of the stud and the stiffness of the surface.
Consequentlythreetypesof outsolesexist; soft ground, firm groundand hard ground.
The stud material and length dependson the targetground condition. Modelling the
predicted penetrationof the stud on different surfacestypes can help determinethe
suitability of the stud. To investigatethe potential of analytical and computational
modelling techniques,an adidasprototype stud known as the “Smart Stud’ was used.
The Smart Stud was an exploratorynew productdesignthat beganat adidasin 2005.
The initial conceptand design stagewas carried out by Kirk (2005), with preliminary
mechanicaltestingand evaluationundertakerby Koerger(2007) and Price (2008). The
principal aim of the stud was to provide a suitablelevel of traction on any hardnessof
playing surface. This was to be done by deforming the stud by different amounts
dependenbn the hardnessof the surface;ultimately, maximisingthe outsoleto surface

contactarea.

Two different approachesvere usedto model the vertical interactionbetweenthe stud
and the ground; analytical and computationalmodelling. Table 3.16 summariseshe

advantagesnddisadvantagesf eachmodellingapproach.
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Analytical modelling

Advantages
Shortruntime
Computationallyefficient
Groundor stud stiffnessis easily
modified
Control overunderlyingmaths

Disadvantages
Stud shapenotconsidered
Many simplifications

Needto tunedampingcoefficients

Computationaimodelling

Advantages

Usescorrectstudgeometry
Changesanbe madeto the stud
geometry

Both simpleand complexanalysisof
the modelcanberun

Canusematerialparameters

Disadvantages
Requiresmaterialparameterdor the
studs
Groundconditionsare approximated
Lengthyprocessto accuratelymodel
the ground
Studis strain-ratesensitiverequiring
dynamicmaterialanalysis
Computationallyinefficient
Longruntime
Limited control overunderlying
maths

Table 3.16 - Advantages and disadvantages of computational (FEA) and analytical

modelling.

3.5.2 Aim and objectives

Aim
* To evaluatethe effectivenesf analyticaland computationalmodellingusingan
adidasprototypestud design.

Objectives

e To developan analyticalmodelto representhe impactof a single stud with two
surfaces(soft and firm);
e« To developa computationalfinite elementmodel using accuratestud geometry

of the impactof the stud with softground.
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3.5.3 Analytical modelling

The first methodwas an analytical (theoretical)processandinvolved modelling the stud
andgroundas massspring systems. By modellingthe studandthe groundas non-linear
springsin series(Figure 3.22),the relativedeformationsof the groundandthe studwere

estimated. Newton's secondlaw was applied to give the equation of motion for

undampedtree vibration:

F = my = _ky Equation 3.7

wherek is the spring stiffness.

For the ground, two conditions were modelled analytically using non-linear stiffness
spring equations; k = f(y). |Initially, experimentaldata from a hemisphericaldrop
hammertest (mass 1.52 kg, kinetic energy2.30 J), (Kirk 2008) was usedto yield the
force-displacementurvesfor both firm and soft ground conditions. Firm ground was
naturalturf testedin the UK in Septembersoft groundwas createdby adding8 mm of
waterto the testarea. Third order polynomial equationswere fitted to the results,and
the equationsdifferentiatedto produce stiffness curves; stiffnessk = dF / dy. Both

stiffnesscurveswerenon-linearand followed a quadraticfunction; k = ay2 + by + c.
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Figure 3.23 - Drop hammer soft and firm ground force deflection curves, red line

indicates simulated stiffness curves.

A similar differential approachwas usedto estimatethe spring constantof the stud.
Instron® testingwas usedto producethe force-deflectioncurve for the deformationof
the studon arigid metalplate. The Instron® testwas displacementriven at 100 mm/s
to a maximumcompressiornf 4 mm. At present,one of the majordrawbacksin using
this datain conjunctionwith the drop-hammeresultsfor the ground condition is that
two differenttestingmethodshavebeenusedto generatethe initial force-displacement
data. Again a polynomialequationwas fitted to the curve; however,the curve was spilt

into threeregionsand separateequationsderivedfor each(Figure 3.24).

Figure 3.24 - Instron® testing of Smart stud, force deflection curve.

The resulting stiffness equations(Table 3.17) for the stud and the ground were used
with the equation of motion to estimatethe relative deformation of each part when

underload.
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Groundstiffness Stud stiffness
IFys<2.7 ks = a2y? + b2ys + c2
= aiyg + btyg + cx IF2.7<ys< 3.8 ks ~ C3

IF ys> 3.8 ks = a3y? + b3ys + c4

Table 3.17 - Derived stiffness equations for ground and stud.

An iterative approach(Table 3.18) was usedto solve the equationof motion for two

non-linearstiffnessterms.

i i+1
t 0 dt
y 0 yi + yidt
_ Fj+i ~ Pj
yl ° ku tyu
o Fi+i-Fj )
yz ki T Y2
y v yi+yt+idt
y 0 Fi+i/m
Z(yi(i+i))
*0 f(y2i) I(y2(i+i))
[ i
k
~ALG+DD) ~2(i+1)
F ktytdt + Ft

Table 3.18 - Iterative solution to equation of motion.

The input variablesmass(m) andinitial velocity (v) wereinitially the sameasthe drop-
hammertests;m = 1.52 kg and v = 1.7 ms1 Using the sameiterative model, the
boundaryconditionswere also modified to replicatea heel-strikeduring running. The
boundaryconditionswere drawn from literature (Cavanaghetal. 1984); estimatingthat
two studswould be in contactduring a heel-strikeand that the impactforce would be

evenlydistributedbetweenthe two.
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Figure 3.25 - Calculation of modified boundary conditions from literature results.

Figure 3.26 - Analytical modelling. Top: Drop hammer boundary conditions - Left: Soft
ground; Right: Firm ground. Bottom: Realistic loading conditions - Left: Soft ground;

Right: Firm ground.
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Results(Figure 3.26) showedthat on soft ground, the predicteddeformationof the stud
uponimpactwas4 mm andthe ground7 mm. On firm ground,the deformationswere
more equal;4.2 mm for the stud and 4.4 mm for the ground. From the plot of the total
displacement,jt can be seenthat on the soft groundthe major contributing factor was
the ground; whereason the firm ground, both the stud and the ground deformed at
similar rates until the stud reachedmaximum deformation, after which the ground
deformedat a quickerrate. This hasbeentermedthe equilibrium point; for firm ground
this should ideally occurearly on in the interactionenablinga greatersurfacearea of

studto bein contactwith the ground,thus maximisingtraction.

For the modified boundaryconditions(m = 19 kg andv = -0.7 msl), resultspredicted
thatfor a heel-strikeon firm groundthe studwould deform4.4 mm andthe ground 6.8
mm. This would leavea 0.8 mm sole-plateto groundclearance. For soft ground, the
stud deformationwas 4.2 mm and the groundwas 10.7 mm suggestingthere would be

completecontactbetweenthe sole-plateandthe groundsurface.

A MATLAB™ Simulink modelwas developedusingthe iterative approachto produce
an interactive model enabling various ground conditions and stud types to be
interpolatedand extrapolatedfrom the existing experimentaldata. For example,the
interaction betweena stud and the ground condition "medium" (interpolatedbetween
soft and firm) could be estimated. This provides feedbackinto the expectedstud

deformationduring vertical impact.

a) Summary analytical modelling

The analyticalmodelwasableto accuratelysimulatethe deformationof the stud andthe
surfaceindividually using the testload conditions. However, the combined stud and
surface model needs further validation using appropriateloading conditions as the
penetrationbetweenthe stud and the ground can only be assumedfrom the relative
deformationof eachmaterial; further experimentaltestingwould be requiredto confirm

the accuracy.
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3.5.4 Finite element analysis

The alternativeapproachwasto usefinite elementanalysis(FEA) and computationally
model the interaction. A quasi-staticmodel of the stud was producedand validated
against experimental results. The stud comprised of five individual parts; seal,
structure, tip, rails and baseunit. The CAD files for the stud were imported into
Hypermeshandthe individual partsmeshedwith a 0.4 meshsize, refinedto 0.3 around
more detailed areasto avoid over-closureissues. The partswere then exportedinto a
FE modelling programme,Abaqus. First ordertetrahedralC3D4 elementswere used.
The materialpropertiesusedwere isotropic, elasticapproximationsfor four of the five
materials and a hyperelastic, Mooney Rivilin model for the seal. A linear step
amplitudeof 5 mm in the vertical direction was usedto modelthe deflection of the stud.

This wasrepresentativeof the mechanicallnstron® testwhich was usedto evaluatethe

accuracyof the model.

Results(Figure 3.27) indicatedthat the FE model accuratelyrepresentedhe stud when
loading at the samerate of compressiorasthe Instron® testing. However,the materials
usedin the stud are strain-ratedependentwithout using dynamic material models,the

FE simulationwill notreflectthis.

Figure 3.27 - Verification of model; force-displacement results for FE model and Instron®

testing.

The interactionbetweenthe stud and the surfacewas modelledby simulating the soft
groundconditions. The drop-hammetestusedto providethe force-deflectioncurvesin
the analytical modelling approachwas again usedto define the ground characteristics.

The soil was modelledas crushablefoam with initial materialparameterdrom soil test
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data (Kirk 2008). The parameterswere then tuned until the simulateddrop-hammer

force-deflectionresultsmatchedthosefrom experimentationFigure 3.28).

Figure 3.28 - Force displacement curves for drop hammer experiment and FE simulation.

The quasi-staticstud model and the crushablefoam soft ground model were combined

together(Table3.19)to simulatethe interaction.

Foammodel Stud model Stud- foam interaction
Rigid analyticalbody mass Quasi-static Quasi-static

1.52kg

Dynamicexplicit step Smoothamplitudeloading Smoothamplitudeloading
0.005s 0.005s 0.005s

Rigid analyticalbody 5 mm displacemenbf rigid 5 mm displacemenbf stud
velocity 1.74 ms! bottom plate

Crushablefoamreplaces
rigid bottomplate

Table 3.19 - Computational stud-foam model boundary conditions.

Figure 3.29 - Illustration of stud deformation on crushable foam surface.

Furtherexperimentawork is requiredto validatethe combinedstud and crushablefoam

model. However,when comparingthe relative deformationof the stud and the ground
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(Figure 3.30) it was seenthat similar responsecurveswere producedfor both the FE

modelandthe analyticalapproach.

Figure 3.30 - Relative deformation of stud on soft ground conditions.

b) Summary computational modelling

The limitations of the computationmodelling were similar to those expressedin the
analyticalmodelling. The componentsisedin the modelareonly validatedindividually
and under different loading conditions. The viscoelasticbehaviourof the stud and
particulate nature of the soil do not always lead to predictableloading conditions,

furtherincreasingthe complexityof the requiredmodel.
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3.6 Chapter summary

The resultsfrom mechanicaltraction testing revealeda numberof findings; firstly the
complexities of testing on natural turf conditions were highlighted, with results
displaying a greater standard deviation in both hardness and traction readings.
Secondly,when using a studdedplate to replicate studdedoutsole configurations,the
testdid not producesimilar resultsor shapeof traction curve as the counterpartshoes.
This was potentially due to the differencein orientation of the plate and shoeto the
surfaceand the additional surchargepressurefrom the increasein surfaceareaof the
plate. The final important finding was the changein traction ranking order when
comparingthe shoesat different displacements.Typically, the traction value at 50 mm
is usedfor comparisonhoweverconcernswere raisedthatthis wasnotrepresentativef
a typical movementand that traction values at lower displacementsmaybe more

realistic.

Photoelasticitywas usedto identify the shearstressedetweena surfaceand a studded
outsole. Image processingtechniqueswere successfullyusedto identify the individual

fringes and show the changein positionovertime. Althoughthesetypesofimageshad
not beenpreviously donebeforeand they had potentialto aid in stud shapedesign,the
non-realistic surface restricted the use of the techniquefor traction analysis. Post
processingmethodswere alsotime consumingand large samplesize testingwould not
be possibleusing the currentsystem. Although the systemused participantsto ensure
the movementson the surface were representative,the surface may have caused
participants to modify their movement style from that on natural turf. Full 3D

kinematic analysisof the participantand the studdedshoe on natural turf comparedto

the photoelasticsurfacewould allow any differencesin movementdo be recognised.

The Simulink analytical model and the FE simulation provide a useful tool for
estimatingthe likely vertical interactionbetweenthe studandthe groundduring varying
loading conditions. However,althoughindividual sectionsof eachmodel were verified
againstexperimentaldata; namelydrop hammertestsand Instron® force-displacement
results, the completeinteraction betweenthe stud and the surfacewas not validated.
The use of appropriateimpact loads and velocity also neededto be validated. The
computationalmodels developedare also only the first stage towards developing a
modellingtool thatcanbe usedto predictthe tractionbetweena prototypeoutsoleanda

rangeof surfaces.
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The overall observation from the range of experimental methods investigated is that
prior knowledge of realistic testing conditions would help to provide a more detailed
and accurate analysis of the traction interaction; with the leading question raised from

this study being:

What are the testing parameters that can be used to develop a testing protocol to
produce repeatable results but also remain representative of actual football

movements?

Chapter 4 aims to address this issue by developing a test methodology to identify

realistic test parameters from player movements.
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4 METHODOLOGY FOR MOTION CAPTURE OF STUDDED FOOTWEAR

4.1 Introduction

In orderto betterunderstandhe conditionsneededfor realistictesting,the behaviourof
the shoein contactwith the surfaceneedsto be examined. This can be achievedby

capturinghow the shoeinteractswith the surfaceusing 3D analysis.

A range of 3D motion capture techniques were outlined in Chapter 2.  Stereo
videogrammetrywas highlighted as the most suitable method with its potentialto be
usedboth in the laboratoryand outsideon the field. It is alsorelatively easyto use and
its results can be analyseddirectly, rather than relying on intermediateprocessing
systems. Using a systemthat is self-developedenablesit to be customisedto suit the
environmentand applicationsit is designedfor ratherthan havingto makecompromises
with an existing motion capturesystem. A methodologyreview was carried out to
ensurecorrect choices were made in terms of cameraset-up, marker selection and

markertracking.

4.2 Aim and objectives
Aim

e To developanexperimentaimethodologyto track the position of a shoein 3D.
Objectives

e To developasystemthatis:
- Portable,
- Ofminimal intrusionto the players,
- Suitablefor usein both alaboratoryandoutside,
- Able to achievehigh markerre-projectionaccuracy.

« To convertthetrackedimagecoordinated¢o 3D global coordinates.
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4.3 Stereo videogrammetry

Stereovideogrammetryor stereophotogrammetryis the techniqueof usingtwo or more
camerasto reconstructpoints on an imagein a 3D coordinatesystem. This technique
was chosenover the more commonly usedcommercialmotion capturesystemsdue to

the easeof use and versatility that enablesthe techniqueto be appliedin a wider range

of scenarios.

4.3.1 Camera placement

Stereo videogrammetryrequires the use of two camerasin order to triangulate the
position of an objectin 3D. The placementof the camerascan have significant effects
on the error presentin the 3D measurements.Error can be introducedinto the system
from poor image resolution or target occlusion (Chen and Davis 2000) and it is
important that the cameras are placed such that effects of these are reduced.
Consideringonly imageresolution,Chenand Davis (2000) found thatthe optimal angle
betweenthe cameraswas 90°, with acceptabilitybetween40 and 140°. Cameraangles
of lessthan40° or greaterthan 140° tendedto greatlyincreasethe uncertaintyin the 3D

measuremengFigure4.1).

Figure 4.1 - Assessment of optimal camera angle (adapted from Chen & Davis 2000).

When targetobjectocclusionwas consideredthe optimal cameraplacementwas when
they were orientatedto be facing eachotherasthis increasedhe likelihood that at least
one camerawas seeingthe targetobject (Chenand Davis 2000). The markersusedon
the tracking shoewere positionedon one side of the shoeonly so it was anticipatedthat
an angle betweencamerasof 0° would in fact be optimal when consideringmarker

occlusion. Static markerocclusioncanbe compensatedor beforefilming by adjusting
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the angle of the camerasin orderto ensurethat both cameraswere able to seeall the
markerson the shoeduring the likely range of motion of the foot. To assessghis, two
cameraswere originally setat 90° focussingon a stationaryshoe. The shoewas rotated
andthe numberof markersvisible in the left andright camerasvasrecorded. The angle
betweenthe cameraswas then adjustedin orderto find the optimal anglein which all

five markerscould be seenfor the greatestrangeof rotation.

At an angleof 90° betweencamerasthe markerswere occludedat shoerotation angles
of 30°. Reducingthe angleto 70° enabledthe markersto remain visible until 45°
rotation of the shoe. Furtherreducingto 50° andthe markersbecameexcludedfrom the
right cameraatinternalanglesof over60°. This indicatedthatan angleof 50 to 70° was
suitableto reducethe influenceof markerocclusion,yet still remainin the rangefor low

errordueto resolution.

4.3.2 Camera properties

The quality of the recordedimagescan directly influencethe accuracyof the calibration
and final datacollection. Two high-speedPhantomv4.3 video cameraswere usedto
form the basisof the stereovideogrammetrytechnique. It is importantthatthe camera
settings do not changebetween calibration and data collection and so an optimum

settingto satisfybothrequirementds needed. Camerasettingsthatwere adjustedwere:

e Focusandzoomlevel
« Resolution

« Exposure
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e Synchronisation

e Framerate

a) Focus and zoom level

The size of both the squareson the checkerboardand the markersto be tracked affect
the accuracyof the results. As such,an appropriatezoom level was neededto ensure
they filled the maximum possiblefield of view of the cameras. However, due to the
inherent variability in foot placementduring participant data collection, a sizable
volume was required. A volume 1.5x 1.5 x I m waschosenfor calibration. At this
size,the markersoccupied 1-2% of the volume size. Although small, they could easily

be detectedat this size and eccentricityeffectswere minimised.

The focus of the camerawas importantfor calibrationin orderto successfullyidentify
the intersection between grid squares. A poorly focussedimage increasedthe re-

projectionerror of the intersections.

b) Resolution

The imageresolutioninfluencedboth the level of detail detectablein the imageandthe
computationalefficiency of the datacapture. For playertesting, it was importantthat
the files could be quickly saved and the next data capture started to ensure the
participantswere not kept waiting. The time to save comparedto reductionin image
sizewas assessednd a resolutionof 512 x 386 selected. The files took betweenl5 and

20 sto saveandrequiredapproximately85 MB for 400 frames.

c) Exposure

The exposuretime or shutterspeedcontrols the amountof light allowed to enterthe
capturedimage. For high-speedvideo work, a high exposureor long shutterspeedcan
resultin blurring in the capturedimageleadingto errorand inaccuraciesn trackingthe
target markers. lIdeally, the exposureneededto be as low as possiblein order to
improvethe quality of the trackedmarkers. The contrastof the markersandthe level of
lighting on the testareathereforeinfluencedthe exposuresetting. The testsystemwas
designhedio work both in the laboratoryunderartificial lighting and outsidewith natural

lighting. In the outside environment,additional lighting sourceswere avoided as it

-O5-



increasedthe complexity of the testing system. In the laboratory, additional lighting
was readily available and could be usedto reducethe cameraexposure. The level of
exposurewas also dependenton the frame rate. Testing both in the laboratory and
outside suggestedthat an exposuretime of 70 pis at 1000 fps was suitableto avoid
blurring, show the markersclearly and also show imagebackgrounddetailsthatmay be

requiredin subsequenanalysis.

Figure 4.3 - High exposure and low frame rates can lead to blurring of markers during
high velocity movement. Left: when the shoe is stationary the image is not blurred;
Centre: during push-off, shoe velocity increases and details become blurred; Right:
original heel marker shape and blurred marker shape could lead to error in centroid

location.

d) Synchronisation

The two cameraswere synchronisedso one cameratriggeredinternally and the other
externally. A remotemanualtrigger was usedto activatethe internal camerawhen the
playerenteredthe filming zone. Automatedtriggering optionssuchas light-gateswere
consideredbut complicationsarosewhen capturingdifferent playermovements. In the
laboratory,the cameraswere triggered from a falling edgetrigger on activation of a

force-platein the filming zone.

e) Frame rate and sampling theorem

The framerate of the camerasdetermineshow manyimagescanbe capturedduring the
movement; it essentially sets the resolution for the smallest detectablemovement.
Using a set of data capturedat 1000 Hz the Nyquist samplingtheory was applied to

assesghe lowestframeratethatcould be used. The Nyquistsamplingratetheory states
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that the processsignal must be sampledat a frequency at leasttwice as high as the
highestfrequencypresentin the signalitself (Winter 2005). Expressednathematically

as:

fs > 2fc Equation 4.1

where fs is the sampling frequencyand fc is the highestfrequencyexpressedn the

sample(Olshauser2000).

This conceptis clearlyillustratedin the samplingof a standardsinewave of frequency!

Hz (Figure4.4).

Figure 4.4 - Aliasing of original sine waveform by sampling lower than the Nyquist
frequency. Top: Sampling at 2 Hz; Bottom: Sampling at 1.5 Hz. (Adapted from Olshausen

2000).

Samplingat 2 Hz or greateras indicatedby the Nyquisttheoremis sufficientto capture
the signal, but samplinglower, at 1.5 Hz not only missesimportantinformation from

the original signal, but alsocreatesan entirely new waveform (Olshauser2000).
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This theory is easy to apply when sampling simple waveforms, but as the signal
becomeamore complex,identifying the Nyquist frequencyalso becomesmore difficult.

One solutionis to considerthe Fouriertheory, in thatany signalcanbe recreatedrom a
series of sine and cosine waveforms of varying frequencies(Manal and Buchanan
2004). Fourier transformationsof periodic signals can be used to identify the
frequenciespresentin the signal. This approachcan be easily applied using the fast
Fourier transform (FFT) function in MATLAB™. However, real movementdata as
collectedfrom the markercoordinatesis non-cyclic and thereforedoes not satisfy the

FFT conditions.

The principle that any signal can be comprisedof sine and cosinewaveformsgivesrise

to the Fourierseriesequation:
h(f) = a0 + I [bn cos(2?fnt) + cn cos(27rht)] Equation 4.2

This was applied to a set of coordinatedata for the sprint movementin the z axis,
sampledat 1000 Hz. A Fourierorderof 6 wasrequiredto fit a curve with an R value
of 0.98to the raw dataset. The minimum frequencywas4.7 Hz (/t) andthe maximum
was 28.3 Hz (/6). This suggeststhat the Nyquist sampling frequencyneedsto be
greaterthan60 Hz (2/6).

Figure 4.5 - Vertical displacement data sampling at 1000 Hz and 60 Hz.

Figure4.5 illustratesthe resultingdatasetfrom samplingat the Nyquist frequencyof 60
Hz comparedto 1000 Hz. The primary shapeof the datacurve is the samefor both
sampling rates suggestingthat a sampling rate of 60 Hz may be sufficient for that
example. However, slight differencesare evidentapproaching0.05 s; this is nearthe

point of contactand henceit is importantthe detail is correctat this time. The Fourier

-98-



approachwill alsoproducevarying frequenciesfor eachsetof coordinatedata(x, y and
z) andto sampleat differentfrequenciesor eachis not possible. Analysis of pilot study
datashowsthatin the runningdirection, a displacemenbf 5 mm was seenover a time
of 0.045s. This indicatesthatin 0.009 s, the shoemoved! mm. Setting!l mm asthe

smallestdisplacementesolution,this meansa frequencyof over 100 Hz is required.

In the past,the Nyquist samplingfrequencywas necessaryo allow datato be collected
atthe lowestsamplingrate possiblebut yet still maintainaccurateresults. This wasdue
to the high computationaland operationalrequirementsof recordingat highersampling
rates. With the increasein computerperformancesand the availability of high-speed
video cameras,sampling up to or over rates of 1000 Hz is no longer considered
unachievable.Filming at a rate higherthan the Nyquist samplingrate also allows more
advancedfiltering techniquegso be usedwithout running the risk of maskingimportant

detailsin the data.

A sampling rate of 1000 Hz was chosenfor the high-speedvideo capture with a
minimum tracking samplerate of 200 Hz. Both are sufficiently above the Nyquist

frequencyandallow furtherfiltering methodsto be usedto reducethe effectof noise.

4.3.3 Calibration

After reviewing potential calibration techniques,the planar (checkerboard)approach
was chosen. This method has been shown to work well by Choppin (2008) in
calibrating a large volume on a tennis court. The advantagesof the checkerboard
technique,as outlined in Chapter2 were that a large volume can be definedand it is

inexpensiveandeasyto carry out.

a) Image collection

In orderto reducethe errorin the calibration 15 or moreimagesof the checkerboardire
required (Zhang 1999). The checkerboardneedsto occupy as much of the image as
possiblesothatit is composedof more pixels andit is easierto resolvethe intersections
(Choppin 2008). Twenty images of the checkerboardwere collected at a range of

anglesfrom both camerasdefining a volume approximatelyl.5x 1.5x 1 m\
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Figure 4.6 - Mosaic of checkerboard images used to define the 3D test volume.

b) Camera parameters

The MATLAB™ cameracalibrationtoolbox (Bougeut2010) was then usedto extract
the grid corners. For both the left and the right cameras,the four corners of the
checkerboardire selectedandthe individual grid squaresareidentified by interpolating

alongblack or white interfaces.
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Figure 4.7 - Extraction of checkerboard calibration pattern using grid square

intersections.
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Distortion factors can be appliedif the grid squarecornerlocation doesnot match the
exactimage.Oncethis processis repeatedfor eachcheckerboardmage,the calibration
parametersare generated. Calibration producesfirst a set of intrinsic parametershat
relate the individual camerasto the calibratedvolume, and secondlya set of extrinsic
parametersthat describe the relationship betweenthe two cameras. The intrinsic

parametersare (Bougeut2010):

* Focallength
e Principalpoint
« Skew coefficient

e Distortions
The extrinsic parametersre:

* Translationmatrix

e Rotationmatrix

The intrinsic parameterscan be usedto re-projectthe grid coordinatesback onto the
original checkerboardmages. The re-projectionerror is calculatedfrom the distance
betweenthe re-projectedgrid coordinateand the original point extracted. The error
indicatesthe accuracyof the calibration and the detectedintersectionpoints (Choppin
2008). If the re-projectionerror appearsto be large, further distortion factors can be

appliedto reducetheerror.

Reprojection error (in pixel)
0.4

0.2

-0.2

-0.4
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Figure 4.8 - Pixel re-projection error after calibration in a laboratory environment.
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c) Origin definition and stereo-triangulation

The calibrationprocedureautomaticallyproducesa coordinatesystemrelativeto the left
camera. However,for the purposeof analysingthe position of the shoein 3D, a global
origin position is advantageous.To define the new axis system,the checkerboardvas
laid flat in the calibratedvolume, with one edgealignedin the running direction of the
participants. The edgeat 90° was aligned away from the cameras. The third, vertical

axisis createdfrom the cross-producof thetwo axes.

Figure 4.9 - Global origin; participants run parallel to the y-axis, from right to left.

The cameraparametersare then used with the global origin position to generatea
transformationmatrix usedto convertimage coordinatesfrom the left and right views

into 3D coordinates.

4.3.4 Summary

The methodology review indicated that just two Phantom v4.3 high-speedvideo

camerascould be usedto capturea 1.5 x 1.5 x 1| m volume on a natural turf football

pitch andin alaboratoryenvironment. The volumewas sufficientenoughto capturethe

inbound and outboundfoot trajectory with compensationfor differencesin foot-strike
location. To ensurethe shoewas visible throughouta range of movementswithin the

test volume, the optimal cameraplacementin terms of marker occlusion and 3D

reconstructionerrorswas approximately5 m perpendicularlyaway from the foot-strike
zone at an angle of 70° to eachother. The checkerboardechniquecan be successfully
usedto calibratethe cameras;using approximately20 imagesof a checkerboardrom

the left and right camerasto determineboth intrinsic and extrinsic cameraparameters.
Camerasettingsof 1000 fps for 0.6 s at a resolution of 512 x 382 pixels and a low

exposureof 70 ps were chosento reducesavetime but allow high quality imagesto be

recorded.
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4.4 Marker selection

Copa Mundial football shoes (sizes UK 8-11) were used for testing. The Copa
Mundial shoehas6 mouldedstudson the forefootand4 on the heel. The CopaMundial
was first releasedin 1979 but is still consideredone of the mostpopularfootball shoe
designsmore than 30 yearson. It is also considereda suitable stud configuration for
naturalturf on the firm to soft hardnessborderlineas anticipatedat the time of testing

(October,early seasonn UK).

Five markerswererequiredon the left shoe.The markerswere usedto define two rigid
bodies representingthe rear-foot and forefoot sectionsof the shoe. The differences
betweenmarkerson the shoeand on the foot hasbeenwell researchedRobertsonet al.
2004) and marker placementshave to be carefully consideredso not to introduce
unnecessargrrorsinto the system. The natural pivot point of the foot is thoughtto be
nearthe metatarsal-phalange@int and as such,a marker(P3) was placedas closeto
this location as possible. Two further markerswere usedto form the rear-footsection;
one nearthe heel (Pl) and one nearthe ankle (P2). Markerson the upperforefoot (P4)

andtoes(P5) wereusedto definethe forefoot section.

Navicular

Forefoot Rear-foot

Figure 4.10 - Foot anatomy and chosen shoe marker location.

Requirementsfor the system were that it could be used for outside testing; thus in
potentially long grassenvironments. The selectionof the type of markerusedon the
side of the shoewas importantin orderto have a markerthat could be easily tracked
(high visibility), havelow re-projectionerror (centreeasyto find) andwas of minimum
intrusion to the players. To minimise the image processingrequired to identify the
marker from the background,the marker also neededto be high contrast. This also
allowed a lower cameraexposureto be used,improving the quality of the image and

allowing alower framerateto be used,thusreducingmemoryrequirements.

-103-



4.4.1 Spherical markers

Sphericalreflective markersare typically usedin biomechanicaimotion captureand are
attachedto the tracking objectwith adhesivetape. Due to their sphericalshapethey are
easily tracked as the centre of the marker can always be found regardlessof the
orientationto the camera. However,aftertrialling the markerson the shoe,a numberof

limitations werefound:

e Theysit off the surfaceof the shoewhich wasintrusiveto the players,
« Theyhaddifficulty stayingattachedduring high velocity movements,
e Theywereeasilyknockedoff or movedwhenthe shoewasin contactwith long

grassor artificial fibres.

Figure 4.11 - Spherical reflective markers (Right: image from Quintic 2011).

4.4.2 LEDs

Electronic active markerswere investigatedto seeif the gain from the high contrast
marker outweighedthe limitations of requiring an externalpower source. A strip of
LEDs were tracked both in the laboratory and outside in natural light. The camera
exposurewas adjusteduntil only the LEDs werevisible; reducingthe imageprocessing

requiredto extractthe markersfrom the backgroundduring the analysisstage.

An exposureof 40 ps wasrequiredboth in thelaboratoryand outsidecomparedto 70 ps
requiredusing retro-reflectivemarkers. Despitethe advantagegjainedfrom the high
contrastmarkers, it was thought that the limitations were still too greatto use this
method. A powersourcewould haveto be worn on the top of the shoeand a seriesof
wires would haveto run to eachLED. This would be very intrusive for the playerand

likely to impedetheir performance.
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Figure 4.12 - LED markers in the laboratory and outside (exposure 40ps).

4.4.3 2D white circles

The third type of tracking markertestedwas a simple 7 mm white circle paintedonto
the shoeusing white oil basedglosspaint. To increasethe visibility of the markersa
retro-reflectivetop coating (Glowtec 2011) was applied over the white paint. Retro-
reflective surfacesreturn light directly to the source reducing the scattering effect

(Figure4.13).

Embedded glass microbeads

Reflective top coat
W hite gloss layer

Original surface

Figure 4.13 - Retro-reflective top coating (adapted from Glowtec 2011)

The advantageof thesemarkerswere that they were applied directly to the shoe and
were not ableto be displacedduring movementof the shoe. The markerswere also of

negligible massandassuch,notintrusiveto the players.

Most 3D marker systems use spherical markers as the centre of the marker is
independento the viewing direction. The problem of the 2D circular markersis that
the markerappearselliptical in all viewing planeswith the exceptionof an imageplane
thatis directly parallelto the cameraviewing plane. The ellipse centrediffers from the
centreof the projectedcircle dependingon the angleand the displacemenbetweenthe

circle surfaceandthe image plane;this effectis known as eccentricity (Bobrowitschet
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al. 2011). However,the eccentricityerroris typically lessthanthe image measurement
accuracy(Ahn etal. 1999) for small circles. The pixel diameterof the markersin the
imageto be trackedis approximately6 pixelsin animagesizeof 512 x 384 pixels. The
marker thereforecomprisesless than 1-2% of the total image size and as such, it is

expectedthatthe errorfrom eccentricitywill be negligible.

4.4.4 Summary

Despitethe potentialerror due to eccentricity,a simple white paintedcircle was chosen
overthe sphericalmarkersdueto its robustnessn naturalturf, easeof tracking andlack
of intrusion to the players. A retro-reflectivecoatingwas appliedoverthe white circles
to increasethe contrastin directionallight conditions. This specifically appliedin the
laboratorywhere additionallight sourcespositionedbehindthe camerascould be used.
This increasedthe contrastof the markerscomparedto the baseshoe, and allowed a
lower cameraexposureto be used. Applying the markersdirectly to the surfaceof the
shoe with a permanentpaint eliminated the likelihood of the markers moving with
respectto the surface of the shoe during testing, and also between testing during
transportationof the equipment. The markersaddednegligible massto the shoe,and as

suchwere of minimum intrusionto the participants.

Figure 4.14 - Example test shoe with white retro-reflective markers.
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4.5 Automated tracking methodology

A semi-automatedrackingmethodwasdevelopedo allow fastandefficient acquisition
of results. For each trial captured, approximately 400 frames required analysis.
Obtainingthe 3D coordinatesfrom each markerthus required 2000 data points to be
gatheredper camera,per trial; the intention of the automatedprocesswas to speedup
the data processing.Manual digitisation methodsthat have been previously used for
similar applications(Choppin 2008) were available,but to manually select2000 points

for eachtrial would be very time consuming.

The MATLAB™ image processingtoolbox was usedto developan algorithm that can
automaticallyreturn the image coordinatesof a selectedmarker. Three methodswere
trialled to assesgheir easeof use,accuracyand efficiency. For all methods,the first
stagewasto convertthe videofile createdby the high-speedPhantom(v4.3) cameraso
.avi files which could then be read into MATLAB™. The first and last framesto be
analysedwere then defined and the section of the video file betweenthese frames
converted to individual images. This allowed each time frame to be analysed
sequentially using a loop function to move through the frames. The methodsare

describedasfollows.

a) Object labelling method

Each frame was convertedto a binary black and white image with the threshold
dependenbn the light level of the image. Noise was removedusing the bwareaopen
function. This function removesobjects from a binary image that have less than a
chosennumberof pixels. A successfuresultingimagecontainedonly the five markers

to be tracked(Figure4.15).

The white objects(markers)remainingin the imagewerethenlabelledfrom left to right
(bwlabeV). A separatdrackingloop for eachmarkerwasdefined,andthe coordinatesof
the centroid (centre of mass)of the white object were returnedas markercoordinates

usingtheregionpropsfunction.

The succesof the trackingwas highly dependenbn the quality of the thresholdingand
amountof noise remainingin the convertedimage. If noise was detectedas a valid
object,the numberingorderof the markerschangedandthe trackedtrajectoryshiftedto
the new objectlocation. Using a predictedtrajectorybasedon previousmarkerposition,
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it was possibleto re-allocatethe trajectory to the correct marker position, but this
required user intervention and increasedthe complexity of the automatedapproach.
The advantageof this systemwas that when successful,it was able to track all five

markerssimultaneously.

Figure 4.15 - Labelling and tracking of white objects after conversion to a binary image.

b) Object dilation method

Since the successof the object labelling method was highly dependenton the noise
removal, modificationswere madeto the techniquein orderto improve the accuracy.
The modified algorithm used the same steps as the object labelling method, using
bwlabelto identify objectsin theimage. The objectnumberof the markerto be tracked
was selectedand its coordinatesreturned. The selectedmarkerwas then dilated using

imdilate with a squareshapedstructuringelement(streb) (Figure4.16).

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 0
0 0 1 1 1 1 1 0 0 1 1 1 0 1 1 1 1 1 1 1 0
0 0 1 1 1 1 1 0 0 1 1 1 0 1 1 1 1 1 1 1 0
0 0 1 1 1 1 1 0 0 1 1 1 0 1 1 1 1 1 1 1 0
0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Figure 4.16 - Left: Original binary image of a rectangular object 5x 3 pixels; Centre:
Square structuring element; Right: Dilating image adds the structural element to each

side of the object.

The dilated markerimage was then inverted; for binary imagesthe zero value pixels
becomevalue 1. The inverseddilated markerimagewas then subtractedfrom the next

frameleavingthe markerthatwasoverlappedy the original marker(Figure4.17).
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Figure 4.17 - Marker dilation. From left to right: original marker; marker at next time step;

dilated marker; inversed dilated marker; overlap of dilated and marker at next time step.

This methodwas computationallytime consumingand successdependedon the size of
the markerafterconversionto a binary image. If the markerdecreasedn sizedueto a
changein viewing angle or if an externalobject was maskingthe marker, the dilated
markerwas also smaller. This reducedthe likelihood of the markersoverlayingin the

nexttime frame.

¢) Tracking window method

The third automatedmethod used a tracking window to reducethe searchareaof the
targetmarker. Ratherthan usingthe objectlabelling functionto selectthe markerto be
tracked, the method allowed the userto selectin the first frame, the location of the
marker. The pixel coordinateswere then returnedand an area20 x 20 pixels was
croppedaboutthe centreof the marker (approximatelyfour times markerdiameter)in
the nextimageframe. The croppedareawasthenconvertedto a binary imageand noise

removed. The white objectsremainingin the croppedimagewerethenlabelled (Figure

<

4.18).

Figure 4.18 - Image cropped around selected marker coordinates and converted to a

binary image; white objects are then labelled from left to right.

An if loop was then usedto identify which object was the marker. If more than one

object was identified, the difference between the centroid of the objects and the
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predictedmarkerlocation wascalculated. The predictedmarkerlocation was calculated

usingthe previousmarkerpositionandthe expectedrajectory(Figure4.19).

Figure 4.19 - Predicting marker location using the difference between the previous two

marker coordinates.

The objectwith the minimum differencebetweenthe centroidandthe predictedmarker
location was selected. If no objectswere detecteddueto the markernot beingvisible in
the imageframe, the predictedmarkerlocation wasused. The imagecoordinatesof the
new markerwere then convertedfrom the croppedcoordinatesto the original image
coordinates.The processwasthenrepeatedaboutthe new markerpositionuntil the end
frame. The completemarker coordinateswere displayed after the last frame allowing
the final trajectoryto be checked. At each stage an image was saved showing the
croppedmarkerposition for both the original and binary image. This allowed the user

to checkthe algorithm wasreturningcoordinatesfor the marker,and not noise.

The advantageof returning both the original and binary croppedimage was that the
threshold conversionto binary can be easily modified by the user if the lighting
conditionschangeduring filming. This is especiallyimportantwhen testing outside as
changinglight conditionsdue to cloud coverandtime of day can affect the contrastof
the markers. This could be overcomeby changingthe exposureof the cameras,but
compensatiorduring the post processingenablesthe capturemethodto remain simple.
Figure 4.20 showsthe differencesin imagesduring one day of testing outside; during
sunny intervals, a binary thresholdof 0.5 was usedto identify the markers,whereas
during times of cloud cover, a higherthresholdof 0.08 wasneeded. Using atoo high or
too low thresholdcan affectthe quality of the convertedimageand decreasdahe success

of trackingthe markers(Figure 4.21). The highestthresholdusedfor the darkimageto
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identify the heel marker was 0.18. When this threshold was used on the sunlight

images,the markerswerenotdistinguishablefrom otherwhite objectsin theimage.

Figure 4.20 - Differences in image brightness with changing light levels in outdoor

testing.

Figure 4.21 - Conversion to binary image. Top left: Dark, threshold 0.08; Top centre: Dark,
threshold 0.12; Top right: Dark, threshold 0.18; Bottom left: Light, threshold 0.18; Bottom

centre: Light, threshold 0.5; Bottom right: Light, threshold 0.6.

Using the predicted marker position during frames where no marker was detected
worked well when the markerbecameobscuredfor shortperiodsof time. An example
of this is whenthe markersare beingtrackedoutsideon naturalturf Figure 4.22). Soft
ground conditionsand long grasscan causethe markersnearerthe sole of the shoeto
becomeobscuredwhen in contactwith the ground. However, during this time little

movementof the markeris expectedenablingthe predictedpositionto keepthe search
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areain the samelocation until the shoe moves vertically upwards and the marker

becomesvisible again.

Figure 4.22 - Using predicted method to estimate location of marker when obscured from

view.

451 Summary

The chosentracking algorithm usedthe self-windowing techniqueand appearedio be
ableto track the markerseffectively (Figure4.23). The advantage®f usingthe tracking
window werethattherewas a reducedsearchareato find the nextmarkerlocationandit
was not influenced by the level of noise outsidethe tracking window. The threshold
level for conversionto a binary image allowed the markers to be identified in

changeabléight conditionswithout the needto adjustthe exposureof the cameras.

Figure 4.23 - Visualisation of the results of tracking a marker from first frame to last

selected frame.
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4.6 Chapter summary

The methodologyreview revealedthat two Phantomv4.3 filming at 1000 Hz with a
resolutionof 512 x 386 pixels was appropriatefor capturinga 3D volume in both a
laboratory and on a natural turf football pitch. Calibration by the checkerboard

techniquewas selectedasthe mostappropriatefor the size of volume and easeof use.

The mostsuitablemarkerin termsof easeof tracking, robustnessn naturalturf and of
minimal intrusion to the playerswas a white retro-reflectivecircle paintedon the shoe.
Due to the size of the markerin the testvolume, potentialerrorsdue to eccentricitythat

do not occurwith sphericalmarkersarenegligible.

The self-windowing techniquewas chosenas the tracking algorithm as the reduced
searchareamade it computationallymore efficient and accuratethan other methods

trialled.

The above methodallows the shoeto be trackedand image coordinatesof the chosen
markersto be returnedwith minimal userinvolvement. The image coordinatescan be
convertedto 3D coordinatesof a global coordinatesystempredefinedin the calibration
procedure. The 3D coordinatesarethen suitablefor postprocessingechniquesn order

to betterunderstandhe interactionof the studswith the surface.

Chapter6 detailsthe validation and error propagationof the proposed3D measurement

system.
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5 METHODOLOGY FOR POST PROCESSING AND VISUALISATION OF

RESULTS

5.1 Introduction

The analysisof 3D motionscan generatelarge amountsof data; visual interpretationis
often seenas the most appropriateway to convey the most important aspectsof the
results. Visual interpretationcanrangefrom a simple seriesof 2D imagessuchasthose
createdby Marey or Muybridge, to a more complexrepresentatiorof the instantaneous
helical screw axis (Keefe et al. 2008). When working with industrial sponsors
visualisation of the resultsis importantin order for the resultsfrom the study to be
easilyunderstoodandinterpreted. This hasparticularsignificancewhentransferringthe
results to other test forms such as mechanicaltraction testing or finite element
simulations. This chapteroutlinesthe postprocessingtechniquesusedto analysisthe

3D coordinatedataobtainedfrom stereovideogrammetry.

5.2 Aim and objectives
Aim
e To developarangeof postprocessingtechniqueso aid in the understandingof
resultscollected.

Objectives

» To selecta suitablefilter reducethe influenceof noise;

* To identify featureson the shoethat are compatiblewith other systemsand to
determinetheir positionfrom 3D data;

e To use the tracked 3D results to determine the orientation, velocity and
accelerationof the shoe;

e To identify methodsto describethe movementof the shoe.
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5.3 Filtering techniques

Systematicand randomerrorsin the extractionof the 3D coordinateposition ultimately
resultsin alevel of noisepresentin the raw data. If the raw displacementlatawasused
unprocessedo calculatethe velocity and accelerationat eachcalculation,the level of
noisewould be amplified andthe true resultswould be difficult to identify (Figure 5.1).
Consequentlypefore further analysisof the raw dataoccurs,it mustbe first smoothed

to reducethe level of inherentnoise.

Figure 5.1 - Noise is amplified at each stage of differentiation.
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Filters can be usedto reducethe effectof noiseand smooththe datasignal. Carehasto
be takenwhen choosinga filter as they can eitherrevealthe true signal by suppressing
noise or distort the true signal by altering or eliminating importantinformation. The
guality of the original signalalso affectsthe successf the filter; if the datahasnotbeen
capturedat a high enoughsamplerate, the filter is more likely to havea negativeaffect

andmaskimportantinformation.

5.3.1 Digital filters

Filtering techniquedypically fall into two classes:

1) Analoguefilters

2) Digital filters

Analoguefilters suchasresistorsand capacitorsare appliedto the input signalto filter it
beforeit is recorded. Digital filters compriseof the mathematicalproceduresthat are

appliedafterdatacollections.

Digital filters primarily work by analysingthe frequencyspectrumsof both the signal
andthe noise (Winter 2005). Figure 5.2 illustratesthe overlap betweenthe true signal
andthe noise. Therole of afilter is to rejectthe frequenciesof the noise,or to attenuate
the frequencyof the signal. The cut-off frequencyof the filter is the overlapbetween
the signalandthe noise,fc this is also the highestfrequencyseenin the signal,i.e. half

the Nyquist samplingfrequency.

Amplitude

Figure 5.2 - Hypothetical frequency spectrum of a waveform consisting of a desired

signal and unwanted higher frequency noise (adapted from Winter 2005).
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Digital filters were neededto smooththe resultsfrom the markercoordinatedatabefore
further processingto velocity or acceleration. Three types of filters were selectedfor

analysis:

1) Moving averages
2) Butterworth

3) Polynomial

Their easeof use,accuracy,aliasingand suitability were assessedvith the final filtering
techniqueused on the collected 3D coordinatedata. For eachfilter type, the z axis
positionaldatafrom the makerP3 during a sprintmovementwas usedfor analysis. The

datawascollectedusingthe semi-automatedrackingmethodat 1000 Hz.

Theresidualfit of the smootheddatato the original datawas calculatedusing:

R = Equation 5.1

where Xt is the raw data at z'th sampleand is the filtered data at the zth sample

(Winter 2005).

a) Moving averages

A moving averagefilter is one of the mostbasic digital filters and is often considered
more of a smoothingtool than a digital filter. The advantagesf the techniqueare that
it is very easyto implement,especiallyon large data setsand it can be effective in

smoothingnoisy signals. However,the moving averagefilter is not able to distinguish
signalsfrom noise and by the nature of the technique,is strongly influencedby noisy

signalvalues(Robertsonetal. 2004).

A 5 pointmoving averageis found by replacingeachvalue Xt, with X- :

X't =jOi-2 + Xi.l + xt+ xitl + %i+2) Equation 5.2

Using this techniquethere will be undefinedresults at the start and end of the data

series. This canbe compensatedor by collectinga largerdatasetthanrequired.
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Figure 5.3 - Moving average filters applied to vertical displacement data (1000 Hz).

The moving averagefilter is easyto apply using Excel™ andcan be applieddirectly to
the raw collecteddatawithout any prior processing. Figure 5.3 showsthe effect of the
filter appliedto the vertical displacementlatacollectedat 1000 Hz. As the numberof
points usedincreasesthe signal becomessmoother,but it beginsto lose some of the
details of its original shape. A 5-point moving averagefilter with this set of data

smoothedthe noisewhilst maintainingthe shapeof the datacurve.

b) Butterworth filter

The Butterworth filter is one of the most widely usedfilters in biomechanicalstudies
andis essentiallyregardedas a sophisticatedmoving averagefilter. Butterworthfilters
can be low-pass, high-passor band-passfilters. A low-pass filter attenuateshigh
frequency noise but passesthe low frequency sighal unattenuated(Winter 2005).
Conversely,a high-passfilter passeshigh frequenciesunchangedbut removes low
frequencynoise. A band-passdfilter either passesor rejects frequenciesbetweentwo

cut-off frequencyvalues.

The noise presentin movementdata is typically high frequency comparedto the
underlying signal; as such, a low-pass Butterworth filter is required. A low-pass

Butterworthfilter takesthe format:

X'(nt) = a0X(nt) -I- arX(jit — t) + a2X(nt— 2t) + —t) + b2X'(nt — 2t)

Equation 5.3
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wherethe filter coefficientsag, ...,b2, ... dependon the orderof the filter, the sampling
frequency,fs andthe cut-off frequency,fc (Winter 2005). The orderof the Butterworth
filter alsodefinesthe sharpnes®r how muchthe signalis attenuatedn the region of the

cut-off frequency(Manal and Buchanan2004).
Thefilter coefficientscanbe found from:

ac = tan(™)

Ki = 'J2a>c, K2 = a)},

K2

a®—a2~ 1 + /fl +/f2 W —2a

bt = -2a0 + K3, b2 = 1- 2a - K3

The cut-off frequency,fc is sensitiveto the input signal and althoughcan be estimated
from the Nyquistfrequency,it is bestfound by assessinghe residualsbetweenthe raw

dataandthe Butterworthfilter at varying cut-off frequencies.

Residual

Figure 5.4 - Plot of the residual between a filtered and an unfiltered signal as a function of

the filter cut-off frequency (adapted from Winter 2005).

Butterworth filters causephasedistortion on the filtered data; the smootheddata shifts
right. This could affecttimings of eventsconcludedfrom the dataso is importantthat
this is compensatedor. One approachis to cancelthe shift by back filtering in the

oppositedirection (Seeley2009). This effectively convertsa 2nd order filter into a 4th

order,but doespreventthe datafrom shifting.
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A 2nd order Butterworth filter was applied to the raw data over a range of cut-off
frequencies(250 Hz to 25 Hz). The cut-off frequencyis typically lessthan one quarter
of the sampling rate giving the highest cut-off frequencyassessedas 250 Hz. The

Butterworthfilter wasappliedin MATLAB™ usingthe butterfunction.
[b, a] = butterfn,a)”
filt = filter(b, a,seriesl)

wheren is the order of the low-passfilter and a)n is the normalisedcut-off frequency
ranging from 0 to | where 1 is the Nyquist frequencyin n radiansper sample. The

Butterworthfilter wasthenappliedagainin the oppositedirectionto reducethe shifting,

butconvertingthe filter to a 4th order.

Figure 5.5 - Left: Filtering using a Butterworth filter (85 Hz); Right: Residual value at

varying cut-off frequencies.

The residuallimit from the intercepton the vertical axis in Figure 5 is approximately
0.4. This is achievedby using a cut-off frequencyof 85 Hz. This value is slightly
higherthan the Nyquist limit found from Fourier analysisbut still well below half the

samplingfrequency.

The Butterworthfilter is straightforwardto apply usinga MATLAB™ function but the

selectionof the cut-off frequencymay vary dependingon the datacollected.

c) Polynomial filter

Polynomial filters are also known as curve fitting techniquesand are basedon the
notion thatany setof n datapointscan be fitted with a polynomial of degreen - 1 of the

form:
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Qq + CLAM + d27 4 a3~ 4" =4 (in-#t Equation 5.4

This polynomial will go through each of the n data points with no smoothing

(Robertsoretal. 2004).

Smoothing can be applied by removing the higher order terms, restricting the
polynomial to lower frequencychanges. The coefficientsare typically found using a
least-squaresethod. The polyfit function in the curve-fitting toolbox in MATLAB™

was usedto assesdhe residualsof a seriesof polynomialsrangingfrom 4th to 9th order.
It is thoughtthat datafrom movementanalysiscan be describedby polynomialsof the

order9th or lower (Robertsonetal. 2004).

2.8 t
2.4 -
21

Polynomial order

Figure 5.6 - Left: Filtering using a 7th order polynomial filter; Right: Effect of order on

residual.

The 7th order polynomial provided the best fit in terms of smoothing but yet still

maintainingthe integral shapeof the original datacurve.

Polynomialfits havethe advantagehat the resultingequationcan be usedto calculate
the derivative for velocity and then acceleration. However, it is unlikely that these
would be very accurate(Seeley2009). Thereis also little control on the amountof

smoothing,especiallyif only oneregionof the graphis complex.

5.3.2 Summary

For the first stageof smoothingthe raw displacementata, the Butterworth filter and
moving averagetechniqueproducevery similar results (Figure 5.7). The polynomial
filter excessivelysmoothedthe resultsand was the mostcomplexto apply requiring a

new polynomialfunction for eachsetof data. The moving averagefilter could easilybe
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appliedto large datasetsin Excel™ which wasthe primary sourcefor datastorage. The
Butterworth filter required MATLAB™ and although was simple to apply, the
coefficientsof the filter werethoughtto be sensitiveto the signaldata. A different set
of coefficientsmay be necessaryor the x, y andz componentof the displacementata.
In light of this, the first choice for filtering the datawas the 5-point moving average

filter.

Figure 5.7 - Assessment of filtering techniques.

5.4 Transformation to stud coordinates

The markerlocationson the side of the shoewere specificallychosento aid in tracking
and to ensuretwo distinct rigid bodies could be defined. However, it is difficult to
accuratelypin-point their position when moving to different shoe sizes. The stud
positionson the outsole of the shoe scaleaccuratelybetweenshoe sizes,thereforethe
three studson the outsoleof the shoewere chosenas comparablelocations. The studs
selected(lateral posteriorheel, SI, medial posteriorheel, S2 and lateral metatarsal-
phalangeajoint, S3) alsoform aright-angledtriangle on the outsoleof the shoe(Figure
5.8). By knowing the position of the studs during the movement,the numberand
location of the studs in contact with the surface can also be inferred. This is not
possiblefrom direct observationof the video footage as the studs are often obscured

from view in the grass.
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y Forefoot Rear-foot

Figure 5.8 - Original marker position and chosen studs for transformation.

A transformationmatrix consistingof a translationandthreerotation matriceswas used

to convertthe markercoordinatesobtainedfrom tracking to stud coordinatesused for

analysis. All 12 studs on the outsole can be located using the following method,

althoughfor easeof explanation,only the threetargetstudshavebeendescribed.

The following methodwasused:

1) Thecoordinatesof the markersand studswere measurecdy positioningthe shoeon

a flat surfacewith a coordinatesystemsuchthat stud Sl was at the origin, S2 was
on the x axis and S3 was on the y axis. This wastermedthe “neutral position of
the shoe. Therespectivecoordinatesvere measuredisingdigital callipers.

The transformation matrix required to translate marker Pl to the origin, rotate
markerP3 to lie on they axis and rotate markerP2 to lie on the xy planefrom the
neutralpositionwasdefined.

The transformationmatrix was appliedto the neutral stud coordinatesto determine

the transformedstud position.
Stepsl-3

Neutralmarkerand studpositions:

PlIx P2x P3x’
Ply . p2 = P2y . p3 = P3y
Plz P2z i S=
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S1x S2x S3x

Sly SZy S3y
;0 S2 = ; S3 = $37

1

a) Translate to set Pl to origin:

1 0 0 —Plx
r_f0 10 Py
0 0 1 —Plz
000 1

Pla=T*P1;P2a=T=x*P2;P3a=T=x*P3
b) Rotate so P3 lies on the xy plane, rotation about x:
a = atan2(P3az, P3ay)

1 0 0

0
Rl = 0 cqsa sina O
0 —sina cosa 0

1

0 0 0

P1b = R1#*Pla; P2b =R1=*P2a;P3b=R1%*P3a
¢) Rotate so P3 lies on the yz plane (y axis), rotation about z:

B = atan2(P3bx, P3by)

cosf —sinff 0 O
_|sing cosp 0 0

ke 0 0 10
0 0 0 1

Plc = R2 * P1b ; P2c = R2 x P2b ; P3c = R2 = P3b
d) Rotate so P2 is on the xy plane, rotation about y:

y = atan2(P2cz, P2cx)

cosy 0 siny O

_l o 1 0 0
ke=1_ siny 0 cosy 0
0 0 0 1

P1d = R3 * P1c ; P2d = R3 * P2c ; P3d = R3 * P3c

-124 -



e) Transformatiomatrix:

M=R3*R2*R1*T

f) Studpositionaftertransformation:

SIM=M*SI|;S2M= M *S2;S3M= M * S3

4) A new transformationmatrix was generatedfor eachtime step from the tracked
markercoordinates.
5) Theinversetransformationmatrix was multiplied by the stud positionsto determine

the new studcoordinates.

Steps4 and5

g) Inputcoordinatedatafrom tracking ofmarkersfor eachtime-step,i:

"PIx(i)’ P2x(i)" "P3x(i)
Plz(i) P2z(i) P3z(i)
1 - 1 - 1

h) Repeatstepsa-e as abovefor each time-stepgeneratingnew transformation

matrices:
M{i] = R3[i} * R2{i} * RI[i} * T{i}

i) Calculate new stud coordinatesusing the inverse transformation matrix and

studpositionsfrom stepf:
Slnew{i} = *SIM
S2new{i}= M{i}~r * S2M
S3new({i}= * S3M

A MATLAB™ program was written to run the above calculationsusing the marker
coordinatedatafrom the semi-automatedracking program. The programoutputtedthe

3D studcoordinatedatain Microsoft Excel™ format.
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5.5 Calculation of shoe orientation, velocity and acceleration

The stud coordinateswere then usedto define the orientation,velocity and acceleration

of the shoe.

5.5.1 Orientation

The orientationwas definedusingthe local axis systemon the shoesetby the three stud

positions(Figure5.8).

The three Euler angles(pitch, yaw and roll) were usedto determinethe orientation of
the shoe at any given time step. Initially a direction cosine matrix was defined, this
performsthe coordinatetransform of the stud vectorsonto the x, y and z axes.As the
studsformed a right-angledtriangle, threerotationswere required. The first rotatedthe
shoe aboutthe x axis through the pitch angle (a), seconda rotation aboutthe z axis
throughthe yaw angle (P) and lastly, a rotation aboutthe y axis throughthe roll angle

(y); giving orderof rotationXZY.

Figure 5.9 - Defining Euler angles. Top left: Translating S1 to origin; Top right: Rotation
about x axis = pitch; Bottom left: Rotation about z axis = yaw; Bottom right: Rotation

about y axis = roll.

Two setsof Euler anglescan be defined due to the fact thereis always more than one
sequenceof rotationsaboutthe three principal axesthatresultsin the sameorientation
of an object(Slabaugh1999). In the casewherethe yaw angleis equalto 90° the angle

of pitch and roll becomelinked. This phenomenons known as Gimbal lock. In this
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instancethe foot hasto be in eitherinternal or externalrotation of 90°. Although not
unusualfor this to occurin rotation movementsin football, it was thoughtunlikely it
would occurduring sprinting, lateral side-cutor on the plantedfoot in kicking. A range
of -7t < a, y < 7t was also assumed.The calculation of Euler anglescan thereforebe

simplified to obtainingjust one solution (Slabaugh1999).
The following stepsweretakento generatehe Direction CosineMatrix:

Studpositionsderivedirom markercoordinates

'Slnewx' 'S2newx~ S3newx'
Sinew= Sinewy ; S2news= S2newy ; S3new= S3newy
Slnewz S2newz S3newz

1 . 1 . . 1

a) Translationto setSinewto the origin
"10 0 —-SIinewx’
, 0 1 0 —Sinewy
0 0 1 —-Slnewz
0 0 O 1
Sla=T* Sinew; S2a=T* S2new,; S3a= T * S3new

b) Rotateso S3lieson thexyplane, rotation aboutx (pitch):

a = atan2(S3az$S3ay)

"1 0 0 0"
D 0 <cosa sina 0
TiX n . r\
0 —sina cosa 0
.0 0 0 1.

Sib = Rx* Sla S2b= Rx* S2a; S3b= Rx* S3a

c) Rotateso S3lies on theyzplane, rotation aboutz (yaw):

p = atan2(S3bxS3by)

"cosfd —sin/? 0 0"
D _ sin/? cog? 0 O
Rz- 0 0 10
.0 0 0 1.

Sic= Rz* Sib;S2c= Rz* S2b; S3c= Rz* S3b

d) Rotateso S2is on thexyplane, rotation abouty (roll):
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y = atan(S2cz/S2cx)
"cosy 0 siny O
D 0 10 0

—siny 0 cosy 0
-O 0 0 1.

Sid = Ry* Sic;S2d= Ry* S2c; S3d= Ry* S3c
e) Eulerangles
(pitch,yaw,roll) = (a,(3,y)

The pitch of the forefoot was calculatedusing the changein angle betweenmarkerPI
andmarkerP5 aboutmarkerP3. The yaw androll were assumedo remainthe samefor

the forefootandrear-footsection.

The pitch, yaw androll anglesare non-commutativeand mustbe appliedin thatorder.

In biomechanicgerms,the pitch, yaw androll canbe thoughtof as:
+/- Pitch= Toe-up/Toe-down

+/- Yaw = Toe-in/Toe-out

+/- Roll = Inwardroll/Outwardroll

+ Yaw = Toe-in -Yaw = Toe-out

+ Pitch = Toe-up

- Pitch = To

- Roll = Inward
+ Roll = OQutward

Figure 5.10 - Schematic showing the orientation of the shoe.
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5.5.2 Velocity and acceleration

a) Velocity

Provided the displacementdata has been suitably smoothed, the velocity and
accelerationcan be calculatedusing the central differencing technique. Differencing
overjusttwo consecutivetime stepsgivesthe velocity at a pointin betweentime steps
which can lead to errors when matching the timing of events from velocity and
displacementata. The centraldifferencingtechniqueusesthe precedingand following

datavaluesand as such hasthe advantagethat the velocity is given at exacttime steps

usingthe averageof the precedingandfollowing values:

X+l %i-l
V! = e Equation 5.5

{ 2kt

This approachassumedhe slope of the line connectingthe two displacemenwaluesis

the sameasthe slopeof the tangent(Figure 5.11).

Figure 5.11 - Central differencing technique for calculating slope of curve at the Zth

sample point (adapted from Winter 2005).

If thereis still some degreeof noise presentin the smootheddisplacementdata, the
central differencing technique can be applied over a greaterrange of time steps,
essentiallyreducing the sampling frequencyof the displacementdata. For example,

centraldiffering overfive time stepsgives:

Vi = cmmmmmmmeeeees Equation 5.6
! 4At

Centraldifferencingcalculationswere appliedto the raw and filtered displacementata
to evaluatewhich approachyielded the bestresultsin terms of accuracyand noise
reduction. Both the 5-pointmoving averageand Butterworthfilters were evaluated.
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500

Time (s)

Figure 5.12 - Calculating velocity using the central differencing approach from raw and

filtered data (1000 Hz).

b) Acceleration

The accelerationvaluescan eitherbe calculatedfrom the velocity or the displacement

data:

Vij+i = 1] Xi+1 — 2Xj +
cli = L —

2At At?2

Equation 5.7

For our data set, the importance of obtaining the accelerationdata is to be able to
identify the peakaccelerationwhich occurson impactof the shoewith the surface. This
wasthenusedto normaliseall the datasetsfrom differenttrials and enablesthe contact
time to be calculated. The accelerationvaluescalculatedusing both the velocity and

the displacementlatawere evaluated.

Time (s)

Figure 5.13 - Calculation of acceleration using the central differencing technique from

displacement and velocity data.
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The filtering and central differencing techniqueswere also demonstratedon a set of
simulateddata at 1000 Hz where artificial random noise was added. The simulated
displacementatarepresents quadraticcurve,consequentlygiving predictablevelocity

andacceleratiorcurvesin the further analysis.

Figure 5.14 - Plot of displacement and velocity from simulated data.

The simulatedsignal (Figure 5.14) demonstrateshat as the smoothinglevel increases,
the signalbetterrepresentshe quadraticsignal beforethe addition of noise. However,
if the original shapeof the signalis unknownas in the coordinatedata, it is important

notto smooththe datatoo far for fearof missingimportantfeatures.

5.5.3 Summary

The final velocity of the shoewas derived using the central differencing method over
five time steps. The velocity datawasthen smoothedusing a 5-point moving average.
Accelerationwasthenfound from the un-smoothedrelocity datausing a 3-pointcentral
differencingmethod. Thesetechniqueswerefoundto bestrepresenthe underlyingdata
without losing the original featuresof the data.
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5.6 2D centre of rotation

During contact of the forefoot with the ground the foot can be seento move in
translation and rotation. When the movementof the shoeis purely in rotation, the
location of the centre of rotation is of interestin defining the test parametersfor
mechanicalkraction testing. The rotation of the shoeplays animportantrole in limiting
the injury to the knee, when the traction betweenthe shoeand the surfaceis too high
andthe foot becomesockedin place androtationinsteadoccursat the kneejoint. On
the other hand, if the traction is too low, the player will not get any purchaseoff the
rotation movementand could slip. As such,an acceptancdevel was describedby Kirk

(2008)in which the resistivetorqueto rotation shouldlie.

Mechanical traction testing methods use the centre of the forefoot as the centre of
rotation but the exact location of the rotation has not previously been accurately
measured. Using the stud positional data obtainedfrom 3D tracking of the shoe, an

estimateof the centreof rotation overconsecutivetime stepscanbe found.

5.6.1 Reuleaux method

The approachto find the centre of rotation is basedupon the Reuleauxmethod. The
displacemenbf anyrigid bodyin 2D usingtwo pointsfrom Pi to Pi andP2to P2 can
be carried out with a rotation of angle a aboutthe pole of displacement| (Eberharter

andRavani2006) (Figure 5.15).

Figure 5.15 - Reuleaux method (adapted from Baroon and Ravani 2006).
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The eight forefoot studs were assumedto form a rigid body lying on the x-y plane.
Time stepsat 100 Hz (0.01 s) were usedto ensurethere was sufficient rotation to
evaluate. The Reuleauxmethodover one time step was applied usinga MATLAB™

programin the following stages:

1) Determinethe equationof the line connectingthe original (S) and displaced(S’)
studpositions(repeatfor all studs).

2) Calculatethe equationof the perpendiculabisectorbetweenS and S'.

3) Find theintersectionof all the perpendiculabisectors.

4) Calculatethe standarddeviation and 95% confidenceinterval and remove values
outsidethe interval.

5) Determinethe meanvalue of intersectionpointsand new standarddeviation.

The method producesa common point of rotation for all forefoot studsas well as an

assessmertdn the accuracyusingthe standarddeviation (Figure5.16).

Figure 5.16 - Example of centre of rotation from stud positions between 0.03 and 0.10 s

after foot-strike.
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5.7 3D helical screw axis

One of the assumptionsn calculatingthe 2D centreof rotationis thatthe displacement
in the z-directionis assumedo be zero. This is obviously not alwaysthe case. During
the sprintmovement,the shoeis observedto both rotate and translate. This movement
canbe describedusing a helical screw analysis. The helical screw motion is a method
of describingthe motion of a rigid body from one point to anotherin 3D. The helical
screw axis itself representsthe line in spacein which the rigid body simultaneously
rotates around and translatesalong (Baroon and Ravani 2009). The motion can be
defined by a rotation matrix and a translationvector, or by the position of the screw
axis, the angle of rotation aboutthe axis andthe translationalong the axis; also known

asthe screwparameter§SpoorandVeldpaus1980).

Defining motion of a rigid body using the helical screw axis is an elegantsolution for
movementsthat undergosignificant amountsof rotation and translationand where the
motion path of the rigid body is not important. For this reason,the helical screw axis
methodis well suitedto definingjoint momentswherecertaindegreesof freedomlimit
the motion of the body (Keefeetal. 2008). However,for describingthe motion of the
shoe during different movements, the helical screw axis parameterscan vary
significantly at eachtime-step. This is partially due to the anticipatedsmall changesin
displacementand rotation which can lead to errors in the helical screw parameter
calculations(Robertsonet al. 2004). An examplehelical screw axis was calculatedfor

eachmovement(Appendix A.l).

The resultanthelical screw axes allowed comparisonsof eachmovementto be made,
but were limited in terms of use for visualisationand aiding in understandingon the
shoemotion dueto the fact thatthe shoedoesnot actually follow the motion path of the
helical screw axis. The parameterdescribedby the helical screw axis as such do not
alwaysrelateto arepresentatiorof shoemotionthatis meaningful,butis more suitedas
a way to describethe new coordinate position of a rigid body with respectto its
previouslocation. As such,full detailson the calculationand applicationof the helical
screw axis analysison the movementdatais given in Appendix A.1 but havenot been

includedin the descriptionof shoe-surfacénteractionsfor eachmovement(Chapter9).
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5.8 Chapter summary

The first stage of the post processingis to filter the results in order to reduce the
amplification of noise when performing further calculations. The 5-point moving
averagefilter waschosenasit waseasyto apply anddid notrequireprior calculationof

filter coefficients.

Using the filtered marker positions, the coordinates are transformedto the stud
positions. A transformation matrix consisting of a translation and three rotation
matricesfor eachtime step is derived and used with the shoe geometryto give the

coordinatesf the 12 outsolestuds.

A similar rotation matrix approachis usedto define the orientation of the shoe. The
pitch, yaw androll anglesfor therigid rear-footsectionof the shoecanbe found at each

time steprepresentinghe rotationaboutthe x, z andy axis respectively.

The final velocity of the shoewas derived using the central differencing method over
five time steps. The velocity datawas then smoothedusing a 5-point moving average.
Accelerationwasthen found from the un-smoothedvelocity datausinga 3-pointcentral

differencingmethod.

The Reuleauxmethod was usedto find the 2D centre of rotation of the shoe. The
intersectionof the perpendicularbisectorsof the displacementof the studs from one
time positionto anothergivesrise to the centreof rotation. The approachcanbe usedto

show how the centremovesovertime andwhereit is positionedin relationto the shoe.

The post processingmethods outlined in this chapterwill enable the results to be
visualisedand graphically represented. The next stageis to validate and quantify the

accuracyandreliability of the proposed3D measuremensystemand analysistools.
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6 VALIDATION AND ERROR ANALYSIS

6.1 Introduction

The quality of collecteddatacan be assessedbhy consideringits validity and reliability;
essentiallyhow accurateare the resultsand how consistentis the measuremeninethod.
The dartboardanalogy (Figure 6.1) demonstratediow datacan be consistentbut not
accurate,or accuratebut not consistentand as such, the importanceof being able to

guantify both aspectsof quality.

Accurate and consistent Not accurate but consistent

Accurate but not consistent Not accurate and not consistent

Figure 6.1 - Quality of data depends on both the accuracy and consistency (adapted from

Maiwald 2011).

Systematicmeasuremenerrors introducedinto the system affect the accuracyof the
resultswhilst randomerrorsinfluencethe reliability. Identification of theseerrorscan

helpin increasingthe quality of the data.

The validity or accuracyof the measuremenmethodcan be assessedty comparingthe
resultscollectedto thoseobtainedusinga ‘gold standardtechnique. The reliability can
be evaluatedby investigating how repeatableeach stage of the method is. The

magnitudeof the errorandhow it propagatesn furthercalculationsis alsoconsidered.
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6.2 Aim and objectives
Aim

e To assesghevalidity andreliability of the proposed3D measuremengystem.
Objectives

« To identify potentialsourcesof error;

e Assesgheerrorinvolvedin trackingthe markers;

¢ Quantifythereliability error;

e Validatethe methodby comparisonto a ‘gold standardtechnique;
¢ Quantifythe effectof errorpropagationin furtherprocessingsteps;

e Identify sourcesof randomerrorand suggestvaysto minimise their effect.

6.3 Reliability

6.3.1 Sources oferrorin determining marker location and stud position

The errorin determiningthe position, angle and velocity of the studson the shoewere

thoughtto arisefrom the following sources:

Source Method Systematicerror Random error
Tracking of Cameraset-up Calibration; Changeof shoe
< é markersin left and andcalibration; Cameraposition; shapeandthus
g E right images. MATLAB™; Markereccentricity; markerlocationdue
S Check3D. Markertracking(in to foot distortion;
pixels). Changesn camera
Conversionto MATLAB™, Propagatiorno position post
global 3D positionerror (mm) calibration;
coordinates. Incorrectshoesize
g Transformto stud MATLAB™; Errorin measurement usedin
9 positions. Manual of stud position transformationof
§ measuringof relativeto markers; markersto studs;
g studs. Error propagated Out of plane
8 from markerposition. movementof
Calculationof MATLAB™. Propagatiorfrom participant.
Euleranglesand previoussteps
velocities.

Table 6.1 - Sources of error.
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6.3.2 Errorin tracking of markers

The sourcesof errorsin tracking the markersarosefrom error in the calibration of the
cameras,eccentricity error and error in the determinationof marker location (either
manuallyor automated). Choppin (2008) assessedhe errorin the softwarecalibration

point selectionto be+ 0.1 mm.

The humanerrorin manualtrackingwas obtainedfrom trackingtwo pointson the shoe
over 26 framesandrepeatingfive times for both the left andright cameraimages. The
standarddeviationbetweenthe five repeatsbefore stereo-triangulatiorwas averagedto

give the meanstandarddeviationin pixels.

U-Coordinate V-Coordinate Mean
Mean standarddeviation 0.33 0.32
Maximum standarddeviation 0.71 0.62 0.32pixels
Minimum standarddeviation 0.00 0.00

Table 6.2 - Assessment of error in manual tracking.

The overallerrordueto humanmarkertrackingwas concludedto be + 0.5 pixels.

A similar approachwas usedfor the semi-automatedracking methodusing the same

images;two markersweretrackedover 26 framesandrepeatedive times.

U-Coordinate V-Coordinate Mean
Mean standarddeviation 0.26 0.23
Maximum standarddeviation 0.66 0.61 0.24 pixels
Minimum standarddeviation 0.16 0.14

Table 6.3 - Assessment of error in semi-automated tracking.

The overall error due to semi-automatednarkertracking was concludedto be + 0.25

pixels.

The errorin humanmarkertracking was higherthan in semi-automatedracking. The
only errorintroducedin the semi-automatedracking was from the initial selectionof

the startingmarker.
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a) Propagation of error after stereo-triangulation

The stereo-triangulationvalues used in the conversionto 3D global coordinatesare
dependentiponthe calibrationof the two camerasandthustheir positionrelative to the
shoe. The location of the camerasrelative to the filming areawas approximatelythe
same throughout all tests, although some variability is inevitable due to the non

permanenset-up.

The setsof markerimagecoordinatesvere convertedto 3D global coordinatesusingthe
stereo-triangulatiormethod. The manualtracking methodusedthe Check3Dprogram;
this had an inbuilt conversionto 3D global coordinatesusing the data obtainedfrom
calibration. The same approachwas used in MATLAB™ to convert the semi-
automatedmarkerimage coordinatesto 3D global coordinates. The standarddeviation

of thex, y andz-coordinatedatawasthen analysedo give the propagatedrrorin mm.

X-Coordinate Y-Coordinate Z-Coordinate Mean
Mean standarddeviation 0.89 0.48 0.42
Maximum standard 1.4
deviation : 089 0:80 0.60mm
Minimum standard .. ~
.. 0.33 0.11 0.14
deviation

Table 6.4 - Assessment of errors in manual tracking after stereo-triangulation.

The = 0.5 pixel errorin manualtracking propagatedo an errorof £ 0.6 mm. The error
was greatestin the x-direction. This wasto be expectedasit is the axis headingaway

from the cameraandis the mostdifficult to obtainin a 3D system.

X-Coordinate Y-Coordinate Z-Coordinate Mean
Mean standarddeviation 0.72 0.36 0.29
Maximum standard L4b b.46
deviation ) ) ) 0.46mm
Minimum standard ~
L. 0.38 0.23 0.13
deviation

Table 6.5 - Assessment of error in semi-automated tracking after stereo-triangulation.

The + 0.25 pixel errorin semi-automatedracking propagatedo an errorof £ 0.5 mm.
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b) Comparison between manual and automated tracking

The 3D global coordinatesof the two markerpoints from each of the 5 repeatswere
averagedfor eachframe for both the manualand semi-automatedracking results. The
averagedrom the manualand semi-automatednethodswerethencompared. The mean

absolutedifferencebetweenthe manualand semi-automatednethodwas 3.3 mm.

A t-testwasusedto determinewhetherthis differencewas significant.

Mean SD SEm seq t P
Manual -152.04 0.595 0.266 0.344 10.8 <.01
Automated -154.36 0.242 0.204

Table 6.6 - Significance of difference between manual and semi-automated tracking using

a f-test (mean values are used from 5 repeats of 2 markers over 26 frames).

The r-test indicated that the difference betweenthe manual and the semi-automated

trackingmethodwas significantatp < .01.

This suggestghatresultsobtainedfrom tracking manuallycannotbe directly compared
to thosetrackedusingthe semi-automatednethod,as any differencesthat arise may be
dueto the changein method. However,the significanceof a 3 mm differencein terms
of apercentagef eachcoordinatedependson the position of the origin. Settingmarker
1 to be | m away from the origin would suggesta 3 mm differencewas equivalentto a
0.3% change betweenthe manual and the semi-automatedmethod. Alternatively,
settingmarker! to be | mm away from the origin yields a 300% changebetweenthe
two methods. However, the importantfeaturebeing measuredfrom the resultsis not
always where the markeris in space,but how far it moves betweenframes. The
movementbetweenframesis usedto calculatethe velocity of the markeras well as

determineif thereis any slippageduringthe groundcontactphaseof the movement.

To assesghe accuracyin the movementof the marker,the origin (0, 0, 0) was setto the
markerpositionin the first frame of eachresultset. The differencebetweenthe marker

positionsat eachframewasthencalculated.

The absolute mean difference betweenthe manual and the semi-automatedracking
method after resettingthe origin was reducedto 1.2 mm. Again a r-test was usedto

assesghe significanceof this difference.
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Mean SD SEM SBED t P
Manual -2.09 0.85 0.38 0.54 1.97 <.10

Automated -2.83 0.83 0.37

Table 6.7 - Significance of difference between manual and semi-automated tracking

methods using results set to the origin.

The f-test indicatedthat the differencewas significantat thep = .10 level. Taking all
coordinateresultsinto considerationratherthan using the averageof each marker at
eachframe,anco testwasusedto determinethe importanceof the meandifferenceand
the f-test result. This testis often used when the number of resultsis large and the
standarddeviation for eachmethodis small and statistical significanceis found using

the f-testwhenthe meansareclosein value.

The co2 valuewas 0.16. This indicatesthat 16% of the differencesbetweenthe manual
and the semi-automatednethodis due to the changein method, whilst 84% is due to

unidentifiedfactorsanderrorof measurement.

The comparative analysis of results from the manual and semi-automatedracking
methodssuggeststhat after stereo-triangulationdifferencesdo occurbetweenthe two
methods,but their statistical significanceis small (p < .10). To minimise the chances
that the differencesbetweendatasetsare due to the tracking methodratherthan other
effects, comparativeresult setswill eitherbe trackedusing the semi-automatedr the
manual method exclusively. In the situation where comparisonsneed to be made
betweentwo sets of data tracked using different methods,before a f-test is usedto
analysethe differencesbetweenresults,the meanabsolutedifferenceafterthe origin is
resetmustbe greaterthan 1.5 mm. This control value hasbeenchosenfrom the mean
absolute difference between the manual and the semi-automatedmethod assessed

above.

6.3.3 Repeatability study

To assessthe error arising from changesin test conditions, camera position and
participantrepeatability,a reliability studywas carriedout overtwo separatedays. The
same participant was used for both tests wearing Team Mundial shoes with three
markersdefining the rear-footsection. The participantperformed5 sprint movements

in the laboratory on a carpetsurface with artificial turf on the test area. The same
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cameraswere usedfor testingand althoughthe cameraposition was approximatelythe
same,they were not constantbetweenthe two testdays. This was deliberateto assess
the reliability of changesin cameraset-upwhich will occurwhen testingin different
locations. The testswere performedat 10 am on both days and the participantwas

given a 10 min warm-upperiodbeforetesting.

The velocity of the marker P3 (metatarsal-phalangealh the z direction at foot-strike
was used as a comparisonvariable. Foot-strike was defined as the point where the
accelerationof markerP3 was at a maximum (Chapter8). Marker P3 was usedas the
participantlandedforefoot first in all trials. A r-testwas usedto comparethe two sets
of data (Table 6.8). Results from the t-test indicated that there was no significant
difference betweenthe impact velocity at the p = .10 level. The absolutedifference

betweenthe two meanvalueswas0.18 msl.

Mean SD Sk sed t P
Day ! -0.76 0.19 0.087 0.098 1.89 >.10
Day 2 -0.58 0.08 0.047

Table 6.8- Assessment of reliability using f-tests (velocity in ms’'l).

The slight differencethat did occurmay be due to the differencesin the camerasetup,
or the participantwas more accustomedo the techniquerequired- indicatingthatmore
repeatsor a longerwarm-upperiodis required. Changesn participantfitness,climatic
conditions and cameraset-up can all lead to differencesarising betweentest results
when stagedover two separatedays. However, resultsindicated that the differences

were not statisticallysignificant(/? >.10).

6.4 Validation

6.4.1 3D marker position

To validatethe 3D global coordinatesproducedfrom stereo-triangulatiorafter tracking,
three markerswere initially trackedusingthe Motion Analysis Capture(MAC) system.
The MAC system is consideredto be the ‘gold standard in marker tracking in
biomechanicahknalysis. A whirly-gig devicewas usedto movethreemarkersaboutthe
image frame with a constantrotational velocity. The reflective markerswere tracked
with the MAC systemusinginfraredcamerasThe samemarkersweretrackedusingthe
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semi-automatedmethod with the same global coordinate system. The coordinates
providedby the MAC systemwerethencomparedo the resultsobtainedfrom the semi-

automatedrackingmethodafter stereo-triangulation.

Figure 6.2 - Three markers were tracked using the MAC system and semi-automated

method.

One of the markerstrackedwas stationarythroughoutthe movement. The consistency
of the returnedcoordinatesof this markerwas evaluatedover 500 framesfor both the
MAC systemand semi-automatedracking. The mean marker position and standard

deviationwasobtainedalongwith the differencein means(Table 6.9).

X(mm) Y (mm) Z (mm)
MAC -11.79+0.464 -11.61+0.352 333.87+£0.082
Automated -12.10+0.568 -9.74+ 0.793 335.38+0.402
Differencein means 0.31 1.87 151

Table 6.9 - Mean and standard deviation of stationary marker.

The semi-automatedracking method displayedslightly higher deviation over the 500
measurementgmaximum standarddeviation of 0.793 mm comparedto 0.464 mm) but
the differencein meanvaluesbetweenboth measuredvalueswaslessthan2 mm for all

threecoordinatedirections.

Both of the other markers moved around the centre of the object with a circular
trajectory of fixed radius and fixed vertical displacement. The variationin the vertical
displacementof the markers measuredwith both the MAC system and the semt
automatednethodwascalculated.
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MAC Automated Difference
Mean (mm) 334.93 336.05 1.12
Standarddeviation(mm) 2.23 1.49

Table 6.10 - Variation in vertical displacement of moving marker.

Table 6.10 shows that the absolutedifference betweenmeanswas 1.12 mm but the
standarddeviation in the vertical displacementmeasuredby the MAC system was

greaterthanthatobtainedfrom the semi-automatedrackingmethod.

The circular trajectory of the moving markerwas assessedy measuringthe radius of
the trajectory and circle roundnessmetric. The tracked horizontal coordinateswere
usedto find the circumferenceof the trajectoryandareaboundwithin it. Theroundness

metric was calculatedusingthe following equation:

47rA
Metric = —— Equation 6.1
whereA is the areaand was calculatedusingthe MATLAB™ functionpolyarea and C
is the circumferenceand was found using the sum of the differencebetweenadjacent

values. Theradiuswasthenfound from the calculatedvalue of the area.

MAC Automated
Roundnessnetric 0.997 0.991
Radius(mm) 398.72 397.16

Table 6.11 - Roundness metrics of marker trajectory.

Both roundnessand radius valueswere less than 1% away from their true roundness
values;the semi-automatedalue was slightly furtherfrom the true valuethanthe MAC

system(differenceof 1.5 mm).
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500

Figure 6.3 - Horizontal trajectory of marker tracked using the MAC system and semi-

6.4.2 Stud po

automated method.

sition

The matrix transformationfrom markerlocationto stud positionwas validatedby using

an image in which the three referencestuds were visible as were the three rear-foot

markers.The 3D coordinatesof the studswere obtainedfrom manual selectionof the

studs using Check3D and compared to the predicted coordinates from matrix

transformation.

Measured
Predicted

Difference

Table 6.12 -

Six Sly Slz S3x S3y S3z
-301.6 325.3 36.4 -337.5 313.7 13.0
-303.7 321.9 36.8 -335.2 313.9 15.3

2.1 3.4 0.4 2.3 0.2 2.3

Difference between measured and predicted stud position (mm).

The averageabsolutedifferencebetweenthe measuredand predictedstud position was

1.8 mm.
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6.5 Propagation of errors

6.5.1 Propagation of errors to stud position

In the first stageof transformingthe markercoordinatesto stud coordinates,the stud
position relative to the markerposition was measuredwhen the shoewas in a neutral
position. Stud Sl (lateral rear heel) was positionedat the origin of a measuringgrid.
Stud S2 (medialrearheel) was positionedon the x-axis and stud S3 (lateral metatarsal-
phalangeal)on the y-axis. The remainingstudsand markerswere measuredelative to

the measuringgrid. The measurementwereconsideredaccurateto £ 1 mm.

The neutral stud positionswerethen usedto determinethe stud position after the initial
matrix transformation. These values were used with the raw 3D global coordinate

markerdatato calculatethe position of the studsat eachtime-step.

The sourcesof errorin this step of the processoccursfirstly from the measurementsf

the neutralstud positions(x 1 mm) and secondlyfrom the markertracking (+ 0.5 mm).

Using the Taylor (1997) methodfor propagationof errors, the combinedeffect of the
errors arising from the measurement®f the stud location and uncertaintiesin marker
tracking lead to a maximumerror of £ 2.2 mm. If a more conservativeassessmenaf

the measuremengrrorof 2 mm is used,the maximumpropagatederroris 3.3 mm.

Using the Taylor (1997) method,the resulting propagatederroris dependenupon the
initial global coordinatesof the tracked markersand as such will vary for eachtime-
step. The closerthe markeris to the setorigin, the smallerthe propagatecderror. The
maximum propagatederror of + 2.2 mm was calculatedwhen the marker Pl was at a
distanceof 250 mm from the origin in all dimensions. This was consideredto be the
furthestfrom the origin thatit would be necessaryo track a markergiven thatthe origin
is resetto the point wherethe markerfirst contactsthe ground. The propagatecderror at

the origin was+1.6 mm.

6.5.2 Propagation of errors to Euler angle and velocity calculations

Usingthe Taylor (1997) methodfor propagationof errorsarising from the errorsin stud

transformationthe systematicerrorsin the angleandvelocitieswere calculatedto be:

Studposition=+ 2.2 mm
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e Pitch=+2.7°
e Yaw = #1.5°
e Roll=+328°

¢« Velocity = + 0.3 ms"l

Theseerrors were calculatedfor the upperlimit of the resultsexpected. Again, given
the natureof the Taylor (1997) method,the closerthe stud to the origin, the closerthe
angleto 0° or velocity to 0 ms"l, the smallerthe propagatederrorbecomes. The above
were calculatedfor the mostextremescenarioat anglesof 60° and a velocity of 5 ms"L
Using a more conservativevelocity of 2 ms' the propagatederror is only 0.05 ms"
(approximately0.25%). Similarly, selectingonly an initial pitch angle of 30° reduces

theerrorto only + 1.3°.

6.6 Random errors
Randomerrorsin the resultswerethoughtto arisefrom:

« Changeof shoeshapeandthus markerlocationdueto foot distortion.
e« Changesn cameraposition postcalibration.
¢ Incorrectshoesize usedin transformationof markersto studposition.

e Outofplanemovementof participant.

The error due to an out of plane movementin the sprint was reducedby advising
participantsto run alongsidea set of conesparallel to the global axis. Resultswere
rejectedfrom furtheranalysisif it was noticeablethatthe participantwas moving out of
plane. The error due to out of plane movementin a 3D camerasystemis not as
significantasin a 2D system. It was furtherreducedby ensuringthe two cameraswere
at an angle of approximately90° to each other. The effect of a changein camera
position was minimised by recalibratingmidway through testing. The cameraswere

alsofencedoff with warningconesto reducetherisk of thembeingaccidentlyknocked.

The threemarkerson the side of the shoewere assumedo form arigid body. However,
as with any marker system on the human body, deformation between markers is
expected. To assesshe degreeof deformation,the vector length betweenmarker Pl
and P2 and markerP| and P3 was calculatedover a seriesof 230 frames. The standard
deviation betweenthe vector lengthswas 1.1 mm. This was consideredsmall when

taking into accountthe systematicerrorof + 0.5 mm in 3D global coordinatedata.
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However, if due to deformationthe marker positions changedby 2 mm, this would
propagateto an errorin the stud position of 6 mm. The standarddeviation of the vector
lengthsovereachresultsetwill thereforebe usedasa controlto limit the effect of shoe
deformation. If the standarddeviation is greaterthan £+ 2mm, the data set will be

excludedfrom furtheranalysis.

The use of the wrong shoesize in the stud transformationcalculationswas minimised
by creating individual MATLAB™ files for each shoe size. The vector distances
betweenthe studsin eachresult setwere also comparedto thoseof the shoesize worn

by the participant. If therewas a significantdifference,the transformationwas carried

out again.

6.7 Chapter summary

The 3D measurementsystem and tracking algorithm were assessedin terms of
reliability and validity. The reliability was an assessmenof the consistencyof the
results; the semi-automatedracking method (+ 0.24 pixels) was shown to be more
consistentthan the previously used manual tracking method (£ 0.32 pixels). The
repeatabilitywas assessetly performingthe sametrial with the sameparticipanton two
separatedays. A Z-testwas usedcomparethe vertical velocity of the P3 markerfrom
eachtrial. Resultsfrom the Z-test indicated that there was no significant difference
between the impact velocity at the p = .10 level. The method was validated by
comparisonwith the MAC system. The differencein meansof atrackedobjectwas less

than2 mm althoughthe MAC systemdisplayeda slightly lower standarddeviation.

The errorsidentified in the reliability and validity analysiswere propagatedusing the
Taylor (1997) methodto give a stud position error of £ 2.2 mm for the mostextreme
scenario. Randomerrors were reducedby careful selection of testing equipmentand

usingknown distancesetweenmarkersor studsas a verification check.

The 3D measuremensystemwas concludedto have suitable levels of accuracyand
reliability comparedto a commercial system allowing test data on the shoe-surface
interfaceto be collected. Two datacollection approachesvereidentified; firstly a small
controlled study basedin the laboratoryand secondlya larger participantgroup on a
natural turf surface. The next chapterdetails the testing protocol used for both data

collection studies.
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7 TESTING PROTOCOL

7.1

Introduction

Two data collection studies were identified to demonstratethe use of the 3D

measurementsystem in analysing the shoe-surfaceinteraction within different

environments. The first study was a controlled test using a single participantin a

laboratoryenvironment. The secondstudy expandedhe datasetusing a cohortof eight

youth team players from DoncasterRovers FC. The reasoningbehind the two data

collection studieswere:

1.

Laboratory study: Using a single participantallowed the testing to be more
controlled without the organisationand time pressureof working with a larger
group. More time could be allocated to testing to ensure that every trial

collectedmet the testing criteria. The surfaceusedwas not representativeof a

natural playing surface but was consistentbetweentests. The size of the

laboratoryrestrictedthe movementghat could be performedwithout impedance
but had the advantagethat the climate and light conditionswere constant. The
laboratory also had the benefit that a force-plate could be used to allow

simultaneouscollection of visual 3D information and force data. One of the
aims of the laboratory study was to use the force datainformation to identify

events within the movementsthat could then be determinedusing the visual

informationwhenthe force-platewasnot available.

DoncasterRoversstudy: A larger group size potentially led to more variability

within the resultsbut allowed a wider range of playertypesto be studied. The

natural surface was representativeof a match and training situationsbut was
inherentlymore variableand difficult to characterise.Testingoutsideprovideda
larger environmentfor the playersto warm-up while testing was taking place.
No confinementon spacealso gave more freedomon the movementsanalysed
and provided a natural environment for the participants to minimise the
influence of performancechangeswhen being observed. A larger group size
placedmore pressureon the time allocatedto eachplayerfor datacollection in

orderfor all resultsto be collectedin one sessionto minimise the impedanceto

the players schedules. The samplesize was not large enoughto representhe
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population,but provided an indication on the type of datathat can be collected

andanalysedin the future.

Full institutional ethics approvalfrom Sheffield Hallam University was grantedfor the

useof participantsin experimentalkesting.

7.2 Equipment set-up

Two Phantomv4.2 high-speedvideo cameraswere usedto capturea 1.5 x 1.5x I m
volume both in a laboratory and on a natural turf football pitch. The volume was
sufficient enough to capture the inbound and outbound foot trajectory with
compensationfor differencesin foot-strike location. The cameraswere placed5 m
perpendicularlyaway from the foot-strikezoneat an angleof approximately75° to each
other. Using this orientationof camerasthe shoewas visible throughoutall threetest
movements. The camerasfiimed at 1000 fps for 0.6 s at a resolutionof 512 x 382
pixels and a low exposureof 70 ps. Thesesettingswere chosento reducedownload
time but allow high quality imagesto berecorded. The cameraswvere synchronisedand
triggeredmanuallywhenthe participantenteredthe filming zone,or triggeredexternally
by the force-platewhentestingin the laboratory. The checkerboardechniquewas used
to calibratethe cameras. The checkerboardvas positionedflat in the foot-strike zone
and was used to define the origin and global axis system. The same camera
arrangementand calibration procedurewas used in both the laboratory and outside

testing.

Field of view

Left camera Right camera

Figure 7.1 - Camera placement and axis system in field of view at Doncaster Rovers FC

training ground.
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7.3 Definition of test movements

Three movementswere selectedto representscenariosthat required high levels of
traction; accelerationchangein directionandbraking. Thetransitionbetweenajog and
a sprint was used to representan accelerationmovement; with the emphasison a
forefoot propulsionduring the sprintphase. A 45° lateral side-cutwas usedto represent
a changein direction; before testingit was unknownwhetherplayerswould land in a
toe-downor toe-up position and if they would rotatethe forefoot during the movement.
The plantedfoot during a right-footed long rangekick was usedto representa braking

movement. It was anticipatedthat playerswould land heelfirst in contrastto the sprint

movement.
.d
A Sprint 6 m A
e E
Kick with
right foot
Jog 6 m
Player decides
approach route

Figure 7.2 - Movement schematic for player testing. Left: Acceleration phase of sprinting;

Centre: 45° lateral side-cut; Right: Long range Kkick.

The sprintconsistedof a 6 m jog followed by a 6 m sprint; the filming zonewas at the
transitionbetweenog andsprint. Forthe 45° side cut, participantsfirst undertooka 45°
medial side-cutbefore undertakingthe lateral side-cutin the filming zone. The kick
was a stationarylong-rangekick where participantswere askedto aim at a target50 m
away. Participantstook a free run-up to the kick from any location and at their choice
of trajectory. Coneswere set-upwithin the testareato mark the sprintdistance,side-cut

courseand approximatefilm location.
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7.4 Notation

The following figures illustrate the terminology used for the axis directions, marker

notationand stud notation.

S7 S3 S4 S1

Figure 7.3 - Marker and axis notation. Top left: Marker positions on side of left shoe;
Bottom left: Stud notation, aerial view; Top right: Axis orientation with respect to

direction of motion, side view; Bottom right: Axis notation aerial view.

7.5 Indoor testing

Oneplayerparticipatedin the laboratorystudy. The high-speedcameraswere setup as
describedin section 7.2 with the addition of a force-plate. The test conditions are
describedin Table 7.1. The participant wore Copa Mundial football boots and

performedthe accelerationphaseof sprinting (6 m jog, 6 m sprint) onto the force-plate
coveredwith artificial turf. The force-platewas triggeredby a falling edgesignal on

foot-strike. The trigger from the force-platewas usedto activatethe two synchronised
cameras.This allowedtimings of eventsto be matchedfrom force-plateandvideo data.
The participantwas made awarethat the left foot neededto land onto the force-plate;

but wasgiven sufficientpracticetime to ensurethatthis movementwas natural.
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Participant: Ex-academyevel football player
Movement: Accelerationphaseof sprinting,five repeats
Footwear: CopaMundial, sizeUK 8.5

Surface: Carpetwith artificial turf coveringthe force-plate(0.6 x 0.4 m area)
Camera: Phantomv4.3
Recordingframerate= 1000fps
Analysisframerate= 200fps
Exposure= 50 ps
Resolution= 512 x 256 pixels
Force-plate: Samplerate= 1000Hz
Triggerabovelevel
10% pretrigger
Shearrange= 1331 N

Vertical range= 5246N

Table 7.1 - Indoor data collection test conditions.

The laboratorystudy was usedas an exampleof the level of detail that can be gained
from the position history of the shoemarkerscombinedwith force-platedata. Features
in the resultsthat will enablea largerdatasetto be analysedwere highlighted. Using
the force-platedata, key timings such as foot-strike and push-offwere identified, and
comparedto eventsin the position history to allow resultsto be normalisedto aid in

postprocessing.

7.6 Outdoor testing

A cohortof 8 Youth Team playersparticipatedin the study. Participantswere given a
selectionof CopaMundial football shoes(sizesUK 8 - 11) and askedto pick the size
they would chosefor a regulartraining session.Participantswere given a 30 minute
warm-up period to becomeaccustomedo the footwear. All of the three movements
were tested;sprint, long rangekick and 45° side-cut. Before testingbeganparticipants
were given practice attemptsat eachmovementuntil they felt confident. Five repeats

weremadeof eachmovement.
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Participants: DoncasteRoversYouth Team
16.6 + 0.5 years
3 x Midfield, 3 x Forward, ! x Defence,! x Keeper
Movements: Accelerationphaseof sprinting
Long rangekick
45° |lateral side-cut
Footwear: CopaMundial
2x UK 8,2 x UK 85,3 x UK 9.5,1 x UK 10.5
Surface: Naturalturf, 40% FIFA rebound
Camera: Phantomv4.3
Recordingframerate: 1000fps
Analysisframerate: 1000fps and 200 fps
Exposure= 70 ps
Resolution= 512 x 384 pixels

Table 7.2 - Outdoor data collection test conditions.

Testing took place at the DoncasterRoversFC training groundin October2010. The
surfacewas a naturalturf of fibre length approximately4d0 mm. A FIFA standardball
bouncetestwas performedon the surfaceprior to and aftertesting. Thereboundheight
was 40% of the initial drop height; this value was within the acceptedhardnessrange

(20 - 50%) asidentified by Canawayetal. (1990).

Figure 7.4 - Surface condition after testing.

The testareawas moved half way throughtestingto ensurethe grasscondition did not

deterioratesignificantly betweenparticipants.
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Weatherinformation was obtained for the week before testing from the Doncaster
weather station, approximately 4 miles from the test location (DoncasterWeather
Station2010). An averagetemperatureof 12°C and humidity of 22% was recordedon
the day of testing which was consistentwith the previous7 days. No rainfall was

recordedoverthis period.

7.7 Chapter summary

Two datacollection studieswere carried out to obtain information on the shoe-surface
interactionwithin a controlledlaboratoryenvironmentand outsideon naturalturf. The
primary aim of the two studieswasto provide an exampleof the type of resultsthatcan
be collectedusing the proposed3D measuremensystem. In both studiesthe left shoe
(Copa Mundial) was filmed using two high-speedvideo camerasusing the stereo-

videogrammetrynethodand analysedusingthe bespokemarkertrackingtool.

In the first study, datacollection of a single participantin a laboratorywas carried out.
The participantwas askedto perform the accelerationphaseof sprinting movementon
an artificial turf surface. The filming zone coincidedwith a force-plateallowing both

visual and force datato be collected.

Forthe secondstudy, alargersamplesize of 8 participantswas undertakenat Doncaster
Rovers training ground on a natural turf pitch. The participants performed three

movementssprint, kick and side-cutwith five repeatsof eachmovement.

Using the data collected, the next stage of both studieswas post processingof the

resultsto provide an exampleof how the shoe-surfacénteractioncanbe analysed.
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8 RESULTS AND ANALYSIS OF LABORATORY BASED DATA

COLLECTION

8.1 Introduction

The aim of the player baseddata collection studieswas to initially evaluatethe 3D
measurementystem developedin Chapter4 and to use the results to provide an
example of the level of detail that can be obtainedto aid in the understandingof the
shoe-surfacenteraction. The first studylookedto addresghe initial aim, using a single
participantin a laboratoryenvironment. The controlled natureof the study hindersthe
realism of the resultscollected,but allows the measuremensystemto be assessedavith

the aid of additionalforce-platedata.

An ex-academyevel football playerperformedthe accelerationphaseof sprinting onto
a force-platecoveredwith artificial turf. Five repeatsof the movementwere captured
after a sufficient warm-up period. Two high-speedvideo cameraswere synchronised
with a force-plateand triggered by a falling edge trigger when the participantmade
contactwith the force-plate. The camerasfiimed at 1000 fps. A five-point moving

averagefilter was usedto smooththe resultsbefore velocities and accelerationsvere
calculated. For the initial stageof testing,the position history of markerP3 placednear
the metatarsal-phalange@int was used. Additional information using the force-plate
datawas also found, with the intention to identify featuresin the resultsthatcould help

classify event timing without the use of a force-plate. Variables that could aid in

improving the efficiency of analysisof a largersamplesizewere alsoinvestigated.
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8.2 Results

0.05 0.1

-0.05
Time (s)

Figure 8.1 - Position history for the metatarsal-phalangeal marker (P3) during a sprint

movement (200 Hz).

Time (s)

Figure 8.2 - Rotation angles for the rear-foot section during a sprint movement (200 Hz).

movement (1000 Hz); Fz = vertical, +/- Fy

Figure 8.3 - Example force-plate data for sprint
a = peak anterior force,

= posterior/anterior, +/- Fx = medial/llateral; b = peak lateral force,
¢ = peak vertical force, d = peak posterior force.
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8.3 Discussion

For this participant,notable yaw angles(toe-out) of the foot prior to and during foot-
strike was observedfrom the recordedvideo footage. During the movementthe foot
rotatedapproximately5°. This gaveriseto a peaklateralforce of -232+ 37 N occurring
0.04 £0.01 s after impact (Figure 8.3 point b). This indicatedthat the foot was still
rotating upon foot-strike. Resultsindicated that the metatarsal-phalangegbint (P3)
wasmoving posteriorlyprior to foot-strike (seenin the negativey displacemengradient
priortot = 0 sin Figure 8.1). Forthe preceding0.02 s prior to foot-strike as triggered
from the force-plate,the P3 marker travelled an additional 5 mm in advanceof the
impactpoint. After foot-strike,the P3 markercontinuedto travel posteriorlyfor 0.15 s
until moving anteriorly. The total posteriormovementduring surfacecontactwas4.8 =
0.4 mm. A large net impulse in the posteriordirection was also seenin Figure 8.3
indicating the participantwas acceleratingaway from the force-platewith little energy
wasted on the transfer between impact and push-off. Slower or less successful
accelerationmovementsare expectedto display a more neutral net impulse with equal

impactto push-offphases.

The posteriormotion of the P3 markerwas due to the rotation of the foot aboutthe
anklejoint. The increasein pitch angle (rotation aboutthe x-axis) suggestedhat the
foot was moving from a slight toe-up position during transitionthroughthe air to a toe-
down position at foot-strike. The rotation of the P3 marker about the ankle joint
without a substantialincreasein the y displacementcausedthe P3 markerto move
posteriorlyrelative to its initial position. This was seenin Figure 8.4 which showsthe

relative position of the P3 markerin termsofthey andz position.
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75

Y displacement (mm)

Figure 8.4 - Position of the metatarsal-phalangeal marker in terms of y and z

displacement.

The maximumvertical force occurred0.103 + 0.002 s after foot-strike (Figure 8.3 point
c); this did not relate to maximum vertical displacementof the P3 marker which
occurredat 0.021 £ 0.005 s after foot-strike. The maximum vertical force occurred
during the push-offstageof the sprint movement. The maximumvertical displacement
of the P3 markeroccurredwhen the foot was transitioningbetweenthe foot-strike and
the push-offstage. The maximum horizontalforce (in the y direction) occurredduring
the push-offat 0.144 £ 0.002 s after foot-strike (Figure 8.3 point d). This coincided
with the momentat which the P3 markerceasedo travel posteriorlyandinsteadmoved

anteriorly. This wasconsideredhe peakpush-offtime.

Calculationof the ratio of horizontalto vertical force showedthat it was greatestat the
end of the sprint movement, occurring 0.199 + 0.001 s after foot-strike. At this
moment,only the very tip of the shoewasin contactwith the ground. This highlighted
the possibleneedfor an additional stud at the tip of the forefoot, as during this time
period,no studswerein contactwith the ground. Uponimpactwith the ground,the foot
was at an angleof 7.2 + 0.3° to the horizontal. An additional stud on the tip would not

affectthe traction propertiesof the shoeuponfoot-strike.
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At foot-strike the resultantvelocity of the P3 markerwas 1.18 + 0.02 ms! (averaged
over the preceding0.012 s). The marker at this instancewas moving posteriorly, as
suchthe velocity along the y-axis was -0.12 £ 0.02 ms1 The z-axis motion was the
mostdominantwith a velocity of -1.01 + 0.03 ms'1l. Therewas also significantmotion
in the x-axis asindicatedby the yaw angle (toe-out) of the foot in Figure 8.2; a velocity

of0.56+ 0.04 ms! wascalculated.

During the study the participant communicatedthat they felt safe running in the
footwearon the chosensurface. A posteriormovementof the metatarsal-phalangeal
joint markerof 4.8 £ 0.4 mm was observedduring the movement. It is difficult to tell
whetherthis was causedby the foot slipping, or by the rotation of the rear-footaboutthe
metatarsal-phalange@int asthe participanttransitionedbetweenfoot-strike and push-
off. During normalwalking, a heel slide of greaterthan 30 mm occurring at and after
heel-strikeis considereda slip (McGorry etal. 2007). Below this 30 mm thresholdit is
consideredo be a microslip and often occurswithout being perceived(Perkins 1978).
As such,a displacemenbf 4.8 + 0.4 mm would not be considereda slip and therefore

the tractionrequirementof the participanton that surfacewas achieved.

8.4 Defining impact and push-off

Datacollectionin the laboratoryhadthe advantagethatthe camerascould be triggered
from activation of the force-plate. This enabledthe video footageto be synchronised
with the force-plate data, allowing time dependentinformation such as time of foot-
strike, time of push-off and length of surface contactto be easily identified. When
testing outside on natural turf, this information cannotbe gained from force dataand
therefore had to be inferred from the results of the stereo-videogrammetry. 3D
positionaldatafrom a sprintmovementwas collectedboth in the laboratoryand outside
on naturalturf. The laboratorydatasetwas synchronisedvith the force-plateandtime
of foot-strike was setto 0 s, astriggeredfrom the force-plate. The laboratorydatawas
comparedto the naturalturf datain orderto identify featuresin the datasetthat canbe

usedto identify foot-strike and push-off.

The vertical displacemenbf the impactingmarker,P3 wasexaminedin Figure 8.5.
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Laboratory

Figure 8.5 - Vertical displacement of marker P3, Left: Laboratory; Right: Natural turf.

In both cases,P3 travelled downwardsat a constantrate until contactingthe surface.
After initial foot-strike on to the soft ground, P3 continued to travel downwards,
compressingor penetratinginto the surface. Both surfacesshoweda distinct change
after the initial period of constantrate of displacementwhere the shoe is travelling
throughthe air; calculation of velocity and accelerationwas usedto help identify this

feature.

Figure 8.6 - Velocity and acceleration in the vertical direction (z) for marker P3, Left:

Laboratory; Right: Natural turf.

Both the laboratoryand naturalturf acceleratiorresultsshoweda peakin acceleratiomat
the time of foot-strike. For the laboratoryresults, foot-strike was defined from the
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force-platewith a 5 N thresholdtrigger. The confirmationbetweenforce-platedefined
foot-strike and accelerationresults suggestedthat it was appropriateto use the peak
accelerationof the impacting marker in the vertical direction to define the time of
impactwhen force-platedatais not available. This approachwas also usedby Hreljac

andMarshall (2000)in determiningeventtiming during walking usingkinematicdata.

At time of foot-strike, the coordinatesof the impacting markerwere setto the origin

(0,0,0)andtime setto O s.

Forthe sprintmovementtime of push-offwasalsorequired. Using the laboratorydata,
time of push-offwas defined as the time of maximum horizontalforce in the posterior
direction. The vertical displacemenbf markerP3 during the contactphasewas different
dependingon the surface. As mentioned,the softer natural turf allowed the shoeto
deform the surfaceand continueto travel vertically down afterthe time of impact. This

did notoccuron the hard laboratorysurfaceas surfacedeformationwas not possible.

Figure 8.7 - Using horizontal force (red) and vertical displacement (black) of marker P3 to
define push-off, Left: Laboratory (push-off at 0.146 s); Right: Natural turf (push-off at

0.113 s).

Push-offfor non-forcedatawas defined as the time at which markerP3 moved above

the previouslydefinedorigin level (P3z> 0).
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8.5 Identifying variables for comparison

To improve the efficiency of the first stagesof analysiswhen working with a larger
samplesize, the level of detail of the resultsneedsto be reduced. From the casestudy

(five repeats)the orientationof the shoeat foot-strikewas calculated(Table 8.1).

Pitch Yaw Roll
Meant 1 SD -10.7+£2.1° 25.2+2.5° 16.3+ 1.4°

Table 8.1 - Orientation of the shoe on foot-strike.

The maximum standarddeviation of £ 2.5° was similar to the meanpropagatederror of
+ 2.7°. As such, the pitch, yaw and roll at foot-strike were chosenas distinguishing
variablesfor the larger set of results. It was anticipatedthat changingthe movement

(sprint, kick and side-cut)would changethe orientationof the shoeon foot-strike.

8.6 Chapter summary
The limitations of the laboratorystudywere:

* A limited dataset;

e A non-realisticsurface;

e Restrictedroom for othermovements;

» Additional externallighting sourcesrequiredto lowerthe cameraexposure;

e In a laboratory environment so subject to inherent change in participant

movementdue to testingconditions(i.e. non-realisticmovement).

However,the reasonthe laboratorystudy was undertakenwasto makeuse of the force-
plate datato highlight eventtimings in the visual data. The studyrevealedthatthe peak
accelerationof the impacting markercould be usedto identify the time of foot-strike
when force datais not available. The pitch, yaw and roll anglesof the shoe at foot-
strike were selectedasthe variablesthat could be usedto differentiatebetweendifferent
movements;with the standarddeviation of one participantbeing the equivalentto the
maximum measuremenérror of the systemafter validation. Furtheradvantagef the

laboratorystudywere:

« Singleparticipantallowedmorein-depthanalysisof results;

e More flexibility in time anddurationof testing;
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e No influence or restrictions of climatic conditions;
e No change to surface during testing;

e Force-plate also allowed cameras to be externally triggered reducing user error.

The laboratory study also provided.information on the length of time to collect data
from a single participant. This aided in planning the larger data collection study.
Further information such as a detailed check-list of equipment required and time need to
set-up and take down equipment was also fine tuned to allow more efficient data

collection at Doncaster Rovers FC.
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9 RESULTS AND ANALYSIS OF DONCASTER ROVERS FC DATA

COLLECTION

9.1 Introduction

Using the information gainedfrom the controlled study in the laboratory,a larger data
collection study was undertakenat DoncasterRoversFC. Eight participantsfrom the
youth team (17.1 £ 0.5 years)performedthe sprint, kick and side-cutmovementson a
naturalturf surfaceas detailedin Chapter7. The study was undertakento provide an
example of how the proposed 3D measurementsystem can be used to obtain
information on the shoe-surfacenteractionin an outdoorenvironment. The movements
testedwere similar to those performedin a warm-up drill before a game or training
session. Testingtook place mid-weekon a low intensity training day for the players.

Approximatelyfive trials were obtainedfrom eachplayerfor eachmovement.

The following terminologywas usedto designatea playernumberand movementtrial

numberto the datacollected(Table9.1):

Example Player,i Movement Trial,;
Ps = 1to8 S = Sprint, K = Kick, .
o C = Side-cut j=1t5
e.g.P3C4 Player3 Side-cut Trial 4

Table 9.1 - Player and movement trial terminology.

From the trials collected,the rear-footsection (three markers,P1-P3)was tracked. A

trial was deemedsuccessfulif all three markerswere visible throughoutthe desired
frames. For the sprint movement,only forefoot strikers were consideredfor analysis
(80% of trials). The numberof successfultrials for each movementand subsequent

numberof markerstrackedis shownin Table9.2.

Movement Trials Successful Frames Total markerstracked
Sprint 46 19 260
Kick 40 34 40 23,520
Side-cut 42 22 70

Table 9.2 - Results collected from Doncaster testing.
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Post-processingnalysiswasthencarriedout on the results,primarily usingthe filtering
techniqueshighlighted in Chapter5. For each successfultrial, the orientation of the
rear-foot section, velocity and accelerationof the markers was determined. For
comparisonpurposesthe time of initial foot-strike was chosenas a commonreference
point by resettingthe time to zero at this event. Time of foot-strike was defined from
the accelerationof the markertouchingthe groundfirst. In the caseof the sprint, with
forefootlanding, a notablechangein the accelerationof markerP3 was usedto define
foot-strike. For the side-cutand plantedfoot in kicking, marker Pl was used. The
controlled study resultsin Chapter8 were usedto verify the suitability of using this

approach.

Statistical analysiswas then usedto determineif any outliers were presentor further
dichotomisation of the results was necessary. From the final set of results, a
representativelayertrial for eachmovementor group was chosen. The representative
player trial was selectedby calculating the averageabsolute difference betweenthe

groupmeanandthe trial value.

Marker P4 on the front of the foot was trackedin addition to the rear-footmarkersfor
the representativeplayer trials to enablethe pitch of the forefoot and position of the
forefoot studsto be determined. Table 9.3 showsthe numberof additional markers

trackedandtheresultingnumberof stud positionsderived.

Trials Frames Markers Studcoordinates

3 260 3,120 9,360

Table 9.3 - Results collected for complete shoe for representative player trials.

A more detailedanalysisof the shoe-surfacenteractionfor the representativerials was
then undertakenusing the visualisation and interpretation techniquesdescribed in

Chapters.
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9.2 Results

9.2.1 Orientation and velocity

The orientationof the shoewas calculatedusingthe Eulermethodoutlinedin Chapters.
The velocity of the shoewas derivedfrom the smootheddisplacementatausing the 5-
point central differencing method. The mean value, standarddeviation and range
(maximum and minimum values) for the orientationand velocity of the shoefor each
movementat the time of initial foot-strike were calculated. For the sprint movement,

shoeorientationandvelocity atthe time of peakpush-offwere also calculated.
Thefollowing terminologywasused:

e +/-y = Anterior/Posterior
 +y = Directionof motion

e +/-x = Medial/Lateral

e +/-z = Vertical

e +/- Pitch= Toe-up/Toe-down
e +/-Yaw = Toe-in/Toe-out

e +/- Roll = Outwardroll/Inward roll

a) Sprint results at foot-strike

Pitch Yaw Roll  dxpj/dt dypi/dt dzpi/dt Resultant
) ©) ) (msy)  (ms)  (ms]) (ms1)
Mean -15.0 -22.0 6.9 -0.44 0.27 -1.10 1.38
Standarddeviation 5.7 8.3 8.0 0.58 0.46 0.38 0.50
Maximum -4.6 2.8 23.2 0.68 1.11 -0.60 2.35
Minimum -25.5  -29.3  -10.9 -1.76  -0.96  -1.75 0.73

Table 9.4 - Sprint results at foot-strike (N = 19).

The shoewas found to land in a toe-downand toe-outposition (negativepitch angle,
negativeyaw angle) with outwardroll (positive roll angle). Only participantslanding
forefootfirst wereincludedin the results(80%) giving the smallerstandarddeviationin
pitch comparedto the otherangles. For the yaw and roll angles,only one participant

landedin the oppositerotationto the restof the dataset. This led to the higherrangefor
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the yaw and roll anglescomparedto the pitch. Furtherfiltering of the datawill help

identify outliersandreducethe standarddeviationandrangeseenin the results.

b) Sprint results at push-off

Pitch Yaw Roll dxpi/dt dypj/dt dzpj/dt Resultant Time

©) ©) ) (ms") (m4d) (msl) (ms) (s)

Mean -49.0 -27.2 18.9 -0.06 0.29 1.38 1.55 0.15
Standard

L 12.1 8.4 8.9 0.55 0.42 0.72 0.74 0.03
deviation

Maximum -27.7 -14.7 31.8 1.16 1.12 2.71 2.84 0.21

Minimum -71.9 -39.2 4.4 -1.09 -0.41 0.58 0.58 0.11

Table 9.5 - Sprint results at push-off (N = 12).

At the time of peak push-offthe shoe had further rotated aboutthe x-axis to a higher
pitch angle of 49°. The yaw androll anglesalsoincreasedsuggestingthat participants
pushed-offfrom the lateral side of the shoe. A higher standarddeviation was seen
comparedto the resultsat foot-strike. This was possibly due to the potentialerrorsin
selectingthe time of peak-pushoff, although a small standarddeviation was seenin
terms of movementtime from initial foot-strike to peak push-off(0.15 £ 0.03 s). A
greatervelocity in the z-axis direction was seencomparedto initial contact(in the
oppositedirection) giving rise to a slightly higher resultantvelocity. This suggested
that the participantswere accelerating,with the shoe leaving the surface at a greater

velocity thanbeforeinitial contact.

c) Kick results at foot-strike

Pitch Yaw Roll dxpj/dt dypj/dt dzpi/dt Resultant
) ) ) (ms)  (ms)  (ms) (msl)
Mean 21.1 -29.1 31.5 1.27 2.76 -1.74 3.66
Standarddeviation 7.0 7.7 5.6 0.56 1.08 0.48 0.74
Maximum 35.9 -10.8 42.7 2.18 4.67 -0.71 5.21
Minimum 6.0 -40.4 18.7 0.13 0.23 -2.54 1.65

Table 9.6 - Kick results at foot-strike (N = 34).

All participantsduring the kick movementlandedwith the plantedfoot heel first in a

toe-up position. Greater yaw and roll angles were seen comparedto the sprint
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movement,suggestingthat the shoe was landing on the rear lateral studs of the heel
with the toe externally rotated. A high range for all orientation angles was seen
suggestingthat further groupingsmay exist within the dataset. The shoewas landing
with a higherresultantvelocity comparedto the sprintmovement,with a high velocity

seenin the y-axis (i.e. in the dominantdirection of travel).

d) Side-cut results at foot-strike

Pitch Yaw Roll dxpi/dt dyPl/dt dzpj/dt Resultant
°) ©) ©) (msl) (m4) (msy)) (msl)
Mean 13.6 -22.3 -39.4 -1.53 0.03 -0.62 1.68
Standarddeviation 6.4 10.6 8.2 0.56 0.25 0.39 0.64
Maximum 30.4 -7.1 -23.9 -0.33 0.73 -0.04 2.85
Minimum 3.9 -43.4 -54.1 -2.48 -0.26 -1.52 0.34

Table 9.7 - Side-cut results at foot-strike (N = 21)

Similarly to the kick movement,all participantslanded heel first in a toe-up position
althoughthe pitch angle was lower indicating the shoewas impacting the surfaceat a
flatter angle comparedto the kick movement. A high inward roll angle was observed
suggestingthe shoelandedwith the medial side of the shoein contactfirst. This was
different to the other movementswhere the lateral side was seento contactfirst. A
greatervelocity was seenin the x-axis with an almostnegligible velocity seenin the y-
axis. This highlights the different movementdirections experiencedby the side-cut

comparedo the sprintmovement.
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9.3 Statistical analysis

Statisticalanalysiswasfirstly carriedout on the largestdataset, the kick movement,to
determineif significant differencesexistedbetweenparticipantresultsand if the kick
movementcould be divided into further groups. Similar analysiswas then appliedto
the sprint and side-cut movementgroups, although as the data sets were smaller,

identification of outlierswasthe priority ratherthanfurtherdividing into groups.

9.3.1 Kick analysis

The rangeof anglesfor pitch, yaw androll orientations(30°, 29° and 24° respectively)
were consideredlarge in comparisonto the meanvalue (Table 9.6). The analysisof
variance(ANOVA) statisticaltestwas usedto distinguishif there were any significant
differencesbetweenparticipantsthat might indicate that further dichotomisationof the

datawasrequiredto bestrepresenthe boundaryconditions.

Sumof squares df Mean square F P
Betweengroups 324.8 26 12.5 14.86 <.01
Within groups(error) 1299.9 7 185.7
Totals 1624.8

Table 9.8 - Tabular report of analysis of variance for pitch angle.

Sumof squares df Mean square F P
Betweengroups 383.0 26 14.7 15.27 <.01
Within groups(error) 1574.1 7 224.9
Totals 1957.0

Table 9.9 - Tabular report of analysis of variance for yaw angle.

Sumof squares df Meansquare F P
Betweengroups 486.3 26 18.7 4.26 <.01
Within groups(error) 558.2 7 79.7
Totals 1044.5

Table 9.10 - Tabular report of analysis of variance for roll angle.

Resultsfrom the ANOVA testindicatedthattherewere significantdifferences(p c.Ol)

betweenparticipantresultsin all three anglesanalysedfrom the kick movement. A
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Scheffés confidence interval test was used to determine which participantsvaried

significantly.

Pl P2 P3 P4 P5 P6 P7 P8
Pl 0.00 10.23 11.91*  18.10** 0.95 12.31* 11.05 8.85
P2 0.00 1.68 7.87 11.18 2.08 0.82 1.38
P3 0.00 6.19 12.86** 0.39 0.86 3.06
P4 0.00 19.05** 5.80 7.05 9.25
P5 0.00  13.26**  12.00* 9.81
P6 0.00 1.26 3.45
P7 0.00 2.20
P8 0.00

Table 9.11 - Mean difference analysis for pitch angle. Note: *p < .05 **p < .01

PI P2 P3 P4 P5 P6 P7 P8
PI 0.00 3.83 7.91 0.64 5.69 10.61 10.83 9.59
P2 0.00 4.08 4.46 1.86 6.78  14.65**  5.77
P3 0.00 8.54 2.22 2.70  18.74*  1.69
P4 0.00 6.32 11.24 10.19 10.23
P5 0.00 492  16.51*  3.91
P6 0.00  21.43**  1.01
P7 0.00  20.42**
P8 0.00

Table 9.12 - Mean difference analysis for yaw angle. Note: * P < .05 ** P < .01

Pl P2 P3 P4 P5 P6 P7 P8
Pl 0.00 0.27 0.16 7.25 522 2.50 5.41 4.60
P2 0.00 0.10 7.51 4.96 2.23 5.67 4.86
P3 0.00 7.41 5.06 2.33 5.57 4.76
P4 0.00 12.47 9.74 1.84 2.65
P5 0.00 2.73 10.63 9.82
P6 0.00 7.90 7.09
P7 0.00 0.81
P8 0.00

Table 9.13 - Mean difference analysis for roll angle. Note: *p < .05 ** P < .01
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From this analysisit was clearthat there were significantdifferences(p <.01) between
player5 andplayers3, 4 and 6 for the pitch angle,althoughthesedifferenceswere not
evidentin eitherthe yaw or roll angle. With the yaw angle,player7 differed from the
other players by the highestdegree. No significant differencesbetweenindividual
participantswere evidentfor the roll angle when using the Scheffés test. Using this
approachalone it was difficult to identify whetherthere are clear differencesbetween
participantsfor all three anglesthat might benefit from further dichotomisation. A
frequencyplot of all participantresultswas usedto assesghe style of distribution and

whetherany groupswithin the resultswere evident.

Figure 9.1 - Relative frequency of pitch angle.

Figure 9.2 - Relative frequency of yaw angle.



Figure 9.3 - Relative frequency of roll angle.

All frequencycurves(Figure 9.1 - 7.3) were slightly platykurtic in shape(i.e. kurtosis<
0) although not significantly so (-2 < Zkut < 0). The yaw angle resultsdisplayeda
slight positive skew (ZSew = 1-70), althoughagainnot significant (0 < Zsew< 2). Dueto
the slight positive skew in the yaw angledata,it wasthoughtthat2 groupsof high yaw
angle (yaw < -28°) and low yaw angle (yaw > -28°) may betterrepresentthe data set.
The pitch and roll anglesdisplayeda more normal distribution shape(ZSew = 0.10 and
0.08 respectively),and as such it was harderto identify distinct groups within the
individual angle sets. However, it wasthoughtthat there may be setsof resultswhich

displayboth higherpitch anglesand higherroll angles.

Scatterplots of pitch-yaw, pitch-roll and yaw-roll data setswere usedto identify any
groupings between angles. Two potential groups for each angle combination were

drawnby observationof the scatterplots.
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1) Low pitch, low yaw
2) High pitch, high yaw
3) Low roll, low yaw
4) High roll, high yaw
5) Low pitch, low roll

6) High pitch, high roll
0 10 20 30 40
Pitch angle (°)

Figure 9.4 - Top left: Pitch and yaw angles; Top right: Yaw and roll angles; Bottom left:

Pitch and roll angles; Bottom right: Possible groupings.

From the groupingsobservedin the scatterplots it was hypothesisedhattwo groupsof

all threeanglesexisted:

1) Low pitch, low yaw, low roll

2) High pitch, high yaw, highroll

The K-meansclustering method was usedto identify the centroidsof the two groups
and which resultslay in them. The starting centroidswere selectedfrom the scatter

plots and an iterative approachusedto find the final centroid value. The following

groupswereformed:

Group ! Group?2
Centroid(Pitch, Yaw, Roll) (15°,-21°,27°) (24°, -33°, 33°)
Standarddeviation (£ 5°,+£7°,+5°) (£ 6°, £5°,+5°)

P,Kb P,K?, P,K3, P,K4, p,k5
2k 3, p2K4, p2k5

P2Kz p3k p3k2 p3k3 3K4

Participanttrials PAK1, PAK?, P4K3, PAK4, PAK5 - 7 PoeoPoea D

pbk,, pbk 2, p5k 3, pbkb
pbk,, pbk2,pbk3
p8k,, p8k 2, p8k 3, p8K4, p8k5

p’ki! pTk2, p7k 3, p7k4, p7k5

Table 9.14 - K-means cluster method groups for kick movement.
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With the exceptionof player 2, all participantsfell exclusivelyinto eithergroup ! or 2.
Players4 and7 formedgroup 1, with the remainingplayers1, 3, 5 and 6 forming group
2. This suggestedthat the individual players naturally displayedeither high or low
pitch, yaw androll angleson foot-strike. The standarddeviation of the pitch, yaw and
roll angleswhen consideringall results togetherwere £ 7°, + 6°, + 8° respectively;
howeverthe new standarddeviations of the two groupswere only slightly lower for
each angle. If strong groupings existed, it was expectedthat the new standard
deviationswould be significantly lowerthan whenconsideringall resultscombined. As
this was notthe case,a decisionhadto be madewhetherto representhe kick resultsas
onedataset, or astwo setsof high andlow angles.The scattermlots of pitch-yaw, pitch-

roll andyaw-roll wereredrawnusingthe new groupings(Figure 9.5).

« Group 2

X Group 1

Figure 9.5 - Scatter plots of kick impact angles after cluster groupings.

The problemwith the K-meansclustermethodusedaboveis thatthe numberof groups
and the starting centroid positions is very user subjective. It is possible that
dichotomisingthe data into 3 or 4 groups may better representthe data set. This
howevermay leadto the dangerof forming a group thathasa limited numberof results

that may, by othermeans,be consideredas outliers ratherthan a group. The rangeof
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the new groupshasdecreased(17°, 20°, 15°) and(22°, 18° 28°) respectively)which

suggests betterdistribution comparedo usingthe completedataset.

9.3.2 Sprint analysis

Due to some data sets for participants only having one successfulsprint trial, the
ANOVA testcould not be usedto identify if any significantdifferencesexistedbetween
participants. Instead,the K-meansclusteranalysiswas usedto seeif the datasetcould
be divided into smaller groups that reducedthe range and standarddeviation of the

results.

The following groupswereformed:

Group | Group2
Centroid (Pitch, Yaw, Roll) (-17°,-26°,4°) (-11°,-13°, 12°)
Standarddeviation (£ 5°, x2°,+£7°) (x 5° %+ 10°,+£9°)
P3s2 PjS], P1S2,P1S3,P1S4
. . P5S1,P552,P5S3,P5S6
Participanttrials P2S5

PfiS], P6S7,P6S3,P6S4
P8S2,P8S4,P8S5,P8"6

P5S5

Table 9.15 - K-means cluster method groups for sprint movement.

The centroid valuesof group | were closeto the original meanvaluesof the complete
dataset, but showeda reducedstandarddeviation. In contrast,group 2 centroidvalues
for the pitch and yaw angleswere lower than the original data set and the standard
deviation for the yaw and roll angleswas greater. Group 2 consistedprimarily of the
trials by player 1 and the single trial by player 2. With the exceptionof player 5,
participantsfell exclusively to either group ! or 2. Due to the increasedstandard
deviation and small group numberof group 2, it was decidedthat group 2 would be

consideredasan outlier, andgroup | usedto representhe sprintdataset.
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9.3.3 Side-cut analysis

The K-meansclusteranalysismethodwas usedto identify outliersin the side-cutdata

set. The following groupswereformed:

Group! Group?2
Centroid (Pitch, Yaw, Roll) (12°,-22°,-40°) (29°,-17°,-38°)
Standarddeviation (£ 4°, = 12°,£8°) (£ 1°, £9°,£2°)
Participanttrials Pb P3,P5, P7,78 P1C3, P1C5

Table 9.16 - K-means cluster method groups for side-cut movement.

The notable outliers after this form of analysis were two trials by player | which
displayedhigher pitch angleson initial contactcomparedto the rest of the data set.
Removingthesetwo resultsleft group 1 which hasa slightly smallerstandarddeviation

thanthe original dataset.

9.3.4 Analysis of relationships

Usingthe reduceddatasets,further statisticalanalysisby meansof the Spearmats rank
correlation was carried out to investigatepotential relationshipsthat exist within the
data sets. Results for each variable were ranked in value order and relationships
betweensetsof rankedvariableswere assessedising the Spearmats rank correlation

coefficient,rs

6'£|d Equation 9.1
n(n2 - 1)

whered is the differencebetweenrankedvalues.
The following variableswere assessed:

e Pitch,yaw androll anglesat foot-strike;
* Resultantshoevelocity;
« Contacttime betweenimpactand peakpush-off(sprintonly);

« Ball velocity (kick only).
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The ball velocity was calculatedby tracking the centreof the ball in 3D coordinatesand
then using the central differencing method. The variables were assessedetween

movementsand alsobetweenindividual participants.

The following correlationswere found to be significant using the Spearmats rank

analysis:
Movement First variable Secondvariable Level of significance
Sprint Low pitch angle High resultantshoevelocity p<.01
Sprint Low pitch angle Shortercontacttime pc.Ol
Kick Low pitch angle High ball velocity pc.Ol
Kick High yaw angle High ball velocity p <.05
Side-cut High pitch angle High roll angle p <.05

Table 9.17 - Significant relationships using Spearman's rank analysis.

No correlationwas found betweenfoot anglesof playersacrossdifferent movements;
for example,playersthat displayedhigh yaw angleson contactfor the sprint movement

did not necessarilyshow higheryaw anglesfor the kick or side-cutmovement.

9.4 Foot placement during kicking

Additional information aboutthe position of the shoeduring kicking can also be gained
from the 3D positionaldata. The literaturereview of biomechanicsn football (section
2.5) identified that Lees and Nolan (1998) postulatedthat the placementof the planted
foot during kicking may influence the performance. Using the same approachas
McLean and Tumilty (1993), the position of one third the distancefrom heel to toe of
the supportfoot at the momentof impact betweenthe kicking foot and the ball was

calculatedfor eachof the kick trials (Figure 9.6).

The medianposition for the supportfoot during the kick was 39 + 9 cm medially and 0
+ 6 cm posteriorlyto the centreof the ball. McLeanand Tumilty (1993) reportedfor a
similar demographicthat for right foot kicks the supportfoot was positioned37 + 4 cm
medially and 8 £ 5 cm behind the ball. Similar resultswere observedfor the medial

position of the supportfoot but differed slightly on the anterior-posteriopositioning.
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Figure 9.6 - Position of support foot during the kick; lines represent distance from heel to

toe studs (distance values in mm, ball centre positioned at 0,0).

Lees and Nolan (1998) also hypothesisedhat the anterior-posteriopositioning of the
supportfoot is relatedto the type of kick andthe intendedtrajectory. The ball trajectory
and velocity was also observedfor each kick trial but no relationshipwas apparent

(Figure9.7).

Figure 9.7 - Relationship between ball launch angle and position of the support foot.
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9.5 Representative player trials

Representativelayertrials were selectedfor further analysisratherthan averagingthe
completedatasetas it wasthoughtthat averagingwould potentially mask small levels

of detailthatmaybe importantin describingthe motion of the shoe.

The playertrials thatbestrepresenteccachmovementwere selectedusing the absolute
meandifferencebetweenthe trial resultsfor all threeanglesandthe movementgrougs
meanvalues. The trials were then rankedin order of smallestabsolutedifferenceto
largestfor each angle. The rank orderswere then summedand ranked again. The
playertrial with the smallestfinal ranking numberwas selectedas the playertrial that

bestrepresentedhe meanof the group.

The limitation of usingonetrial is thatit althoughthe trial was selectedto bestrepresent
the grouptherewasstill the possibilitythatthe motion of the shoeduring the interaction
with the surface was unique to the participant. However, by using a single trial a
thoroughevaluationof the interactioncould be undertakenin the sametime period. The
analysisof the representativelayertrial wasusedto provide an exampleof the level of
detail that can be obtainedfrom the 3D measuremensystem. The results from the
analysisof eachtrial, althoughnot statistically representativeof the population,could
be usedto speculatehow the shoe-surfaceinteraction may influence traction testing

procedureor the designof studdedoutsoles.

9.5.1 Representative sprint trial

After the clusteranalysis,resultsfrom player | were removedas outliers. Table 9.18
showsthe remainingdataset, from which trial 2 of player6 (P6S2)was chosenas the

representativesprinttrial.

Pitch Yaw Roll dxpj/dt dypi/dt dzpVdt Resultant

©) ©) ©) (m4) (ms)) (ms)) (msl)

GroupMean -16.1 -25.6 5.6 -0.54 0.39 -1.01 1.32

Standarddeviation 5.2 2.8 7.3 0.57 0.32 0.32 0.49
R tati

epresentative 183  -25.4 4.2 .0.46 068  -1.38 1.60

trial (P6S2)

Table 9.18 - Representative players for the sprint movement.
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The pitch of the representativdrial is slightly lower than the meanvalue but the yaw
androll anglesarevery similar. A students t testwasusedto evaluatethe suitability of

usingthe representativlayer,wherep indicatesthe representativeralue:

t ~E Equation 9.2
SkEn

whereSEn is the standarderror of the mean(X) from the completedataset.

Angle Group mean Representativenean t value Significance
Pitch -16.1 -18.3 1.53 p>.10
Yaw -25.6 -25.4 -0.26 p>.10
Roll 5.6 7.0 0.69 p>.10

Table 9.19 - Student's ttest results for sprint group mean and representative player trial.

There was no significant difference betweenthe group mean and the representative
playertrial mean. It was thereforeconcludedthat P6S2 could be usedto representhe

sprintmovement.

9.5.2 Representative kick trial

A representativeplayertrial was chosenfor the kick movementin a similar fashion to
the sprintgroup using group 2 identified throughthe K-meansclustering. Group 2 was

bestrepresentedby player?2 trial 3 (P2K3):

Pitch (°) Yaw (°) Roll (°)
Centroidof Group2 23.8 -32.8 33.4
Standarddeviation +6 *5 +5
Representativérial (P2K3) 25.0 -33.4 31.9

Table 9.20 - Representative player trial for the kick movement.

The representativeplayer trial closely matchedthe centroid valuesfor eachgroup; the

maximumabsolutedifferencebetweengroup meanandrepresentativeangleswas 1°.
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9.5.3 Representative side-cut trial

After the clusteranalysis,trials were removedas outliers leaving a group size of 19.

Therepresentativelayertrial, P2C4waschosenfrom the new group.

Pitch (°) Yaw (°) Roll (°)
Group mean 11.8 -21.7 -39.6
Standarddeviation 4 11 9
Representativerial (P2C4) 12.6 -20.7 -36.3

Table 9.21 - Representative player trial for the side-cut movement.

The pitch and yaw anglesof the representativerial closely matchedthe group mean
(absolutedifferenceof lessthan 1°). Theroll angleshoweda slightly largerdifference
3°, but the standarddeviationfor the group for the yaw androll were higher suggesting

greatervariability in theseorientations.

9.6 Analysis of representative trials

The playertrials selectedto bestrepresenthe threemovementswere analysedusingthe
visualisationtechniquesdescribedin Chapter5. The motion of the shoeduring each

movementwasdividedinto threephases:

e Foot-strike
e Transition

e Push-off

For the sprint and side-cutmovements thesephaseswere clearly defined with distinct
transitionsbetweeneach stage. For the kick movement,less emphasiswas placedon
the push-offstageand insteadfocus was placedon the motion of the shoeduring ball
impact. This was consideredimportantas loss of traction during contactwith the ball

could affectthe intendedball trajectoryor speed.

For the transitionphase,two typesof shoemotion were selectedas being significantto
the traction behaviourof the shoe-surfacénteraction;the translationand rotation of the
shoe. Changesdn translationof the shoewhenin contactwith the surfacecould indicate
that the shoe was slipping and that insufficient traction was available. This could

compromiseperformanceand in the most severecaselead to injury by the player
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falling. The consequenc®f a slip is dependentiponthe time at which it occursduring
the movementand the distance of the slip. It has been hypothesisedthat the slip
distancea humanis ableto perceiveis > 30 mm (Gronquestetal. 2001). McGorry et

al. (2007)classifiedslip distancesnto the following categories:

e Non-slip<4 mm;
e 4 mm < Micro-slip < 30 mm;
e 30mm < Slide< 93 mm;

e Slip>93 mm.

Mechanicaltraction testingdevicestypically move the shoein translationin a posterior
direction to simulateslipping during the accelerationphaseof sprinting. The standard
protocolat adidasusesthe coefficientof traction value during the dynamic phaseof the

translation;i.e. whenthe shoeis alreadyslipping for outsolecomparisons.

To characterissslip in the resultscollected,the movementof the shoein the direction of
motion canbe used. Slip canbe thoughtto occurwhenthereis significantmotionin the
horizontal direction but no motion in the vertical or no changein the pitch angle; this
eliminatesthe changein the horizontalmotion being causedby the shoelifting off the
surface. Forthe side-cutandkick movementsslip in the medial/lateraldirectionis also

significantalthoughnot often testedby tractiontestingmethods.

The secondmotion thatis regularly assesseduring tractiontestingis the rotation of the
shoe. Rotations during shoe-surfacecontact are more complex and can either be
encouragedor prevented. Encouragingrotation could potentially help reduce ACL
injuries suggestedo be causedby the shoelocking into the surfaceand transferringthe
point of rotation to the knee. An alternativeview-point is that rotations of the shoe
during certain movementsmay compromiseperformanceby reducingthe efficiency of
the movement. Whicheverapproachis used,the point of rotation is importantand can
influencetraction testing proceduresand shoedesign. The Reuleauxmethodwas used
for eachmovementto determinewhere the centre of rotation was positionedfor each
time step,and if a commoncentreexistedaboutwhich a significant degreeof rotation

occurs.

For eachmovement,the motion of the shoeduring eachphasewas investigatedas well

asanoverview of the completeshoe-surfacenteraction.

-183-



9.6.1 Sprint analysis

The sprinttrial P6S2was selectedto bestrepresenthe datasetbasedon the orientation
of the shoeat foot-strike. The playerlandedwith the forefootfirst and as such,marker
P3 (metatarsal-phalangealyas initially usedto assessthe motion of the shoe. The
coordinatesof marker P3 were set to the origin (0, 0, 0) at the time of foot-strike as
defined from the peak acceleration(Figure 9.9). The position of marker P3 and the
orientationof the shoewere usedto identify the threephasesjfoot-strike, transition and

push-off.

Push-off Transition Foot-strike

Figure 9.8 - Visual image of the left foot at 20% (0.03 s) intervals during the sprint

movement from -20 to 120% contact time (motion from right to left).

Time (s)

Figure 9.9 - Acceleration of marker P3 used to define time of impact (green marker

indicates maximum vertical acceleration).
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direction of

Figure 9.10 - Position of marker P3 in the yz (horizontal-vertical) plane during the sprint
movement (1000 Hz); green to red marker = foot-strike phase, red to blue marker =
transistion phase, blue to purple marker = push-off phase (arrows indicate shoe motion

direction, total contact time = 0.15 s).

Figure 9.11 - Horizontal (y) and vertical (z) displacement of marker P3 (1000 Hz; contact

time = 0.15 s).
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Figure 9.12 - Orientation of the shoe (200 Hz; contact time = 0.15 s).

The position of markerP3 in both the vertical and horizontal directions was used to
identify the initial foot-strike,transitionand push-offphases.During 20 to 60% contact
time, both the horizontal and vertical motion appearedto remain constant; small
changesin shoe orientation were also seen during this time period. The following

phasesveredefined:

e Foot-strike= 0 to 20%
e Transition= 20to 60%

e Push-off=60to 100%

a) Foot-strike

The participantlandedin a toe-down position with a pitch angle of 16.2°. There was
also slighttoe-outrotationwith a yaw angleof 24.8°. Theroll anglewasminimal (0.6°)
suggestinghe medial and lateral sidesof the shoecameinto contactwith the surfaceat
the sametime. From time of initial foot-strike to 0.03 s (20%) after impactthere was
little changein the orientation of the shoe as seenin Figure 9.8. The pitch angle
reducedslightly to 14.9°, yaw angleto 23.0° and roll angleto 1.0°. The changein the
vertical position of markerP3 was more substantial;from 0 to 0.03 s therewasa change
of 14.8 mm. The motionin the horizontal (y) was more complex,with markerP3 first
moving anteriorly to the point of first contactby 5.4 mm at 0.011 s (7.33%) and then
posteriorlyto be positioned1.8 mm behindthe point of first contactat 0.03 s. This was

similar to the motion observedn the controlledparticipantstudy (Chapter8).
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The shoeimpactedthe surfacewith a resultantvelocity of 1.53 msl. The components

of the velocity were: vx = -0.24 ms], vy = 0.81 msl, vz - -\.Y1 msl Figure 9.13

illustratesthe shoeorientationandvelocity in the dominantyz plane.

Figure 9.13 - Velocity and orientation of shoe on foot-strike during sprint movement.

The location of the forefoot studs was found by additionally tracking the toe marker
(P5). The positionsof stud S3 locatednearthe metatarsal-phalangegint and stud Sil
at the toe end of the forefoot were also analysed. To normalisethe data, stud S11 was

setto the origin (0, 0, 0) attime of foot-strike (0 s).

Figure 9.14 - Position history of studs S3 and S11 in the yz plane during foot-strike phase
(0 - 0.03 s) (Green markers indicate the time of initial foot-strike (0 s); red indicates 0.03 s

after foot-strike; arrows represent stud motion direction).
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Figure 9.14 illustratesthat the toe studswere first to contactthe surfaceand throughout
the foot-strike phasedue to the forefoot pitch angle of approximately5° the toe studs

remainedapproximatelyl0 mm deepetinto the surfacethanthe rearforefoot studs.

b) Transition phase

The transition phasewas selectedto be 20 - 60% contacttime; for the sprint trial this
was 0.03 to 0.09 s afterinitial foot-strike. During this phase,all forefoot studswere in
contactwith the surface. The first interactioninvestigatedwas whetherthe shoe was
observedto slip during the transition phase. The position of stud S3 was initially

analysed.

Figure 9.15 - Position of stud S3 in the horizontal (y) and vertical (z) directions (red

markers indicate start of transition phase, 0.03 s and blue markers end, 0.09 s).

Shortly after the start of the selectedtransition phase, stud S3 reached maximum
vertical displacementat 0.04 s) travelling approximately0.8 mm after the start of the
transition. After reachingmaximum vertical displacementthe shoethen travelled 7.4
mm vertically upwardsuntil 60% contacttime (0.09 s). During this time period the
shoe also moved 9.2 mm posteriorly (-ve y direction) and 8.4 mm medially (+ve x
direction). The pitch angle of the forefoot during this time period changedfrom 3.8 to
16.6°, giving an overall changein pitch of approximately12.8°. Sincea changein pitch
angle affects the vertical position of stud S3 it was difficult to identify whetherthe
horizontaldisplacementas due to a translationalong the surface(slip) or simply the
pitch rotation of the shoe. The position of the toe stud, S11 was additionally analysed

wasobservedo moveby the following amountduring the transitionphase:
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e 3.9 mm medially (+ve x)
e 13.5mm posteriorly(-ve y)

e 13.2mm vertically down (-ve z)

Lessmedialmovementof the toe studwasobservedcomparedo the rearof the forefoot
(S3). However,maximumvertical position was not reacheduntil 0.115s (76.7%) after

contactresultingin the vertical downwarddisplacementdf 13.2 mm.

The posterior motion of the toe stud was greaterthan the rear of the forefoot stud
suggestinghatthe horizontalmovementof the forefoot may not be wholly attributedto
the changein pitch angle of the forefoot. Figure 9.16 illustratesthe respectiveyz plane

motion of the toe, mid-forefootandrearof forefoot.

Figure 9.16 - Relative positions of studs S11, S6 and S3 during contact phase (red
markers indicates 0.03 s and blue markers 0.09 s after initial foot-strike; arrows indicate

stud motion direction).

The motion pathsof the three forefoot markersdiffered distinctly in the yz planedueto
the changein the x positionduring the time period. Only a 1° changein yaw anglewas
observedduring the contactphasesuggestingthat the shoemaybetranslatingratherthe

rotatingto producethe changein x position.

The centre of rotation of the forefoot during the transition phasewas calculatedusing
the Reuleauxmethod. For this calculationan assumptionwas madethat there was no

movementof the studin the vertical direction.
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Figure 9.17 - Plan view (xy) of forefoot stud positions and corresponding centre of
rotation during the transition phase (0.03 - 0.09 s) of the sprint movement (shaded circle

represents * 1 SD of centre of rotation; arrow indicates rotation direction).

The centreof rotation for the overall transition phasewas positionedon the medial side
of the shoe and anterior of the toe studs. The mean standard deviation of the
intersection of the perpendicularbisectors was 5.8 mm. This was considereda
reasonably small standard deviation suggestinggood agreementon the centre of
rotation. The angle of rotation of the centre stud, S8 aboutthe centre of rotation was
3.8°. However,the changein pitch angle and vertical displacemenf the shoeduring
the contactphasecausegshe centreof rotationto be only an estimate;i.e. shoemotion is
occurringin all planes(3D) not only in the xy plane (2D approximation). The validity
of the centre of rotation improveswhen the changein pitch or vertical displacemenis

minimal and motion of the shoecanbe representedn 2D.
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¢) Push-off phase

The final push-offphasewas selectedas 60 - 100% movementime; representing).09s
to 0.15 s for trial P6S2. StudsSil and S3 were selectedfor further analysisrepresenting

thetoe endandtherearendof the forefootrespectively.

Time Slix Slly Sliz S3x S3y S3z Pitch Yaw Roll
60% -11.4 74.4 -32.1 3.7 -12.8 -6.2 -30.1 -24.1 8.0
100% -2.2 57.6 12.8 1.3 13.1 93.6 -76.8 -14.0 18.0

A 9.2 -16.8 44.9 -2.4 25.9 99.8 -46.7 10.1 10.0

Table 9.22 - Position of studs S3 and S11 and orientation of the shoe at push-off phase

(position in mm, angle in °).

Figure 9.18 - Motion path of studs S3 and S11 in the yz and xz planes (Blue marker

indicates start of push-off phase, purple marker end of push-off phase).

The position of the studsS3 and S11 relativeto eachothercombinedwith the changein
pitch andyaw anglessuggestedhatthe shoewasboth rotatingin the yz planebutalsoa
small rotation in the xy planecausingstud SI1 to move medially and stud S3 to move
laterally. The pitch angle of the forefoot at the start of the push-offphasewas 16.6°
(toe-down). By the end of the movementthe pitch anglehad increasedto 52.1°. This
signified a rate of changein pitch angle of approximately710°s! (12.4 radd). The
changein pitch anglealso affectedthe numberof studsin contactwith the surface. As
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the pitch angleincreasedthe numberof studsdecreasedintil at 95% contacttime, just

the front two toe studswerein contact.

Observingthe motion of the studs during the selectedtime period (Figure 9.18), the
dominantmotion appearedo be a rotation in the yz plane with the centre of rotation
nearerthe toe end of the forefoot, causingthe rear of the forefoot (S3) to rise of the
surfaceat a greaterrate than the toe of the forefoot (S11). This was expectedduring a
natural push-off movement. There was also movementin the xz plane causedby the

changein yaw androll of the shoe.

For the motion in the yz plane, the centre of rotation was calculated using the 2D
Reuleauxmethoddetailedin Chapter5. This approachassumeghatthe movementin
the x direction was negligible. The centreof rotation was calculatedfrom the start of

push-off(0.09s) to the end of push-off(0.15 s).

Figure 9.19 - Centre of rotation and resulting path of movement; blue markers indicate
start of push-off (0.09 s) and purple markers end of push-off phase (0.15 s); dashed lines
represent the motion path assuming a rigid system rotating about the calculated centre

of rotation (red marker).
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Point of
rotation

Figure 9.20 - Fixed system rotation for forefoot during sprint movement in yz plane (blue

indicates starting position and purple represents the position atthe end of movement).

Figure 9.19 showsthe centre of rotation for the push-offstageof the movement. The
resultingmotion pathis also shownassuminga fixed system(Figure 9.20). As shown,
for the rearforefoot stud (S3), the motion pathresultingfrom a fixed centreof rotation
provides a good match for the measuredmotion path. However, the toe stud (Sil)
resulting path doesnot follow the exactshapeof the measuredath; whilst it appeared
that the rear of the forefoot was rotating, the toe end of the forefoot potentially also

underwentposteriortranslationwhich modified the curvatureof the pathin the yz plane.

One of the assumptionsmadeusing this approachwas that the studsonly movedin the
yz plane;there was however9.2 mm lateral and 2.4 mm medial of movementin the x
direction seenin the rearforefoot (S3) and toe end of the forefoot (SI 1) respectively.
The x displacementvas approximatelyone third of the movementseenin they andz

directions.

The distancebetweenstuds S3 and Sil in 3D was91.9+ 0.2 mm andin 2D in the yz
plane91.2+ 0.2 mm. A differenceof 0.7 mm was seenbetweenthe actual 3D position
andthe 2D approximation. This differencewas considerednegligible comparedto the
potential propagatederror inherentin the stud position calculation (maximum + 2.2

mm) suggestinghatthe dominantmotion occurredin the yz plane.

A concernwhenobservingthe movementof the shoeduring the push-offphasewasthat
excessiveflexion of the mid-foot could introduce error into the derivation of the
forefoot stud positions. The distancebetweenthe markerP3 and P5 on the side of the
shoe was calculatedat eachtime step to ensurethat the shoe was not flexing. The

distancewas 82.8 £ 3.1 mm (x 1SD). The standarddeviationwas approximately3.6%
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of the distancebetweenthe markers.This deviation was not deemedlarge enoughto

suggesthatthe shoewasflexing excessivelyduring the movement.

The shoe left the surface with a resultantvelocity of marker P3 of 3.37 msl The
componentf the velocity were: vx = -0.12 ms), vy = 1.57ms], vz - 2.98 msl. The
anterior-posterioand vertical velocity componentsvere greaterthanthoseobservedon
impact. This could suggesthatthe accelerationvasobservedwith the shoeleavingthe

surfaceat a greatervelocity to impact.

9.6.2 Side-cut analysis

Player2 side-cuttrial 4 (P2C4) was chosenas the representativeplayerfor the side-cut
movement. The vertical accelerationof marker Pl was usedto identify the time of
initial foot-strike. Initial foot-strike was in a toe-up position, predominantlyon the
lateral side of the shoe. After foot-strike, full shoe contactwas observeduntil the
participanthad changeddirection and underwentthe push-offphasein a similar style to
the sprint movement. For this reason,the position of stud S3 was usedto identify the
three stagesof motion; foot-strike, transition and push-offas it was in contactwith the
surfacefor longer. Similar to the sprint movement,the orientation and position of the

shoewasusedto identify the phases.

Figure 9.21 - Visual image of the left shoe during the side-cut movement (from -20 to

120% contact time, at 20% (0.06 s) intervals; motion from right to left).
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Figure 9.22 - Orientation of the shoe during the side-cut movement (200 Hz); green to red
markers = foot-strike phase, red to blue markers = transition phase, blue to purple

markers = push-off phase.

Time (s)

Figure 9.23 - Horizontal (y) displacement of stud S3 during the side-cut movement.

Time (s)

Figure 9.24 - Vertical (z) displacement of stud S3 during the side-cut movement.
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Figure 9.25 - Horizontal (x) displacement of stud S3 during the side-cut movement.

The yaw and roll angle changedat a nearconstantrate during the movementwhereas
the pitch angle was observedto lessenthe rate of changeduring the time phase20 to
60% contacttime. During this time therewas also a decreasedn the rate of changein

the vertical direction of stud S3. Consequentlythe following phaseswereidentified:

e Foot-strike= 0 to 20%
« Transition= 20 to 60%

e Push-off=60to 100%

These are the same percentagecontacttime as the sprint movement. However, the
duration of contacttime for the side-cutmovementwas doubled;with the side-cuttrial

havinga movementphaseof 0.3 s comparedto 0.15 s for the sprinttrial (P6S2).

a) Foot-strike

The shoeinitially landedin atoe-uppositionwith a pitch angle of 14.3°. The shoewas
also externally rotatedwith a yaw angle of 21.4° (toe-out) and an inward roll angle of
37.6°. The high inward roll angle resultedin the medial sided studs impacting the
groundfirst. During the selectedfoot-strike phase,the pitch angle reducedto 4.9° and
the roll anglereducedto 24.9° causingthe shoeto be at a flatter angle on the surface,
althoughstill predominatelyon the medial side. The yaw angle increasedduring the

foot-strike phase furtherincreasingthe externalrotation by 6.3°.

The shoeimpactedthe surfacewith a resultantvelocity of 1.43 msl. The components

of the velocity were: vx = -1.38 msl, vy = 0.15 ms], vz - -0.33 msl This differed
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significantly from the sprint movementwith the dominantvelocity componentactingin

the lateral (-ve x) directionas opposedo anteriorly (+vey).

As the shoeimpactedfirst on the medial side, stud S2 was the first studto contactthe
surface. The motion of studsSI, S2 and S3 representinghe lateraland medial sidesof
the heelandthe lateral rearof the forefootrespectively,during the initial stagesof foot-

strike were analysed.

Time Six Sly Slz S2x S2y S2z S3x S3y S3z
0% 0 0 0 26.5 155  -18.7 -51.0 126.1  32.1
20%  -11.3 15 -4.7 17.6 17.8  -185 -76.4 1250 5.9
A -11.3 15 4.7 -8.9 2.4 0.2 254 -1.1 -26.2

Table 9.23 - Position of studs S1, S2 and S3 (in mm)

Overthe 0.06 s of the initial foot-strike phase the heelstudsS! and S2 movedlessthan
5 mm in the vertical (z) direction. Movementin the anterior-posteriofy) directionwas
similarly small. In comparison,significant motion was observedin the lateral (-ve x)
direction. At 0.06 s after foot-strike, both studs SI and S2 reach maximum lateral
displacement. The rear of forefoot (S3) also had substantiallateral motion but also
showedlarge displacementsn the z direction. This was primarily due to the changein
pitch angleof the shoe. The differencein vertical displacemenbetweenthe medial stud
(S2) and lateral studs(SI, S3)is likely to haveoccurreddue to the changein roll angle
of the shoe(-12.7°). In comparisonto the changesin pitch and roll angles,the change
in yaw anglewas small (+6.3°) and althoughmay contributeto the differencesin lateral
displacementf the studsit is unlikely to be the sole contributor. Stud S2 hasvery little
motion in any direction otherthan laterally. This suggestshatthe shoeis slipping on
the surfaceas it undergoesa changein orientation. The potential slip distanceof the
shoewas 8.9 mm. Usingthe McGorry etal. (2007) classification,the slip is described
as a micro-slip but is unlikely to have beenperceivedby the participant. The speedof
the slip was approximately 150 mmsl. The lateral displacementof the heel studsis
very rarely assessedvhen undergoingtraction testing but slipping at the early stagein

the side-cutmovementcould affect performanceor injury.
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b) Transition phase

The transition phaseof the side-cutmovementwas selectedto be 20 - 60% movement
time (0.06 - 0.18 s afterimpact). During this time period therewas little changein the
pitch or yaw angles of the shoe (-6.5° and 5.6° respectively). There was however
notablechangein the roll angleof the shoe,reducingfrom 24.9°to 12.4°. The position
of studs Sl, S2, S3 and Sil, representingthe lateral and medial heel, rear of forefoot
and toe respectively,were analysedto determinewhetherthe shoe was slipping or

rotatingduring the transitionphase.

Time Six Sly Slz S2x S2y S2z
20% -11.3 15 -4.7 17.6 17.9 -18.5
60% -5.8 -1.0 -3.9 23.5 18.0 -12.1

A 5.5 -2.5 0.8 5.9 0.1 6.4

Table 9.24 - Position of lateral (S1) and medial (S2) heel studs (in mm).

Time S3x S3y S3z Slix Slly Sliz
20% -76.4 125.0 59 -90.1 210.0 -7.4
60% -82.7 115.9 -7.1 -106.9 200.8 -11.5

A -6.3 -9.1 -13.0 -16.8 -9.2 -4.1

Table 9.25 - Position of rear of forefoot (S3) and toe (S11) studs (in mm).

The greaterchangein the vertical position of the medial heel stud comparedto the
lateral side emphasisesthe changein roll angle of the shoe. The forefoot studs
displayeda greatervertical displacementhan the heel studswhich could be causedby
the small changein pitch angle of the shoe. Very little changein the anterior-posterior
direction was seen for either heel stud. However, both the forefoot and toe studs
showeda displacementin the posteriordirection of approximately9 mm. All studs
displayeda medial-lateraldisplacementwith the heel studs moving medially and the
forefoot studslaterally. The toe stud (Sil) also showedgreaterlateral displacement.
Despite the small changein yaw angle of the shoe, the differencesin medial-lateral
position of the heel and forefoot studs suggestedthe shoe may be rotating. The
observationof the greaterlateral displacementat the toe end of the forefoot and the
inversein medial-lateraldisplacemenbetweenthe heel and the forefoot suggestedhat

the point of rotationmay be situatednearerthe heel.
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Shoe rotation was therefore investigated in the xy plane assuming no vertical

displacementthe centreof rotationwas found usingthe Reuleauxmethod.
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Figure 9.26 - Centre of rotation of the transition phase in the side-cut movement (shaded

area indicates = 1 SD for the calculation of the centre of rotation).

The centre of rotation was locatedon the medial side of the heel as anticipated. The
standarddeviation of the intersectionof the perpendiculamisectorswas = 18.0 mm.
This is greaterthanthe standarddeviation seenin the location of the centre of rotation
in the sprintmovementpbut still only represent8% of the distancefrom the rearheelto
the front toe stud. Typically during traction testing, the centreof rotation is positioned
in the middle of the forefoot, rotating aboutthe heel is again not a movementoften

considered.

c) Push-offphase

The push-offphasewasthe final 60 - 100% movementtime. During this stage,similar
motion to the push-offphasein the sprint movementwas observed. There was little
changein the yaw androll anglesofthe shoe(+1.8°and-4.8°) but notablechangein the
pitch angle of the shoe (49.1°) to a toe-down position. During this stage of the
movement,the heel rotated off the surfaceleaving only the forefoot studsin contact.
Table 9.26 and Figure 9.27 outline the changein position of the heel, rear of forefoot

andtoe studs(Sl, S3 and Sil respectively).
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Time Six Sly Slz S3x S3y S3z Slix Slly Sliz
60% -5.8 -1.0 -3.9 -82.7 115.9 -7.1 -106.9 200.8 -11.5
100% -15.1 48.9 152.8 -88.1 134.2 69.7 -109.4 197.3 11.0

A -9.3 49.9 156.7 -5.4 -18.3 76.8 -2.5 3.5 22.5

Table 9.26 - Position of studs S1, S3 and S11 (in mm).

Figure 9.27 - Position of studs S1, S3 and S11 in the xz and yz planes (blue markers

indicate start of push-off (0.18 s) and purple markers end of push-off (0.28 s)).

The dominantdisplacementvasin the yz plane similar to the sprint movement. Figure
9.28 showsthe differencein the motion pathsof studsS3 and Sil during the push-off
phase(60 - 100%)for eachmovement. The yaw position of the shoewas different for
each movement(24.1° for the sprint and 33.3° for the side-cut) leading to potential
discrepanciesn the motion paths. However, despitethe differencein yaw angle, the
motion path of the rearof forefoot stud S3 was similar for both movements. The sprint
movementstartedin a toe-downposition,with the shoein the side-cutmovementbeing
at a more neutralangle at the startof push-off. The mostnotabledifferencewasin the
motion path of the toe stud Sil. The sprint movementshowed a clear posterior
translationof the shoewhich also actedvertically downwardsat the commencemenof
push-off. This was not as notablein the side-cutmovementand could indicatethatthe
slight posteriorslip of the toe was seenin the sprint movement. The resultantdirection
in the sprintmovementwas also in the anterior-posteriodirection whereasthe side-cut
intended trajectory was at 45° to this. However, small translationsin the lateral

direction of the forefoot studswere seen(> 5 mm) asnotedin the sprintmovement.
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Figure 9.28 - Motion path of studs S11 and S3 during the push-off stage in the sprint and

side-cut movements.

The shoe left the surfacewith a resultantvelocity of marker P3 of 2.24 msl. The
componentsf the velocity were: vx = 0.14 msl, vy - 1.55msg], vz - 1.61 msl The
horizontal velocity componentswere similar to the sprint push-offmovement,with the
lower resultant velocity causedby a significantly lower vertical component. This
suggestghat during the push-offmovement,the participantwas not acceleratingaway

from the surfacewith the sameemphasisas seenin the sprintmovement.

9.6.3 Kick analysis

A representativerial (P2K3) from the largergroup was selectedfor the kick movement.
The shoe was observedto land in a toe-up position, as such, marker Pl was usedto
identify the time of initial foot-strike using the vertical acceleration. The kick
movementdiffered from both the sprint and the side-cutmovementas there was no
definedtime of push-off. During the kick movement,the important stagewas during

ball contactwith the kicking foot. Slipping or loss of traction of the plantedfoot during
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this time phasecould affect the final trajectory or speedof the ball. Figure 9.29

illustratesthe plantedfoot position at foot-strike,ball contactand end of the movement.

Figure 9.29 - Visual image of planted left foot during the kick movement at foot-strike,

ball contact, end of ball contact and end of movement (motion from right to left).

For this trial, ball contactoccurredat0.127 s afterimpact(49% movementtime). The
pitch orientationof the shoeprior to this time was usedto define the transitionbetween

the foot-strike phaseandball contactphase(Figure 9.30).

Time (%)

Figure 9.30 - Pitch angle of the planted foot during kicking.

During the time period 25 - 65% contacttime, a changein pitch angleof only 8.9° was
observedas the shoe moved from 1.1° (toe-up) to -7.8° (toe-down). Ball contact
occurredat approximately50% movementtime wherethe shoewas at a pitch angle of -
-3.9° (toe-down). The changein pitch angleduring this time was minimal comparedto

the initial changein pitch angle from 0 to 25% contacttime (17.9°) and as such, the

following phasesvere defined:

e Foot-strike= 0to 25%
+ Ball contact= 25 to 65%
e Endphase= 65to 100%
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The initial foot-strike phaseand ball contactphasewere further analysedto investigate

the interactionbetweenthe shoeandthe surfacefor this movement.

a) Foot-strike

Similarly to the side-cutmovement,the shoewas observedto land in a toe-up position,
althoughat a slightly higherangle (19.0°). A toe-outposition of the shoewas also seen
with a yaw angle of 32.1°. The orientation of the shoe differed from the side-cut
movementwith the lateral side of the shoecominginto contactfirst with a roll angle of

29.8° (outwardroll).

The shoeimpactedthe surfacewith a resultantvelocity of 2.64 msl. The components
of the velocity were: vx = 1.47 ms), vy = 2.00 ms], vz - -0.91 msl This was the
highestresultantvelocity seenout of the three movementsanalysedwith significant

influencingcomponentsn the medialand anteriordirections.

During the selectedfoot-strike phase(0 - 25%) the shoe underwentchangesin pitch,
yaw and roll and in all three displacementdirections. Table 9.27 and Table 9.28
highlight the differencein orientationand position of the lateral heel (SI), medial heel

(S2) andrearforefoot (S3) during the selectedtime period.

Time Six Sly Slz S2x S2y S2z S3x S3y S3z
0% 0 0 0 26.4 9.8 22.3 -74.4 111.6 38.3
25% 42.3 24.6 -22.4 73.0 42.0 -14.9 -26.9 146.3 -20.0

A 42.3 24.6 -22.4 46.6 32.2 -37.2 47.5 34.7 -58.3

Table 9.27 - Position of studs S1, S2 and S3 (mm).

Time Pitch Yaw Roll
0% 19.0 -32.1 29.8
25% 1.1 -29.7 11.4

A 17.9 2.4 18.4

Table 9.28 - Orientation of the shoe (9.

The most dominant displacementdirection was medially with the shoe moving
approximately45 mm. Significant motion was also observedin the anteriordirection

with 25 - 35 mm of displacementecordedfor the heel and forefoot studsrespectively.
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Vertical displacementof 22.4 mm was observedfor the lateral heel stud, the vertical
displacementof the medial stud was greaterat 37.2 mm. This differencein vertical
positionbetweenthe medialandlateralheelstudsis representedn the high outwardroll
angle observedon impact. By 25% movementtime, the roll angle had lessened,
reducing the medial-lateral heel difference to less than 10 mm. The forefoot stud
showeda vertical changein position of 58.3 mm. This was notably greaterthan either
of the heel studs. The differencein vertical motion of the forefootand heelis dueto the
changein pitch angle of the shoe. Very little changein yaw anglewas observedduring

theimpactphase.

The consistencyof horizontaldisplacemenin both the medialand anteriordirectionsof
both medial and lateral heel studsand the forefoot stud suggestghat althoughthe shoe
was undergoingchangesin pitch and roll angle, it was also translatingin a medial-
anteriordirection, predominantlyon the lateral side of the shoe. This angleof shoeand

translationdirectionis againa scenariorarely testedin tractionassessments.

b) Ball contact

The motion of the plantedfoot during ball contactcould influence the trajectory and
resultantspeedof the ball. For the selectedtrial, ball contactwith the kicking foot
occurredat0.127s (50%) afterimpact. The movementtime 25 to 65% was analysedo

assesdor changedn orientationor shoeposition of the plantedfoot.

Time Six Sly Slz S2x S2y S2z S3x S3y S3z
25% 42.3 24.6 -22.4 73.0 42.0 -14.9 -26.9 146.3 -20.0
50% 395 26.8 -12.0 71.4 43.0 -7.8 -22.9 151.9 -20.6

65% 31.8 24.0 -4.5 64.4 39.3 -2.2 -26.1 150.3 -21.9

Table 9.29 - Position of studs S1, S2 and S3 (mm).

Time Pitch Yaw Roll
25% 1.1 -29.7 11.4
50% -3.9 -26.5 8.5
65% -7.8 -24.5 7.0

Table 9.30 - Orientation of the shoe (°).
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From end of foot-strike (25%) to ball contact(50%) the most dominantdisplacement
changewas in the vertical direction. Approximately2 mm of movementwas seenin
the horizontaldirectionscomparedto just lessthan 10 mm in the vertical motion of the
heel. This suggestghat asthe kicking foot movedfrom behindthe body to in line with
the plantedfoot, the transferof weight causedthe plantedfoot to compressfurther into
the surface. From the startto the end of the ball contactphase(50 - 65%) displacement

in the horizontaldirectionwasgreater,but not notably so.

Throughoutthe ball contactphase,the pitch angle changedby 8.9° as the foot moved
from atoe-upto atoe-downposition. This changewas minimal and togetherwith the
greatervertical displacementf the heelcomparedto the forefoot suggestedhe weight
was being transferredfrom the heel to the forefoot as the kicking leg swung through.
The yaw angle changedby 5.2° and the roll angleby 4.1°. Both changeswere small

comparedo the initial changein angleduringthe impactphase.

Although slight translationsandchangein orientationwere observedthroughoutthe ball
contactphase,the overall motion of the shoewas minimal suggestingthat for this trial,

the plantedfoot remainedstablethroughoutthe movement.

9.7 Chapter summary

Data collection

Approximately60% of the trials capturedusingthe DoncasteRoversYouth teamwere
suitablefor tracking, resultingin over 23,000markercoordinates. Postprocessingwas
then carried out on the tracked markersto give stud coordinates,shoe orientation and
velocity at eachtime step (at 1000 fps). The accelerationof the impacting markerwas

usedto normalisethe time and markercoordinatesvere setto the origin at this time.

Statistical analysis

The orientationand velocity on foot-strike and push-off(sprintonly) were identified for
each successfultrial. These values were then used as variables for comparison.
Statistical analysis was performed on each group to identify outliers or further

groupings. Due to the samplesize for the sprint and the side-cut,only outliers were
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identified. K-meansclusteranalysison the kick resultssuggestedhatthe datacould be

split into groupsof high or low impactangles.

Movement analysis

Representativeplayer trials for eachmovementwere selected. The trial closestto the
meanfor all threeangleswas chosen. The representativeplayertrial was then usedin
the next stage of post processing;visualisationand informatics. For eachmovement
trial, the motion was divided into distinct stagesbasedon the position and orientationof
the shoe. For the sprint and side-cut movement,foot-strike, transition and push-off
phaseswere highlighted. For the kick movement,the importantphasewas considered
to be whenthe kicking foot madecontactwith the ball contactand so two phasesfoot-
strike and ball contactwere selected. Particularattentionwas taken on the translation
and rotation of the shoe during the transition stage; with changesin translationbeing
early indicators of the shoe slipping during contactwith the surface. The following

conclusionsweredrawn for eachmovement.

During the sprint movement the shoe initially landed in a toe-down position.
Immediately after foot-strike, there was slight posterior motion of the shoe but also
changein yaw and roll angleslesseningthe significance of any displacement. The
change in medial-lateral displacementduring the transition phase was partially
attributedto arotation of the forefootabouta point positionedanteriorof the medialtoe
studs. During the push-offphasea potentialmicro-slip of 16.8 mm of the toe studswas
observed. During this phasethe shoewasrotatingin the yz planecausingthe rearof the
forefootto rise at a greateratethanthe front. Usingthe Reuleauxmethod,the centreof
rotation was estimatedto be slightly above the toe. The motion path of the rear of
forefoot studs matchedthe predicted path using a fixed system aboutthe calculated
centre of rotation. However, the motion path for the front toe stud differed from the
predicted path implying that the toe may be susceptibleto posteriorslip during this
phase. In the final momentsof push-offonly the front two toe studswere in contact
with the ground. The potential slip during this period could indicate that additional

studsor a changein studorientationis requiredto improvethe tractionperformance.

For the side-cutmovementthe shoe was observedto land in a toe-up position with
slight yaw (toe-out) and significantroll (inward) angles. This causedthe medial side of

the shoeto comeinto contactwith the surfacefirst. During the initial stagesof foot-
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strike significantmotionin the lateraldirectionwas seen(8.9 mm). Althoughthe lateral
motion was accompaniedby a changein roll angle of the shoe, the displacement
occurredpredominantlyon the medial side of the shoe. This is a direction and shoe
orientationrarely assessedh traction testingbut slip during this early stagein the side-
cut movementcould potentially causeinjury or impede performance. During the
transitionphase,a greatermedial-lateraldisplacementf the forefoot studscomparedto
the heel studsindicatedthatthe shoewasrotating. The centreof rotation was estimated
to be positionedon the medial side of the shoe,nearthe front heel stud. The standard
deviationof the intersectionof the perpendiculabisectorswas 18.0 mm. This suggests
thatthe centreof rotationis subjectto someerrordueto the changein orientationof the
shoeduring this stage. It doeshoweverindicate a potential rotation configurationthat
againis not assessedn traction testing. The push-offphaseof the side-cutmovement
was very similar to the sprint movement. The side-cutmotion did not howeverdisplay
the posteriorslip of the toe studsheighteningthe importanceof that motion in the sprint

movement.

The plantedfoot during kicking was also observedto land in a toe-up position with a
notableyaw angle (toe-out). But for the kick movement,the shoelandedwith outward
roll ratherthaninwardroll asobservedn the side-cut. This leadthe lateral heel studsto
come into contactwith the surfacefirst. The resultantvelocity on foot-strike was
greatesffor the kick movementand actedpredominantlyin the medialdirection. During
the initial stagesof foot-strike, the pitch androll anglesreducedcausingthe shoeto be
at a flatter angleto the surfacewith both the forefoot and heel in contact. During the
phaseleadingto and directly following ball contactwith the kicking foot, no notable
movementof the plantedfoot occurred. Slight changesin pitch angle and vertical stud
positionwere observedbut attributedto the changein centreof massas the kicking leg

swungthrough.

The following figures summarisethe motion of the shoe for each of the three

movements.
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Sprint movement

Time (% contact):

Dominantmovement
direction:

Centreofrotation:

Orientation at start
ofphase:

Changein
orientation:

Foot-strike

0-20%

Posterior

N/A

(-16.2°,-24.8°0.6°)

Reductionin pitch
(+2°)

Transition

20 - 60%

Posterior& medial

Medial forefoot

(-14.9°,-23.0°,-1.0°)

Increasein pitch (-
15°), increasein roll
(+9°)

Push-off

60- 100%
Posterior

N/A
(-30.1°,-24.1°, 8.0°)
Increasein pitch (-
47°), decreasen yaw

(+10°), increasen
roll (+10°)

Figure 9.31 - Summary of shoe motion during the sprint movement.

Side-cut
movement

Time (% contact):

Dominantmovement
direction:

Centreofrotation:

Orientation at start
ofphase:

Changein
orientation:

Figure 9.32 -

Foot-strike

0-20%

Lateral

N/A
(14.3°,-21.4°,-37.6°)
Decreasén pitch
(-5°), increasein yaw

(-6.3°), decreasen
roll (+12.7°).

Transition

20 - 60%

Externalrotation

Medial heel

(4.9°,-27.7°,-24.9°)

Decreasean roll
(+12.5°).

Push-off

60-100%

Posterior

N/A

(-1.6°,-33.3°,-12.4°)

Increasein pitch
(-43°).

Summary of shoe motion during the side-cut movement.
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Foot-strike Ball contact

Kick movement

Time (% contact): 0-25% 25 - 65%

D i . . . .
.oml.nantmovement Anterior & medial Stationary Anterior

direction:

Centreofrotation: N/A N/A N/A

Ori tati t start
rentationatstart — 19.0°,-32.1°29.8°)  (1.1°,-29.7°,11.4°)  (-7.8°,-24.5°,7.0°)

ofphase:
Changein Decreasén pitch (- Minimal, slight Increasein pitch.
orientation: 18°), decreasean roll decreasen pitch

(-18°) (-8.9°)

Figure 9.33 - Summary of shoe motion during the kick movement.

The next stageof the study would be to expandthe datacollection to include a wider
population with a range of different shoes, surfacesand movements. However, the
intention of the study at this level was to provide an example of how the 3D
measurementsystem can be used to aid in the understandingof the shoe-surface
interaction. The resultscan have an implication on both the approachusedin traction
testingmethodologiesandin outsoledesign. The nextchapterspeculateon whatthese

implicationsmightbe usingthe datacollectedat DoncasteiRoversFC asan example.

-209-



10 INFLUENCE OF SHOE-SURFACE INTERACTIONS ON TRACTION

TESTING PARAMETERS

10.1 Introduction

Although the datasetcollectedat DoncasteRoversFC was limited in both samplesize
andtestvariables,the in depthanalysisof the threerepresentativanovementtrials was
successfullyusedto give an indication on the level of detail availableby using the 3D
measurementsystem. The post processinganalysis of the 3D marker coordinates
enabledinformation on stud position and velocitiesto be obtainedeventhoughthe studs
were not visible due to penetration into the surface. This provided further
understandingnto the shoe-surfacenteraction giving rise to detailed information on
possibletranslationsand rotationsduring the foot-strike, transition and push-offstages

in eachmovement.

The knowledgegainedfrom the datacollectedto datewas usedto lay the foundations
on how further understandingthe shoe-surfaceinteraction can influence the test
parametersused in assessingthe traction performanceof outsoles. Three traction
testing methodologiesevaluatedin Chapter3 were further investigatedin light of the

resultsfrom playertesting.

10.2 Mechanical traction testing

The adidastraction testing device was used as an examplemechanicaltest method as
detailed information on the current testing procedureand limits of the device were

available(Table 10.1).

Testdistance Maximum distance Testspeed Maximum speed
Translation 50 mm 450 mm 10 mms| 300 mms!
Rotation 60° 180° 12°s’ 200°s!

Table 10.1 - Current test parameters and limits of the adidas traction tester, total load =

69.3 kg.

A fixed lastwith shoeangle 18.1° (pitch) was usedfor the collection of datain Chapter
3. No set shoe angle is defined in the standardtest procedurewhich can lead to

inconsistencieswithin testrepeats. A shoeangle of 18.1° generallyenabledonly the
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forefoot of the shoeto be in contactwith the surface,however,on softergroundor with
shoeswith longer stud length, the heel studs also cameinto contact. This again can

causedifferencesbetweentests.

Two optionspresenthemselvesvhen consideringthe realismof the currentmechanical
traction testing device and how the observationsof the shoe-surfacenteractionduring

football relatedmovementsnay influencethe testingparameters:

1) Modification of the test parametersof the existing device to better suit the
actualrotationandtranslationdistancesand speeds;

2) Redesignofthe deviceto bettermimic the completeshoemotion.

Both approachesvereconsidered.

10.2.1 Recommendations for existing traction testing device

The currenttestset-upallows the shoeto be movedin translationor rotation. The angle
of the shoecanbe modified to accountfor differentshoeorientations,althoughthe shoe
angle mustremain fixed during testing. To ensurea full range of boundaryconditions
are tested, all three movements (sprint, kick and side-cut) need to be taken into
consideration. Analysis of each movementshowedthat the motion of the shoe was
complex and to fully replicate complete motion, changesin orientation and position
must be applied simultaneously. This is not possibleusing the currenttraction tester
andthereforethe movementneededo be simplified. To do this, the critical time period
wasidentified whereit was estimatedthatthe participantwas at mostat risk of slipping.
The motion of the shoe during this time period was assessedand suitable
approximationsfor the translation and rotation of the shoe were made. Loads were

estimatedfrom the force-platedataobtainedin Chapter8.

a) Selection of critical slip time

The first stagein identifying appropriatetestparametersvasto identify the time during
each movementwhere the player was thoughtto be at greatestrisk of slipping. This
assessmentan be very subjectiveand is strongly dependenbn surfaceconditionsand
selection of footwear. The following approachused the single participanttest data

collectedon aforce-platein the laboratorywith artificial turf (Chapters8).
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Identifying risk factors

The following factorswere selectedas beinginfluential on the likelihood of slipping:

1. Ratio of horizontalto vertical force;
Magnitudeof horizontalforce;

Magnitudeof horizontalvelocity;

B ow D>

Numberof studsnotin contactwith the ground.

Theratio of horizontalto vertical force is often referredto asthe requiredcoefficientof
friction (RCOF). As the requiredcoefficientof friction becomescloseto or greaterthan
the availablecoefficientof friction (traction)the risk of slippingincreases.However,as
both the vertical and horizontal force approachzero (occurring on foot-strike and the
later stagesof push-off) the ratio increasesapidly, tendingto infinity. This can mask
other areasof importanceduring the movement. To overcomethis, the magnitudeof
the horizontalforce is alsotakeninto considerationwith the hypothesisthatthe greater
the horizontalforce, the greaterthe risk of slipping. The ratio of horizontalto vertical
force hasbeenusedin literatureto indicate periodsrequiring high traction requirements

(Shortenetal. 2003, Luo and Stefanyshyn2011).

The horizontal velocity was includedto incorporatethe movementof the shoeduring
contact. If the horizontal velocity on foot-strike is greaterthan on push-off, this could
indicatethatthe foot-strike hasa greaterrisk of slipping thanpush-off. Slipping during
surfacecontactwould also be registeredwith an increasein velocity. The numberof
studsnot in contactwith the surfaceis an importantconsideration;ideally, to increase

the level of traction, all availablestudsshouldbein contact.

Each factor was calculatedas a percentageof the absolutemaximum seenduring the
movement. For the side-cutand the plantedfoot in kicking, the numberof studsnotin

contactwasnotincludedasit wasnot possibleto seethe studsdueto the cameraangles.
For these two movements,the horizontal force and velocity in the medial-lateral

directionin additionto the anterior-posteriodirectionwasincluded.

Each risk factor was examinedand an overall grip factor given by calculating the
normalised mean of all contributors. A high grip factor indicated a high level of

tractionwasrequiredduring the selectedphaseof the movement.
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Sprint grip factor
Forthe sprintmovementthe following were assessed:

« Horizontalforce in therunningdirection;
« Ratioof horizontalto vertical force;
e Velocity of the lateral metatarsal-phalangeatudin the running direction;

e Numberof studsnotin contactwith the surface.

Figure 10.1 - Percentage of absolute maximum for contributing grip factors in the sprint

movement.

The horizontal force reacheda maximum at 70% contacttime. This was previously
termedtime of peak push-offand corresponddo the time the foot is rotating with the
forefootin contactand the heel pitch angleincreasing. The peak of the vertical force
occurredearlierthan this, leadingto the later peakin the ratio of horizontalto vertical
force (at 80%). Therewasalsoa peakin RCOFatthe beginningof the movementwhen
both horizontal and vertical forces were small. The velocity decreasedrom 20% of
maximumto nearstationaryat 10% contacttime but rapidly increasedat the peakpush-
off (70 - 80% contacttime). Similarly, asthe heelpitch angleincreasedhe numberof
studsin contactwith the surfacereduced;at the last momentsof push-off, only the two
toe studswerein contact.
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An overall grip factor for the sprint movementwas calculatedfrom a normalisedmean
of the abovecontributorswith equalweighting for each.Using a safetyfactor of 2 (i.e.
grip factor of 0.5) the period mostat risk from slipping was 60 - 100% contacttime

(Figure 10.2).

Figure 10.2 - Resulting grip factor for the sprint movement with a safety factor of 2.

The resulting grip factor indicated that the push-off phase of the sprint movement
potentially required a higher level of traction than the initial foot-strike phase. The
consequenceof slipping during this time period could result in the player unable to
accelerateto their full potential, or slip forwards onto the surfaceif their body weight

was alreadycommittedto the movement.

Planted kicking foot grip factor

For the kick movement,the medial/lateral(x) force was also includedas a contributing
factor allowing two force ratios to be calculated,i.e. RCOFx = Fx/Fz and RCOFy =
Fy/Fz. Unlike the sprintmovementthe kick movementdisplayeda high velocity in the
medial direction on foot-strike. The velocity in the anteriordirection was also high on
foot-strike, but also showeda peaktowardsthe end of the movementas the foot began
to move off the surface. The anterior-posteriorforce reacheda peak at 40% of the
movement time, whereasthe medial-lateral force peaked slightly earlier at 20%
movementtime. However, despite the early peaksin horizontal force, the ratio of
horizontalto vertical was greatesfat the latter stagesof the movement. The normalised
meanof the contributingfactorswas againcalculatedto seewhich stagewas potentially

at greatestisk of slipping.
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Magnitude (%) Magnitude (%)

Magnitude (%)

Figure 10.3 - Percentage of absolute maximum for contributing factors in the kicking

movement.

Figure 10.4 - Resulting grip factor for kick movement with a safety factor of 2.

-215-



Figure 10.4 showsthat the time of greatestrisk of slipping was between5 and 25% of
contacttime. This highlights that the important stagein terms of ensuringthere is
sufficient traction in the kick movementis on foot-strike, whereasfor sprinting the
push-offis potentially moreimportant. For the kick movementpball impactoccurredat
approximately47% of contacttime. This falls after the selectedcritical period but
previous analysis of shoe motion during kicking indicated that minimal shoe motion

wasobservedafter 25% contacttime (Chapter9).

The consequencef slipping during the highlightedtime period could affectthe playefs
kicking performanceas slip occurs before contact with the ball. A changein the
positioningof the supportfoot could affectthe trajectoryand placementof the ball; this
was mostrecentlyshownduring the Walesv FranceRugbyWorld Cup 2011 semi-final
whereJamesHook's plantedfoot slippedduring the penaltykick causingthe ball to go
wide. A ‘greasy surfacecausedby a shortrain showerbeforethe gamewas primarily
blamedfor Hook's slip (Rugby World 2011). Figure 10.5 illustratesthe high outward
roll angle seenon foot-strike causingthe traction requirementsto be heavily weighted
on the lateral side of the shoe. Using the diameterof the ball as a point of reference an
estimateon the slip distanceof the plantedfoot was made. The foot was observedto
slip approximately24 cm in a medial-anteriodirection;this was much higherthan any
translation distanceobservedduring player testing, highlighting the effect of surface

conditionson the shoe-surfaceénteractions.

Figure 10.5 - Slip of the planted foot during Hook's penalty kick during the Wales v

France World Cup semi-final, 2011 (Screen shots taken from video from ITV pic. 2011).
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Side-cut grip factor

Forthe side-cutmovement,the force and velocity in the medial-lateraldirection (Fx) as

well as anterior-posteriodirection (Fy) werealsoincluded.

Figure 10.6 - Percentage of absolute maximum for contributing factors in the side-cut

movement.

The magnitude of the force acting in the anterior/posteriordirection (Fy) was less
consistenthan for the othermovements. The medial/lateralforce (Fx) shapewas very
similar to the kick movementreachinga peakat approximately40% contacttime. The
required coefficient of friction in the anterior/posteriordirection was greatestat the
beginningof the movementwhereasin the medial/lateraldirectionthe RCOFremained

at a level of 40% for the majority of the movement,with a minimum dip at the
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beginningand a maximum rise at the end of the movement. This suggestedhat the
motion in the medial/lateraldirection is an importantfeature of this movement. The

normalisedmeanof the contributingfactorswascalculatedandis shownin Figure 10.7.

Figure 10.7 - Resulting grip factor for side-cut movement.

Using this approachfor the side-cutmovemento cleartime period of greatestisk was
identified. Both the foot-strike andthe push-offstagerequirea grip factor greaterthan
0.50. Chapter9 identified the side-cutmovementas showing the greatestamountof
translationof the shoe during the contactperiod. The consequencef slipping at any
selectedtime periodis also an importantconsideration. The latter stagesof the side-cut
movementdisplay a propulsivepush-offsimilar to the sprint movement,slipping at this
time period would compromise accelerationand stability in the anterior direction.
Chapter9 highlightedthatthe foot-strike motion of the shoewas uniqueto the side-cut
movement,playerswere observedto land on the medial side of the shoein a toe-up
position. Slipping during this stagecould causethe playerto potentially fall on their
medial side. During the transition phase,the shoe was observedto translatein the
posterior-lateraldirection. Slipping during this phasecould lead to instability in the
anterior-medialdirection. Slipping during any of the aforementionedstagescould
compromiseperformanceand potentially lead to injury by falling. The push-offphase
was similar to the sprint critical time period. As such,two critical time periodsfor the
side-cutmovementwere chosen:initial foot-strike (0 - 20%) and the transition phase

(20 - 60%).
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b) Traction testing parameters

The currenttractiontestingdeviceis limited to replicatingthe translationandrotation of
the shoeindependently. The orientation of the shoeduring the motion cannotchange.
For each movement,the motion of the shoe during the aforementionedcritical slip

periodwasassessednly in termsof translationor rotation.

Translation

For the sprint movement,the final stagesof push-off(60 - 100%) were consideredthe
critical slip period. During this stage,the shoe appearedto pivot abouta point just
abovethe toe of the shoe,rotatingin the yz plane. This rotation matchedthe rear of the
forefoot motion well, but was unableto mimic the slight posteriortranslationof the toe
thatalsooccurred. Rotation of the shoein the yz planeis not possibleusing currenttest
procedures. The pitch angle of the forefoot increasedfrom 16.6° to 52.1° and the y
position of the toe stud, SI'1 moved 17.4 mm posteriorly. The vertical changein the toe
stud was also 17.4 mm. To ignore the changein pitch angle and vertical position
changein the forefootwould notbe fully representativef actualshoemotion; however,
analysisof the critical slip factorsindicatedthatif the participantwereto slip during the

sprint, the later stagesof the push-offwould potentiallyhavethe mostconsequences.

Taking the meanpitch angle during the critical time period and assumingno changein
vertical motion, an approximationof the translationof the shoewas made giving the

following testparameters:

Shoeorientation:Pitch = 35°, Yaw = 0°, Roll = 0°

Translationdistancein y direction: 20 mm (posteriorly)

Translationspeed:350 mms!

Load: 1.2 BW for 80 kg male= 96 kg
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>-> 20 mm at 350 mms!

940 N

Figure 10.8 - Translation of shoe testing conditions to replicate motion during critical slip

period during sprinting.

For the kick movement,the initial foot-strike phasewas selectedas the critical slip
period. During this time, the shoe underwentchangesin pitch, yaw and roll angles.
The translationof the shoewas in both the anteriorand medial direction. The shoewas
in a toe-up position meaningthat the heel studswere primarily in contactduring this
phaseof the movement;this was significantly different to the sprint movementwhere
the heelstudswererarelyin contactwith the surface. Similar to the sprint movemento
estimatethe testparametersthe pitch, yaw androll angleswere kept constantand the
mean shoe angle throughout the critical time period was used. The resultant
displacementirection was calculatedfrom the medial and anteriordisplacemenbf the
shoe; the orientation of the shoe was resetin order for the resultantdirection to be

representedby thetranslationof the tractiontester.

e Shoeorientation:Pitch= 0°, Yaw = 105° (toe-out),Roll = 20° (outwardroll)
e Translationdistancein y direction: 15 mm (anteriorly)
e Translationspeed:300 mms!

e« Load:2.1 BW for 80 kg male= 168 kg
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Figure 10.9 - Translation of shoe testing conditions to replicate motion during critical

slip period in the kick movement.

Forthe side-cutmovementwo importanttime periodswere selectedthe foot-strike and
transition phases. During the foot-strike phase,the shoewas observedto land in a toe-
up andtoe-outposition with notableinward roll. This causedthe medial studsto come
into contactwith the surfacefirst. The predominanttranslationdirection was laterally,
with the heel studsdisplacing 8.9 mm during the 0.06 s of the impactphase. During
this phasechangesdn pitch, yaw androll were observed. To simplify the movementthe

averageorientationwas usedgiving the following testparameters:

e Shoeorientation: Pitch = 10° (toe-up), Yaw = 65° (toe-in), Roll = 30° (inward
roll)

e Translationdistancein y direction: 10 mm (anteriorly)

e Translationspeed:150 mms!

e« Load:0.9BW for 80 kg male= 72 kg
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Figure 10.10 - Translation of shoe testing conditions to replicate motion during critical

slip period in the side-cut movement.

Rotation

The secondtransition phase(20 - 60%) of the side-cutwas also considereda period at
high risk of slipping. During this time, the pitch and the yaw angles remained
approximately level but notable changein the roll angle was observed. Greater
translationof the forefoot studscomparedto the heel studsimplied thatthe shoemay be
rotating during this phase. Rotation of the forefoot was also observedin the contact
phaseof the sprint movement;the centre of rotation of the two movementsdiffered
significantly suggestinghattwo rotationtestsmay be requiredto bestrepresentealistic
conditions. The rotation of the shoeduring this phaseis as equally as importantas the
motion of the shoeduring the critical slip period; excessiveshoetractionduringrotation

canleadto a greaterrisk of ACL kneeinjuries.

The following testparameterswvere derived from using the Reuleauxmethodto assess

the centreof rotation for the sprintand side-cutmovements.
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Sprintrotation Side-cutrotation

250 250
200 A 200
[ ] [ ]
X
150 & 150
n
100 100
50 50

o
P —

g 50 100 0 50 100
Centreofrotation: X(68.2, 165.2) Centreofrotation X (30.5,49.1)
Orientation: Forefootonly Orientation Completeshoe
Angle of rotation: 12° (externally) Angle of rotation  6° (externally)
Speedof rotation: NOWV Speedofrotation 60°s!
Load: 1.7BW = 135kg Load 1.7B\V= 135Kkg

Table 10.2 - Test parameters for rotation of forefoot and complete shoe replicating the

sprint and side-cut movements (stud positions for size UK 9.5, distances in mm).

Summary of test parameters

From the assessmenaf the motion of the shoeduring the critical slip time periodsfor
the three movementsfive testscenarioswere suggested. The translationsof the shoe
representthe push-off stage during sprinting, and the initial foot-strike phasefor the
kick and side-cut movements. The translation testing recommendationsincluded
posteriormotion of the forefoot, anterior-lateralmovementof the complete shoe and
anterior-medialmovementpredominantlyon the heel. The rotations representthe
transition phase in both the sprint and the side-cut movements. For the sprint
movement,the centre of rotation was situatednearthe medial side of the forefoot and
includedonly rotation of the forefoot studs. For the side-cutrotation,the completeshoe
was in contactand the point of rotation was situatedon the medial side of the heel.

Table 10.3 describeghe testparameterdor eachof the five testscenarios.
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1 2 3 4 5

Orientation (35°:0°:0°) (0°:105°:20°) (-10°:-65°:-30°) Forefoot Complete
Distance/Angle -20mm + 15 mm + 10 mm + 12° + 6°
Speed 350 mms| 300 mms! 150 mms| 170°s" 60°s"!
Load 1.2BW 2.1 BW 0.9BW 1.7BW 1.7 BW

Note: Orientation of the shoe = (Pitch:Yaw:Roll), , +/- Pitch = Toe-down/Toe-up, +/- Yaw = Toe-out/Toe-in,

+/- Roll = Outward roll/Inward roll, +/- Displacement = Anterior/Posterior.

Table 10.3 - Five testing parameters to represent translations and rotations observed in

the sprint, kick and side-cut movements.

From the three proposedtranslationtests, only the replication of the sprint movement
translatesthe shoe in the same direction as the original test parameters. A smaller
displacementdistanceis howeverrecommended20 mm insteadof 50 mm). This is
below the perceivedslip distanceof 30 mm (Perkins 1978). From assessmenof the
traction devicein Chapter3, the tractionranking of the shoesat 10, 20 and 50 mm was
recorded. Out of the 12 trials tested (artificial, firm ground and soft ground with 4
shoes),betweenl10 and 20 mm 50% of the rankingshad changed;primarily a switch of
2nd and 3ld place. Between 10 and 50 mm, 92% of the rankingshad changed,and in
some cases,switching from 1st to 4th place. Testingto 20 mm as proposedbetter

representedhe early tractionrating of the shoeduring translation.

One of the initial concernsaboutimplementingrealistic testconditionsinto the current
traction testing device is for the speedof translation necessaryto replicate the shoe
motion. Assessmenbf the devicein Chapter3 revealedthat as the speedincreased
above 100 mms the amountof noise presentin the resultsalso increased. This was
potentially due to vibrations of the testdevice. Before fully adoptingthe modified test
parameters,a full assessmentf the repeatability of the results would need to be

completed.

10.2.2 Suggestions for new traction testing device

One of the problemsof the existingtractiontestingdevicewasthatit is limited to either
a translationalor rotationalmovementand during that movement,the orientationof the
shoe remains fixed. Although suggestionswere made on how more realistic test
parameterscould be used with the existing device; the advisedparameterswere still

only an approximationand motion of the shoewas often simplified in orderto meetthe
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testdevice constraints. An alternativemethodmay be to designa new traction testing
device based on the knowledge gained from player testing analysis. A potential
approachis outlined below with further considerationsto developinga new traction

testingdevicedetailedin Chapterl?2.

a) Pendulum device

Pendulumtype devicesare one of the original tractiontestingmethodsand s still setas
one of the FIFA test proceduresand also employed by the UK Health and Safety
Executive(Ferry 2005). They are howeverrarely usedin researchwith manyfavouring
the horizontal translation of the shoe to representsliding during a forefoot push-off
movement. The concepthoweveris perhapsnot as far from being representativeof
realistic movementas many critiques have stipulated. During the critical slip periodin
the sprint movement,a rotation of the forefootin the yz planewas observed. Using the
toe and rear of forefoot studs, the centre of rotation for the motion was calculated.
Assuminga fixed system,Chapter9 highlighted slight differencesin the motion path
for the toe stud, S1 1, butthe motion path for stud S3 wasvery similar. This motionwas
also observedduring the push-offphasein the side-cutmovementwhere the toe stud

betterfollowed the predictedmotion path of the fixed system.

A potential suggestionfor a simple traction testing deviceto mimic the forefoot push-
off movementis a pendulumdevice where the resistanceto rotation can be usedas a
measureof traction. The point of rotation for the shoemotion studiedin Chapter9 was
approximately4d0 mm aboveand 20 mm in front of the toe stud. The positioning of a
completeshoe with upperto fit with the centre of rotation may not be possible,and
insteadan additional plate with only the forefoot studsmay be required. Figure 10.11

illustratesthe potentialtestparametergor a pendulumtractiontestingdevice.
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Figure 10.11 - Test parameters for pendulum device.

10.3 Analytical modelling

In Chapter3 an analytical model was developedto estimatethe likely interaction
between a prototype stud and different hardnessground conditions. The impact
conditionswere initially the sameas the drop hammertestusedto define the ground
condition (m = 1.52 kg andv = -1.7 msl). Modified boundaryconditionswere also
usedto attemptto replicaterealistic loading conditions(m = 19 kg andv = -0.7 ms').
Using the data collected in Chapter9 a more detailed assessmenbf the modified

boundaryconditionscanbe made.

The impactvelocity of the shoein eachof the threemovementswvas calculatedfrom the
displacementdata using the central differencing method. The impulse of the initial
impactforce collectedin Chapter8 was usedwith the vertical impactvelocity and the
numberof studsin contactwith the surfaceduring the initial foot-strike phaseto give an

estimateon the weightof the mass(calculationdescribedin Chapter3).

Movement Mass Velocity
Sprint 1.4kg -1.27 ms|
Kick 20.2kg -0.91 ms!

Side-cut 44.5 kg -0.33 ms!

Figure 10.12 - Modified test conditions from player testing results.
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The initial modified conditionstestedwere calculatedfrom literaturewith the intention
to replicatea kick movement. The modified testconditionsfrom playerresultsfor the
kick movementwere similar to the original estimation. For the sprintmovement,more
studscameinto contactwith the surfaceduringthe initial foot-strike phasereducingthe
effective stud mass;the resulting boundary conditions were very similar to the drop
hammerconditions. The side-cutmovementdisplayedthe lowestvertical componenbf

velocity dueto the lateralmovementof the shoe.

Using the sameapproachasusedin Chapter3 to modelthe SmartStud,a CopaMundial
stud was modelled using force-deflectiondata from Instron® testing. A non-linear
equationfor spring stiffness was defined and usedwith the original stiffness datafor
firm groundconditionsto estimatethe deformationof the stud and the surfacefor each

of the threemovements.

Sprint Kick Side-cut
Stud [.5 mm 4.3 mm 2.3 mm
Ground 4.0 mm 8.0 mm 5.2mm
Time 6.4 ms 19.9ms 33.1 ms
clesacr)!ience 4.5 mm -0.3 mm 4.5 mm

Figure 10.13 - Relative deformation of a Copa Mundial stud (10 mm forefoot, 12 mm heel)
on firm ground conditions wusing input parameters derived from player testing of a sprint,

kick and side-cut movement.

The time to maximum deformation for each movementpredicted by the analytical
model was notably less than the impact phasedefined in Chapter9. However, the

comparativeratio of impacttime for eachmovementwas similar. The analyticalmodel
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predictsthaton firm groundconditionsthe CopaMundial studwould not fully penetrate
the surface in the sprint and side-cut movements,leaving a surface to sole-plate
clearanceof 4.5 mm for both studsdueto the differencein heightbetweenthe forefoot

andheelstuds(10 and 12 mm respectively).

Sprint Kick Side-cut

Figure 10.14 - lllustration of stud penetration depth for each movement using new input

parameters.

Some of the limitations of the model describedin Chapter3 have not beenovercome,
such as using a stud stiffnessderived from Instron® testing at controlled conditions.
The use of realistic boundaryconditionsimprovesthe model and also providesfurther

information on potentiallnstron® testcriteriafor studsfor future work.

10.4 Computational modelling

Finite elementmodelling providesthe freedomto replicatethe exactmotion of the shoe
during all three movements. One of the limitations of developinga finite element
model is the feasibility of replicating the surfaceconditions. Howeverthe ability to
accuratelypredict the exacttraction force betweenthe shoe-surfacenteractionsis not
necessarilyrequired. An alternative approachis to ensurethat the predictedtraction
ranking betweenshoeconfigurationsis representativefor example,the traction results
from mechanicaltesting can be usedto rank the traction performanceof a setof shoe

configurations.

Using the data collected in player testing there are a number of potential options

availableto impartrealistic shoemotioninto afinite elementmodel:

e Drive completemotion usingstudcoordinates;
« Modelindividual foot-strike,transitionand push-offphases;

« Replicatemechanicatractiontestingtestparameters.
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10.4.1 Modelling complete shoe motion

The shoe motion can be driven by coordinatetime-stepsof three points on the shoe
defining a rigid body section. The coordinateinputs can be taken directly from the
differencebetweensmoothedstud positionaldataat eachtime step. For example,Table
10.4 illustratesthe boundaryconditionsrequiredto mimic the motion of the shoeduring

the sprintmovementat 0.01 s time steps.

Step Six Sly Slz S2x S2y S2z S3x S3y S3z Increment

1 -2.71 -0.10 -8.11 -2.60 -0.27 -7.85 -1.82 0.94 -5.94 0.01
2 -4.19 -3.66 -5.27 -4.06 -4.10 -5.68 -297 -2.74 -3.98 0.01
3 -1.74 -233 -190 -153 -2.69 -1.39 0.11 -1.76  -2.87 0.01

4 0.23 -0.81 1.40 0.33 -0.96 1.57 095 -1.10 -0.80 0.01

5 2.62 -0.02 3.72 2.31 0.50 3.16 0.00 -2.14 0.77 0.01
6 3.89 0.68 6.25 3.67 1.26 6.46 223 -1.92 0.96 0.01
7 3.35 0.92 7.82 3.29 1.25 8.48 3.21 -1.70 1.38 0.01
8 1.10 1.50 8.71 1.08 1.65 9.23 190 -1.34 1.65 0.01
9 -0.37 2.68 9.73 -0.44 293 10.02 o0.11 -1.00 2.65 0.01
10 -3.27 4.13 12.80 -3.08 3.71 12.78 -0.08 -0.66 3.07 0.01
11 -3.47  7.97 17.79 -3.33 7.72 1831 0.89 0.52 5.67 0.01
12 -6.07 12.68 23.07 -5.92 1228 2281 -1.91 1.03 9.75 0.01
13 -8.15 19.25 30.80 -7.76 17.96 29.37 -4.09 3.42 1755 0.01

14 -3.83 2797 38.73 -3.78 27.58 37.98 0.10 9.20 27.73 0.01

15 -0.75 33.26 44.76 -0.99 33.66 44.09 2.64 12.34 36.02 0.01

Table 10.4 - Boundary conditions of 3 rigid nodes on the outsole during sprinting

(displacements in mm, time increments in s).
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Figure 10.15 - Coordinate position of stud S3 during the sprint movement (200 Hz).

Tractionperformancecould be measuredrom the horizontalreactionforce on the studs
when in contactwith the surface. This approachis valid when the surfaceand shoe
interactionexactlyreplicatesthat seenin the field. The boundaryconditionssuggested
representone particularshoe-surfacanteractionandthe resultingmotion of the shoeis
aconsequencef the conditionsat the time of testing. However,the intention of the FE
modelis to be able to make changesto the outsoleconfigurationor surfaceconditions
and estimatethe influence on the traction behaviour. It logically follows thatchanging
the conditions of the interactionwould influence the motion of the shoe;for example
reducingthe stiffnessof the surfacecould potentially causethe shoeto slip. This slip
would not be seenin the FE simulationasthe motion of the shoeis controlledand only

a potentialchangein the horizontalreactionforce would be seen.

Using the studpositionto drive the motion of the shoehaslimitationsin the factthatthe
model would never reach equilibrium; the influence of changing shoe or surface
conditions could only be measuredby the reaction forces betweenthe studs and the
surface,the point at which this is measureds subjectiveand is dependedon the stud

configuration. Changingthe stud configurationessentiallychangesthe location where
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the reactionforce is being measuredand can causeconflict betweendifferent outsole

designs.

An alternativeapproachis to usethe velocity and massof the shoeto drive the motion
and usethe resulting trajectory as a measureof the traction performanceas discussed

below.

10.4.2 Modelling individual stages

Three distinct stageswere identified in Chapter9 for the sprint and the side-cut
movement;foot-strike, transition and push-off. For the kick movement,a foot-strike
and ball contact phase was identified. During the foot-strike phase, the resulting
displacemenbf the shoewhenin contactwith the surfacecan be modelledby inputting
the shoevelocity at the startof the phaseandallow the modelto reachequilibrium. The
distancethe shoetravelswhenin contactwith the surfaceis effectively a measureof the
traction performanceof the shoe-surfacenteraction. This approachis similar to the
analytical model, where the vertical velocity of the shoe was used to predict the
penetrationdepthfor eachmovementon impact. The advantageof using finite element
analysisis that motion in three directions can be assessedind the orientation of the

studsto the surfacecanbe setto representhatobservedin playertesting.

Using the velocity of three studson the shoeto ensureshoerotationis also represented
andthe maximum vertical load from playertesting, the following boundaryconditions
for the foot-strike stageof all three movementsare shownin Table 10.5. Figure 10.16
illustratesthe velocity boundaryconditionsappliedto a CopaMundial outsolefor the

impactphaseof the sprintmovement.

Sprint Side-cut Kick
Orientation (-16.2°:-24.8°:-0.6°) (14.3°:-21.4°:-37.6°) (19.0°:-32.1°:29.8°)
Velocity Sl (-0.22,0.26,-0.88) ms!  (-0.97,-0.09,-0.43) ms! (1.32,1.60,-1.22)ms!
Velocity S2  (-0.21,0.25,0.83) ms!  (-0.84,-0.17,-0.32)ms! (1.37,1.81,-1.40)ms!
Velocity S3  (-0.13,0.34,-0.74) ms! (-1.26,0.08,-1.43)ms! (1.44,2.00,-2.21) ms!
Load 1600N 1375N 1965N
Table 10.5 - Boundary conditions for replication of impact motion for sprint, side-cut and

kick movements (orientation represents pitch, yaw and roll angles respectively; stud

velocities represent x, y and z components).
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Figure 10.16 - Example boundary conditions for the foot-strike phase of the sprint

movement applied to rigid body nodes on the studs S1, S2 and S3.

During the transition phase for the sprint and side-cut movementsthe shoe was
observedto rotatein the xy plane. For the sprint movement,only the forefoot studs
werein contactwith the surfaceand the resulting centreof rotation was situatedon the
medial side of the forefoot. Forthe side-cutmovementthe heeland forefootstudswere
in contact,with the centreof rotation on the medial side of the heel. Rotationscan also
be modelled using FE with boundary conditions similar to those recommendedfor

mechanicakractiontesting(Table 10.2).

Using one setcentreof rotation may howevernot be fully representativedf the complete
shoemotion. Analysisof sprinttrial P5S1which was observedto undergoa significant
changein yaw angleduring the contactphaserevealedthatthe centreof rotationmoved

overeachtime-step(Figure 10.17).

The centreof rotationstendedto lie on the medial side of the shoe, slightly outside of
the forefoot. Overadurationof 0.09 s, the centreof rotation movedfrom therearofthe
forefootto the front. This suggestghatatthe beginningof the movementhe forefootis
rotating abouta point nearerto the ankle, but by the end of the movementthe heeland
leg are rotating abouta point nearthe forefoot which is fixed to the surface. This is
potentially the mechanismthat can causeACL type injuries if the forefootis unableto

rotate.
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Figure 10.17 - Position of the centre of rotation during the contact phase for a sprint trial.

Bladed stud designs were initially heavily criticised in the press becauseof their
inability to allow the foot to rotate when in contactwith the surface (BBC 2005).
Designshave sinceimproved and tend to orientatethe studsabouta centre of rotation
situatedin the centreof the forefoot. Resultsfrom playertestingsuggestedhata single
centreof rotation may not existbut insteadmovedthroughoutthe movement. It could,
howeverbe arguedthat the stud configuration and not the player motion controls the
location of the centre of rotation. As such, orientatingthe studs about one centre of
rotation will inherently causethe foot to rotate about that point. Whether this is
desirableis a potential subjectfor further investigationbut also highlights that a range
of centreof rotationsshouldbe modelled. If designis basedarounda centreof rotation
on the forefoot, the implications on the resistanceto rotation about alternative points
shouldbe investigatedwith the conceptof an acceptanceoneto ensurerotationvalues

do not gettoo high andcausearisk of injury.

10.4.3 Modelling mechanical test parameters

To validatean FE modelthe testparametergecommendedor traction testingcould be
used. Thesecan aid in developinga surface medium that is representative,if not

realistic, of natural or artificial turfs. The traction ranking of a selectionof outsoles
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could be obtainedfor eachtest parameterusing the mechanicaltraction tester. The
samemovementcould be replicatedusing the FE model and the horizontal reaction
force usedto againrank the outsoles. An ideal solutionwould be for the traction force
to be equalin both mechanicaland FE modelling. This is a long term goal and an
intermediatestep would insteadbe to ensurethat the traction ranking of the outsoles

wasconsistent.

10.5 Chapter summary

Mechanical traction testing - modified test parameters

Five suggestionswere madefor test parametersfor the currenttraction testing device
that representedthe three movementsanalysed; sprint, kick and side-cut. Initially,

assessmenf the time period during the movementwherethe playerwas consideredo

be mostatrisk of slipping was carriedout. Factorssuchasratio of horizontalto vertical

force, number of studsin contactwith the surfaceand velocity of the shoe were all

takeninto account. For the sprint movement,the final push-offphasewas selectedas
the critical slip period; during this time, only the toe studswere in contactwith the
surfacebut a high ratio of horizontalto vertical force was observed. Analysis of shoe
motion during this period suggestedhat the shoewas rotating in the yz plane abouta
point close to the toe. During the rotation, the toe studs were observedto undergo
greaterposteriortranslationthan predictedby a fixed rotation point. This suggested
that the toe studs were also sliding during push-off. The posterior translation was
modelled to provide traction test parametersby assuminga fixed shoe position. A

posteriortranslationof 20 mm at a pitch angleof 35° wasrecommended.For the kick

movementthe initial foot-strike phasewas highlighted as the critical slip time period.
The shoewas observedto land in a toe-up and toe-outposition with notable outward
roll. This leadto the lateral heel studscominginto contactwith the surfacefirst. The
shoe motion was simplified to recommendtranslationaltest parameterstranslationin

the medial direction was observed. Similarly the foot-strike phase for the side-cut
movementwas analysed. Again the shoewas observedto land in atoe-upposition, but
with substantialinward roll causingthe medial heel studsto land first. The shoewas
then observedto translateapproximately 10 mm laterally giving the translation test
parameters.The translationdirectionsidentified in the kick and side-cutmovementsare
not traditionally testedin traction assessment. The posterior motion of the forefoot
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during sprintis more commonly assessedalthoughthe high pitch angle causingonly
the toe studsto be in contactwith the surfaceis an importantmodification, highlighting
the limited numberof studsin contactwith the surfaceduring a potentially high-risk
motion. The new speedsof translationare higherthan originally tested;the speedcould
causeadditionalproblemswhenimplementingthe new testparameterglue to excessive
vibration of the device. The rotation of the shoe during each movementwas also
analysed. Two setsof test parameterswere derivedto representthe forefoot rotation
during the sprint movement and the complete shoe rotation during the side-cut
movement. The rotation angleswere smallerthan originally tested(12° comparedto
60°) but speedsof rotationwere similar (60°s"). The point of rotation was found using
the Reuleauxmethod; for the sprint forefoot rotation it was calculatedto be on the
medial side of the forefoot, and for the side-cutrotation, on the medial side of the heel.
Both wererotation centresnot normally assessedh traction testing. Implementationof
the new recommendedest parametersneedsto be done with care; ensuringthat the
original test requirementsof high repeatability, low standarddeviation and clearly

comparableaesultscanstill be achieved.

Mechanical traction testing - new device

An alternativeto usingthe playertestingresultsto modify the original traction testeris
to instead develop a new test device to better representshoe motion. The current
traction testing device is limited to only translation and rotational movementsand
requiredthe shoeorientationto be fixed throughoutthe motion. As observedn Chapter
9, this is not alwaysthe case;changesin pitch, yaw androll were seenduring impact,
contactand push-off stagesin all three movements. Using a conceptoften usedto
assessthe frictional properties of two surfaces, a pendulum style device was
recommended. This device aims to mimic the push-offstagein the sprint movement,
wherethe dominantmotion was a changein the pitch angle of the shoe. The resistance
to rotation of the forefoot stud configurationon the surfacecould be usedas a measure
of the traction performance. More complex traction testing designsare introducedin

Chapterl2.
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Analytical modelling

An analyticalmodelbasedon two non-linearspringsin serieswasdevelopedin Chapter
3 to predictthe relative deformationof the stud andthe surfaceleadingto an estimateof
penetrationdepth. The original testparameterdor the mass-springmodel were based
on results from literature on the impact velocity (Kirk 2008) and impact force
(Cavanaghet al. 1984)during a heel-strikein running. The resultsfrom playertesting
were insteadusedto estimatethe stud penetrationdepth on impact during the sprint,
kick and side-cutmovements. Although the model requires further developmentto
calculate the stud and surface spring stiffness during realistic load conditions, using
representativaest parametersuggestedhat the studswould not completelypenetrate
the surface during the sprint and side-cut movementson a firmer surface. This
effectively reducesthe contactsurfaceareaas sole-plateinteractionwould not occur,

thusreducingthe traction performanceof the shoe.

Finite element modelling

Three approacheswere identified for finite element modelling of the shoe-surface
interaction;completeshoemovement,shoemovementduring foot-strike, transitionand
push-off stagesand shoe movementusing mechanicaltest parameters. One of the
limitations of using the completetrajectoryto control the motion of the shoeis thatthe
trajectory may be specific to the shoe-surfaceconditions at the time of testing.
Developing a finite element model to follow the trajectory of the shoe and then
changing the stud configuration or surface properties but maintaining the same
trajectorywould no longerbe valid asthe modelwould not reachequilibrium. A better
approachmay be to breakthe motion down into stages,useinitial velocitiesand loads
to setthe boundaryconditionsfor the movement,but use the resulting trajectory as a
measureof traction. Replicating the test parametersrecommendedfor mechanical
traction testingwould allow the modelto be validatedusingthe mechanicaltestresults.
Developing a realistic surface model is highly complex but ensuring that the same
traction ranking is achievedbetweenoutsole configurationsin both the finite element

modelandmechanicakractiontestingis animportantintermediatestep.
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11 INFLUENCE OF SHOE-SURFACE INTERACTIONS IN OUTSOLE

DESIGN

11.1 Introduction

A review of currentliterature (Chapter2) revealedthat there is very little published
work available on the design of football boots, particularly the influence of player
movementon outsoleconfigurations. There have howeverbeen extensivestudiesinto
the measurementof traction to both classify surface conditions and rate outsole
configurations. Attempts have been madeto improve the realism of the measurement
devicesusingbiomechanicaknalysis,yet to date,the resultshave not beenfully usedto
suggestoutsole design modificationsto enhanceplayer performanceor minimise the

risk of injury.

Whendesigningnew outsoleconfigurationsplayertestingis normally performedaftera
prototypeshoehasbeendeveloped(Figure 11.1). It is often consideredthe final stage
before the shoe goes to market and can be usedto gain feedbackon comfort and
performance. An alternativesuggestionis to usethe playertestingto inform the initial
idea conception; observations from the shoe-surfaceinteraction under different

conditionsprovideinformation on stud penetrationanglesor points of rotation.

Idea Player
generation testing
Player Prototype Mechanical Idea
testing development testing generation
Mechanical Prototype
testing development

Figure 11.1 - Design cycle. Left: Traditional, player testing occurs after prototype

development; Right: Modified, player testing is the starting point for idea generation.

The two main factorsin traction assessmenare movementin translationand rotation.
These also form the primary design considerations. Current trends to meet the
translational traction requirementsare to increasethe area of contact between the

outsoleandthe surface;eitherthroughincreasingthe numberof studsor increasingthe
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depthof penetration. Longerstudlengthsdo not necessarilylead to increasedtraction;
sole plate interactionis alsoimportanthelpingto increasethe contactareabetweenthe
outsoleand the surface(Clarke and Carre 2010). As suchthe selectionof stud length
for the surface condition is important; a long stud length on a hard surface will

potentially display less traction than a shorter stud length due to the incomplete
penetrationand lack of sole-plateinteraction. A rangeof stud profiles are availableto
suit varying pitch conditions; typically marketed as firm ground, soft ground and
artificial turf outsoles. Soft ground studs are typically removablelonger length studs
madeof metal. Firm groundand artificial turf outsolesoften havea mouldedsole with

shorter,rubberstuds. Interchangeablestudsare still popularand allow playersto keep
the sameshoeupper,but ensurethattheir stud selectionis bestmatchedto the ground
conditions at the time. One of the latestinnovationsin stud technologyto reachthe
market was the Nike pressureactivated SENSE stud. The conceptis similar to the
adidasprototype Smart Stud, introducedin Chapter3, wherebythe stud length adjusts
according to the surface hardness. This theoretically ensuresthat complete stud
penetration,and hencemaximumtraction is achievedevenwhenthe surfaceconditions
changeduring a match,or location on the pitch. This alsoeliminatesthe playerdecision
making processrequiredto selecta suitablestud configurationand placesthe resulting

tractionperformancdn the handsof the manufacturernotthe player.

Figure 11.2 - Nike SENSE stud technology on the medial side of the forefoot on the

Mercurial Vapor Superfly 11l (Nike INC. 2011).

Despitemanufacturergecognisingthe importanceof maximisingtranslationaltraction,
the availability of publishedwork on the biomechanicalvalidity behind the outsole
designsis non-existent. This may in part be due to the confidentiality surrounding
productgenerationbut is also likely to be due to the considerableamountof time and

resourcegequiredto conductlarge scaleplayerstudiesto obtainbiomechanicadata.
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Kirk etal. (2007) usedresultsfrom trackingthe motion of the shoein 2D during a heel-
strike in low speedrunning 2D to suggesta change in stud design to increase
penetrationand surface areain contact. The suggestedstud geometry aligned the
central axis of the stud with the impacting velocity vector. This effectively improves
the penetrationof the stud, but the authornotedthat once penetratedthe depth of the
stud is significantly reducedcomparedto if it was vertical, potentially reducing the
translational traction. The author also expressedconcernsover the effects of the
modified stud geometryon othermovements. The studywasalso limited by only being
able to calculate stud anglesin a 2D plane. The notion of using observationsfrom
playertestingto influencedesignis important. Furtherknowledgeon the interactionof
all studsduring a rangeof movementscan help developa wider picture on how player

testingcaninfluencedesign.

Rotationaltractionis also an importantconsiderationand is more commonly associated
with reducinginjuries than improving performance. The influence of the shoe-surface
interactionon lower limb injuries hasbeenwell researchedwith Orchardetal. (2008)
concludingthat excessivetraction betweenthe shoeand the surfaceis one of the likely
causesof ACL injuries. One of the earliest design suggestionsresulting from
assessmemnf playerperformanceand injuries was by Cameronand Davis (1973). The
authorsdevelopeda studdedswivel plate attachedto the outsoleto allow the shoeto
rotate about the studs when fixed into the surface. The design was based on
biomechanicalanalysisfrom laboratorybasedplayertestingand observationof injuries
to American Football playersover a six yearperiod. The resultingdesignwas capable
of turning 360° in either direction but required 10 Ib torque to initiate the movement.
The swivel shoewas trialled on a sampleof 466 high school playersover a complete
football season. Resultsfrom 2373 playerswearingconventionalstuddedoutsoleswere
also gathered. The resultsindicated that only 5% of the swivel shoewearing players
recordedan injury to the knee or ankle comparedto 16% of the players wearing
conventional shoes. This lead the authorsto conclude that at the time, the most
effective method of reducinginjuries causedby stud fixation is to wear a shoe with
swivel studs and a stud-lessheel. The desigh however has never made it to mass
manufactureand the conceptof swivel studshasbeenoutweighedby the drive to have

lightweightshoes.

Despitethe knowledgethat excessiverotationaltraction can leadto lower limb injuries
(Cameronand Davis 1973), the 1990s saw the introduction of the first bladed stud
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designs. The outsolestypically had wedge shapedstudsorientatedalong the length of
the shoeincreasingthe surfaceareafor improved translationaltraction. Theseinitial
designswere not portrayed favourably by the press,with reports of calls to ban the

designat both schooland professionalevels (BBC 2005).

More recently,bladeddesignshave curved or taperedstudsorientatedaboutthe centre
of the forefoot (Figure 11.7). Thesedesignsarein someways taking note of the results
from the study by Cameronand Davis (1973) but insteadof having a swivel sole, the
studsare orientatedso to minimise rotation of the forefoot. Both the moderndesigns
andthe swivel plate shoesuggestthat the centreof rotation of the lower limbs is about
the centre of the forefoot. Chapter9 identified the centre of rotation for two different
movementsperformed wearing Copa Mundial shoeson natural turf. The centre of
rotation for the sprint movementwas identified to be on the medial side of the forefoot,
with only the forefoot studsin contact, and for the side-cutmovement,the centre of
rotation was further back on the medial side of the heel, with the completeoutsolein

contact. The questionsraisedfrom this study and from reviewingrelevantliteratureare:

is the centre of rotationjust an artefactof the stud position and which drives which?
Should the natural centre of rotation be usedto influence the stud configuration or

should the stud configuration be designedto control the centre of rotation? Further
work is requiredto answerthe proposedquestions,startingwith an investigationto see
how the centreof rotation changesdependingon the choice of footwear. More details

areoutlinedin Chapterl2.

An intermediatestepis to usethe knowledgegainedfrom the playertesting studiesto
suggesthow the shoe-surfacénteractionmay influenceoutsoledesigns. Understanding
how the studsinteractwith the surfacewith a known stud configuration(CopaMundial)
canhelpto play animportantpartin the future designof outsoles. Both observationsof
the centre of rotation and translation direction vectors during the football specific
movementscan be usedto aid in outsoledesign. The former being usedto minimise
rotationaltraction and reducethe risk of injury, andthe latter to improve translational
tractionandincreaseplayerperformance.The foot-strike and push-offshoeorientations
are alsoanalysed building on the notion raisedby Kirk etal. (2007)thatimproving the
stud angle may improve penetrationand henceincreasetraction. The proposedideas

are a suggestioron how biomechanicabknalysiscanbe incorporatedin outsoledesign.
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11.2 Influence of shoe orientation at foot-strike and push-off

The resultsfrom trackingthe stud position and shoeorientationalso allow the angle of
stud on impactto be determinedeventhoughit is not visible from the video footage.
This information could help answerquestionsuchas are additional studsneededon the
tip of the toe or what angle shouldthe studsbe to improve traction on impact. Kirk et
al. (2007) alluded to this when investigatingthe 2D forefoot angle on impact. The
authorssuggesteda modified stud geometryto align the stud along the velocity vector.
The resultsfrom playertesting (Chapter9) of three movementscan be usedto expand
thisideain 3D to covera widerrangeof scenarios. The orientationand velocity vector
direction of the shoeand studsduring impactand push-offfor the sprint, kick and side-

cutwereinvestigated.

11.2.1 Sprint movement

During the foot-strike stage of the sprint movement,the shoe landed in a toe-down
positionwith the forefootcominginto contactwith the surfacefirst. The pitch angleon
foot-strike was 16.2° with a yaw (toe-out) angle of 24.8° while at push-offthe angles
were 30.1°and 24.1°respectively. Figure 11.3 and Figure 11.4 illustratethe orientation

of the studson foot-strike and push-off.

Foot-strike - Sprint

Figure 11.3 - Orientation and velocity vectors of the forefoot studs on foot-strike (sprint).
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Figure 11.4 - Orientation and velocity vectors of the forefoot studs at push-off (sprint).

77.2.2 Kick movement

For the kick movement, all participants landed heel first in a toe-up and toe-out

position. The shoewas also slightly outward rolled suggestingthat the first studsto

contact the ground were the lateral studs on the heel. Figure 11.5 illustrates the

orientationof the heel studson foot-strike.

Figure 11.5 - Orientation and velocity vectors of the heel studs on foot-strike (kick).
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11.2.3 Side-cut movement

During the side-cutmovement,the shoewas also observedto land in a toe-up and toe-
out position but with substantialinward roll. As such, the medial heel studs were
observedto come into contact with the surface first. Figure 11.6 illustrates the

orientationof the heel studson foot-strike.

Foot-strike - Side-cut

Pitch = 14° Yaw = -24° Roll = -38° "\

Figure 11.6 - Orientation and velocity vectors of the heel studs on foot-strike (side-cut).

11.2.4Summary of shoe orientation

During foot-strike and push-offfor the sprint movement,the resulting velocity vectors
acted in opposing directions. Aligning studs to meet both requirementswould be
conflicting asin both casesit is the front forefoot studsthatare predominantlyinvolved
in the interaction. The critical slip assessmemif the sprintmovementindicatedthat the
latter momentsof push-off were at a greaterrisk of slipping than the initial time of
impact. It is thereforeperhapsmoreimportantfor the stud designto focus on the push-
off angle and direction. Figure 11.4 illustrates that the toe areais the last point of
contactwith the surface. Forthe CopaMundial outsole,no additionaltraction elements
are presentnearthe toe; future designsmay either need additional studs or the use of

surfacetextureto increasethetractionin this zone.

For the heel plant during kicking, the shoelandedon the lateral edge,with substantial
pitch (toe-down) and outward roll angles. The resultantvelocity vector actedin an

anterior-medialdirection. Stud anglefor the rearheel studscould be alignedalong this
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velocity vectorto increasepenetrationduring the initial contactstages. However, for
the side-cutmovementthe medial side of the shoelandedfirst andthe resultantvelocity
vectorpredominantlyactedin the lateraldirection. The optimum alignmentof studsfor
the side-cutmovementwould thereforebe acting in the oppositedirection to the kick
movement. A potential solution would be to have opposing stud alignmentson the
medial and lateral sides of the heel. A side-effectof this design may be that the
opposingstud may not penetratethe surfaceandinsteadleadto an increasedoll angle.
A compromisecould be to lessenthe alignment angles giving an improvementin

penetrationbut alsowith considerationto othermovements.

11.3 Influence of centre of rotation

The position of the centre of rotation can influence the stud shapeand position on the
outsole. Traditionally the centre of rotation is assumedto be in the centre of the
forefoot for the forefoot studsand in the centre of the heel for the heel studs. Figure
11.7 illustrates the 2011 adidasF10 TRX AG outsole configuration; four centresof
rotations are identified following the curvatureand position of the forefoot and heel
studs. Figure 11.8 showsthe position of the calculatedcentreof rotation for the sprint

andside-cutmovements.

Figure 11.7 - Estimated centres of rotations (red markers) for the adidas F10 TRX AG
outsole (adapted from adidas Group 2011); the dashed circles indicate the possible
centre of rotation and corresponding motion path given the shape and orientation of the

studs.
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Figure 11.8 - Left: Centre of rotation in sprint movement; Right: Centre of rotation during
side-cut movement with Copa Mundial stud configuration; red markers indicate the
observed centre of rotation from player testing and the dashed Ilines represent the

corresponding motion path for the forefoot or heel about the calculated centre.

Figure 11.8 illustratesthat during the sprint movement,studs should be orientatedto
reducerotational resistanceabouta point on the medial side of the forefoot. Only the
forefoot studs are influenced by this centre of rotation. However, for the side-cut
movement,the completeoutsoleis in contactand the centre of rotation locatedon the
medial side of the heel. This could causeconflict betweenthe rotationdirectionsfor the
forefoot studs. A shapethat allows a reducedrotationalresistancealong both rotation
paths would be the optimal solution although could pose additional problems with

regardstranslationalraction.
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11.4 Influence of translation vectors

The translation of the shoe during each movementwas assessedising the positional
dataof the studson the outsoleof the shoe. Resultssuggestedhatthe shoedid not slip
suchthat it would have beenperceivedby the participants,but that the motion of the
shoefor eachof the three movementswas distinctive for that movement. The sprint
movementcausedthe shoeto move posteriorlyafterimpactwhereasthe kick movement
showedanterior and medial motion and the side-cutmovementdisplayedboth lateral
and posteriormotion. The movementdirectionsof the studswhen in contactwith the
groundcould be usedto aid in stud positioningand shapedesign. If the posteriorslide
during sprinting was deemedundesirable,a stud profile to enhancetraction in that
direction could be beneficial. However,othermotions of the shoeasidefrom posterior
sliding also occurredduring the sprint movement;significant external rotation of the
heel was also observedprior to the push-off stage. A stud profile that prevented
posteriorsliding would also needto allow for foot rotation to preventthe potential of

kneeor ankleinjuries.

The stud translationvectorsfor eachmovementwere createdfrom the position history
of the studs. The position history datawas availablefor all the studswhich also allowed
the location of the studsat 0.02 s time intervals during contactwith the groundto be

viewed. Only the movementn the xy planewasinvestigated.

Figure 11.9 - Position history of forefoot studs for the sprint movement.
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Figure 11.10 - Position history of all studs for the kick movement.

Figure 11.11 - Position history of all studs for the side-cut movement.

The dominantchangein position of the studswas usedto createmotion vectorsfor the
shoefor eachmovement. The vectorarrow representshe averagedisplacemenof the

studsfrom foot-striketo the initial stagesof push-off.
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Figure 11.12 to Figure 11.14 illustrate the different stud motion pattern for the three
movements. For the sprint movement,the dominant stud displacementwas in the
posteriordirection, with only the forefoot studsin contact. During the kick movement,
the completeoutsole was in contact, but the heel motion was primarily in the medial
direction and the forefoot also showing slight anteriormotion. The side-cutdominant
motion was in the lateral direction with the heel showing slight anterior sliding on
impactandthe forefoot dominantmotion was slightly posteriorbut still acting laterally.
To prevent potential sliding during contact, the stud surface areain the direction of
motion needsto be maximised to increasestranslationaltraction. The conflicting
motion vectorsfor each movementindicate that a conventionalbladed stud with only
onelong axis would not be adequate. Circular studsmay offer the optimum solution or
triangular studs as long as care was taken to reduce sharp cornersthat could cause

lacerations.
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11.5 Design suggestion

Surface area increased in
anterior-posterior
direction to improve
translational traction.

Stud corners rounded to

reduce risk of lacerations.

Medial heel studs

orientated to reduce
rotation during side-cut

movements.

Figure 11.15 - Outsole design
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Rubber directional scales
on toe area to increase
traction during push-off.

Forefoot studs orientated
to reduce rotational
resistance during sprint
movements.

Rear forefoot stud shaped
to have reduced rotational
resistance from both
forefoot and heel centre
of rotations.

Profile of lateral heel stud
angled to increase
penetration during heel
plant for kicking.

suggestion.



The above observationswere then combinedto develop an example outsole design
(Figure 11.15) that combinesthe influences of the shoe-surfaceinteractions from
realistic football movementson naturalturf. The translationvectorswere usedto shape
the studsto increasethe surface areain the direction of motion. Theoretically this
should increasetranslationaltraction performance. The centre of rotation was taken
into considerationto ensurethat the studs were also positionedto reduce rotational
resistance. It is hoped that this will minimise the risk of ACL injuries causedby
excessivestud fixation. The orientation of the shoeon impactwas usedto changethe
profile of the studsto aid in penetrationinto the surface. The shoeorientationon push-
off during the sprint movementhighlightedthat the tip of the toe was the last point of
contact with the surface;this gave rise to the suggestionof additional toe traction

elements.
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12 FUTURE WORK

12.1 Introduction

There are three main areasfor continuedresearchresulting from the outcomesof the

study:

e« 3D methodology
« Datacollection

e Implication of results

Eachsectionhasarisenfrom the progressionof the study; from initial developmenbf a
3D measuremensystem,evaluationof the systemand collection of exampledata, to
analysis of results and implications for testing and design. The following
recommendationsfor future developmentsrange from small modifications to the
measurementsystem to improve efficiency and accuracy of data collection to the

suggestiomnf new studiesto answerongerterm researchgoals.

12.2 3D methodology development

The aim and objectivesof the 3D measuremensystemwas to develop a method of
obtainingthe position of a shoeusing a systemthat was portable,of minimal intrusion
to the players, suitable for use both in a laboratory and outside and ultimately able to
achieve high marker re-projection accuracy. Post processingmethods were then
developedto track the markersand obtain kinematic information. The main aims and
objectiveswere achievedand the systemsuccessfullyusedto obtain shoe datafrom a
single participantin the laboratoryandfrom alargersamplesize outsideon naturalturf.
There are still however potential areas for development,namely to improve the
efficiency of the datacollection, speedof analysisand accuracyof re-projection. The

following sectionoutlineshow the methodcanbe developedfor usein futureresearch.

One current limitation of the measurementsystem is the small test viewing area.
Playerswere requiredto place their left foot (tracked shoe)within aim zone for all
three movements;after practice trials, for many playersthis was not an issue, but for
some,their approachrun was affectedand additional repeatswere necessaryo ensure

the shoewas within the filming zone. The viewing areawas selectedby assessinghe
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level of zoom,imagesize (in pixels) andresultingmarkersize. A largertestareacould
be generatedby reducing the camerazoom and reducing the tracking marker size.
Increasingthe resolutionwould ensurethat an adequatenumberof pixels remainedin
the markerto allow a high level of tracking accuracy. This however,would increase
download time betweenrepeats. An alternative approachwould be to increasethe
number of camerasbeing used. One of the advantagesof the measuremensystem
developedwas that only two high-speedcameraswere requiredto trackedthe shoein
3D. With unlimited resourceson equipment,additionalcamerascould be placedalong
the sameplane as the original camerasto increasethe viewing planein the yz axis.
Using additional camerason the opposing side of the player would allow either the
other shoeto be tracked, or the same shoe but through a greaterrange of motions.
Figure 12.1 illustratesa modified cameraset-upto capturewider viewing zone. This
cameraset-up is more representativeof traditional laboratory based motion capture
systems(Robertsonetal. 2004) and in itself will have furtherlimitations; for examples
additional costs,extracabling and more datato analyse. Increasingthe viewing angle
would also help identify markerswhen high roll or yaw anglesobscuredthem from

view.

Figure 12.1 - Extended camera set-up for increased viewing area.

The time requiredto analysethe recordedvideo footageto obtain markercoordinates
was reduced by the developmentof a semi-automatedtracking algorithm. The
algorithm was implementedin MATLAB™; the first stepwasto convertthe .cin files
savedby the Phantomcamerasoftwareto .avi files. This stepwastime consumingand
performedoutsideof MATLAB™. To increasethe efficiency of the algorithm, the raw
video files could be read directly into MATLAB™ usingthe cinereadfunction. At the
time the original tracking algorithm was developed this function was not availablebut

could be now usedto improvethe analysisefficiency (PhantomZone 2010).
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To identify the markerthe imagewas convertedto a binary image using a userdefined
threshold. This allowedthe thresholdto be modified dependingon the light conditions
of theimageto betracked. Testingoutsidein naturallight gavevarying light levelsdue
to cloud coveror changein time. The sametrackingalgorithmneededio be usedfor all
images. The manualadjustmentof the conversionthreshold potentially increasedthe
analysistime for eachvideo. The function graythreshcould be usedon the cropped

imagebeforeconversionto obtainthe global thresholdof theimage.

Original Level = 0.4 Level = 0.3 Level = 0.2 Level = 0.1 Level = 0.1353

Figure 12.2 - Use of graythresh function to identify appropriate binary conversion

threshold.

The original imagein Figure 12.2 is darkerthan averagedue to increasedcloud cover,
the standardthresholdconversionof 0.4 is too high and the markersare not detected,
reducingthe thresholddetectsthe markers,but the selectionof the optimal thresholdis
experimental. The graythreshfunction selectsthe thresholdto minimise the intraclass
variance of the black and white pixels and reducesthe manual input of the semi-
automatedracking algorithm. The function can be appliedat eachloop to accountfor
changinglight during video capture;this will increasethe computationalrequirements,

butimproveefficiency.

One of the greatesterrorsin propagationof markercoordinatesto stud coordinateswas
obtainedfrom measuringthe relative stud locationto markerposition. An accuracyof +
1 mm was estimated,this propagatedto a maximum error of £ 2.2 mm. Alternative

methodsof obtainingthe relative markerand stud positionsare:

e 3D laserscanner
e CAD geometry

« 3D motion capturesystems

Using CAD geometry was not possible at the time of testing, as the markerswere
positionedonto the shoemanually. If the markerswereprintedonto the shoeduring the
manufacturingprocessthe location of the markersrelative to the stud geometrywould

be known as a full 3D CAD modelwould be produced. A 3D motion capturesystem
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was usedto validatethe stud transformationcalculation. To usethe systemto identify
the marker and stud coordinates,the shoewould needto be mountedin the viewing
plane allowing all markersand studsto be viewed from two or more cameras. The
accuracy of measurementsvould then be as reliable as the measurementsystem.
Commercially available biomechanicalmeasuremensystemsare often usedto obtain
the relative coordinatelocations of markers on the human body. The systemsare
typically electromagneticand can achievea root meansquareerror of lessthan 1 mm
when measuringstationarymarkers(Richards 1999). This is similar to the estimated
accuracyof the manualmethod,but would potentiallybe more time efficient and show
greaterreliability. 3D laserscannersan achievesimilar resultswith a quotedaccuracy

of 15 pm availableon the moreadvancedscannergNicon Metrology NV 2011).

A potentialsourceof randomerrorin the measuremensystemarosefrom the flexion of
the shoechangingthe distancebetweenmarkers. Two rigid bodiesweredefinedon the
shoe, and the distancebetweenmarkersassessedo ensurethat the shoe did not flex
excessivelyduring the movements. Increasingthe numberof markersand as such,the
numberof rigid bodiesdefining the shoecould reducethis potentialerror. Measuring
the relative markerand stud positionwhenthe foot wasin the shoein both a neutraland

flexed positioncould help quantify the potentialerrorin assumingrigid body segments.

A long term goal of the study is to capturedatain a real gamescenario;reducingthe
needto have separatetestdays,the impedanceon the playersandinfluence on the test
environment. In 2010 Sky Sports launched a dedicated 3D channel, with the
broadcastingof top Premiershipgamesbeing the main focus. The gameswere filmed
using 3D cameras,and althoughthe frame rate may not be high enoughto obtained
detailedinformation, the technologyis a steptowardsbeing ableto use TV footageto
gatherdata. In orderfor the datacollectionto be remote,the shoeneedsto be tracked
without additionalmarkers. The markerschosenfor the currentstudywere selectedfor
their lack of impedanceto the players and easeof tracking due to the high-contrast
colour and shape. The markerswere also positionedto define two rigid bodieson the
shoe. Without additional markers,the shoe could be tracked using logos or designs
alreadyon the shoe. Knowing the location of the logo or designfrom the make, model
and size would potentially allow the shoeto be tracked. In orderfor orientationof the
shoeto be obtained,three markersdefining a rigid body would be required. On some
shoedesignsthis may be possible (for example,the three adidasstripes)but on others

this is not possiblewithout additionalmarkers.
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12.3 Data collection and analysis

Using the existing 3D measuremensystem and analysistools or a future developed
version, one of the long term goals of the study is to be able to populatethe table of
resultson shoe-surfaceanteractionsby including a wider range of participantsand test
variables. Table 12.1 includespotential variablessuch as changingsurfacesor player
level to ensurethatthe full potentialof the shoe-surfacenteractionis investigated. The
resultsfrom theseadditional studiescould be usedto answerfurtherresearchguestions;

suchas, do femaleplayersrequirespecific outsoleconfigurations?

Testparameter Potentialvariables
* Surface e Naturalturf (firm and soft), artificial, wet, dry
* Players e Male, female,youth, professionalamateur,on

pitch position
* Shoes e Rangeof studdedand non-studdedutsoledesigns

* Movements « Acceleration,braking, rotations(internal and
external),cutting

* Sports < Any, notrestrictedto thosethatwearstudded
footwear

* Location e Countries- soil type, temperaturehumidity,
rainfall

Table 12.1 - Potential variables for investigation.

An additional study raisedfrom the discussionon the centre of rotation of the shoeis
whetherthe centreof rotationis influencedby the stud configuration,and which should
be the driving factor. Using a range of stud configurations,included a no stud profile
shoe,the centre of rotation from repeatsof a set seriesof movementscould be usedto

provide more informationto help answerthe researchguestion.

One of the limitations of the datacollectedwasthatparticipantswere not observedto or
perceivedthat they were slipping during any of the movementstested. This indicates
that the limits of the shoe configuration were not tested; small displacementsduring
contactwereinsteadusedto extrapolatepotentialslip directions. Kinematic and kinetic
informationof the movementgperformedon a force-platewerethen usedto estimatethe
period of time thoughto be at greatestrisk of slipping. To fully validate this estimate

and the potential slip directions,a controlled study using a supportharnessshould be
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undertaken,gradually reducingthe coefficient of traction betweenthe outsole and the

surfaceuntil the participantslips.

For each set of data collected, the surface conditionsneedto be classifiedto allow
furtherconclusionsto be drawnfrom the results. Classificationcould be throughmeans
of a Clegg hammer drop test, or replication of the standard FIFA surface test

procedures.

To ensurethat any additional datacollectedis a valid representatiorof the population,
Cochrans (1977) equationcan be usedto estimatethe required sample size given

unlimited resourcedor playerrecruitmentandtime availablefor datacollection.

Equation 12.1

wherez = confidenceinterval, 0 = estimateof standarddeviation,d = margin of error.

Using the mean standarddeviation from the DoncasterRovers FC testresultsfor the
pitch, yaw androll angleson impactfrom all threemovements(t 8°), a margin of error
of £ 1° and a 95% confidenceinterval, the recommendedamplesize is approximately

250.

The analysistools developedin Chapter5, 8 and 9 can be usedto analysethe results

from furtherdatacollectionto obtainthe following information:

e Studlocationthroughmatrix transformation;

* Shoevelocity andacceleratiorusing centraldifferencing;
e Shoeorientation(pitch, yaw androll);

< Time ofimpactfrom accelerationof impactingmarker;

e Centreof rotationusingthe Reuleauxmethod;

e Helical screwaxis parameters.

This level of information will then provide a greaterunderstandingon the shoe-surface
interactionfor a rangeof differenttestconditionsallowing a moreinformed decisionon

resultingmechanicakestparameteror potentialdesigns.
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12.4 Influence of results on traction test methods and outsole design

12.4.1 Traction testing

The resultsfrom eachstudy variablecan be usedto identify potentialtestparametergor
mechanicaltraction testing devices. The new testing parameterscould be used to
recommend modifications to the existing traction testing device, as suggestedin
Chapter10. The increasedsamplesize and range of variableswould ensurethat the
new testparameterdestrepresenthe rangeof scenarioslikely to be experiencedy a
playerwearingthe shoesto be tested. The testparameteffor the existingtractiontesting
device might alsobe dependenbn the outsolebeing testedand the intendedconditions
of use. Forexample,statisticalanalysiscanbe usedto identify if significantdifferences
existbetweenthe testparametersselectedfor naturalturf to thosefor artificial turf. If
differencesexist the most appropriatetest parametersfor the intended surfaceof use

shouldbe used.

Alternatively a new traction devicecould be developedto replicatea rangeof motions.
The limitation of the existing traction testingdeviceis thatsimultaneoushangesn the
position and orientation of the shoe are not possible. A new traction testing device
could be designedto overcomethis. When designinga new traction testing device, it
should:

 Representealistic movements;

e Produceresultsthatareeasyto compare;

* Produceresultswith a high repeatability;

« Be portablefor usein differenttestenvironmentglaboratoryandoutside);

 Haveashorttesttime;

» Beeasyto use.

This ensuresthat the deviceis applicableto traction assessmenfior manufacturersand

alsoresearchers.

One methodto obtain both rotation and translationis to use a robotic arm with shoe
attachedon the end. To control a rigid body with six degreesof freedom (translation
and rotation) either requiresinput data of nine coordinatesof three points on the rigid
body, or the helical axis parametergPliicker coordinates translationdisplacementnd

angle of rotation). The use of helical axis parametersin robotic motion and

-257-



computationalanimationsis becomingmore populardueto the reducednumberof input
parametergequiredto describethe motion (Murray etal. 1994). Appendix A describes
the helical screw axis parametersusedto define the motion of the shoe through the

sprint, kick and side-cutmovements.

The potentiallimitation of this type of deviceis thatthe motion beingrepresentedby the
shoe may only be specific to one particular scenario. Analysis of the extendeddata
collection could be undertakento deducethe effect of changingthe shoe or surface
conditions on the resulting shoe motion. The use of risk ratings to identify the time
during the motion the participantis at mostrisk of slipping could be usedto breakthe
movementdown into smallermotions. Assessmenof only thesemotionsinsteadof the

completemovementmay help reachthe designgoalsof the new tractiontester.

12A.2 Outsole design

In Chapter 11, an exampleof how further information on the shoe-surfacenteraction
could be usedto influence the design of outsoles. Using the additional information
gainedfrom the extendeddatacollection, outsolesuniqueto specific conditionscould
be designed. For example,an outsole suited to attacking players on a natural grass

surfacemayrequiregreaterinfluenceon translationaltraction.
Furtherconsideration®n the designsof outsolesare:

« Thelocation of the flex point on sole; this can influence metatarsalinjuries and
is often governedby the stud configurationand outsoledesign.

e Influence of plantarpressure;stud positions have been shown to influence the
pressurepoints on the sole of the foot and are a prime factor in injuries or
perceivedcomfort.

« Clogging; ploughing effects createdby certain stud configurationsand outsole
materials may be more resistantto clogging than other designs; mechanical
tractiontestingmethodscould be usedto evaluatethis.

* Weight: lightweight shoesare becomingmore popular,the numberand size of

the studsand materialselectionof the outsolecan affectthe overall shoeweight.

Rapid manufacturecan be usedto produceprototypedesignswhich can be mountedto
lastsfor mechanicalkractiontestingusingthe realistictestparameters.The designscan

thenbe developednto atestshoefor biomechanicahssessment.
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12.5 Chapter summary

Further work relating to the 3D measuremensystem, data collection approachand
potential use of results was discussedleading to the identification of three main

projects:

1. Finetunethetestprotocol:improveviewing areaand speedof analysis.
2. Undertakealarge scaledatacollection: morevariables,increasedsamplesize.

3. Developanew tractiontestingdevice: usenew testparameters.

The projectsoutline the long term goal of the study; to develop or modify a traction
testing device to fully replicate movementsseenin match play situations. Shortterm
projectscan be carried out using the existing measuremensystemand analysistools.
An intermediate step in terms of current traction testing may be to assessthe
implications of modifying the test parameterso meetthoserecommendedn Chapter

10.
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14 CONCLUSIONS

This final chaptersummariseghe major findings from the researchundertakenin this
project. The aim of the projectwasto identify appropriatetest parameterdor traction
testingof studdedfootwear. In orderto fulfil this aim, the first stageof the projectwas
to review currenttraction testing methodsand define the requirementsfor appropriate
test parameters. To identify the test parametersa 3D measurementsystem was
developedto capturethe shoe-surfacenteraction. A seriesof post processingsteps
were establishedo infer the shoeorientation,kinematicsand kinetics. Datacollection
was undertakenboth in the laboratoryand outsideon naturalturf. The resultsfrom the
datacollection were usedto provide an exampleof how appropriatetestparametersan

be obtained. Implicationsfor tractiontestingand outsoledesignwere discussed.

14.1 Assessment of current traction testing methodologies

A selectionof traction testing methodologieswas assessedo identify the advantages
anddisadvantagesf experimentakesting. Mechanicaltractiontesting,identification of
surfaceshearstressesand two modelling technigueswere investigatedto covera range
of the potentialdrawbacksof experimentalkesting;namelythe useof non-representative

movementsand non-representativeurfaces.

The adidas mechanicaltraction tester was used to investigate the translational and
rotational traction valuesof a rangeof studdedoutsolesand a studdedplate on natural

andartificial turf. The following conclusionswere made:

e The first advantageof mechanicalestingwas thatthe testswere controlled and
repeatswere easyto conduct.

e The device was also portable allowing realistic surfacesto be tested;soft and
firm naturalturf andan artificial turf were assessed.

» Althoughthe surfaceswerethoughtto be representativepne of the first findings
from the study was the complexity of testingnaturalsurfaces;a greaterstandard
deviationin bothtractionand hardnesgeadingswasfound comparedo artificial
surfaces.

* A platewith similar stud configurationsto a rangeof outsoleswas also testedto
investigate the use of a plate to test experimentalnew stud configurations.

However, the resulting traction value and traction curve for the plate was not
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similar to the counterpartshoe. The primary reasonfor this was the additional
surchargepressureapplied from the increasedsurface areaof the plate. The
orientationand centreof rotation of the plate and shoealso differed.

e« One of the mostimportantfindings from the study was the changein traction

ranking of the shoeswhencomparingthe value at differentdisplacements.

A photoelasticdevice was developedto identify the shearstresseshetweena studded
outsoleandthe surface. Participantswearingstuddedfootwearran acrossa glassforce-
plate with photoelasticmaterial on the surface. A high-speedcamerawas used to
capturethe dynamic photoelasticshearstresspatterns;image processingwas then used
to identify the individual fringes and estimatethe resulting shearstress. The images
provideda visual aid for identifying the interactionbetweenthe surfaceand the studs.
Although the movementsof the participantswere intendedto be representativethe non-
realistic surfaceraisedconcernsthat participantswere unableto move naturally. The

non-realisticsurfacealsolimited the useof the techniquefor traction analysis.

Analytical and computationmodels were developedto provide a tool to estimatethe
vertical interactionbetweena stud and a surface. This wasthe first stageto developing
a model that can representthe full shoe motion includedtranslation. Both models
were able to estimatethe relative deformationof the stud and the surface,providing a
predictionon the likely depthof penetration. The main limitation of the approachwas
that althoughindividual sectionsof the model were validated againstmechanicaltest

results,the completemodelunderactualtestloadingconditionswasnot validated.

The main finding from the assessmentof the three techniqueswas that in all
approachesprior knowledgeof realistictestparametersvould help improvethe validity

of theresultsandtheir suitability for tractionmeasurements.

14.2 Development and validation of 3D measurement system

The first aim for the projectwasto developand validatea 3D measuremensystemto
capture the shoe-surfaceinteraction during realistic football movements. A self-
developed measurementsystem was chosen over commercially available motion
capturepackagesas it allowed the systemto be customisedto suit the demandsof the

testenvironmentandits intendedapplication. The following systemwasdeveloped:
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e Two high-speedPhantomv4.3 camerasvere chosen filming at 1000Hz with a
resolutionof 512 x 386.

e Thecamerasvere calibratedusingthe checkerboardipproach.

« Five white retro-reflective markers were painted onto the side of a Copa
Mundial shoeto representwo rigid bodies(forefootandrear-foot).

« A semi-automatedracking algorithm was developedusing the self-windowing
andimageprocessingechniquedo identify the markersin eachframe.

 The consistencyin locating the marker using the semi-automatedalgorithm
wasz+ 0.24 pixels.

« The markerimage coordinateswere convertedto global 3D coordinatesusing
stereo-triangulationwith the origin set nearthe centre of the filming zone (x
0.5 mm).

e The mean difference in mean position of an objected tracked using the
developed3D measuremensystemand a commerciallyavailable systemwas
1.2 mm but the standarddeviationof the developedsystemwas lower.

< The markercoordinateswere filtered using a 5-point moving averagefilter to
reducethe influenceof noise.

« A transformationmatrix was used to convert the marker positions to stud
coordinatedmaximumpropagatecerrorx 2.2 mm).

e The studcoordinatesverethenusedto calculatethe kinematicsand orientation
of the shoe.

« Matrix transformationwas usedto calculatethe pitch, yaw and roll anglesof
the shoeat eachtime step(meanmaximumpropagatedrror+ 2.5°).

« The velocity was calculatedusing a 5-point central differencing method and
then smoothedusing a 5-point moving averagefilter (maximum propagated
errort 0.3 ms'l).

« The acceleratiorwasfound from the pre-filteredvelocity datausingthe 3-point
centraldifferencingmethod.

e TheReuleauxmethodwas usedto identify the 2D centreof rotation of the shoe
when in contactwith the surfaceusing the intersectionof the perpendicular

bisectorsfrom two consecutiveime steps.

The 3D measuremensystemwas concludedto have suitable levels of accuracyand

reliability comparedto commercialsystems. The postprocessingtechniquesidentified
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allowed results to be analysedin depth to aid in understandingthe shoe-surface

interaction.

14.3 Data collection and analysis

Two datacollection studieswere carriedusing the developed3D measuremensystem.
The primary aim of the datacollectionprocesswasto provide an exampleof the level of
detail that could be obtainedon the shoe-surfacenteraction and suggesthow these
results can be used to identify appropriate test parametersto meet the sponsors

requirements.

The first datacollection study took placein the laboratory using a single participant.
This allowed more time to be takenoverthe datacollection and the additionaluse of a

force-platewas alsoavailable. The following findings were made:

« Usingonly one participantallowed a detaileddiscussionof the shoekinematics,
specificallyidentifying the changesn orientationof the shoeduring impact.

e Force-platedatawas usedto compareshoekinematicsto kinetic information to
help identify key eventtimings during the movement.

e The peak acceleration of the impacting shoe marker coincided with the
activationof the force-plateidentifying the time of initial foot-strike.

e The pitch, yaw androll anglesof the shoewere selectedas variablesthat could

be usedasthe first stageof largersamplesize dataanalysis.

Using the knowledge gained from the controlled laboratory study, a larger cohort of
eight youth team players from DoncasterRovers FC participatedin the study on a
natural turf surface. The participants were asked to perform three movements
(accelerationphaseof sprinting, 45° lateral side-cutand a long rangekick) five times.
Only 60% of the trials collected were suitable for analysis. The following points

summarisethe datacollected:

« Each trial was normalised setting the time of the peak accelerationof the
impactingmarkerto zero.
» Statisticalanalysiswas performedon eachmovementgroup to identify outliers

or potentialfurthergroups.
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For the kick movement,K-meansclusteranalysisindicatedthatthe group could
be divided into two; a group with high pitch, yaw androll angles,and one with

low angles.

A representativeglayertrial was selectedfrom eachmovementgroup usingthe
minimum differencebetweenthe pitch, yaw androll anglesof eachtrial andthe
mean of the group. Full post processinganalysis was carried out on each
representativerial.

Eachmovementwas divided into three phases:foot-strike, transition and push-
off.

During the sprint movement, the shoe landed in a toe-down position, and
immediately after foot-strike there was slight posteriormotion and a changein

the yaw and roll anglesof the shoe. During the transition phase,changein the
yaw anglerelatedto the shoerotatingin the xy plane. The centreof rotationwas
calculatedto be on the outer medial side of the forefoot. During push-off, the
toe studswere observedo slip 16.8 mm posteriorly.

During the kick movement,the planted foot landed in a toe-up and toe-out
position, with substantialoutwardroll. As such,the lateralheel studscontacted
the surface first. The resultant velocity on foot-strike acted in the medial
direction. During transition,the pitch androll anglesreducedcausingthe shoe
to be at a flatter angleto the surface;increasingthe numberof studsin contact.
At the time of ball contactwith the opposingfoot, the planted foot was not
observedo be in motion.

During the side-cutmovement,the shoe also landed in a toe-up position, but
with inward roll. This causedthe medial heel studsto contactthe surfacefirst.

During initial foot-strike, lateral motion of 8.9 mm was observed. Full shoe
rotation was observedduring the transition phase,with the centre of rotation

locatedon the medial side of the heel.

14.4 Influence of results

The findings from both data collection studies were used to identify potential test

parametergor mechanicalanalyticaland computationatractiontestingmethods.

For the mechanicaltraction tester,the shoe motion for each movementneededto be

simplified to a translationalor rotational movement. To identify which time period
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during the movementshould be representedthe critical slip time was estimated. This
wasfound usingthe ratio of horizontalto vertical force, the velocity of the studsandthe
numberof studsin contactwith the surfaceduring eachmovement. The normalised
magnitudeof each contributing factor was combinedto identify the time at which the
participantwasthoughtto be at greatestrisk of slipping. The following five setsof key

testparametersvereidentified:

1. Posteriortranslation of20 mm at 350 mms! with a pitch angle of35°: The final
push-offphasewas selectedas the critical slip time for the sprint movement.
During this time the shoerotatedin the yz plane abouta point closeto the toe.
A potential slip of the toe when in contactwas the surfacewas observed;this
posteriorslip was selectedasthe key motion for the sprintmovement.

2. Anterior translation of 15 mm at 300mm« with a pitch angle of0°, yaw angle
of 105° and roll angle of 20°: For the kick movement,the initial momentsof
foot-strike were selectedas the critical slip time. The shoelandedwith lateral
heelstudsfirst and was observedo translatein a medial-anteriodirection.

3. Anteriortranslationofl10 mmat 150 mms! with a pitch angle of-10°, yaw angle
of-65° androll angle of-30°: The foot-strike phasefor the side-cutmovement
was also selectedas the critical slip time. The shoe landed with substantial
inwardroll andwasobservedo move approximatelyl0 mm laterally.

4. Externalrotation of12p at 170°s'l aboutthe medialside oftheforefoot(forefoot
studsonlyf. During the transition phaseof the sprint movement,the centre of
rotation of the changein yaw (toe-out)angle of the shoein the xy planewas on
the medial side of the forefoot.

5. External rotation of 6° at 60°s"l about the medial side of the heel (complete
shoe): The centre of rotation during the transition phase of the side-cut

movementwascloseto the medialside of the heel.

The directionandorientationof the shoeduring the kick and side-cutmovementss one
of the key findings from the resultscollected. The translationdirection is rarely tested
in tractionassessmentetis representativenf the movementof the shoeduring the time

atwhich the playeris at greatestisk of slipping.

For the analyticalmodel, the velocity and effective massof the stud on impactwith the
surfacewas calculatedfor eachof the movementstested. The modified testparameters

were applied to the existing analytical model and the predicted penetration depth
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estimated. Resultssuggestedhat on a firmer surfacethe stud during the side-cutand
sprint movementswould not fully penetratethe surface during initial impact; this
effectively reducesthe contactareaas the sole-plateis not in contactand potentially

reduceshe resultingtraction.

To integratethe testparametersnto a finite elementmodel, three potential approaches

wereidentified:

1. Mimic the completemotion of the shoefor eachmovement;
2. Usethe motion of the shoeduring the foot-strike, transitionand push-offstages
individually;

3. Replicatethe testparametersdentified for mechanicakractiontesting.

Eachapproachhasits advantagesand disadvantages.Using the completetrajectory of
the shoeensuresthat the movementis representativebut is specific only to one shoe-
surfacecombination. The displacemenbf the shoewould be usedto drive the model,
preventing natural equilibrium from being reached;the effect of changingthe stud
configuration or surfaceconditionswould be harderto identify. Using the individual
stagesimprovesthe functionality of the model; the velocity of the shoecould be used
instead of the displacementto drive the model. This would mean the resulting
movementof the shoeinto the surfacewould representhe traction properties. Using
the sametest parametersas the mechanicaltest device allows the finite elementmodel
to be validatedbut doesnot makeuseof the modelsability to simultaneouslychangethe
orientationand position of the shoeduring the movement;one of the limitations of the

mechanicakractiontester.

The observationof the shoe-surfacenteractioncan also play a partin the future design
of outsoles. Knowing the translationdirectionsand the centre of rotations allows the
studs to be shapedand positioned to enhancetranslational traction but minimise
rotational resistance. In theory, this will help meet the balance for improving

performancebut minimising the risk of injury.

14.5 Limitations of the research
The following limitations were statedthroughoutthe research:

« The shoewasapproximatedo two rigid bodies(forefootandrear-foot).
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e Circular tracking markers were used and have the potential to introduce
eccentricityerrors.

e The use of two camerasreducedthe viewing areaand restrictedthe range of
rotationalmotion thatcould be tracked.

* Calculationof the 2D centreof rotation assumedno movementoccurredin the
otherplane.

A limited samplesize was usedfor eventdetection(definition of time of foot-
strike andpush-off)which wasappliedto all collecteddata.

« A representativeplayer was chosenfor the in-depth analysisin Chapter9; as
suchall conclusionsdrawnin further chaptersrelateonly to thatplayertrial.

e Theresultsarerepresentativenly for the shoe-surfaceombinationtested.

14.6 Future research

Threemain projectswere identified as long term researchgoals from the assessmenaf
the developmentand application of the 3D measuremensystem and analysis of the

resultscollected:

1. Improvementgo the measuremensgystem;
2. Largescalecollection of results;

3. Implementdatain tractiontestingdevicesandoutsoledesign.

The main improvementsn the measuremensysteminvolved the efficiency of the semi-
automatedtracking algorithm. Additional functions could be appliedto aid in image
processingand ultimately the effectivenessof the tracking ability. Using either the
existing measurementystem or a modified version of, large scale data collection
studiescould be undertakento investigatea wider range of variableswith a statistically
significantsamplesize. Usingthe postprocessingand analysistechniquesemployedin
this thesis,appropriatetest parameterdor a new traction testercould be identified for

eachof the variablescollated.
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A. APPENDICES

A.l Helical screw axis

The helical screw axeswere analysedfor eachmovementto investigatewhetherthey
aidedin the understandingof the shoe-surfacdanteraction. The Euler angle approach
usedto definethe orientationof the shoecould also be used,but the helical screw axis
has the advantagethat it lends itself well to animationswhich is an importantaid to
visualisations. The helical screw axis also eliminatesthe problemof Gimballock andis
lessproneto error when rotationsare small. However,the downsidesare thatis it is
sensitiveto noisy dataand doesnot directly representanatomicalfeatures(Robertsonet

al. 2004).

A method of calculatingthe helical screw axis from positional data over a series of
time-stepsneededto be implementedin orderto apply it to the motion of the shoe.
Various approachedave beendevelopedto find the screw parameterdrom only three
points; the most frequently used methodsare the least squarestechnique,Rodrigues
formulaand Beggs methodof solving a setof simultaneousquations(Fentonand Shi
1990). The bisectinglinear line complex method was chosenfor its computational

efficiency and similarities with the 2D Reuleauxmethod.

A. 1.1 Linearline complex

A computationalmethodfor identifying the screw parametersvas developedbasedon
the linear line complex solution outlined by Baroon and Ravani (2009). A linear line
complexis a setof lines in spaceintersectingat a commonline (Stein and Shashua
1999). Figure A.l showstwo positionsof a rigid body (F, F'); there always exists a
shortesthelical screw displacementbetweenthesetwo positions (axis, A) (Eberharter
and Ravani 2006). Computingthe midpoint, Mi betweentwo points in the first and
secondpositions (F, F,) allows lines incidentwith the midpoint and orthogonalto the
connectingline (Gi) to define a bisecting plane. The union of theselines on the

bisectingplaneis alinearline complex(CZ(C,C)) (Eberharteand Ravani2006).
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Figure A.1 - Left: Bisecting linear line complex; Right: The linear line complex of path

Helical screw axes are typically given in terms of Plucker coordinates.

normal (adapted from Eberharter and Ravani 2006).

Plucker

coordinatesare usedas a way to specifyaline in a 3D spaceusingthe direction of the

line and a vectordirection from the origin to the nearestpoint on the line. A Plucker

coordinateis written as Q\ (q ; q0) where

p is apointontheline

g is the directionvectorto the line

andg$ = p x q is the momentvector; this gives the six Pluckercoordinates(Mason

2011).

Thefollowing methodwas usedto calculatethe helical screwaxis andparameters:

a) Rigidbodypointsbeforeandafterdisplacement

Pi*' p2x- p3X-

Pi= Piy ;p2= Pzy ;p3= Pay

LPi”J \.P22\ LPa™]
Pi*t PI* Pa*'
Piy' ; P2'= P2y' . p3 = Pay
-Piz' - -P2Z'- Pa<

a) Definemidpointsbetweenoriginal anddisplacedpoints

|T) = _(EI__-_F_ _|_D_|_'2
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b)

d)

/)

g)

h)

Define connecting vector line between original and displaced points

gi = Dpi — D;

Every midpoint of a pair with its connecting line forms a null plane of the

bisecting linear line complex; C = (c,C)

my1~tmy - gy
c=-— [mz [mz 'gz]

ms ms- gs

The direction vector, c of the bisecting linear line complex is found from

c=|g2Xm, (g2+8) 9,

E1 X m1]_1 (g1+2) 91
3 X M3 (g3 +0) g3

Pitch of bisecting linear line complex

c'C

Pyyc = w
The line part of the screw axis of the helical motion between two positions is
the line of the bisecting linear line complex axis. The Pliicker coordinates of

the helical axis are A = (a,d)

—C
a=-—
|—c|
_ Pyyexc—-¢
qa=————-
|—c|

The translation distance along the axis is
d=@i—p)-a

The angle of rotation around the axis is

= 2tan™? ( )
¢ 2Ppyic

The pitch of the screw axis displacement is

d
P=-
‘4
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Oncethe helical screw parametershave beenidentified, a visual representatiorof the
helical screwmotion can be obtained. To plot the screw axis, a pointlying on the axis
is first found,I. Projectingthe vectorsbetweenpoints onto one plane and applyingthe
2D Reuleauxmethodcanbe usedto definethe location of I. Usingthe knowledgethat

a = a x | (EberharterandRavani2006), productidentitiescanbe usedto solvefor I.
j) Pointon helical screwaxis

(ax a)

(ara)

The calculationsin the methodologywere validatedusing the following examplein the

literature (Eberharterand Ravani2006):

T '4' 7'
Pl=1 ;p2= 7 :ps= 10
7. 1 10.
7 '3 10
Pl'= 1 :p2= 9 :Ps'= 10
7 6 13,

The computationalmethodgives a helical axis with Pliicker coordinatesA . (0.57735;
0.57735: 0.57735; 0.0: 0.0: 0.0), adisplacementngleof (p = 60.0° and translationof
d = 3.4641 giving a pitch of P = 3.308. Theseparametersare in agreementwith the
valuesgiven by Eberharterand Ravani(2006). The helical axis alsopasseghroughthe

origin, 1 = (0, 0, 0).

The resultsproducedby the describedmethodologywere validatedby comparisonwith

the Rodrigues methodoutlinedby SpoorandVeldpaus(1980)where

<P

Q = atan— Equation A.l

2
Pi-P2-Pl+P2= X (pi - P2+ Pl - P2) Equation A.2
Pl-P3* Pl+P3= X (Pl-P3+PIl-Pz) Equation A.3

Usingthe resultsfrom the previousexample(<p = 60.0°), the valuefor Q wascalculated.

Using this, the valuesof both the left and the right-handside of equation5.9 were then
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determined. The valueswere found to be equaland thus, the resultsfrom the described

methodologywere shownto be the sameasothermethods.

Errors can arise from using the helical screw axis method when either the angle of
rotation or displacementdistance are small. To check that the helical screw axis
generatedor eachsetof datawas appropriate the distancesof the 3 pointsbefore and
after displacementfrom the helical axis were calculated. The consistencyof the
distancesbefore and after displacementgave indication to the suitability of the helical

axis position.

To graphically view the changein helical screw axis parametersover series of time
steps;an approachsimilar to Keefe et al. (2008) was chosen. The helical screw axis
direction vector is representedby an arrow originating from position I. A cylinder
around the direction vector symbolisesthe helical axis parametersihe length of the
cylinder corresponddgo the displacementand the radius of the cylinder representghe

angleof rotation (Figure A.2).

Figure A.2 - Visual representation of helical screw axis parameters; arrow represents the
direction of the helical screw axis, radius of the cylinder relates to the angle of rotation

and length of cylinder to the displacement along the axis.

This approachis well suited to computationalmethods,wherebythe movementof a
rigid body canbe describedby its helical screw axis parametergeducingthe numberof

inputvariables.
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A. 1.2 Helical screw axis for the sprint movement

The helical screw axis parametersvere derivedfor the sprint movementPeS?for 0.01 s
beforeto 0.15 s afterimpactat 0.01 s intervalsusingthe threemarkerson the side of the
shoe. TableA.1 showshelical screwparametersat eachtime step. The direction of the
helical axes varied throughoutthe movementbut tendedto be predominatelyin the
anterior-posteriodirection during the early stagesof the movementand in the medial-
lateral direction towardsthe latter. From time impactto 0.04 s after, the helical axis
was mostly in the anterior-posteriodirection. During this time frame, the rotations
aboutthe axis were small, and althoughtranslationdistancesare not large, they suggest
thatthe shoeis predominantlymoving in the anterior-posteriodirection. Towardsthe
endof the movement(0.11 to 0.14 s afterimpact), the helical screw axis was principally
in the medial-lateraldirection. Rotations during this time period were significantly
larger than the rest of the movement. This suggeststhe shoe was rotating in the yz
plane; as expectedduring the push-offphaseof the movement. Figure A.3 illustrates

the position of the helical axisrelativeto the shoeduring the sprintmovement.

Time step(s) a (direction vector) d (mm) <P(°) Pitch
(mm/rad)
-0.01 -0.00 0.803 -0.400 -0.441 0.54 -0.19 -167.88
0.00-0.01 -0.046 0.975 -0.218 -1.88 1.01 -106.89
0.01-0.02 0.352 -0.930 -0.105 3.70 1.92 110.64
0.02- 0.03 -0.282 0.756 -0.591 1.41 -1.53 -52.95
0.03- 0.04 -0.413 -0.871 0.266 0.02 0.03 28.73
0.04- 0.05 -0.695 0.603 0.391 -0.48 1.67 -16.33
0.05- 0.06 -0.454 -0.112 0.884 3.35 3.06 62.78
0.06- 0.07 -0.266 -0.946 -0.184 -4.17 12.22 -19.53
0.07-0.08 -0.676 -0.453 0.582 2.13 491 24.82
0.08- 0.09 -0.997 0.025 -0.072 1.01 2.39 24.34
0.09-0.10 -0.811 -0.584 0.023 -0.74 -1.41 30.00
0.10-0.11 -0.638 -0.770 -0.012 -3.22 4.27 -43.17
0.11 -0.12 -0.969 0.225 -0.106 7.85 10.34 43.52
0.12-0.13 -0.876 -0.474 0.093 -1.94 8.86 -12.55
0.13-0.14 -0.945 -0.195 -0.261 -8.11 11.33 -41.02
0.14-0.15 -0.854 -0.273 0.443 7.97 10.87 42.02

Table A.1 - Helical screw axis parameters for the sprint movement (bold indicates

dominant direction).
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Figure A.3 - Helical axis position for the sprint movement.

A. 1.3 Helical screw axis for the kick movement

The helical screw axis parametersvere found for time stepsof 0.01 s for 0.02 s before

to 0.24 s afterimpact.

The helical screw axis was predominantlyin the medial-lateraldirection throughoutthe
majority of the kick motion. Screw axis parametersvere more varied comparedto the
sprint movementand in some caseextremely small displacementsand rotationswere
observed. The accuracyof the helical screw axis is compromisedwhen displacements
androtationsare small which questionsits validity at a numberof time stepsduring the

kick movement.
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Time step(s)

-0.02--0.0

-0.01 -0.00

0.00-0.01

0.01-0.02

0.02-0.03

0.03-0.04

0.04-0.05

0.05- 0.06

0.06- 0.07

0.07-0.08

0.08-0.09

.09-0.10

.10-0.11

.11-0.12

.12-0.13

.13-0.14

14-0.15

.15-0.16

.16-0.17

.17-0.18

.18-0.19

19-0.20

.20-0.21

©c o o o o o o o 0o O o o o

.21-0.22

0.22-0.23

0.23-0.24

1 -0.278
-0.859
0.886
0.958
-0.819
-0.882
0.566
-0.780
0.625
0.996
-0.827
-0.962
-0.482
-0.875
-0.737
-0.946
-0.779
-0.052
-0.910
-0.880
-0.925
-0.861
-0.864
-0.633
-0.502

-0.278

Table A.2 -

-0.719
0.491
-0.206
0.265
0.547
-0.196
0.694
-0.609
-0.551
0.089
0.563
-0.272
0.875
0.403
0.079
-0.313
0.628
-0.998
-0.138
0.091
0.056
0.321
-0.487
-0.628
0.417

-0.719

a (directionvector)

-0.637
0.148
0.416
0.113
-0.172
-0.428
0.444
-0.149
-0.553
0.006
0.000
-0.022
-0.054
0.270
-0.671
0.086
-0.010
-0.039
-0.391
0.467
0.375
0.394
0.128
0.454
0.758

-0.637
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-18.3

-1.1

21.8

9.8

-1.1

4.1

2.4

-1.2

-1.8

-0.3

2.1

-0.8

0.0

1.9

1.0

1.4

1.8

-1.3

0.0

7.7

7.9

11.6

2.4

0.0

15.2

-18.3

Helical screw axis parameters for the kick

15.1

-66.0

18.5

94.4

-18.6

-40.0

1.2

0.6

1.8

-16.9

13.2

18.0

0.0

0.2

1.1

51.3

2.7

1.9

-1.0

38.2

29.1

28.4

-33.8

0.0

8.9

15.1

movement.

Pitch
(mm/rad)

-69.1
1.0
67.5
5.9
3.5
-5.8
114.6
-125.0
-55.1
0.9
9.1
-2.6
5.8
531.8
50.9
1.6
39.2
-39.1
1.5
115
15.6
23.3
-4.1
36.3
98.3
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Figure A.4 - Helical screw axis positions throughout kick movement (kick positions in

red).

A. 1.4 Helical screw axis for the side-cut movement

The side-cuthelical screwaxis parametersre also varied, similar to the kick movement
andshowedarangeof large and small displacementandrotations. At the beginningof
the movement,the helical screw axis was mostly in the medial-lateraldirection, but
appearedto rotate to a more anterior-posteriordirection in the middle stagesof the
movement. This was apparentin the xy view of the helical screw axis positionsshown
in Figure A.5. Unlike the kick movement,the helical axis is situated close to the

leg/footand appeardo rotateaboutthis positionasthe movementrogresses.
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Time step(s)

a (directionvector)

-0.01 -0.00 -0.678
0.00-0.01 -0.972
0.01-0.02 0.951
0.02- 0.03 0.685
0.03-0.04 -0.860
0.04- 0.05 0.893
0.05- 0.06 -0.032
0.06- 0.07 0.898
0.07-0.08 -0.167
0.08- 0.09 -0.373
0.09-0.10 0.588
0.10-0.11 -0.906
0.11-0.12 -0.470
0.12-0.13 -0.511
0.13-0.14 -0.244
0.14-0.15 -0.087
0.15-0.16 -0.354
0.16-0.17 -0.556
0.17-0.18 -0.643
0.18-0.19 -0.958
0.19-0.20 -0.447
0.20-0.21 -0.003
0.21-0.22 -0.926
0.22-0.23 -0.394
Table A.3 -

-0.684
0.161
-0.273
-0.103
0.429
0.098
-0.999
-0.151
-0.522
0.751
-0.644
-0.392
0.854
-0.727
-0.967
0.334
-0.899
0.757
0.718
-0.148
0.511
-0.973
-0.375

0.260

-0.269
-0.172
0.147
-0.721
-0.275
0.438
0.038
0.414
-0.837
0.546
-0.489
0.159
-0.223
0.458
-0.077
0.939
-0.258
-0.343
0.268
0.245
-0.734
-0.230
-0.044

0.882

Helical screw axis parameters
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d (mm)

10.9

10.6

-3.5

-4.3

-0.9

-3.6

-0.9

-2.1

-0.5

-1.1

-0.9

1.1

-0.8

0.3

1.4

-0.8

-0.8

-0.1

0.3

2.9

-1.8

-3.5

-0.4

14.9

for the side-cut movement.

<P(°)
11.3
50.7
167.5
-44.8
-4.3
51.1
6.7
10.0
-1.5
3.2
1.4
13.3
9.4
1.2
4.4
4.8
1.9
-0.2
1.1
-28.2
7.5
8.0
4.1

34.4

Pitch
(mm/rad)

55.3
12.0
1.2
5.5
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-4.1
-7.3
-12.2
17.8
-20.7
-38.1
4.9
-5.0
15.8
18.0
9.2
-23.5
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14.4
-5.8
13.9
-24.8
-4.9
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Figure A.5 - Helical screw axis position for side-cut movement

A. 1.5 Summary helical screw axis

Analysis of the resultanthelical screw axis for eachmovementindicatesthat both the
sprint andthe side-cutaxesact predominantlyin the anterior-posteriodirection but for
the kick the medial-lateral direction is the most dominant. The sprint helical axis
parametersindicated greatertranslation and rotation than the other movements. The

translationwas primarily in the anteriordirection asexpected.
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