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ABSTRACT

Artificial turf is increasingly becoming prevalent in field sports traditionally played on natural grass
surfaces. However, current artificial turf test methods are not biomechaniepilysentativeThis study
investigated the interaction between playems sports surfaces in order to develop a new biomechanically
valid testing rig for the mechanical characterisation of artificial turf.

A biomechanical analysis of thirteen sports players performing five running and turning movements
on three types of #ficial turf was conducted. Thregimensional ground loadings (ground reaction forces
(GRFs), free moment) and knee biomechanics (angles, moments) were measuiegset of eight subjects
who completed trials on all three tyes of surfaces were includstgiistical analyses.

There were no significant differences in ground loadings or knee biomechanics between the turfs.
However,ground loadings and knee biomechanresied significantly between movements, according to
movement velocity and the degree tafn. Larger vertical GRFs, peak knee flexion, and sadktale
momentswere measured in faster movements. Larger horizontal GRFs, free moment, traction coefficient,
peak fontal knee angle, frontal and transverse knee moment were measured in turnmgntsve

Using two weighted pendulums, the Strathclyde Sports Turf Testing Rig (SSTTR) can apply
simultaneous vertical, horizontal and rotational loads. Initial testing of the rig was congtustiecbn nine
outdoor artificial turfs. Linear and rotation@hction, and vertical, shear and torque loading was measured
on each surface and compared with the biomechanical results. The SSTTR produced loads typical of a range
of sports movement that are performed on artificial turf, indicating that the biomeghwsalidity of the
SSTTR was broadly demonstrated in that it applies realistic biomechanical loads in a timely fashion

In summary, this study has generated new knowledge and further understanding regarding-the three
dimensional biomechanical interactioh players and artificial turf. The biomechanically validated SSTTR
is unique in terms of its ability to combine threedoactions of different magnitudes which are truly

representative of the loadiigatoccurin a number of typical sporting movements.
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CHAPTER 1. INTRODUCTION

Artificial turf is becoming increasinglgrevalent in field sports, such as football (soccer), rugby and hockey,
which have traditionally been played on natural grass surfaces. The industry now produces 8660 t
of artificial turf product per year, with mar ket v al @&hbliersand isveapected to axcegdl €
billion in 2013(AMI, 2010).

While the industry has grown consideraltythe last ten yearartificial turf hasbeen used at the
professional level for sports like American Football and baseball for many deddumgghit is unlikely to
ever completely replace natural grass as a sports surfacetribduction of artifical turf may provide a
suitable alternative for field sports, such as football (soccer), field hockey and rugby.

Typically installed when grass cultivation and management is environmentally, logistically or
economically unviable, the wider useantificial turf may increase access to and participation of sports, and

facilitate the health and economic benefii®vided by sports to its participants and society.

1.1 History and Development of Artificial Turf

Artificial (or synthetic)turf can be desdied as any surface made afvariety of synthetic materials
manufactured to resemble natural gréSgropean Synthetc Turf Organisation, 201Dypically, there are
four components which comprise an artificial turf systehe fibres that collectively make the surface of an
artificial turf; the type of infill (if present); underlying shopad (if present); and the solimhse(typically
concrete or asphalt)

The design and manufacturing of artificial turf has changed ceradbty over the years sincewas
first installed (in a professional sport) at the Houston Astrodome in 1966. Bualbaseball stadium, the
enclosed dome design of the Astrodome stadium caused the original grass surface to die as a result of
insufficient sunlight. In responsea mediumpile artficial turf, made from nylon ribbons on a polyester

nylon mat bonded onto a rubber and polyvinyl chloride (PVC) underlay pad, was installed. This type of



surface where the carpte material was the playing gace became what we now refer to a$irst
generationartificial turf (1G).

During the late 1960s and throughout the 1970s, several American famtidabaseball teams
installedfirst generatiorturfs. It wasnot unt i | t he 19 8 8tone in artifigah turftdesggn n e x t
took place.Perhaps due to the economic reasons, the material pile density sécalled 2™ generation
(2G) atrtificial turfs was reduced and replaced by a cheaper silica sand infilkeThefs became widely
popularand led to theirfirst use in professional association football with the installation of thealed
“plastic pitch” at Loftus Road, t A.eSevéra otmee Englisho me o
clubs followed suit, including Luton Town's Kenilwthr Road, Oldham Athletic's Boundary Park and
Preston’'s Deepdale until the English FA banned them in 1988 following the reports of a high and irregular
ball bounce, player injuries, and the general negative attitude to the surfaces by players, coadtees and t
public.

The next major milestone in the history of artificial turf was the development oheke
generationor third generation (3Gyurfaces during the late 1990s. These longer pile sur{@8e35mm)
have softer polyethylene fibres with a samdi/ar rubber granule infill. Whilst providing a softer surface
than previous generations, these 3G surfaces are reported to reflect the plagitignsoof natural turf,
allow players to wear normal studded (cleated) footwear and players can fallearstice surface with less
likelihoodof r ecei vi ng t h eabrgion iajuriesidbfteh @ssocigied with bGuatdpitches.

As the poéntial benefits of 3G turfeecame realised, the Fédération Internationale de Football Association

(FI FA) (association f oot Qadlity Cancepy towv Artificial Tudin 20@Ld y ) p
(updated in 2009), which set out performance standards for the artificial pisgeeufootbal(Fédération
Internationale de Football Association, 2009&pverning bodies of other sports soon followedt By

publishing theiown quality standards.

Il n football, FI'FA and UEFA (reda seges of fialsfob3sst b al |



turfs in competitive games, including the Under 17 World Championship in Helsinki, Finland in 2003.
However, due to the chequered history of miaf turf in football, it was not until 2004 that 3G turfs were
taken seriouslyy the football world.The International Football Association Board changed._tves of the
Game(International Football Associations Board, 201t&3t govern how fotball is played at allevels to
include rules that all competitive games could be played on artificial turfs, as well as natural grass pitches.

Since then the use and acceptance of 3G turf in professional football has slowly increased,
although itstill creates very serious debate and resistance with players, coaches and supporters whenever a
high profile game is played on (or there are plans to play on) artificial turf. Most noticeable was the Euro
2008 qualifier between England and Russia atlthehniki Olympic stadium in Moscovand the 2008
Champions League final #te same stadium.hE latter the artificial turf pitch was eventually replaced with
natural grass pitch prior to the game aftet=zEA ruling.

The use of artificial turf in fieldhockey has thrived since the development of 1G and 2G surfaces,
and most competitive games are now played on them. The shorter turf length and more even surfac
proffered by artificial turfled to significant improvements in the speed lné game and suéguently
playes skilllevelss. The sport’s governing body, the Internat
international hockey matches are played on artificial surfaces. The widespread use of artifigral turf
competition drove the developnteof waterbased artificial surfaces, designed specifically fockey.
Instead ofsandinfilled surfaces, the pitch is fully irrigated with a layer of water whielufts in an
extremely fast and smooth motion of the hockey baigation is achieved bpop up sprinklers or water
cannons located around the pitch but this equipment is often too expensive for more local, amateur clubs.
Also, the environmental consideration of heavy pitch watering has led to a phstdévelopmenof a dry
elite playingsurface for hockey.

In rugby, The International Rugby Boa{itRB) provided guidelines to clubs and industry outlining

the specific needs of surfaces for rugby (IRB Performance Specification for Artificial Surfaces for-Rugby



Regulation 22) and appred the use of artificial turfs in 20@thternational Rugby Board, 201Gjowever,

the uptake of artificial turf inugby has been less, perhaps to the specific nature of the sport and high
demands placed on the surface. Following lengthy reviews and injury surveillance studies, the IRB launched
the One Turf Programmein 2011 to regulate and standardise the developmestformance and
maintenance of artificial turf in rugbyWith the Englsh Premier League team Saracansouncing that

their home games will be played on artificial turf from the 2011/2012 season, it is expected that artificial
turfs will become more comomplace in rugby.

Fourth generationturfs have recently beatevelopedvhich are in the main variations of tti@rd
generation predecessors. For football and rugby, thgsetotype surfaces are utilising a mix of
monofilament, textured fibres of variable lengths which eliminate the need for infill. For hockey, dry pitches
have been developed for elite level. These are a variatidiGopitches (highdensity of lowpile height
fibres), but now using polyethylene fibre so that these pitches can be used dry at times wiveaidiehd) is
not possible or desired.

A further development in the history of artificial turf is the hybrid turf. These are surfaces consisting
of natural grass neforced with synthetic turf fibres injected into the ground. The natural grass roots entwine
with the synthetic fibres, reportedly providing a stable and even surface and improved drainage. A typical
hybrid turf playing surfacesomprisesapproximately 9% natural turf and 3% artificial turf. While perhaps
not receiving as much public attention, hybrid turfs have tended taobewidely accepted than their fully
artificial counterparts. There are many hybrid turf playing surfaces worldwide. One hybfid tur
manufacturer Desso, has installations in 450 stadia and training centres worldwide, including ten English
Premier League football clubs, two NFL teams and several Rugby Union clubs. In fact, two of the stadia
built for 2010 FIFA World Cup Finals in SduiAfrica and four matches at the 2011 IRB Rugby World Cup

Finals in New Zealand used hybrid turtgbies.



1.2 Biomechanical Testing of Artificial Turf

As the use of artificial turfs in sport increases, the question of how do we test surfaces to ensure safety
requirements and performance expectations are met is vital. Over recent years, several test procedures have
been developed to test for a range of surface properties and charactefistese can be broadly
categorised into three main areas: 1) testshef baltsurface interaction?) tests of the playesurface
interaction and 3) test of surface durability.

The kall-surfaceinteraction properties includeow a ball rebounds and I®lon a surface. Tests for
ball-surface interaction includes the vertitelll rebound test; angled ball rebound test; and ball roll tests.
Playersurfaceinteraction propertieare the mechanical characteristatsa surface with respect to the loads
placed on it by players. These include shock absorption (also referredaiweseduction), deformation,
hardness, stiffness, friction (or traction) and abrasiveness. The properties tested to characterise the durability
of a surface include joint strength, resistance to abrasion, and resistance to water, heat and UV radiation.

The focus of this stly is the testing of the playsurface interaction. There are international and
national standards for quality and safety. In Europe, artificial turf quality is governed by the European
Standards Committee CEN/TC217 standard EN 18338urfaces for sports areasSynthetic turf and
needlepunched surfaces primarily designed for outdoor udeart 1: Specification for synthetic turf
(British Standards Institute, 2007bMany of the quality standards daeloped by individual sporting
governing bodies are aligned with the EN 1533Mn the US, the ASTMF-355 standard setsut the shock
absorption requirements of artificial surfaces.

However, as will be discussed in this thesis, & baen argued that maof thetests advocated in the
above standards are not biomechanically valid, in that they déterotfully simulate the loading response
of artificial turf in actual sporting situations. For example, earlier studies have shown that the loads applied
by the Berlin Athlete test, outlined in FIFA s Art

surfaces shock absorption, is uncorrelated with loads applied blfeeathletes(Nigg and Yeadon, 1987;



Nunomeet al, 2007; Nunomet al, 2008)

Furthermore, conventional testing procedures tend to consider the loads in only one direction. For
example, impact testapplyverticalloads to the turf surface, friction tests apply horizontal loads. However,
a sports movemesiby nature are highly complex activities involving plagerface interactions in multiple
directions and planes within a small time frame. Thoefin order to fully characterise the plagerface
interaction of artificial turfs, the test procedure itself ought to replicate-thneensional loading of actual
sporting movementsTherefore, a better understanding of the plaéficial turf interaction is required in
order to develop biomechanically validated test proceddit@s should lead to a better characterisation of
the properties oértificial turf used in sports to improves quality of playing conditions and the safety of

players

1.3 Aim of the PhD Programme

The principal aim of this PhD programme was to investigate the interaction betlitegrayers and sports
surface ando derive thecritical biomechanical characteristics of this interaction. This informatiouald
allow the prodation of test methods and apparatus widohld bebiomechanically validated for testing the
dynamic mechanical characteristics of natural and artificial turf used for football, rugby and hockey.
In order to achieve this aim, the primaegearclgueston was
T AWhat &dimensidmaground contact loadings and knee joint biomecharotglite
players performing a series of activities commonly occurring during competitive games and
training on different types of artificial tuff o
In order to valiite the biomechanical data collected in the artificial environment of a biomechanics
laboratory, outdoor field tests on both artificial and natural pitches were conducted, following the same
experimental protocol. The biomechanical analysis of the playiéicial turf interaction forms the main
focus of this study.

A secondaryesearclguestion was:



T Aals it possible to design anifetial tud testimgrrig c t a
which replicats the biomechanical interactions observedinfeal f e sporti ng mov

To answer this question, the study set twtincorporate the biomechanical data into the design and
construction of a prototype test righe test rig was to measure th&igensimal compliance of artificial
and natural turfs and generated characteristics of these turfs in relation to a specifically selected range of
sports movements. Initial testing of the prototype rig on natural and iatttficf on external pitches would
be conducted to measure the mechanical characteristics of the surfaces under various environmental
conditions and provide recommendations for the future testing of sports surfaces.

This work is presented in the second half of this thesis.

1.4 Structure of the Thesis

This thesis is structured into 5 main parts:
Chapter 1: Introduction to the study

Provides the background to and the aims of the study

Chapter 2: Literature review

This chapter pvides adetailed review of the literature relating to the subgaeia. The literature review
covers the prevalence, types and aetiologies of injuries in field sports, and how the introduction of artificial
turf has impacted injury rates. It also provides an overview of the current testing methods for characterising
artificial turf, including both mechanical testing procedures and the loloamécal analysis of the player

artificial turf interaction.

Chapter 3: Methodology
Here, a thorough description of the methods employed to conduct the biomechanical analysitagéthe p

artificial interactionis provided (section 2). It includes detailsthe subjects who participated in the study,



the artificial turfs tested, and tlmenning and turningnovements performed by the subjects. It also provides
an account of the motioanalysis system, playsvorn equipment and data processing methods used to

conduct the biomechanicahalysis

Chapter 4: Results

In Chapter 4,He results obtained from the laboratory based biomechanical assessment of the three types of
artificial turf are presented, including ground loadings, knee moments and knee angtasparison of the

data collected inside and outside of the laboratory on different surfaces is provided in order to validate the

laboratory based biomechanical analysis.

Chapter 5: Discussion
This chapter discusses the main findiagsl advances of the studylight of pudished data and theories. It
also discusssthe limitations of the study, the implications for the development of artificial turf testing and

new opportunities offered by these findings for future research.

Chapter 6: Development and Initial Testing of a Prototype Test Rig
This chapter describebd development and initial testing of a new prototype test rigntaics the 3
dimensional loading actions of a sports player for the assessment of sport turfs, in tétsndesign,

manufacture and application.

Chapter 7: Overall Conclusion
This chapter provides aummaryof the study outcomedighlights its original contribution to this field of

researcland provides recommendations for future research.



CHAPTER 2. LITERATURE REVIEW

2.1 Injuries

2.1.1 Injury Incidence irSports

Team games, such as football, figldckey and rugby, create an environment in which injuries can occur.
Epidemiological studies of injury have shown these sports have high but variables rates of injuries. In
UEFA Champions Lague football, injury incidencef 30.5 injuries per 1000 matclotrs haseenreported
(Waldenet al, 2005) In contrast, Werner et §2009) found thetotal injury incidence was 1.1 per 1000
hours (3.5 per 1000 match hours veru8 per 1000 training hours) during a 7 year study of 23 European
teams.

The majority of the injuries sustained by football players are soft tissue and joint injuries, with three
quarters occurring in the lower extremities, particularly in the knee akie ¢Ekstrand and Nigg, 1989;

Fried and Lloyd, 1992)

The overall incidence of injury in English Premn League rugby is reported between 52 and 91
injuries per 1000 match hou¢Brookset al, 2005; Schneiderst al, 2009) In a prospective study of 156
semiprofessional rugby league players over two seasons, injuries were more frequently sustained during
competition than in training and injury rates were higher for forwards thabafcks, due to the more
physical contact experienced per game during forward (8tgphensoret al, 1996) Muscular and joint
injuries accounted for 48.5% of injuries. Over 20% of all injuries were experienced in the lower extremity,
with 13% occuring at the knee. Although the majority of injuries were sustained during a tackling situation,
norrcontact injuries, such as falling/stumbling, overexertion/overuse and twisting to pass/accelerate
accounted for 40, 20 and 10 injuries per 1000 hours @apectivelyStephensoet al.,1996)

In a review by Murtaugk2009) male hockey players experienced eager number and more severe

injuries than females players. The most severe injwigs caused by contact with the ball or stick and



i nclude trauma to t he he(2009)studyofeite female hockep @ayersifoundb . Ri
that most injuriesvereg howevernon-contact. These were mostly muscle strains and tendonitis. The lower

back and ankle/foot were the most vulnerable to injury, followed by the knee. Dic20@T)reported an

injury incidence of 7.9 per 1000 match hours, with ankle ligament sprains the most common at 14% of

injuries. They were also frequent cause of severe injuries, resultimgeiff playing.

2.1.2 Lower Extremity Sportsinjuries

Sports injuries result from a single or a few traumatic tissue overloading episodes (acute injuries) or repeated
loading leading to tissue damage (chronic injuri@&rnicke and Whiting, 2000Bports injuries can affect
bones or soft tissue (ligaments, musclesdt®s). When discussing team sports, injuries aan be
classified according to how they were sustained. Contact injuries occur when a player collides with another
player or equipment, such as goalposts, sticks or ball. These situations usually cause acute injuries such as
fractures, contusions and haematomas.

In contrast, noftontact injuries occur as a result of the playewn body motions and/or contact
with the ground which generate forces greater than those which can be tolerated by biological structures
(Lees and Nolan, 1998) These types of injuriesan be eitheacute or chronic and can resit stress
fractures, muscle sprains or ligament strains.

As this study is primarily concernedtiithe assessment of joint motions and loading during running
and turning activities, the following discussion omuries will focus on norcontact, lower extremity

injuries.

2.1.2.1 Thigh andHip Injuries
The highly dynamic nature of team sports such football, rugby and hockey, in which the players perform fast
acceleration/deceleration and twisting/turning manoeuvreg, igbe to a variety of injies in the lower

extremities.In the thigh region, hamstring strains are commonly reported in soccer p{Rgtessen and
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Holmich, 2005; Reilly and Howe, 199@nhd rugby player@Brookset al, 2006) These usually occur during
a forceful extension of the knee during late forward swing of the leg, decelerating the lower limb during
acceleration at pusbff of the stance leg, or overexerti@Morris, 1998; Reilly & Howe, 1996; Wooa al,
2004)

An adductor st r &dum asarmesult gf damage togthe masculotendimous junction
when the hip adductors are used for propulsion during a rapid change of di(blctras, 1998) lliotibial
band syndrome is a common chronic injury sustained during running, caused by friction on the iliotibial

band moving over the lateral femoral condyle as the knee flexes/exReitlg & Howe, 1996)

2.1.2.2 Kneelnjuries

Injui es t o the knee can have a devastating effect ol
football, 39% of significant injuries and 58% of major injuries were sustained at theNiokelaset al,

1988) The knee joint is especially susceptible to injury in a sport such as football, due to the long levers
attached to the knee and the potentially large moments that could be generated around the Kiesllyint

& Howe, 1996)

Injury to the anterior cruciate ligament (ACL) is a significant injury to any sports person and can lead
to intense rehabilitation or ACL reconstract in severe cases. It has been reported that approximately one
ACL tear is sustained for every 1500 play@ursfor thoseparticipatingin American football, skiing,
basketball and footba(EImqvist and Johnson, 1994)The ACL ligament passes laterally and posteriorly
from the anterior surface of the intercondylar area of the tibia to the medadesof the posterior aspect of
the femoral condyle. It provides resistance to anterior and medial displacement of the kr{Pal@stanga
et al, 1994)

ACL damage generally occurs as a result of a-camtact movement such as rapid deceleration
which involves sudden changes in direction, landing from aguim or near full extension, and during a

cutting movemets involving pivoting withnear fullkneeextension over a planted fo@tlentorn-Geli et al,
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2009; Besieet al, 2001b)

Common playing situations precludingnancontact ACL injury include a&hange of direabn or
cutting manoeues combined with deceleratio0% of ACL injuries occur in noegontact situations
(Griffin et al, 2000) The combination of large external loads during knee extension, abductiontantkex
rotation is typical of ACL injuriegNorris, 1998) Senter and Ham@006)identified a greater risk for ACL
injury associated with a combination of anterior tibial force, internal tibial torque, and near full knee
extension.

The posterior cruciatligament (PCL) originates from the posterior intercondylar area of the tibia
and travels interiorly, medially, crossing the ACL and is inserted on the lateral surface of the medial femoral
condyle. The PCL is taught in knee flexion and its functioo igsist forces that cause posterior and lateral
knee joint displacemerfPalastangat al.,1994) It is damaged during forced hyperextension that may occur
as a result of landing heavily on an extended knee or during a direct blow to the front of(®enkeg and
Hame, 2006)

The medial and lateral collateral ligament (MCL, LCL) function to protect the knee from valgus
(abduction) and varus (adduction) sublaxtion, respectiifreéily & Howe, 1996) The MCL travels from
the medial epicondyle of the femur to the medial condyle and upper medial shaft of the tibia. The PCL
travels form the lateral epicondyle of the femur to the lateral surface of the head of ti{Pdiasangat
al., 1994) The MCL and PCL are commonly damaged as a result of blows during tackles to the outside and
inside of the knee, respectivelReilly & Howe, 1996) Injury to the MCL can also occur as a result of
excessive knee abduction coupled with external rotation; while LCL damage can be sustained through
excessive knee abduction coupled with internal rotation.

The mensci (medial and lateral) are fibrocartilage structures that are positioned on the superior
aspect of the tibial condyles. They function to distribute the loads across the knee. Menisci injury is usually

associated during weight bearing stances during\®ment which combines twisting on a flexed knee with
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the foot fixed on the groun{Norris, 1998; Reilly & Howe, 1996) A devasting injury that can occur
involves simultaneus damage to the medial meniscus, medial collateral ligament and anterior cruciate,
which is referred (Redly&HoweQ9Bo noghue’ s triad
Jumper’s knee (quadricep tendonitis), anterior
and fibula are clunic injuries associated with frequent running or jumping on hard surfaces or wearing

faulty footwear that fail to attenuate shock adequdtetyris, 1998)

2.1.2.3 Ankle androotInjuries
In a systematic review of injury patterns of more than 200,000 participants in 70 sports worldwide over 18
years, the ankle was the second most common injured body site after the kneeleasgramkwas the most
common type of ankle injurgFonget al, 2007) Injuries to the ankle account for 25% of all lost time
injuries in highrisk sports, such as football and rugBReid, 1992) Eighty-five percent of ankle injuries are
sprains, and of those sprains, 85% are lateral inversion spransg, 2009)

The most common injury of the ankle occurs as a result of damd#ge anterior talofibular ligament
by a combination of excessive inversion, plantarflexion and adduction loading. Damage to the
calcaneocuboid ligament occurs as result of a combination of supination and adduction. Excessive inversion
while the foot is ina neutrallyflexed position can injur¢he calcaneofibular ligament. A combination of
plantarflexion, eversion and abduction can lead to tears in the medial collateral ligsloreist 1998)

“ Twutrofe’ is an acute injury of the first metar so|
toe as a result of increased friction between the shoe and surface.injihjshas been observed in
American football players and can occur when the player is accelerating away from a crouching stance or

when a player’s body weight ([Radecetsal,193% o t heir f oot

2.1.3 Injury Risk Factors orArtificial Turf

The aetiologies of sports injuries are numerous. A detailed discussion on the causes of all injuries sustained
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in sport is beyond the scope of this theditowever, br a review ofthe risk factors associated with lower
extremity injury, the reader is referred to Murgtyal (2003)

Generally, spds injuries can be attributed to intrinsic and extrinsic risk factm&laar, 1994)

I ntrinsic factors are related to the player’s phys
laxity, muscle tightness, anatomical alignment and medical/injury history. Extrinsic risk factors include the

leve of competition, equipment (such as footwear and protective accessories), rules and foul play, climatic
conditions, training errors (lack of warm up) and playing surface (grass, artificial syE&s&pnd & Nigg,

1989; Inklaar, 1994; Murphgt al, 2003; Nigg, 1985; Reillgt al, 1988;Renstronet al, 1977)

Surface related injury risk factors include ameven playing surface, high stiffness, too high or too
low friction, and alteration in training surfacégkstrand and Gillquist, 1983; Murplet al.,2003) Knee
and | i gament damage are common -fiiaitmjomr i esnjaoclilesc
when a player’s foot remains | ocked on tfkanklsur f ac
and knee. This may result in high translational and/or rotational forces, which can stress the ankle and knee
joint systems significantly. The surface stiffness and its frictional properties are important for the aetiology
of sport injuries, partularly norcontact chronic injurie{Naunheim, 2008; Nigg & Yeadon, 1987)
However, it has been reported that the stiffness of the surfaces is not related soe@eiténjuries, but may
account for some chronic injuries. Ekstrand and Nib@89) found that 24% of injuries sustained while
playing association football have been attributed to the playing surface.

The introduction of artificial pitcheisito major sports such as American football, hockey and football
changedstyles of play (Anderssoret al, 2008; Bhartiet al, 2006) which may influence the biomechanical
interactions between players and the surface and impact on injury Fmkexample, artificial turf use in
hockey has had a major effect on how the spoplaged Artificial surfacespresenteca smooth playing
surface andpromoted fastpaced, continuous plagMurtaugh, 2001) However, little recent research is

evident regarding the effect of artificial surfaces on injury rates in hockey.
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2.1.4 Impact ofArtificial Turf onInjury Incidence

Thereare conflicting reports in the literature regarding the effect of playing on artificial surfaces on injury
rates. Many of the studies relating to injuries on different surfaces are difficult to compare due to
methodological deficiencies and inconsistestn particular, studies have not used a not standard definition

of what an injury is or been consistent in how injury rates are calculatsedhot always clear whether acute

or chronic injuries (or both) are being reported, nor the location of theyinjlso, some studies include
injuries that have occurred in competitive play only, while others include both competitive play and training.
Furthermore, ase studies or injury surveys that are retrospective in nature are prone to bias, as they cannot
accurately characterize the multiple variables that must be evaluated, such as injury type or cause. In
addition, there is generally no baseline information regarding the athletes before the injury occurred
(Murphyet al.,2003)

Surfacerelated injury research is furtheoroplicated by the large number wvériables involved
(Dragoo and Braun, 2010; Willianet al, 2011) For a comprehensive comparison of injury rates between
different types of artificial turfs and natural turf, the following factoegdsto be considered: the level of
competition, training or match play, contact or foumtact injuriesthe type of footwear each player wears;

the players i ndi vidual intrinsic injury risk fact
properties (type and age of surface); the climate effect; the exact injury mechanism (whethemths inj
attributable to the surface or not, the movement performed when the injury occurred and whether it was
contact or non contact injuryibragoo & Braun, 2010; Powell and Schootman, 1992)

There can be variation in the properties of different brands of artificial turfs evaluated. Also, use of
'natural turf' as a catedll categorization in injury studies masks the spatial and temporal variation within

and among suchurfaceqStileset al, 2009) Consequently, it may be impossible to provide a generalised

statement testifying that injury rates are higher on artificial turf compared to natural turf.
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2.1.4.1 StudiesReportinga Higher Incidence ofjuries onArtificial Turf.
Much of theearlyresearch which reports a higher injury incidence on artificial turf tends to be earlier and
focused on American football adds surfaces, such asstroturf The introduction of artificial turf has been
the suspected causfei xfaotri ocann® iinncjrueraisees ,i ns ucfhooant eri o
and -t o @inefl1991) In a review of the epidemiological studies on injury rates Skoetai (1990)
concluded that playing and practicing on artificial turf was associated withFb@%0ncrease in the risk of
time loss injuries to the Wer extremities. In practical terms, this may be equated to one excess injury per
team per seasonMore recently, Williamset al (Williams et al, 2011) reported that while there was no
overall difference in injury rates, playing on third and fourth generation turf may lead to a higher risk of
ankle injury compared to naturairf.

A survey of intercollegiate American football during a seyear period in the 1980s, showed that
natural turf and artificial turf accounted for 12% and 7% of all surface related injuries, respggtinely
1991) In a similar survey of interclglgiate soccer, injury rates for natural surfaces were 7.51 per 1000
player exposures and 10.68 per 1000 exposures for artificial turf. During a ten year study of professional
American football, Powelkt al. (1992) reported higher rates of ACL injuries for special team players
(punting and kickoff) competing onAstroturf artificial turf compared to naral turf. In a study of
Americanfootball players, 83% of those players where it could be determined on which surface an injury

occurred, reported initial turfoe injury on an artificial surfaggodeoet al.,1990)

2.1.4.2 StudiesReportingNo Differences irinjury IncidenceBetweerNatural andArtificial Turf

Since the introduction &G turf, the injury incidence research has tended to report no differences in amount
or type of injuries betwee artificial and natural turfRecent systematic literature review concluded that
despite differences in injury type, the rate of injurytieind-generatiorand natural grassurfacesappears to

be comparabl¢Dragoo & Braun, 2010; Wilamset al.,2011) The following is a summary of the relevant

studies.
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Differences in the injury incidences of 292 professidoatball playersvere examined by Ekstrand
et al (2006) One group consisted of players from 10 elite European plalyghg their homegames on 3G
artificial turf and away games on natural turf. The control group consisted dba@tifallers playing their
homegames on natural turf in the Swedish Premierguea The authors concluded that no evidence of a
greater risk of injury was found when football was played on artificial turf compared with natural grass.
Significantly more ankle sprains were observed on artificial turf but the initial incidence ofspnédes was
low.

The studies by Fulleet al (2007) collected injury data from over 100 male and female university
football teams over a-gear periodDetails of the playing surface and the location, diagnosis, severity and
cause of all training and matcHap injuries were recordedl'he authors reported no major differences
between the incidence, severity, nature or cause of injuries sustained gemeration artificial turf and on
grass by either men or women. This result was the same for both training and during matches.

In a casecontrolled, prospective study of over 300 youth football players during one seasomt Aoki
al (2010)found no significant differences in acute injuries during training and competition. Hovleses,
was asignificantly higher incidence of low back pain in the growning on the artificial turfSimilarly,
Steffenet al (2007) reported no differences in injury incidences in 2020 young female football players on
artificial and natural turf.

While an earlier study ofLG artificial turf by Renstronet al. (1977)found no differences in injyr
frequencies between playing on an artificialtiedl surface and natural grasswas observed playing on
artificial turf with studded footear increased the injury raten addition, more injuries occurred during
sliding andtackling on artificial pithes. These injuries tended to be abrasion injuries, reflecting the
difference between the frictional properties of the early synthetic turf and naturéEksifand & Nigg,
1989)

In a 26year retrospective study of injuries in players of an Americatbill team, Nicholast al.
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(1988)also found no signifiant differences in rates of major injuries per game on either natural or artificial
surfaces. However, contact and romntact injuries were not differentiated in this study. Interestingly,
Scranton (1999) reported that an American football player éstiimes more likely to injure their ACL on
natural grass than on artificial turf in a game situation. Of 78 ACL injuries that were sustained in game and
practice situations over 5 years in the National Football League (NFL), 65% occurred on naturah@rass
35% occurred on artificial turf. While injury rates per team session were higher for natural than artificial
turf during game situations, the opposite was true for practice situations. This study also highlighted the
importance of considering the shworn when conducting injury studies, as some shoes are not suitable for

certain surfaces.

2.1.4.3 StudiesReportingLower Incidence ofrjuries onArtificial Turf
A study by MeyergdMeyers, 2010examined injury rates sustained in 465 egihte American Football
games played on either FieldTurf artificial turf or natural grass during 3 seasons. They reported a
significantly lower total injury incidence, including both minor and severe injuries on the artificial turf
compared to the naturgrass surface. Although the standard of collegiate football is high, these results
cannot be generalised to the professional levels of competition.

An earlier reporby Winterbottom(1985)for the English Football Association on use & surfaces
in English Frst Division football during the 1980s statetthat injury rates were lower on artificial turf

compared to natural turf.

2.2 The Testing of Artificial Turf

2.2.1 Definitions ofMeasuremen¥ ariables

Sports surfaces can be characterised by a number of variables. The cushioning ability of a material can be
described as its potential to reduce impact force p@igg, 1990) Harder (or stiffey surfaces are generally

assumed to have a detrimental effect on an athlete. The variables measured to produce a description of the
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cushioningare peak impact force, peak acceleration/deceleration of a falling mass, and deformation of the
surface.

The measuredorces and deformation will enable a calculation of the surface stiffness, which is
defined as the ratio between the force applied thirquerpendicular onto a surface and the elastic (or
recoverable) deformation in the direction of the applied force (Nigg, 1990). The hardness is a measure of
the yield stress of a surface and is related to the plastic (or permanent) deformationekrhasdgested
that the recoverable properties of a sports surface are of most relevance, indicating the importance of
measuring surface stiffness (Dixehal.,1999).

The property of a surface to resist horizontal loading and allow an athlete to makeentse
without excessive slipping or falling is referred to either friction or traction. Friction is necessary for athletes
to make sharp changes in direction or increases in speed. Therefore, a certain amount of surface friction is
necessary and beneficlor sports performance but excessive fri
freely during turns, cuts and twists and may increase the risk of foot fixation injuries (S¥atg2003).

Frictional forces occur whenever there are two contadiodjes and one body is forced to move
relative to the other body. If no relative movement occurs between the two bodies, it is static friction. If
relative movement does occur, itkimetic friction, which opposes the direction of the movement. For ideal
surfaces (uniform and rigid bodies), a coefficient

Co u | olawnbof figction:

Fi= tEn (Eq. 2.1)
Where F: = frictional force

F, = normal force

Wf = coefficient of friction

I f there is no relative movement betnealoulattddfo sur f
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there is relative movement bet ween tywie calsulatedd ac e s ,
Coul olab is eelevant for both linear and rotational movement, resulting in linear or translational
resistance and rotational resistance. In terms of rotational movements about an arbitrary axis, a coefficient of
rotational friction can bealculated in a similar fashion, utilising the free moment of rotation about an axis

perpendicular to the surface plane through the point of applioq@tankeet al, 1984)

M,= ,En (Eq. 2.2
Where M, = freemoment of rotation

F, = normal force

Jr = coefficient of rotational friction

However, it has been argued that this coefficient of rotational friction is not a true coefficient as it has units
of length With consideration to a human/surfangeractio, this coefficient doesot take into account any
changes in contact areehich can occulNigg, 1990) It has been reported thdtet moment of rotation
depends on the pressure distribution in the contact area and the size of the contact area (Nigsn& Yead
1987). Therefore, it has been suggested that the moment of rotation should suffice to describe the resistance
to rotational motion of the shemurface interaction (Nigg, 1990).

The classical law of friction described above assumes that the coeféitigittion is dependent on
the materials of the two surfaces and the relative constant velocity between them but independent of the
normal force and the contact area.

However, the surfaces and shoe materials that are present during sporting enviraneneottsdeal
surfacesso theclassical laws of friction do not adequately describe the complex interaction between these
compliant and nowniform surfacegShorteret al, 2003; Shorten and Himmelsbach, 2002; Van Ghekiwe
al., 1983) It has been reported that the friction coefficient can be influenced by changes in the normal force,

contact area and sliding welity (Schlaepfeet al, 1983; Valiant, 1987; Van Ghelaet al.,1983)
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As a resul t, the term ' tr act-sudaceéinteraciians tiiaede not a d o p t

comply with the classical laws of friction (Shortehal.,2 0 0 3) . The symbol T [
coefficient of traction as the ratio of traction force to the normal force, which is defined in the same manner

as for the coiicient of friction (see Eq. 2.1). The use of the term traction implies that a) the interaction
between the surfacesisrbn near and does not comply to Coul omb
resistance to motion are applicable to only the loadingdiions similar to those under which the
measurements are being mg@&horten & Himmelsbach, 2002)The resistance of a surface to horizontal

loading will be described as traction in the remainder of this thesis.

2.2.2 MechanicalTurf Testing

Artificial surfaces can be tested &ywumber of methods. They range from laborab@yed procedures on a
small samples to tests conductadsitu on surfaces that are to be used or being used for sports competition
or training The methods can alse® lzategorised according to the type of loading that apply to the surface:
vertical impact test linear traction tests, rotational traction tests or tests incorporating a combination of
loadings.

The following is a description of the methods that have liBamsed to mechanically assess artificial
turf, specifically in relation to the humasurface interaction. Some of tests methods are currently widely
used and form part of internationally recognised testing standards or sporting governing body assessment
procedures. Tests for evaluating the {saliface interaction and other characteristics such as weathering,
ageing, pile strength, etc are not included in this review.QlBlN Technical Committees CEN/TC 217 and
PRI /57 *“Surfaces f olopedsapnambersf standards ot spdrta sudaced i \E@rope

which cover a range of characterist{Bsitish Standards Institute, 2007b)
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2.2.2.1 ImpactTests
Impact tests involve a mass that is falling under gravity, or mechanpraibpelled, impacting with the test
surface. The force of the impact or deceleration of the mass during impact is used a measure of the shock

absorption of a surfac€ollowing is a summary of impact tests for artificial turf.

Artificial Athlete Stuttgart

The Artificial Athlete Stuttgart is a portable impdesting device originally devised for assessing point
elastic surfaces, such as gymnasium floors. It consists of a 20kg mass falling on to a 69mm diameter spiral
spring with a stiffness of 40N/mm fromreeight of 120mm. Beneath the spring is a force transducer and a
displacement cell which measures the loads transferred by a 70mm diameter, 3.5kg test foot to the surface
under assessment. The Artificial Athlete Stuttgart is also used to determine tteedtaartical deformation

of the surfacéBritish Standards Institute, 2005b)
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1 guide for the falling weight 6 guiding tube
2 electromagnet 7 force sensing device
3 falling weight 8 base plate
4 upper plate 9  horzontal projections
5 spring 10 sensors (pick up)

Figure 2.1 Artificial Athlete Stuttg art



Berlin Artificial Athlete

The Berlin Artificial Athlete (Figure2.2) is a development of the Artificial Athlete Stuttgart, which allows

the assessment of higher frequency loads with a shorter contact time, which are similar to those observed
during a human fat contact during a sporting movemdnligg & Yeadon, 1987)The rig is intended to
simulate lover extremity impact. Th&erlin Artificial Athlete (DIN 18035) has been the most commonly

used test for determining the shock absorbency properties of a surface and is currently the test for the
British/European Standard for determining shock absorbéBcyish Standards Institute, 2005and

FI FA” s r ecommend e (Fédéraian tintemationgder de d-eotball rAesociation, 2Q09k)

consists of a rig containing a 20kg masspped55mm onto a linear spring (spring stiffness: 2000NHm

that is located above a test foot (7Omm diameter, 3kg) through which the fapg@ied to the surface.

ﬁ WEIGHT 20Kg

SPRING 2000 KN/m

FORCE SENSOR

SPORTS SURFACE

Figure 2.2 Berlin Artificial Athlete

A force transducer, with a capacity of 10kN measures the impact force of the test foot with the surface. The
amount by which the peak value tife force is lower than the peak value measured when the test is
performed on a reference concrete substrate is reported fasrid@eReduction ¥Based on Harriso(i1999)
calculations, this device can produce a maximum force of 6740N in a time of approximately 10 ms on
concrete.

When the Berlin Athlete is tested on a reference concrete sample, it acts as a on@meas§ing

system. In practice, during artificial surface testing, the Berlin athlete acts as a twdwmasgzing

23



mechanical system. The effect of the test foot combined with the sample of artificial surface being impacted
produces a second magxing system.

The recorded signal from the force transducer includes a relatively high degree of mechanical noise
that arises from the metallic nature of the apparatus, which incorporates little damping, the oscillation of the
spring coils and other random noise. lie Berlin Athlete, the oscillations of the spring have been reported
to have frequency components of approximately 2kHz and 4kdzrison and Harting, 2000Also, the
stiffness of the & sample and the properties of the test foot will affect the frequency of the oscillation of the
lower massspring system. The frequency has been reported to be as low as 130 Hz during test on a soft
sample using a test foot with a mass of @Hgrrison & Harting, 2000)

Harrison (1999) compared the peak value of a recorded signal produced during Berlin Athlete tests
on a concrete floor using different springs with different filterirgnréques. It was suggested thaf"soeder
Butterworth filter with a 220Hz cenff would be appropriate to remove all the unwanted components from
the signal. BS EN 14808 states a 2nd order Butterworth characteristic v@tdE frequency of 120Hz
(British Standards Institute, 2005a)

It is important to have a reference standard in order to base the results of test samples on.
Traditionally, the reference norm fortidicial athletes has been concrete. Now, entirely metallic reference
devices have been produced, comprising of conical steel spring washers in a fldagiisgn & Harting,

2000) These reference norms have the advantage that it can be reliably reproduced to within defined
tol erances. Il deal |l vy, a ‘standard’ artificial sur -
inherent problems with the use of a polymeric referesweh as reproducibility, uniformity, linearity and

ageing of the surface.

Impact Severity Test
The Impact Severity Te$The SportCouncil, 1984)etermines the peak decelgon during impact which

gives a measure of the ability of the surface to absorb the energy of a player falling onto it. This test
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employs a impactseverityrig (BS 7188:1989now withdrawn as a standaydwhich consists of a spherical
mass (4.6+£0.05kgdiameter: 160£5mm) instrumented with an accelerometer, released from different drop
heights. The peak deceleration of the mass upon impact gives rise to a Severity Index related to the drop

height.

Nunomeet d (2007; 2008V ertical Load Test Rig

The prototype vertical loading test rig developed by Nunetal (2007; 2008)consists of a drop mass
system using a length adjustable pendul&gyre2.3). The rig can apply vertical loads of between 7000N
and 11000N to represent the loading conditions measured in human lands@torfs (Nunomeet al.,

2007)

Figure 2.3 Prototype vertical impact testrig (Nunome et al, 2008)

Portable Biomechaical Artificial Surface Tester
The University of Strathgble has developed a prototype Portable Biomechanical Artificial Surface Tester
t hat i's reported to simulate a human footfall i
stiffness(O'Hara, 2003)It consists of a 15kg mass that is dropped from an adjustable height, guided inside
an aluminium pipe. The mass has a spdagipening systa attached to it, with a spring stiffness of
97kNm* The dampening aspect of this device is stated to minimise the need for rigataiilgering.

The mass impacts a pieetectric load cell that is attached to the test foot. With a drop height of

150mm, a maximum load of 14.74kN with a loading time to peak force of approximately 10ms has been
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achieved on a reference sample of concrete.

OtherlInstrumented Impact Tests

Other traditional forms of mechanical turf testing are laboratory based and ctmeefanm of instrumented

impact tests. There are two general types of machines which perform instrumented impact test: 1) pendulum
or dropweight machines, in which a swinging or falling weight strikes the specimen and 2hyeraailic

or pneumatic maunes that force an impactor onto the sample at different velocities. Both methods produce

information on force, displacement, velocity and the energy absorbed by the sample.

2.2.2.2 Standarddor the Impact Testingf Artificial Turf

British and European
The European Standards Committee CEN/TC0D7b)has produced the standard EN 1533®urfaces
for sports areas Synthetic turf and needieunched surfaces primarily designed for outdoor -uBart 1.:
Specification for synthetictuff t o supersede the previ ouspecifies theg i s h
properties required from synthetic turf surfaces intended for the sports of football, hockey, rugby, tennis or
multi-sports use

The standard has amprehensive range of ball/surface requirements including ball rebound, ball roll
and angle ball rebound. The standard also specifies requirement for the player/surface interaction shock
absorption, vertical deformation and rotational resistance. Requitenfier the effects of resistance to

artificial weathering, joint strength and simulated use are specified too.

s aY

In terms of impact testingheé BS EN 14808 Sur f aces f or sports areas.

a b s or (BitishdStandards Institute, 2005dé¢scribes the use of the Berlin Athlete device as a test of a
surface’s resisté&nhaaedaodviebt EdNal4dBOAQd! Sgr f ates f
vertical (Betisho $tandatds tstitute, 2005lescribes the use of the Atrtificial Athlete

(Stuttgart) to measure theertical deformation of sportsigaces

26

(O



The Head Injury Criterion & Critical Fall Heightare test methods specified by the common

European St and ampact aeriiatirg Nlaygrduidd/surfacin@etermination of critical fall

height (British Standards Institute, 2008Yhis standard describes the use an instrumented headform,
representing the head of a falling person, dropped from various standard heights ondosh@pée. The
headform, instrumented with an accelerometer, consists of an aluminium ball or a hemispherical ended
missile with a diameter of 160+t5mm and a mass of 4.6£0.05kg. The deceleration of the headform as it is
brought to rest is monitored and tbricial maximum rate of deceleration is calculated. The kinetic energy

of the headform is used to express a Head Injury Criterion (HIC). From the series of tests, the maximum
acceptable drop height of the headform to yield a HIC of 1000 is calculatad.isTthe rated Critical Fall

Height for the surface.

United States

The ASTM E355 falling missile tesdetermines the shock absorbing properties of playing surfaces
(American Society for Testing and Materials, 1994) measures acceleration values during impact to
approximate a relatively severe blow to the head during falling. Adtzd missile (9.8kg), equipped with

an accelerometer is dropped from a height of 60cm and the deceleration during impactredneasu

2.2.2.3 Limitationsof Impact Testing Procedures

There are several reported limitations with the application of the current tests, which have been thoroughly
documented by Nigg (1990) and Dixat al. (1999) With respect to vertical impact/cushioning tests,
mechanical drop tests results are specific to the chosen experimenipl $etrying the drop height, the

mass of the object and the contact area of the test foot can havsidecalle affect on the rating of a
surface’s cushioning ability (Nigg, 1990) . Al t ho
Artificial Athlete test, any constant variable error would affect both the reference and test sample results
(Harrison & Harting, 2000)

In tests where only peak impact forces, peak accelerations or peak deformations are reported during
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cushioning tests, the possible inertial effects of the testaiod/or the part of sample under movement are
not accounted for. For the Berlin Athlete tests, Nigg (1990) calculated these inertial effects to be up to 40N,
which are considerably large enough not to be neglected.

The impact forces produced in testsrently used to measure the cushioning etidace have been
shown to be notorrelated with the impact forces produced by athletes during sporting movements and
could trerefore be biomechanically invalitNigg & Yeadon, 1987)This studycompared the results from
the analysis of hedgbe running with a series of drop tests and reported a cooreledefficient of less than
0.5. Numoneet al (2007; 2008yeported that the Berlin Athlete test significantly produced fda@ds than
the experienced when landing for a jump from 50cm and, therefore, may be inappropriate to evaluate
artificial turf for high impact sports actions.

Furthermore higher impact forces are observed on stiffer surfagtng Berlin Athlete testin
contrast, athletic impact forces have been shown not to be correlated with surface ¢k#ebssy, 1986;

Nigg & Yeadon, 1987)As a resul of these limitations, careful consideration should be taken before test
methods, such as the Berlin Athlete, are used to predict the external loadings placed on an athlete during
sporting movements or used to predict the potential of a surface to redidaeerelated injuries (Nigg,

1990).

The Berlin Athlete was initially designed for use on agksmstic surfaces, such as gymnasium floors,
which have a linear loading response. The vslestic nature of artificial turf demonstrates a -liopar
loadng response, resulting in an increase in stiffness with surface deformation. Thigelastoaty is also
time dependent. It has been suggested that the loading timing of the Berlin Athlete is too short compared to a
human footfall(Dunlop, 2002; Shorten, 20Q1lj could also be argued that the current tests do not replicate
the time history or impulsef the force applied by sports performers. Therefore, any testing should

approximatehe magnitude and timescale of a human footfall during sporting move (iéatser, 2003)
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2.2.2.4 Linear Resistance Tests

The following is a summary of the mechanical tests to evaluate the linear resistance (or traction) of a surface.

ASTM Sports Shoe Traction Test

The $orts Shoe Traction Test (ASTMI551-94-AT 030) (American Society for Testing and Materials,
1997)determines the traich coefficient between shoes and playing surfaces. A barbell weight is placed on
top of a regular sports shoe or modified sports shoe with the uppers cut off. A nylon belt is placed around
the shoe and is attached to a ppsh gauge, which is pulled ia horizonal direction. The minimum force
required to either initiate sliding (static friction) or maintain movement (kinetic friction) is recorded.
Traction is defined as the horizontal force divided by the vertical force applied by the weight and the shoe

(ASTM,1997)

British Standard (BS 7044 2.2:1990)

This now withdrawn standard providethethods for assessing sliding diste and slip resistance
(Winterbottom,1985) SIl'iding distance gives a measure of
surface. To determine sliding distance, a weighted trolley (45+2kg) with a slidingotoated with some
sports shoe sole material, placed in a trailingitos is used Figure 2.4) The trolley travels down an
inclined planeunder gravityonto the surface and the distance it travels is meaqinétish Standards

Institute, 1990)

Figure 2.4 BS7044 Sliding distance test
Modified Le Roux Pendulum
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Slip resistance isurrentlymeasuredvith a Portable Skid Resistance Tester (commonly known as Modified
Le Roux pendulumjBritish Standards Institute, 20Q8)hich uses a rubber foot attached to the end of a
pendulum FEigure 2.5). After release, # foot is allowed to slide over the surface. A friction coefficient is
determined using the maximum height attained by the foot following sliding on the surface. This test is now
used as the European Standd&8® EN 14837:2006for determining the linear resistance of a sports surface
(British Standards Institute, 2006) It I s (2@09b¥aon dF | tFhA€2G1D) ReRBommended &
procedure for linear resistance of the sBagace interactionA sports shoe sole or studded test fwant be

usedin this device

Figure 2.5 Modified Le Roux Pendulum

Securisport Sports Surfadester

As FIFA's recommended procedure for determining
Tester(Wassing GmbH, 200&omprisesatest foot lined with silicon which is moved in a circular motion
across a test surfacBigure 2.6). A verticalforce of 100N is applied to the test foot before it is allowed to
rotate. The test foot then makes 5 revolutions at a speed of 40 revs/mireffiient of friction is

calculated. However, Verlheg2007)identifies the limitations of the device: it does not measucédn at

the start of movement; the speed and pressure applied to the test foot is low; the use a rotational movement

for determindineartraction, and the lack of any temperature measurement.
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Figure 2.6 Securisport Sports Surface Tester

Verhelst et al Friction Sledge

Verhelstet al (2007) have developed a friction evaluation devi€ég(re 2.7). It comprisesa ramp from
which a sledge is launched down onto the test surface. The sledge mass ranges beBikgnat8 is
travels down the ramp at a speep to 22kmH. The test foot at the bottom of the sledge isdiméth

artificial skin. The sliding distance, coefficient of friction and the temperature at the contact surface is

measured.

Figure 2.7 Verhelst et al (2007) friction testing device

Instituto de Biomecanica de Valencia (IBM)ction Test Device
IBV have developed a test device to represent the sliding tackle in fo(@aalthiset al, 2008) (Figure

2.8). A test foot coated with a silicone skin is slid along a surface by a machine at a constant velocity of
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0.4ms". A constant 150N vertical force is applied to the test foot as it is movesdsattre test surface. The

device measures both coefficients of static and dynamic friction.

>

Figure 2.8 IBV friction test device

Schlaepfeet al.Friction Sled
Schlaepferet al. (1983)developed a rig consisting of a sléalorporating a variable weighted sports shoe,
which is pulled across a force platform. It was used to determine the friction coefficients of sports shoes that

were tested on different surfaces.

University of Sheffield SERG Sports Surface Traction Test Rig
The Sports Engineering Research Group at the University of Sheffield have developed a force controlled
traction rig to measure the initial resistance of a surface to mofiguré 2.9) (Clarke et al, 2008)

Commera@al and bespoke studs can be attached to the loaded test plate in a variety of orientations.

Figure 2.9 SERG sports surface traction rig

University of SoutiWales Hydraulic Friction Tester
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A hydraulically powered device developed by the University of New South Wales measures the dynamic
friction of the shoe/surface interactidoyd and $evenson, 1990) A sports shoe is attached to the end of

a pendulum arm. The arm is driven across the surface by a hydraulic cylinder. A vertical/normal force is
applied by another hydraulic cylinder on the pendulum arm itself. This device allowsedhaf variable

vertical loadings and shoe contact angles.

2.2.2.5 Rotational Resistance Tests

Following is a summary of the mechanical tests to evaluate the rotational resistance of a surface.

British Standards Institute (BS EN 15302007)

The BS EN 153011:2007 describes a test methodd&termire the rotationaresistance of sports surfaces
(British Standards Institute, 200788 weighted, circudr test foot (mass: 46+2kg, diameter: 150+2mm)
attached with a piece of sports shoe sole material is manually rotated from a stationary position against a
surface and theorquerequired to cause movement is measured using a torque wregahe@.10).

Dial Indicating Torque Wrench
P i
G
I — T

/—Lif\:ing Handles
P

/Release Mechanism

5 _~Tripod

/

Weights -\Srudded Foot
Figure 2.10BS EN 153011:2007 Rotational resistance test

This is similar to the German standard for traction mgstirhe Stuttgart Sliding devicas described in DIN

standard 18032measures the rotational friction of a playing surface from the application of a specified
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constant torque. A standard leather sole is adhered to the base of the test foot, whiohtrsish to the

similar British test, which uses a sports shoe sole.

2.2.2.6 Combined_oadingTests
The following is a summary of the mechanical tests which incorporate the combined application of two or

more loads in different directions or planes to evalddferent surface properties.

TrakTester

The TrakTester was developed from a systematic analysis of ACL injuries and computer simulation of injury
situations(Grundet al, 2007; Grund and Senner, 2010he device consists of a frame housing an atrtificial

lower leg, a load application unit and a pneumatic control &gu(e 2.11). The artificial leg can belted

in the sagittal and frontal planes, and incorporates gopited foot and shank to simulate plantar/dorsi

flexion and supination/pronation. The pneumatic cylinder can impart a maximum 4700N along tbe axis

the shaft. Torque is produced around the |l ongitud,]
produce torques up to 219Nm. The TrakTester is similar to the earlier PENNBP@NItt et al, 1997)

which consisted of a framework that supports a leg and foot assembly to measure both rotational and linear

traction using different footwear under various loading weights.

Figure 2.11 TrakTester device

Exeter Research ST2T
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The Exeter Research ST2Exeter Research, 2013) asemtportable tester for measuring translational and
rotational friction between shoes and surfaf@gure 2.12). The device consists of a test foot, on which a

shoe can be mounted, attached to a vertical shaft theaded with free weights. The shaft assembly is
pulled along the test surface by a cable driven by a variable speed electric motor. The tension in the cable is
measured usin@ force transducer, giving a measure of traction force generated. In a sepatatent
instrumented torque wrench rotates the shaft and gives a measure of the moment of force resisting rotation

(Shorten & Himmelsbach, 2002)

Figure 2.12 S2T2 friction tester

OtherLab-based Rvices
Andreassoret al. (1986) developed a method for the simultaneous measurement of torque and frictional
force of a sliding shoe. An artificial foot, on which different shoesld be applied, is positioned onto the
sample of test surface and is attached to a rotating circular disc that is driven by an electric motor. The speed
of rotation can be varied to simulate the range of speeds from walking to running. The arbditial f
attached to an aluminium pipe that is instrumented with strain gauges, to which a vertical load is applied via
a pneumatic cylinder.

Heidtet al. (1996)developed a testing apparatus that employed rotary pneumatic actuators to rotate a
test surface and linear pneumatic actuates to provide translation to a weighted sports sheehaAnsix

load cellis placed on the shaft positioning the spahoe. The combined effects of the actuators sintulate
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the loadings that occur during a plant and cut motion.

2.2.2.7 Limitationsof Traction Testing Devices

The current test used to assedbe frictional or tractional properties of the artificial playing aaghave
somelimitations As is thecase with the impact test, several procedures ajmptes andusetest shoe

materials which are not the same as those observed in a real athletic situation. It has been suggested that
newtest procedures be developed that use the appropriate shoe materials for the sports movements likely to
be performed on the surfafi@ixon et al, 1999)

Moreover, sme ofthe current tests dier test for linear or rotational traction. There is no well
defined correlation between the resistance to translational movement and rotational movement. It is therefore
recommended that the assessment of the frictional properties of a surface must testsdusing both
movementgDixon et al.,1999; Nigg, 199Q)

Many of thetractiontesting methods use lower vertical forces than what would be evident in actual
sporting movements. These tests utilise the coeff
measure of traction. However, there is a igant influence of the normal force in friction test results. It
has been shown that an increasing normal force can either increase or deere@sien coefficient (Nigg,

1990; Schlaepfer, 1983; Valiant et al, 198Blrthermore,Severn et a{2010) reported that the greatest
effect on peak ational traction resulted from changing the static normal force applied (i.e. static weight
applied to the test device during a te#fipre recent devices, such as thekTesterand S2T2seem to

overcome some of these limitations, although detailedrnmdtion of their design and operation is limited.

2.2.3 Atrtificial Turf Assessment Procedures &pecific Sports

In 2001 the Fédération Internationale de Football Association (FIFA), the world football governing body,
pr oduc eHFA: tGhide to"artificial surbces (FIFA, 2001) as part of FI FA’ s

programme, in order to standardise artificial turf quality and to ensure the safety of footballers alongside
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developments in the industr$ubsequently, the Union of European Football Associations (Y RFluced

It Axtificial turf manual i n 200 2. These wdrQuadupger Ceoothecte piy fFPIrF
(FédérationInternationale de Football Association, 2009bhese documents described comprehensive

| aboratory and field tests in order to assess an
including durability, climatic resistance, player/sudaeteraction and ball/surface interaction.

The tests adopted by FIFA and UEFA to assess the player/surface interaction are the Berlin Athlete
to measure shock absorbency and verticébrdeation (using 40N/mm spring}he Modfied Le Roux
Pendulum Testeto determine slip resistance, the BS EN 153007 Torque Wrench Test to measure
rotational traction and thBS EN 14837:2006&liding Distance Test.

The International Rugby Board (IRB) and the Federation Internationale de Hockey (FIH) have also
produced guidelines regarding the testing of synthetic surfaces to be used in their respective sports
(Federation Interationale de Hockey, 2008; International Rugby Board, 2010)

Table2.1 details the recommended specifications for each test. Both sets of guidskngse same
test procedures as the FIFA/UEFA guidelines, except that IRB includes the ASSBY fler the maximum

deceleration of an object during an impact, quoting a maxiaxgeleration requirement of 125¢g

Characteristic FIFA (2009) IRB (2010) FIH (2008)
Shock Absorbency (FR%) 55-70% 60-75% 40-65%
Vertical Deformation (mm) 4-9 (Low Impact) 4-10 (Low Impact) N/A
7-15 (High Impact) 7-16 (High Impact) N/A
RotationalTraction (Nm) 2550 3050 N/A
SI'ip Resistance ( 0.6-1.0 0.6-1.0 0.6-1.0
Sliding Distance (m) 0.250.55 N/A N/A

Table 2.1 Recommended specifications for human/surface interaction tests on artificial turf

2.2.3.1 Tests to assess playing quality of surface

There are other tests conducted to describe the playing quality and perforstamdards of artificial
surfaces used in sport, in terms of kliface interaction, ageing, climatic resistance, and durability
resilience. These are beyond the scope of ttesis ad the reader is referred to European Standards

Committee CEN/TC217 wbh has produced the standard EN 1533®urfaces for sports areasSynthetic
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turf and needlgunched surfaces primarily designed for outdoor ugtart 1. Specification for synthetic
turf” (British Standards Institute, 200)to supersede the previous British Standard BS 7044:1990.

This standargpecifies the properties required from synthetic turf surfaces intended for the sports of
football, hockey, rugby, tennis or mu#fports useThe standard has a comprehensivegeaof ball/surface
requirements includingmount ofball roll andthe angleof the ball rebound. The standard also po®s
requirements for the playsturface interaction shock absorption, vertical deformation and rotational
resistance. Requirements tbe effects of resistance to artificial weathering, joint strength and simulated use
are detailed too.

The reader is referred to FIFA (2009), IRB (2010) and FIH (2008) for further information on sports

specific surface requirements.

2.3 BiomechanicalAnalysis of Player/Surface | nteraction

2.3.1 Ground loadings (Ground Reaction Forces and Moments)

An uncerstanding of the loading response of artificial surfavey lead to the reduction of n@ontact
injuries (Nigg, 1990) Nigg and Yeadon (1987) described the °
properties as important aspects he aetiology of surface related injuries. Nigg (1990) and Dixon (1999)
recommended that the mechanical testing of playing surfaces should be performed using the actual forces
applied by an athlete during standard test movements.

The loadings applied by athlete to the ground, or alternatively the ground reaction f¢GRB§S)
and moments, can be measured using force plates or pla@étfmagnitudes are reported in Newtons (N)
or as a multiple of bodyweight (BWThe resultanlGRFscan be separated inits three components, one
vertical Fy) and two horizontalRx, F2 to produce the following measurement variables: peak forces, times
to peak forces, loading rateend theduration of contact.

Furthermore, force platforms can be used to meaber&de moment of rotationM y)gpdefined as a
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force couple about a vertical aXig-axis)which results fronhorizontalshear force§x and Fz (along thx-
axis andZ-axis, respectivelypetween the foot and grourfdolden and Cavanagh, 1991l represents the
resistance to rotation of the foot on the ground. Force platforms meéseirmoments applied abouteth
three orthogonal axes through the centre of the platféha.magnitude of moments is reported as Newton
metres (Nm).The moment around the vertical axiy() is the sum of two moments. The first moment is
provided by the resultant shear forés)a ct i ng t hrough the foot’s (@©entre
from the centre of the platform. The second moment is provided by the free mivhyent,

Therefore, the free moment is calculated by subtracting the resultant shear moment from the momen
around the vertical axis at the force platform origin:

My 8 My —(Fs xr) (Eq.2.3)

The ground reaction forces observed during running display distinctive patterns, depending on the style of
initial foot contact with the groun{lCavanagh and Lafortune, 198@he stiffness irthe shoe soléNigg,
1983) and the effects of the low frequency motions of the body on the GRF gignalten, 2002)
Examples ofhie different patterns of the vertical ground reaction force that are observed during running are

illustrated inFigure2.13.
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RUNNING HEEL-TOE
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0.5 1.0 ’[NORMALIZED]

Figure 2.13 Examples of different vertical GRF profiles during running (Nigg, 1983)

The top graph displays two distinctive peaks. The first peak, which oatahe first 50ms of contact and
corresponds to the high deceleration of the foot agddllowing initial ground contacdDixon et al., 1999)

has been termed the impact pd&kedericket al, 1981) passive forcegNigg, 1983)and initial forces
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(Cavanagh & L#ortune, 1980) Due to the evidence of muscle preactivation prior to foot co(itagg and
Wakeling, 2001)and the concept of two bodies colliding with each other, the use ahffect forceterm
has been recommend@digg, 1983)

The variables thaaffect the magnitude of the impact force were described by Nigg (1983) as the
velocity of contact, the effective mass at contact, the area of contact and the material properties of the
damping elements (soft tissue, shoe, surface). Although, Bosthart(1992a)and Shorterf2011)reported
that the impact peaks magni tude is mostly determined by | ow
body.

The second peak has been termed the active force(@eadby and Dixon, 2008; Nigg, 1983) the
propulsive force peakClarkeet al, 1983; Keenaret al, 2011) This peak generally occurs after the first
50ms of initial contact and haracterised by a lower loading rate than impact forces. The active force peak
correspondsvith full weight acceptance of the body on the foot and the-ptfsétage(Dixon et al., 1999)

Its magnitude is generally greater than the impact peak during ru(@inogten and Winslow, 1992)

The top graph characterises a typical Heel runner or reafoot striker (Cavanagh & Lafortune,

1980) where the initial contact 1is made by the runn
propulsionstage onto the toes at the end of contact. The middle graph shows two impact peaks that may be
present in a hedgbe runner. The second impact could be a result of the forefoot slapping on to the ground
(Nigg, 1983)

Finally, the bottom graphs displays a vertical GRF with an absent impact peak. This is characteristic
of a midfoot or forefoot strike(Cavanagh & Lafortune,9B0; Novacheck, 1998yvho makes initial ground
contact with their midfoot or toes. Runners can be classifsadarfoot strikers or miefoot strikers as a
result of their natural style of running or by their running speed. It was found thatriketpatterns change
from being predominantly redioot to predominantly midfoot strikers eunning speeds greater thé ms*

(Keller et al, 1996) This corresponded with a change in the vertical @RI histories from a double peak
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to a single peak.

Due to higher forces that are obsst in the vertical aspect of GRFs, the vast majority of research
into ground loadings during runningas tended to focusn this direction. Anteroposterior GRFs during
running display a braking force period followed by an opposite propulsive force pdrafdot strikers are
shown to produce a double peaked braking pl{f€sevanagh & Lafortune, 1980)n the mediolateral
direction, there is variability amongst individual runn@gavanagh & Lafortune, 1980Jhis may be due to
the degree of pronation or supination an individual naturally demonstrates during wafidnginning, or
the stabilising role of the shoes worn

The magnitude of forces applied to the surface by subjects performing simple movements such as
straight line running have been well documen{Bdbbertet al, 1992b; Cavanagh, 1990; Cavanagh &
Lafortune, 1980; Clarket al., 1983; Creaby & Dixon, 2008; De Wdt al, 2000; Dixonet al, 2000;
Garcilazo, 2007; Guisasola, 2008; Korhoregral, 2010; McGhie and Ettema, 2012; Meigral, 2006;
Milner et al, 2006; Novacheck, 1998; Po#t al, 2008; Reenaldat al, 2011; Stieset al, 2007; Stiles and
Dixon, 2006; Vaughan, 1984)Typicd peak ground reaction forces (active forces) during running are
approximately 23 times bodyweight (BW) (140R100N) vertically; 0.4BW (175N) anteroposteriorly and
0.1BW (70N) mediolaterally. Typical peak vertical impact forces during running are apptekin.5
2BW.

The maximal loading rate (£, has been shown to be well correlated with the impact peak and may
serve as a useful outcome measure when the impact force peak is not present intinee®ikory (Nigg,
1983). However, published data on loading rates vary among studies due tosvetipddyed.Typical
loading rates during impact for running at 8% are approximately 8Ws* on 3G turf (Dixon et al.,
2000) while Keller(1996)reported slightly loading rates of -BRBWSs™ for running at speeds of 3G0ms
! on an instrumentedincoveredrunning platform.In contrast Zifchcock et al (Zifchock et al, 2006)

reported a loading rate of 7B®/s” in female runners.
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There has been little published data regarding the free moment resisting rotations of the foot during
running activities. It has been observed that free moments seem to remain below(NigiyML990)
Holden and Cavanagh (1991) reported typical maximum free moments of 12Nm during runningsat 4.5
However, higher free moments up 20Nm have been reporteduring various manoeuvresn
artificial turf (Stefanyshyret al, 2010) These maximum feemoments acted in a positive direction (tending
to resist foot abduction) during the first 70% of contact, followed by a period of negative free moment
(tending to resist foot adduction) of decreased magnitude. The maximum positive free moments were
obseved to increase with increased foot pronation, tending to abduct thé/f@@tover, Milner et a(2006)
found that higher levels of free moments are significantly related to increased incidence of tibial stress

fractures

2.3.2 ThekEffect of Artificial Turf on GroundLoadings

It is argued that changes to faae properties produces no significant changes in the peak impact loads
duringin vivotesting(Dixon et al, 2005; Dixonet al.,2000; Feehery, 1986; Feres$ al, 1998; Ferriet al,
1999; Kaelinet al, 1985; McGhie & Ettema, 2012; Nigg, 2001; Nigg & Wakeling, 2001; Nigg & Yeadon,
1987) For example McGhie and EtterldlcGhie & Ettema, 2012)eported traction coefficients remained
almost identical acrosturf systems and shoes, indicaf that players adjusted for undesirable traction
conditions.

However,somestudies have showthat performing on different types of artificial surfaces result in
differences inground loadinggDixon et al.,2000; Guisasola, 2008; Lafortue¢ al, 1996a; 2007; 2007)
For examplestiffer surfaces have been observed to cause an increase in the maximum loading rate, i.e. the
time to peak imact force is shorter. Using a portable measurement system to investigate the interaction of
human with natural playing surfaces, Guisag@l208)identified significantly greater peak vertical loading
rates and peak pressure loading rates for the sangacethto the clapased natural grass surface during

running and cutting activities. Similarly, others have reported a decrease in the loading rate for a softer
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artificial surface (Dixon et al., 2000) and a significant correlation between loading rate and surface
cushioning(Stiles and Dixon, 2007)n contrast, a study using a pendulum deusedto apply a load to the
bottom of athat sinujatedcthe’ingpact conaitions during running found that harder surfaces
increased both the magnitudedamate of the peak impact forfleafortuneet al.,1996a) .

Experimental and simulation studies have also shown that the hardness of the surface and/or shoe
sole does have an effect on the maximum loading(Gleeke et al., 1983; Feehery, 1986; Nigg and Liu,

1999)

2.3.3 GroundLoadings ofComplexMovementderformed orArtificial Turf

While most researchegarding subject biomechanical loadings of artificial ha$ generally been focussed
on straight linerunning more recent publications have examined different types of running and turning
movements(Low, 2010; Stiles, 2006;Meijer, 2006; Guisasola, 2008Morag, 2001;Stefanyshyn, 2010;
Garcilazo, 200).

In spots such as football, rugby and hockey, players execute a range of high frequency stopping and
turning movements. Rand and OhtsyRO00) described the techniques used by the athletef®rpgng
turns or cut s, as they are sometimes referred to
involves the athlete using the foot on the opposi:
technique involves the use of thHeot on the same side as the direction he/she wants to turn. The
contralateral leg then crosses the plane in which the run up occurred and continues in the new direction. The
former technique is recognised to be more efficient when a rapid changeotiodiie required. The open
technique causes less speed reduction and fewer steps to complete the turn. In contrast, the greater speed
reduction involved in the crossover technique may allow a tighter turn to be achi€kedbility to turn
quickly is an important asset to any sports performer. Turning allows a player to change direction, in order to
get beyond opponents, move towards or catch the ball, to avoid tackles or run int¢Bspakeet al,

2000)
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In early studiesof more complex movementStuckeet al. (1984)and Kaelinet al. (1985)analysed
the playersurface interaction with subjects performing typical sports movenseich as stopping while
running and turningAn artificial playing surface was mounted on to a force platform and the time histories
of the GRFswere recorded while the subject performed the movements in appropriate shoes. Typical ground
reaction forces for stopping a running movement were approximately 2000N (vertical) and 1500N
(horizontal). For a standing 90° turn, a free moment of approxiyna@®@PONm resisting rotation was
observed (Stuckegt al, 1984).Similarly, Stefanyshyret al (Stefanyshyret al., 2010)and Wannoyet al
(Wannopet al, 2010)reported free momentst-24Nm for two types of running and turning movements
performed or8G artificial turf.

Bencke et al (2000) analysed GRFs and the leg muscle activity (EMG) of handball players
performing sidestep cutting. It was reported that a peak vertical GRF of 2.88BW and 2d&3Bvked
during stance for the braking phase and propulsive phase, respectively.

Duraet al.(Dura and Martinez, 199@xamined a 180° turning movement perforrfrech a standing
stat on five different surfaces, each with different coefficients of friction (mechanically measured). It was
found that the surface friction influenced the duration of the phases of the movement examined and higher
rotational moments (or free moments) websearved on surfaces that had a higher friction coefficient.

Garcilazo(2007) compared the forces on the lower extremity while landing and side cutting (rapid
direction change at approximately 45 degrees) on artificial football tithf avfferent styles of football
cleats. Peak vertical ground reaction forces for running and cutting techniques were approximately 2500N
and 3500N, respectively. The choice of footwear did not affect the peak vertical ground reaction force
measuredBencle et al (2000) analysed GRFs and the leg muscle activity (EMG) of handialters
performing sidestep cutting. It was reported that a peak vertical GRF of 2.88BW and 2.63BW occurred
during stance for the braking phase and propulsive phase, respectively.

Stiles and Dixor(2003)conductecab i omec hani cal assessment of a
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movement and reported greater peak impact forces on tennis playing surfaces compared to a baseline
concrete surface. This could not be readily explained by the measured kinematic variables but the heel
impact velocity and peak loading rate were also loavethe concrete surface.
Valiant (1987)examined the ground reaction forces and moments produced during different sporting
movements on Astroturf penfmed by eight athletes. The movements analysed were sttaghtunning, a
90° cut turn and a 180° pivot. Mean peak vertical GRF, expressed in multiples of bodyweight (BW) were
2.46BW, 3.45BW and 3.02BW for the run, 90° cut and pivot, respectively. $heslt forces during the
running movement wered.06BW anteroposterior (R) and 0.66BW mediolateral @4). For the 90° cut:
1.55BW (A-P) and 1.85BW (M.). For the 180° pivot:1.46BW (A-P), 1.60BW (ML). The mean free
moment (the torque developed toiseésotation during turning) was 17.2Nm for the 180° pivot movement.
Morag and JohnsofMorag & Johnson, 20019tudied the ground reaction forces of football players
of three different age groups performing two types of movement on Astrdtorfcutting movements peak
M-L braking forces ranged from3¥-1.17 BW with corresponding traction ratios ranging from €04&l.
For an acceleration type movement, peakR Aropulsion forces ranged from 0-:@43 BW and the traction
ratios ranging fron®.52-0.69. It was reported that significant lower traction requirements were observed for
children compared to adults for these movements.
Shortenet al. (2003)compared the traction properties of natural tusfhwentional synthetic turf and
3G in-filled synthetic tuf with the measured traction requirements of American football players performing
cutting movements. From the analysis of ground reaction forced! ped&entile peak traction coefficient
of 1.19, 1.23 and 1.25 for 45°, 90° and 180%mgithovementstespectively, wereeported. It was found
that the average traction made available by thdilled surfaces, exceeded these player traction
requirements, suggesting that the players would be less likely to slip during the execution of these turning
movements. In addition, the {fill turfs displayed similar translational and rotational tractions to that of

natural turf.
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2.3.4 KinematicAdaptations tdrtificial Turf

The analysis of ground reaction forces amamentss only a measurement of the external feraad shocks
applied to the body. Results from such tests do not refleqidtentialkinematic changes experienced by
players on artificial surfaces, which have been reported by previous re¢pawh et al., 2005; Dixonet
al., 1999; Dixonet al.,2000; Frederick, 1986; Gerritsehal, 1995; Hardiret al, 2004; Nigg, 1990)

To use ground reaction forces to assess injury risk, this data must be used conjunction with other
biomechanical methods, such as motion cameras or tracking systems, that can measure the jbosition of
segments in relation to the application of the external forces, in order to quantify the internal moments and
forces around joints.

Increases in external loadiraye likely toincrease the moments around the joints of the lower
segment of the body. hIs will cause muscles to generate more force to counteract these external loadings,
thus increasing the loading of the joint. Theoretically, kinematic adjustments are seen to reduce or minimise
these joint loadingéDixon et al.,2005) with reductionsachieved mainly by changing the geometry of the
acting forcegNigg, 1985)

The loadings applied to the lower segments of the human body during physical activity on different
surfaces can be influenced by changirgftitot and leg kinematics, ankle and knee joint stiffness, and/or the
coupling between the soft and rigid structures of thg(Nigg, 2001) A reason for the relative consistency
of ground reaction forces across different surfasgmrted by some autholes been assiated tothe
kinematic adaptations by the athl¢@arkeet al.,1983; Dixonet al.,2000; Dixon, 2008; Lafortunet al.,
1996a; Nigg & Yeadon, 1987 onsistent peak impact forces across surfaces could be explained by changes
in heel impact velocity, with significantly reduced initial heel velocities observed on stiffer sufizizen
et al.,1999) Although in a later study, Dixcet al.(2000)found that initial heel velocities were unchanged
by changes in the surface. A significant correlation0(72) was observed between relative decreases in

vertical heelvelocity and force loadg rate by Patrittet al. (2003)
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Hardin et al (2004)andFerriset al (1998)r e por t ed changes i n a runner’
surface stiffness in order to maintain similar running mechanics, in terms of ground reaction force, centre of
mass movement and ground contact tiRenners increase leg stiffness on étastirfaces and decrease leg
stiffness on stiff surface@lardinet al.,2004) A decrease in leg stiffness on hard roampliant surfaesis
shown by anncrease in joint flexion, thus increasing joint moments and joint fqfeesiset al.,1998) It
was later reported that this alteration in leg stiffness and kinematics in acckation to changes in surface
stiffness can occur after for their first step on a new surface after the trariBeioiset d., 1999) In a
study modelling leg stiffness during a hopping action on surfaces of different stiffness, dtaal€¢¥998)
reported that an increase in ankle stiffness is also an important factor to increasing leg stiffness.

Dixon et al.(2000) in a study of shod he&be running on 3 different surfacespported the view of
greater initial knee flexion as a compensatory adjustment to allow the lower extremity to cushion the impact
experiencedn less compliant surfaces. In addition, a trend for increased peak ankle flexion, peak knee
flexion and peak ar& flexion velocity was reported for some individual subjects for surfaces providing
increased mechanical cushioning, concluding that subject kinematics following impact is influenced by
factors more than just initial joint anglesxd the mechanisms of gdation varies among individual,
recommending the need to perform individual subject analyses. In a later study,eDaiqDixon et al.,

2005) also found individual variations igeneralknee kinematics on different sades but they reported
individual increases in knee flexion on stiffer surfaces.

Lafortuneet al. (Lafortuneet al., 1996a)concluded that althougancreased initial knee angle at
impact can substantially decrease the effective axial leg stiffhegsrtuneet al, 1996b) its effect may not
be as important as the foot/shoe/surface interface. It was statedi thdt e -intérfaa@ tcompression
accounted for more than 90&tdid fe gt Isd i § thayindiel ghasd mfg i inn i 1
i mpact | oading was found to be al most exclusively

Although this study simulated impact conditions using a horizontal human pendulum device, the effect of
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musclepreactivation gor to impact that occurs during normal running on different surfaces (Nigg, 2001) on
lower extremity joint stiffness was not accounted for.

It has been further demonstrated that an increase in initial knee flexion from 0 to 40° during contact
with the gound during running decreases the effective axial stiffness of the body and reduces the
transmission of high frequency shock@8Hz) through the body to the head but adversely exposes the lower
leg to 57% more severe shoflkafortuneet al., 1996a; Lafortunest al., 1996b) leading to a substantial
increase in the rate of energy utilisatiddicMahonet al, 1987)

Otherstudieshave demonstrated increases in knee flexion angle and angular vébgay et al.,

2005; Dura & Martinez, 199 Hardin et al., 2004; Herzog, 1978)and changes in rear foot pronation
(Stergiou and Bates, 199#)roughout the stance phase of a movenemésponse to increases in surface
stiffness.Hardin et al(2004)alsoreported increased ankle and hip flexion velocities on harder surfaces, as a
result of an uncontrollable response to the impact forfSaskeet al. (1984) reported that higher knee
flexion angles were present during a stopping movement on a surface of a higher static friction, which
prevented any sliding of the foot on the surface.

Dowling et al (2010) found that performing on a high friction surface resulted in a lower knee
flexion angle, lower external knee flexion moment and higher external knee valgus momeatred to a
low friction surface. Howevemther than this studythere appears to be general lack of literature on the
impact of artificial turfs on the frontal plane kinematics of the lower extremities.

Nigg and Liu(1999)described a new concept for the effect of impact forces on the musculoskeletal
system. In a review of the literature, it was reported that much of the evidence did not support theafraditio
concept of impact forces as one prime reason for the onset of running injuries(1883g proposed a
concept of muscle tuning or muscle preactivation in order to minimise the soft tissue vibrations caused by
the high frequency impact loadingBhis hypothesis hasincebeen investigted in a number of studiéy

Boyer and Nigg(2007; 2004; 2006and other author@-riesenbichleet al, 2011; Wakelinget al, 2001;
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Zadpoor and Nikooyan, 2010)

In summary the muscle tuning theory states tbpetitive impact forces during physicattivities
causechanges in myoelectric activity (muscle tuning) to minimize soft tissue vibraidgg & Wakeling,
2001) The natural frequency of soft tissues in the lower segments is in the rangd@H2,0and impact
peaks during runningave a major frequency content which is typically2DHz. Therefore, impact forces
may cause the resonance of soft tisgMéakeling and Nigg, 2001)

Soft tissue vibrations during physical activity are seen to have an adverse effect on comfort and
performance and contribute to increased work and fat{fligg, 2001) It is proposed that the muscle
preactivation prior to impact creates a damped vibrating systermhas been shown that both the natural
frequency and damping coefficients of the soft tissues of the lower extremity change with altered muscle
activity (Wakeling & Nigg, 2001)

The degree and manner of muscle preactivation in response to different loading rates of impact forces
appear to be subjespecific and muscle specifitligg & Wakeling, 2001) A human pendulum system was
used in ordeto isolate the muscle activity required for minimising soft tissue vibration during an impact
from the muscle activity required to move the (®gakelinget al.,2001) Some subjects demonstrated an
increased muscle preactivation in response to a harder sole insert while other subjects demonstrated a
decreased muscle preactivation sge.

A study measured the changes in muscle activity and soft tissue vibrations that occurred during
walking with soft and hard shoe conditiofWakelinget al, 2003) It was reported that significant increases
in preimpact (50ms) EMG intensity of the biceps femoris and the lateral gastrocnemius muscles and a
reduction in the vibration frequency in the axial direction of the hamstring, gepdaind tibialis anterior
muscles at impact occurred with the soft shoe conditidakelinget al.,2003)

In contrast to the muscle tuning tmg to reduce soft tissue vibration during impact, the displacement

of soft tissues has been seen to have a positive role during running. It has been reported that the ability of
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the wobbling mass of the shank to dissipate energy during impact is sighfRain and Challis, 2001)

2.3.5 KinematicandKinetic Analysis ofComplexMovements

It is important to quantify the loadings on the body while performing complex movements as stopping,
turning, landing and rotating are considered to present a higher risk of (8jagoffet al, 1996) However
the kinematicsof complex movementson artificial turf, other than straighine running,have not been
extensively analysetb date One possile reason for this could be the selection of reliable movements that
can be analysechn be difficult

The most common type of movement which has undergone biomechanical analysis is the cutting turn
(as described in sectidh3.3. Stefanyshyret al (2010) quantified the akle and knee joint momentsr a
group of 12 recreational soccer players while performing cuttitgtarning movements at 4rs” on the
same artificial turf In a similar study, Wannop et 010)reported peak ankle external rotation moments
of 80-90Nm, peak knee external rotation moments 688Rm and peak knee adduction moments of- 186
224Nm.

While Kaila (2007) did not examine different types of tur§jgnificantly greatertibial internal
rotationand abductioomomensg were reportedor sidestep cutting at 30° and 60° congzhmith straight
ahead runningn 3G artificial turf. It was alsashow that different types of footwear sole design (studded and
bladed cleats) did not impact knee loading during 30° and 60° sidestep cutting movements

Besieret al (Besieret al., 2001b) studied the knee biomechanics of 11 male subjperforming
running, sidestep (open technique) cutting at different angles and crossover @utirdicial turf It was
reported that sidestep and crossover cutting produced significantly greater abduction/adduction and
internal/external rotationhtan during normal running, which could place potentially damaging loads on
specific knee ligaments. Flexion moments remained similar. The sidestep cutting turn generally produced a
combination of external flexion, valgus (abduction) and internal rotatioments, while the crossover

technique produced external flexion, varus (adducteomg external rotation loading. However, different
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techniques and individual responses were also observed. sineets performed sidestepping cuts with a
varus (adductionmoment applied to the knee, while the other six had a valgus (abduction) moment applied.
As the subjects performed the movements barefoot in this study, it may be expected that the kinematics of
the subject may alter if performed wearing sports shoesa arsports surface.

McLean et al (1999) found no significant differences in knee joint motion between males and
females performing sidestep cutting. However, females displayed an increased maximum abduction angle
during stance, which was attributed to the larger Q angle than males. It was alkmlexbribat the
intrasubject variability in knee joint kinematics observed may be related to the level of experience a subject
has performing the manoeuvres.

Many of these studies incorporated sidestepping movements, in which the swigeet aware
beforefand where and when they should perform the tuma study of unanticipated movements, it was
reported that kneeabduction/adduction and internal/external rotation moments can double during
unanticipated manoeuvresmpared t@nticipated manoeuvrgBesieret al.,2001b) Pollardet al (Pollard
et al, 2003)reported that while the magnitude of knee joint moments remained similar between males and
females during unanticipated cutting manoeuvres, the female subjects reached a maximum internal rotation
during stance earlier than males, when the knee is inegréation. It was suggested that this may place a
femalés ACL ligament under greater load and a higher risk of injury.

Simonseret al (2000)reported that the greatest loading of the knee during a sidestepping movement
of handball players occurred in the sagittal plane, with a peak internal kees@xmoment of 239Nm (99
309Nm). This produced a knee shear/ACL loading of approximately 520N6{ZAI%), indicating that an
individual manoeuvre would not cause the rupture of the ACL ligament. However these values may
underestimate the loading pro@uakin other sports as the subjects only took adtep run before executing
a preplanned movement.

Cutting movement causes medial side of the foot to touch the ground first, creating a large lever arm
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that generates an inversion momgstiacoffet al.,1996) In a study examining the effects of shoe design on
the lateral stability of the ankle joint cofeg, Stacoffet al (1996) reported that wearing shoes increases this
lever arm, decreases lateral stability and increases the risk of ankle sprains. It was concluded that shoes that
provided lateral stability in their design reduced ankle inversion. akd wlso observed that subjects
performed two types of landing technique while performing a sidestep cut, depending on whether the subject
wore shoes. I n the barefoot conditi on, a “flat fo
adoptreod la nNNg’ approach, where the foot rolls over 1
With regards to other types of movement, a study of 180° tueported significant differences
across five surfaces in knee flexion during the braking phase of the movfoeat& Martinez, 1999)
Greater knee flexion angles were observed on surfaces with a higher friction coefficient. This was attributed
to a protective mechanism, with the subject tryingaduce the effect of the increased torques around the
knee by increasing the duration of the braking phase with more knee flexion. However, no information was
presented with regards to the joint moments that occurred during this movement.
In a study oflanding from a jump following heading movement performed 88 turf and natural
turf, Jones et al2009) reported similar knee flexion/extension and internal/external ootaéingles
throughout the landing contact phase, whilst differences occurred in knee adduction/abduction angles.
Furthermore, greater movement variability was demonstrated in all three knee joint angles in movements
performed or8G turf compared to naturalirf.
Sportsspecific movements play an important role for individual spé@iamples of sporspecific
movements includée sliding tackle, header and kicking in football; mauling, rucking;dumgumping in
rugby; and the drive, penalty stroke, puldteral turn in field hockey. However, this study was focussed on
the biomechanics of generic movements that are observed in many different field Bporsdetailed
description and review of the biomechanics of football (soccer) skills, the readderied to Lees and

Nolan (Leeset al, 2010; Lees & Nolan, 1998¥enerally, kicking has been the skill that has been most
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thoroughly examined, as it is the most important aspect of the dparthe biomechanics dfpecific field
hockey movemest the reader is referred the following studiesHussainet al. (2011) and Lopezet al.
(2010) For the biomechanics of specific rugby movements, the reader is referred to the following studies

Mellalieu et al(2008) Milburn (1993)and Trewarthat al (2008)

2.3.6 Biomechanical Shoe Testing

It is important to remember that the biomechanical interaction also includes the humantésti@ee. The
kinematic and kinetic interactions associated with running in different types of shoes have been well
documentedBentleyet al, 2011; Clarkeet al.,1983; Hennig, 2011; McNair and Marshall, 1994; Najg

al., 1984; Queeet al, 2008)anda general discussion of this aspedieyond the scope of this study.

However, h terms of artificial turf studies, Heidit al (1996) reported that greater torques were
generated on artificial turf in a study of 15 American Football shoes on wet and dry, artificial and natural
turf surfaces. Bonstingat al (1975)also found that rotational moments were higher on artificial turf than
natural turf for both flat soled and studded footwear.

More recently, research in this area has been focussed on the cleat (stud) design and configuration.
For example, Bentley et £2011)investigated peak pressures placed on the foot from wearing football boots
with conventional roundgtuddedcleatsversus bladehaped cleats during running andtingt on artificial
turf. They concluded that thabservedncreased pressures on the lateral aspect of the foot caused by the
blade design could be potentially hazarddbtefanyshyret al (2010) reported thatleated shoesaused
significantly highe ankle and knee rotation momemtsturning movements.A similar finding was also
reported by Queeat al (2008) In contrast, MGhie and Etten&012)reported similar tractiosoefficients

across different steconfigurations and artificial turf systems.
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2.4 Summary of Literature Review andRationale ofthe Current Study

Research has shown thajuries are highly prevalédnn field sports such as foadh, rugby and hockey, with
noncontact muscle strains and joint sprain being most common in the lower extremities. The knee joint is
particularly susceptible to these types of injuries and serious injuries can be hugelgnégetr t al t o a p
future participation and/or careewith the introduction of artificial turfs, there has been concern to whether
players experience more or less injurees a result of playing on these surfacésough the literature

remains inconelsive overall, more recent research indicates that injury rates on new generations of artificial

turf are similar to natural turfNevertheless, understanding injuries and their potential mechanisms is
important when considering the safety of current and future artificial sports surfaces and their impact on

pl ayers perf or mance.

Previous biomechanical research regarding artificidlhas typically involved the analysis of simple
straight line running, often conducted at a much slower velocity than what might be expected in competitive
play. While some recent studies have examitedground loadings and knee biomechanics whichroccu
more complex andhigh velocityrunning and turning movemesntthis is agenerallack of researchn this
field. In particular, there is a lack of evidence regarding horizontal and free moment ground loading for
movements performed on artificial turf. Teéore,the current studget outto fill this gapin knowledgeby
conducting a dlimensional biomechanical analysis of ground contact loadingtharidhee joinfor players
performing a series of activities commonly occurringelite football, rugby anthockeyduring competitive
games and trainingn three different types of artificial turifhe knee joint was selected because the
literature indicates that this is the most common lower extremity yaanth isinjured during competitive
sport. Moreovers er i ous knee joint i njuries can often rest
career.This studyfocussed on elite levels tiese three sporfer the following reasons:

1. Elite sports players are highly trained and should therefore perfoovements more

consistently than amateur playgitsus producing more reliable data.
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2. Elite players are likely to conduct running and turning movements at a high level of
performance than amateur players. Therefore, the biomechanical data used as tbetheput t
artificial turf testing rig would represent the higher end of ground loadings that are achievable
by athletes.

3. Football, hockey and rugkare highprofile sports, which have high levels of participation at
professional leveléas well as at both arteur level)

4. Artificial turf has been recently introduced into these spatrtbe elite leveand theras great
interest in widening its use

5. As a result,the sporting gowming bodies of these sports in Scotland (Scotisitball
Association, ScottisiRugby Union, Scottish Hockey Association) provided their support to
this study during the EPSRC funding application and throughout the research, providing

access to players and coaches.

With regards to the mechanical testing of artificial turf in refatmthe humassurface interaction, it is
generally accepted within the literatuhattest procedures should reflect the realistic loading actions which
occur in normal playing condition¥here ae many different types of test to determine the turfpoase to
vertical, linear and rotational loadingeveral of which have been adopted within the quality standards for
artificial turf by sporting governing bodies. However, the literature indicatesdnag ofthese tests are

likely to be biomechanicallyhvalid becaus¢he loads applied by the testing apparatus are typically not
correlated with thdorces produced by athletes during sporting movensmdsor do they use appropriate
materials for the test fooFurthermore, many of these testprgcedures apply loads dynamicaliya single
directionn however sports movements are higtyypamic anccomplex and normally includes loading in
multiple directionsMoreover research has demonstrated no correlation between these loads, particularly

harizontal and rotational loadinguggesting that test procedures acting in a single degree of freedom are
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potentially invalid As a result, the literature suggests that mechanical artificial turf testing procedures should
apply forces to the surface in ansbination of directions within the same action to be truly reflective of real
life sporting actions.

Therefore, this study will incorporate biomechanical data into the design and construction of a new
prototype test rig, which can replicate the thd@mensional biomechanical interactions which occur in

running and turning movements on artificial turf.
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CHAPTER 3. METHODOLOGY

This chapterdetails the biomechanical analysis of the player/turf interaction during running and turning
activities. It describes theethods employed to measure the motion of the athletes and the ground loadings
during different types of movement performed on various artificial and natural turf. These tests were
conducted inside and outside of the biomechanics laboratory. This gaetsititly was primarily concerned

with the motions and loading placed on the stance leg used for running and turning activities.

3.1 Subjects

Thirteen participants took part in the studyfobtballers (all male, ages 26 4@ year9, 4 hockey players (2
male,2 female, age 19 to24 yearg and4 rugby players (all male, ages 22{byearg. Table3.1 presents a
description of the subjects used in this studlly.participants had performed at the professional level or a
high standard of competition in each of their respective sports.

All subjects conformed to the inclusion criteria set for this study. This stated that the subject should
not be injured at theatnmencement of tests; diave been injured within 3 months prior to the start of
testing which required more than two weeks inactivityhave undergone surgery within the last twelve
months prior to the start of testing. All subjects were made awateedesting procedure, including the

potential risks involved, and signed a consent form.

Subject Age Height Weight Sport Position Level
(m) (kg)

F1 46 1.74 81.7 Football Defence Ex-Pro
F2 43 1.78 75.5 Football Midfield Ex-Pro
F3 34 1.70 72.0 Football Midfield Ex-Pro
F4 25 1.80 78.0 Football Defence SemiPro
F5 26 1.95 85.0 Football Defence SemiPro
H1 18 1.79 67.0 Hockey Defence  Uni 1% XI
H2 23 179 72.5 Hockey Midfield ~ Uni 2" XI
H3 (f) 20 1.66 62.0 Hockey Midfield  Uni 1 XI
H4 (f) 18 1.55 55.5 Hockey Forward Nat. League
R1 24 1.75 97.0 Rugby Union Centre Il ntern
R2 22 181 88.0 Rugby Union  Wing Il ntern
R3 27 2.02 115.5 Rugby Union Forward Pro
R4 26 1.87 99.0 Rugby Union Centre Pro

Table31Subject details (6f6 denotes female subj e
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F1: Adidas Copa | F2:Adidas F3: Unisport F4: Unisport F5: Adidas Art P]
Mundial [c] (340g) | Tremor[nc] Mondial [P] Mondial [P]

(3009) (3309) (335Q)
H1: Dita 350 P] H3: Adidas H4: Dita Turf [P]

Responsénc-turf]

(3359) (415gq)

(2689)

R4: Nike Air X

R1: Asics Gel R2: Adidas R3: Mizuno Xao
Kayano 7 [nc] Supernova [nc] [nc] [nc]
(5059) (4159)

2

Table 3.2 Footwear worn by subject during testing. [Sole type: c=cleated®=pimples; nc=not cleated]. Mass of shoe in
brackets.

On arrival at the laboratory, the subjects changed into the clothheged for the testing and their heights
and weights were recorded. The subjects wore shorts (and a vest top if the subject was female). The
subjects were asked to wear their own preferred sports footwear that they would normally use on artificial
turf (Table3.2).

It was decided that the participants might not feel comfortable if the shoe type was standardised, as it
may have resulted in an unnafuggecution of the movements. In addition, hockey artificial turf shoes have

a different design to football artificial turf shoes, and there is currently no artificial turf footwear designed

specifically for rugby.

3.2 Laboratory tests

Prior to the commencesnt of testing, the necessagnd requiredisk assessments ave conducted and the
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departmental Ethical Committee granted the appropriate ethical approval.

3.2.1 Artificial Turf

The Biomechanics Laboratory at the Bioengineering Unit, University of Strathelgddaid out with three
types of artificial turf on separate occasiofi$e three turfs were chosen to represent a general range of the
the types of turfs currently used: from short pile turfs to the new longer pile 3G turfs. The selected turfs were
alsodictated by what could be sourced from local suppliers. However, all turfs were previously unused,
although exact ages were unavailable.

Turf 1 (T1) was anAstroturf® short pile sand infill turf (depth=15mm),with rubber underlay
(depth=10mm)Figure 3.1). This type of turf is commonly used on communita-Side football pitches.
Turf 2 (T2) was a medium pile, sand dressed (tepth=25mm)manufacteed by Tarkett Somm&x(Figure
3.2). This turf is also used with a rubber underdgpth=10mm)and is commonly employed for synthetic
hockey pitches.Turf 3 (T3) was manufactured by FieldT8fa long pile turf (depth=50mm)with
sand/rubber infill Figure3.3). This type of turf is an example ofeemew3G type of turf recently tested by

FIFA and UEFA for its suitability for use for competitive professional football matches.
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Figure 3.2 Turf 2 (T2), with rubber underlay and sand infill
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Figure.3.3 Turf (T3), with rubber and sand infill

The turf covered an area of the laboratory large ghdor the selected movements to be performed fully
(Figure3.4). The laboratory was laid out with each turf to allow at least a 7rPapunom each idection to

a force-plate anda 7m runoff area to allow sufficient distance for the subject to slow down. For safety
reasons during the testing sessions, the subjects were instructed to stay on the artificial turf, which was free
from cameras and cableslso, gymnastic landing mats were secured to the wall at the end of each runway

in order to minimise the risk of any potential injuries.
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Figure 3.4 Artificial turf installed in Biomechanics laboratory

Eadh turf was installed and pr epdahe sathe 20mm deptlerubbes n u f a

underlay, made from reconstituted car tyres was used for both Turf 1 and Turf 2. A rubber underlay was not
required for Turf 3Turf 1 (depth=15mm)was filled with 20mm depth of silica sand so the sand was just
below the top of the turf fibres. Type 2 (dep#»mm)wasfilled with 15mm depth of silica sand so the sand
was just over half the depth of the turf fibres. Turf 3 (depth=50mm) was filled with 25miticafseind and
then 25 mm of rubber granules (manufactured from reconstituted car fjnesjurfs were then raked to
ensure uniformity of the sand/rubber infilRll underlay and infill materials were provided by the
manufacturers of the artificial turfs

A cutout piece of turf (and rubber underlay, if required), equal to the dimensions of the force
platform (600 x 400mm) was attachedadorce platform with strong doublgided carpet tape. This was
done to prevent any force transference along thewinith could lead to inaccuracies in the measurement
of the ground reaction forces (GRFs). Unless the turf was closely inspected, it was difficult to identify the
cutout piece of turf and hence the force platforfgach turf was laidn situfor a period of two weeks at a
time.

After each testing session with individual subjects, the whole turf surias r&aed thoroughlyto
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eliminate areas which may have been compacted by multiple impadt® ensure that the surface was

consistent betweesubjects.

3.2.2 Motion Analysis System

An 8-camera 120Hz Vicon 612 motion analysis system (Oxford Metrics, Oxford) measured the trajectories
of markers fixed to the subjects and a Kistler force platform (model 9281BIl) (Winterthur, Switzerland)

measured theeactive forces and moments applied by the ground to the subject. The infrared motion analysis
cameras were equally distributed around the force platform, which was positioned approximately in the

centre of the runwayHgure3.5).

Vicon console
Cam O
Cam © ~Tm
[ K >
DVC
Cam ©
Cam © Cam © Cam ©

Figure 3.5 Plan view of the layout of the laboratory with location of the cameras (Cam)

The cameras were either positioned on tripods asithee of the artificial turf or rigidly suspended from the

laboratory ceiling or wall. This was to ensure that subject safety and reduce the risk of the camera vibration.
In addition to the Vicon system, a Canon XM1 digital video camera (DVC) (25Hz(Q Ktatter

speed) was positioned at one end of the laboratory. This provided a visual reference of the sports

movements performed by the participants.
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Prior to each testing session, the Vicon motion analysis system was calibrated within the laboratory.
This procedure involved two stages: a static and dynamic stage. The static stage fixed the position of each
camera relative to each other and to-fidme reference object. The reference object had four retroreflective
markers in known positions and progalan origin to the laboratory and its coordinate systagufe 3.6).
One of the corners of the force platform defined the origin of the laboratory or glota@inate system

(GCS)(see sectioR.2.2.].

175mm 175 mm 175 mm <

O O O

375mm
400m

gnm

O

600mm
Figure 3.6 L-frame calibration reference object

The reference frame used normally in the lab is positioned over the cornerfofanplatformwith latches
keeping it in place to the side of tfrce platform However, as artificial turf of different pile lengths was
to be placed over thiorce platform the original reference object configuration could not be used and a
special reference object had torhanufactured for this project.

Therefore, a platform was constructed that could be placed above the artificial turf and located

securely onto the force platforrrigure 3.7). The platform was made of polycarbonate and possessed four
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short legs on each cornehich wereinserted into bushes positioned in locating holes at each corner of the
force platform. Four small holes were made on the corners of each cut toh sécturf (and rubber
underlay if required) that was to be laid on the force platform. The length of the legs of the platform was
long enough to ensure that the bottom of the platform was clear of the artificial turf. -fidrad_reference

object waglaced over the one of the corners of the platform and the latches kept it on place to the sides of

the platform.

L-frame referencebject

Markers Locating latch plate

OOl O O s

ifici ing hol
Artificial turf (& Locating holes

legs

Bush
Force plate

Figure 3.7 Cross section of elevated {frame reference object located on the turf coverefbrce platform

The three dimensional coordinates of the markers on the reference object relative to the corner of the force
platform (origin of lab) were measured and stored as a new .cro file (calibration reference object) in the
Vicon software. The positioof each camera relative to the new elevated reference object was measured
during the static calibration stage.

The dynamic stage of the calibration involved waving a wand, which has two markers on it, around a
volume (approximately 3x3x2netre$ surroundng the force platform, while the cameras tracked the

position of the markers. The wand was waved for approximatey 30 seconds. Vicon’ s
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calibration procedures used the known distance between the markers on the wand to establislothieescale
volume. For each testing session, thesidual error resulting from thealibration process was less than

1.5mm.

3.2.2.1 Global Coordinate System (GCS)

The sign convention for the Global Coordinate System (GCS) used in this study is shBigoren3.8.

Spatietemporal parameters and forces were defined by the three orthogonalh@xésixts defined the
vertical direction(positive upwards)the X-axis definedthe anterioposterior horizontal directidipositive
forwards) and theZ-axis defined mediolateral horizontglositive to the rightidirections.Moments are

defined as rotations around each of the three axes, with an anticlockwise rotation defining arptsitve

(+)-

+Y A

D

+X

+ 7]
S~
v

+Z

Figure 3.8 Sign convention used in this study

3.2.3 Subject Instrumentation

Several data collection instruments were placed on the subject during the biomechanidagtest8.9).
Also shown are the infreed motion camerashich were either suspended from the ceiling or on trijgods

the location of the force plate underneath thdg. The following section describes each of the subject
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instrumentation in further detail.

Infra-red cameras

Reflective markers

W
W

o

Portable data logger

Accelerometers

Force platform Electrogoniometer

Figure 3.9 Data collection systems

3.2.3.1 Marker Systems

The motions of the subjects’ sseggnené ngid bodywneodek HATe as u r
(head, arms and trunk), pelvis, 2 thighs, 2 shanks, and 2 feet/shoes. The subjects were instrumented with
retroreflective markers. The marker trajectoriesrevéracked by the Vicon infreed cameras and
reconstructed into thredgimensional coordinates, relative to the global coordinate system (GCS). The

lightweight markers were made from 25mm diameter polystyrene balls, covered in retroreflective tape and
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searely attached to a base made from the plastic part offpmasp

Three markers defined bone embedded frames (BEF), otherwise referred to as a technical coordinate
system (TCS), within each segment. The three markers were placed on body segments,rekeegidgh
segments. Pilot testing determined that excessive skin movement over bony prominences and a large degree
of wobbling muscle mass during fast sports movements made it extremely difficult to rigidly attach markers
on the thigh segment. It walserefore decided to calculate the orientation of the thigh segment indirectly
from the orientation of the pelvic and shank segments. Consequently, it was not possible to calculate the

axial rotation of the thigh.

Foot/Shoe Segment
Three markers positionazh the shoe of the participant defined the foot/shoe TCS. It was assumed that the
foot and the shoe acted as one rigid system and possessed the same motion. An example of the marker

positioning on a sFiglhg3é0ct’' s shoe is shown in

Figure 3.10 Foot/shoe segment marker set

Markers were secured to the shoe with dogided tapeOne marker was near the heel cmunone near
the top of the shoelaces and one just above the heel. The locations of the markers were such to minimise
marker occlusion, inter marker movement and markers falling off during thespegd movements

performed by the subjects.

Shank Segmesnt

The shank TCS on each leg defined by a cluster of three markers rigidly attached to a section of Orthoplast

69



(50x50x3mm), which was moulded to the approximate curvature of the lateral aspect of tha~ghaek (
3.11). Themarker cluster was also attached with toupee tape to the lateral aspect of the shank, approximately
midway between the knee and the ankle. 3M Vetrap (Bracknell, Ukpbsetfing compression bandagasv

wrapped around the leg to further secure the marker cluster in place.

Figure 3.11 Shank marker set

PelvicSegment

Three markers positioned on appr opr i adfireed thenpdlvicac c e s
TCS. One marker was placed either side of the pelvis, close to the anterior superior iliac spines (ASIS), and
one placed on a small aluminium plate (25x40x5mm) attached midway between the posterior superior iliac
spines (MPSIS) with towge tape. An elasticated belt around the pelvis was able to pass though the
aluminium plate, which further secured the plate in place. It was assumed that any motion at the sacroiliac

joint was negligible.

Head, Arms and Trunk (HAT) Segment
The HAT TCS waslefined by markers placed on the left and right acromion processes, and a marker located

at the MPSIS, shared with the pelvic TCS, completed the pelvic TCS.

3.2.3.2 Electronic instrumentation
Participants were also instrumented with accelerometers and a gtenoftas instrumentation provided a
quantifiable link between the laboratory testing and the outdoortistihg, as it was not possible to use the

Vicon motion system or force platforms outside.
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Acceleroretry
The participants were instrumented withiot single axis accelerometers (Entran EATISM-50, +509
range, 600Hz frequency response, 12g mdagyre3.12). The accelerometers measured the acceleration

(impact shock) at the lower shank level and at the pelvic region.

AN
AN

Figure 3.12 Single axis accelerometer

One of the accelerometers was attached to the aluminium plate just below the MPSIS marker (described
earlier) with doublesided tape. It was further secured with electrical tape wrapped around the accelerometer
and aluminium plate. The sensitive axis of the accelerometer was aligned visually to the vertical.

The other accelerometer was affixed to a smatie@f lightweight, balsa wood (15x15x2mm) in the
same manner and attached to the medial, di st al as |
the medial malleolus to the tibial tuberosity. It was visually aligned so that the sensitivef akis
accel erometer was parall el with the subject’s tibi

place by toupee tape and a compression bandage.

Goniometry

A flexible electrogoniometer (Biometrics XM180, Gwent, Uigigure 3.13) measured the sagittal knee

angle on the participast | e f t |l eg. It was attached to the | at e
toupee tape.The electrogoniometersnd theconnecting cables of the shank accelerometer fether

secured in place with an elastic tubular bandage.
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Figure 3.13Flexible electrogoniometer

Data Logger
A portable data logger (BiomedicMonitoring BM42, 4 channels, £2.5V excitation, -b2 resolution,
Glasgow, UK) sampled the outputs of the accelerometers and electrogoniometer at a 500Hz sampling

frequency Figure3.14).

Figure 3.14 Portable data logger with 'event marker' system

The data | ogger was <clipped to the pelvic belt wor
of a circuitbreaker switch and a light emitting diode (LED), was connected into the fourth channel of the
data logger. When the switch was turned on, the illuminated LED was visible to the digital video camera
and a square spike was produced in the output of tadagger.

The video recordings were analysed to measure the timings between the LED illumination to the
foot strike on the force platform (identified from the video). These timings enabled the selection of the

appropriate foot strike data from the daigder.

72



3.2.4 Subject Calibration

Static subject calibration trials were conducted to define the positions of anatomical landmarks relative to the
segment TCS. The anatomical landmarks were then used to define segment anatomical reference frames and
joint centres. The subject was askedstand in the anatomical standing position, with &®trt §houlder
widthhand pointing directly forwédadiepapabltelri bo)t hai
arms hung straight down by their sides, with their palms facing forwards

A researcher used a small wand, instrumented with two retroreflective markers that were separated
by a known ditance from the end of the wanid determine the location of the following anatomical
landmarks, with respect to the global coordinate sys&®iSs, MPSIS, tibial tuberosities, fibula heads,
l ater al and medi al mal | eoi | i . Al so, the foll owi
calibrated: most posterior and anterior parts of the shoe along the midline of the shoe, and sopdsiéion
lateral aspect of the shoe. This created a plane level with the artificial surface.

For each anatomical landmark and shoe position, ttien8nsional locations of the markers on the
wand and the subject were collected with the Vicon system amwed sasvseparate static calibration files. In
total, eighteen separate static calibration trial:

static trial, in which the wand was not used to capture the relative positions of all the markersunject.

3.2.5 Anatomical Reference Frames

The calibrated anatomical landmarks defined the anatomical reference frames for each, slEgo@ntd

belowas:* o’ , def i ne t he o foiegchanatomical teferenceyfframearespectively, ax e s

3.2.5.1 Foot/shoeComplexAnatomical Referencer&me
The foot and shoe a&ve considered as one rigid system. Any motion of the foot relative to the shoe was
ignored. Also, any motion of the foot due to the flattening of the longitudinal arch, talocrural joint motion,

subtalar joint motion and flexion of the metatarsals and pbakwas also ignored-igure 3.15 shows the
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foot/shoe complex anatomical reference that was defined by the following landmarks on the shoe:

PSHOE:

ASHOE:

LSHOE:

Most posterior psct of the shoe at the level of the ground/playing surface, along the
midline of the shoe.

Most anterior aspect of the shoe at the level of the ground/playing surface, along the
midline of the shoe.
Most lateral aspect of the shoe at &well of the ground/playing surface.
The origin is located at the PSHOE landmark
The line connecting the PSHOE and ASHOE landmarks, and pointing posteriorly.
The PSHOE, ASHOE and LSHOE defines a transverse plane. Tds xlies
perpendiculato this transverse plane, and pointing proximally.

The lineorthogonako the xand y axis, pointing to the right.

Figure 3.15Foot/shoe complex anatomical reference frame
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3.2.5.2 ShankAnatomicalReferencé~rame
Applying the procedure proposed by Celeal. (1993)to select the fixed axis to describe a JCS presented a
difficulty when defining a single anatomical reference frame for the shank. The orientation of a particular
axis sysem may be suitable for an ankle JCS but may not be suitable for a knee JCS. For example, the axis
of flexion for an ankle JCS can be defined as the axis fixed to the tibia/fibula, coincident with a line
connecting the medial malleolus and lateral malie@international Society of Biomechanics, 200Zhis
axis angles downward and posteriorly, moving from medial to lafdi@din and Frankel, 2001As such,
the corresponding-gxis is directed superiorly and laterally away from the mechanical longitudinal axis of
the tibia.

In contrast, the axis of interrakternalrotation for a knee JCS can be defined as the axis fixed to the
tibia/fibula, which passes midway between the two intercondylar prominences proximally and through the
centre of the ankle distally (i.e. the longitudinal axis if the sha(®jood and Suntay, 1983) This

difference between the tweaxes orientations is illustrated kiigure3.16.
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Figure 3.16 lllustration of two anatomical reference systems for the shank. X,Y,Bhas a flexion axis (Zaxis) suitable for an
ankle JCS. x,y,zhas a lorgitudinal axis (y-axis) suitable for a knee JCS. Adapted from International Society of
Biomechanics (2002)

Therefore, with consideration to the methods proposed by other authors, two anatomical references frames

were defined for the shank. One was defined for a knee JCS and one for an ankle JCS. These were named

‘s h-KaksS’ a nAlKJ $’h,a nrke s p woultl allewethe yselectidnhof appropriate fixed axes in

the proximal and distal segment, following the proposal by €d. (Coleet al, 1993)

3.2.5.3 ShankkKJCSAnatomicalReference~rame

The definitions of the sharKJCS anatomical referenceasmes werebased on Cappozai al. (Cappozzaet

al., 1995)The International Society of Biomechan{@802) have proposed recommendations relating to the

standard definitions of anatomical coordinate systems of the lower limbs. In these recommendations, the
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lateral and medial tibial condyles are used to define the-fibiall anatomical planes of the stkasegment.
However, it was difficult to palpate thessondyleson knees with considerable surrounding
musculature, as found on some sports playgyarticularly rugby players. Therefore, the malleoli and the
fibula head landmarks were used to definguasifrontal plane(Cappozzoet al., 1995) The anatomical
landmarks used to define the anatomical refexdraomes in this study were easy to palpate and identify on
different subjects. The anatomical landmarks/locations used were as fdfigwse@.17):
FIBHEAD: Mostprominent aspect of the fibula head.
LATMAL: Most prominent aspect of the lateral malleolus.
MEDMAL: Maost prominent aspect of the medial malleolus.
KJC: Kneejoint centre (w.r.t. GCS)
o: The origin was located at the midpoint between the LATMAL and MEBDMthe
ankle joint centre (AJC).
y: The line connecting the AJC and the KJC, pointranially.
X: A line perpendicular to a quasbntal plane created by the AJC, KJC and FIBHEAD,
pointing anteriorly.

z A line perpendicular to both the &and y axes,pointing to the right.
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Figure 3.17 Shank-KJCS anatomical reference frame (from Cappozzo et al. (1995)

3.2.5.4 ShankAJCSAnatomicalReference Frame
The ShankAJCS anatomical reference frame was definedfollsws, using the following anatomical
landmarks [Figure3.18):

LATMAL: Most prominent aspect of the lateral malleolus.

MEDMAL: Most prominent aspect of the mediadlleolus.

KJC: Knee joint centre (w.r.t. GCS)

o: The origin was located at the midpoint between the LATMAL and MEDMAL, the

ankle joint centre (AJC).

z A line connecting the MEDMAL and LATMAL, and pointing to the right.
X: A line perpendicular the planeeated by the MEDMAL, LATMAL and KJC, pointing
anteriorly.
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y: A line perpendicular to both the &nd z axes, pointing cranially.

Figure 3.18 Shank-ACJS anatomical reference frame (Adapted fromnternational Society of Biomechanics (2002))

3.2.5.5 ThighAnatomical Reference Frame

As described in SectioB.2.3 no markers were attached to theggh segments. In order to calculate knee
angles, an anatomical thigh segment was reconstructed from the location of the hip joint centre in the pelvic
anatomical reference frame and the location of the knee joint centre in the shank anatomical fedenence

As the orientation of the subject’s thigh could
frontal plane was defined by the frontal plane of the sh@i&S anatomical reference frame. Therefore, it
was assumed that there was no lasagation of the thigh segment. Consequently, no internal or external
rotation of the knee could be calculated. The anatomical landmark/locations used were as Fajjores (
3.19);

HJC: Hip joint centre (w.r.t. GCS) (FH: Fibula head)

KJC: Knee joint centre (w.r.t. GCS)

AJC: Ankle joint centre (w.r.t. GCS)
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o: The origin was located at the KJC.

y: The line connecting the KJC with the HJC, directed proximally.

X: The line perpendicular to the plane created by thgig and the SharkJCS zaxis, pointing
anteriorly.

z The line perpendicular to both theand yaxes, pointing to the right.

Figure 3.19 Thigh anatomical reference frame

Pelvic anatomical reference frame
The pelvic anatomical reference frame was defined using Cappbalzo(Cappozzcet al.,1995) using the
following anatomical landmarks:

LASIS: Left anterior superior iliac spine

RASIS: Right anterior superior iliac spine

PSIS:  Posterior superior iliac spines (left and right)

MPSIS: Midpoint betweerthe PSISs

o: The origin was located at the midpoint between the anterior superior iliac spines (LASIS

and RASIS)Please note: the origin pelvic anatomical reference frame was translated to the
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left and right HIC, respectively, and the HICs were calculatitdrespect to the pelvic

anatomical reference fram@nternational Society of Biomechanics, 2008 shown in

Figure3.20.
z The line parallel to &ne connecting the LASIS and RASIS, and pointing to the right.
X: The line parallel to a line lying in the plane defined by the two ASISs and the MPSIS,

orthogonal to the Axis and pointing anteriorly.

y: The line perpendicular to both the Xnd Zaxes pointing cranially.

mid PSISs

Figure 3.20 Pelvic anatomical reference frame (Adapted from International Society of Biomechanics (2002))

3.2.5.6 Head Armsand Trunk HAT) Anatomical Reference Frame
The HAT anatomical ference frame is shown inFigure 3.21. The following anatomical

landmarks/locations were used to define the HAT anatomical frame:

LACR: Left acromion processes
RACR: Right acromion process
MPSIS: Midpoint of posterior superior iliac spines (left and right)
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0: The origin was located at the MPSIS.

y: The line parallel to the line connecting the MPSIS and the midpoint of the LACR and
RACR, pointing cranially.

z The line parallel to the line connecting the LACR and RACR, pointing to the right.

X: The line perpendicular to both the &nd Zaxes, pointing anteriorly.

Acromion processes

Posterior superior iliac
spines (PSIS)

Figure 3.21 HAT anatomical reference frame

3.2.6 JointCentres of Rotation

The calibrated anatomical landmarks were used to define anatomical joint centres of rotation, defined as
single points in space around which the rotations of one anatomical segment relative to another occur
(Grood & Suntay, 1983)HAT (Sacral), hip (left and right), knee (left and right) and ankle (left and right)
joint centres were defined in this study. Theali@ns of the respective joint centres were calculated relative

to specific anatomical landmarks during a static standing trial.
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3.2.6.1 HAT (Sacral)Joint Centre
The HAT centre of rotation was defined to originate at the midpoint of the posterior superigpihas.

This was assumed to be a good approximation of the sacral joint.

3.2.6.2 Hip Joint Centre

The hip centre of rotation or hip joint centre (HJC) was definagtiegsosition from the left and right ASIS
(LASIS, RASIS), calculated as a percentage of the distdnetween the ASISsIASIS. These distances
were 19% posterior, 30% distal and 14% medial to the ASIS, measured in the pelvic anatoahical (
reference framéBell et al,, 1990)

Therefore:

[X,Y,Z] e pa =[LASIS- (0.19% dASIS), LASIS- (0.32 dASI9,LASIS+(0.14% dASIS],, [Eq. 5.1]

[X,Y,Z] qusc. pa =[RASIS- (0.193 dASIS), RASIS- (0.3% dASIS, LASIS- (0.143 dASIS],, [EQ.5.2]

3.2.6.3 KneeJoint Centres
The knee joint centre of rotation (KJC) was defined using a method described by Stq@28b@dand
(Ishai, 1975) which assumed that the KJC lies on the longitudinal axiaxi¥) of the shank anatomical
reference frame. The location of the KJC was calculatethusithogonal distances from anthropometric
landmarks, with respect to the global coordinate sys@milhese distances were:

D, = anteroposterior distance from the tibial tuberosity (TT), directed posteriorly.

D, = mediolateral distance from the fibuledd (FH) (directed medially for left knee; laterally for

right knee

D3 = inferosuperior distance from the tibial tuberosity, directed superiorly.

In order to calculate these distances, the following anthropometrical measurements were obtained from each
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subject:
S; = Mediolateral distance between the tibial condyles
S; = Mediolateral distance between the medial tilmadyle and the fibulaead
S; = Distance between the tibial plateau and the tibial tuberosity.

The coordinates of ghjoint centre for the feknee { X,Y,Z} ;.. ) and right knee{(X,Y,Z} zc;c ¢ ) in the

global coordinate systemere calculated as follows

D,=S,-5+(§- 2 [Eq. 5.3]
D, =8.2+(0.5% 47.13 (S, - 97.95)) [Eq. 5.4]
D, =S, +(25° (S, - 97.95) [Eq. 5.5]
{X.Y,Z} o ={TT, - D, TT, +D,,FH, +D,}, [Eq. 5.6]
{X.Y.Z} aeroe ={TTo- D, TT,+D,,FH, - D}, [Eq. 5.7]

The (S-97.95) term used in the calculations of &d B (Equations 5.4 and 5.5) was used as a subject
scaling factor(Stansfield, 2000)A value of 97.95mm was the average distance between the tibial condyles
for all the subjects in this study.
A static trial of the subject, standing in the anatomical position, was obtained to determine the
| ocat i osnt aotfi ct’heKJ'C in the gl obal coordinate systen

technical coordinate system so that location of the KJC could be reconstructed during the dynamic trials.

3.2.6.4 AnkleJoint Centres
The location ankle joint centrédJC) in the ankle anatomical reference frana@)(was determined as the

midpoint between the medial and lateral malleiMAL, LMAL, respectively):

XY\ Z nonaa HOKGOY ZY intean
{X,Y,Z} AIC. an :{ }MMAL 2{ }LMAL [Eq 58]

A definition of the respective Joint Coordinate Systems for the ankle, knee, hip and sacral joints follows a
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description of how joint centres were defined.

3.2.7 Joint Coordinate Systems (JCS)

The relative motions between segments were calculated using thecgoirinate systems of defining

intersegmental angles, as proposed by Grood & Sy@eyod & Suntay, 1983and developed by Colet

al. (1993) This method defined the fixed axes for the joint coordinate system specified in the present study.
Cole et al. (1993) proposed that a JCS consisting of a fixed asisembedded in thg@roximal

segment, should represent the joint flexetension axis. The longitudinal axis of the distal segment should

be selected to represent the axis of axial rotaggnT he t hi rd “fl oating axi s a X
the cross product dhe e; andes, should represent the axis ofalductiong,. .

The joint coordinate systems used in the present study are defined below.

3.2.7.1 Ankle JCS
er= The axis fixed to the shank and cadent with the zaxis of the shankAJCS anatomical
reference fame.The rotation around this axigas dorsiflexion/plantarflexion.
e = The axis fixed to the foot/shoe complex and coincident witlytaeis  of the foot/shoe
complex reference frae. The rotation around thisaxis was inversion/eversion.
e;= Thefloating axis, the common axis perpendiculaetande,. Therotation around this axis

was internal/ external rotation of the foot.

3.2.7.2 Knee JCS
e;= The axis fixed to the thigh and coincidevith the zaxis of the thigh anatomical
reference frame. Thetation around this axis wadlexion/extension
e = The axis fixed to the shank and cagent with the yaxis of theshankKJCS anatomical
reference framelhe rotation around this axigas internal/external rotation.

es= The floating axis, the commaaxis perpendicular t ande,. Therotation around this axis
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was abduction/adduction of the knee.

3.2.7.3 Hip JCS
er= The axis fixed to the pelvis and coident with the zaxis of the pelvianatomical reference
frame. Therotation around this axis wdlexion/extension of the hip.
e = The axis fixed to the thigh and coincidevith the yaxis of the thigh  anatomical
reference frame. Thetation around this axis wasnternal/external rotation.
e;= The floating axis, the common axis perpendiculas tande,. Therotation around this axis

was abduction/adduction of the hip.

3.2.7.4 Sacral JCS
er= The axis fixed to the HAT segment andincident with the -axis of the HAT anatomical
reference frame. e rotation around this axigas flexion/extension of thdAT segment.
e = The axis fixed to the pelvis and coident with the yaxis of the pelvi@anatomical reference
frame. Therotation around this axis wéeft/right rotation of the HAT segment.
e;= The floating axis, the common axis perpendiculas @nde,. Therotation around this axis

was left/righ lateral flexion of the HATsegment.

3.2.8 Sport Movements

The participants performed 7 movements that are generic to all three sports. These were chosen through a
process of analysing videos and lfe@tball, rugby union and hockey matches; and consultation with

players and coaches. The movements were:
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1. Sprint running (RUN)

2. Stopping (STOP)

3. Arunning 45° turn to the left (open technique) (45L)
4. A running 45° turn to the right (open technique) (45R)
5. A running 90° turn to the left (cross technique) (90L)
6. A running 90° turn to the right (cross technique) (90R)

7. 180° turn to the right from a static start (180T)

An ‘open technique’ for the 45° turns itmewioettoned t he
he/ she wants to turn. A ‘cross technique’ i nvol v
he/she wants to turn. The contralateral leg then crosses the plane in which the run up occurred and continues

in the new direction.

The subjects were instructed to conduct each movement as fast as possible to complete the
manoeuvre safelylhe starting position of the subjects for all movements, with the exception of the 180°
turn, was from a standing start, approximately 7m from theefplatform. The sprintindRUN) movement
involved the subject sprinting along the runway, which was approximately 14m long. The subjects were
instructed not to slow down until they had passed a designated marker, positioned approximately 4m past the
force platform.

The runningstop STOP movement involved the subject sprinting 7m towards to the force platform.
The subject was instructed to stop on their left leg at a position level with a marker that was located adjacent
to the force platform. A trialas defined as successful if the subject was able to stop their forward
momentum within two steps of the stopping action and if the researcher assessed that the action on the left
leg was the main stopping action and that the left foot landed fully dortteeplatform.

For the turning activities, it was necessary to place markers on the turf in order to designate the
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position that the subjects were to perform the respective turns. This allowed the stance foot, on which the
turn took place, to impacheé force platform. The 45° turns involved running towards the markers and
performing the turn using an ‘open’ tedbn(Figuee on t

3.22). The turn was repeated using the right foot to turn and running off 45° to th&5lBft (

Figure 3.22 45-degree turn (cutting turn technique)

The 90° turn involved the subjectunni ng towards the markers and pe
technique on the left foot and running off 90° to the I@@L)) (Figure3.23). The process was reated using

the right foot to turn and running off 90° to the righdR).
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Figure 3.2390-degree turn (aossturn technique)

The 180° turn 180T) involved the subject starting from an upright standing position with their left foot
positioned on the force platform (Fig. 5). On command, the subject was asked to turn to their right (medial

rotation of the left foot) through 180° and sprint off iroafard direction.

Figure 3.24 180-degree turn (L80T)
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3.2.9 Testing Procedure

Prior to the start of testing, the subjects were allowed a wariperiod to prepare themselves for exercise
and also to becomaccustomed to the equipment they were wearing.

The players wore their own preferred footwear and were instructed to perform each running
movement as fast as possible. The subjects were given sufficient attempts e grathat they were able
to executehe movements naturally and comfortably, and to ensure that their foot was placed fully on the
force platform without attempting to target the force platform or alter their normal movement pattern
significantly.

At the start of each trial, the subjectasvinstructed to face the video camera and press the event
marker switch, located on the data logger. This caused the LED on the event marker system to illuminate
and the change in current (the event marker) was measured on the data logger. The sutiect asked
to start the required movement. Three successful trials of each type of movement were performed on each of
the three artificial turfs.

The whole testing session on one artificial turf took less than two hours, including a rest break of

fifteen minutes. The three turfs were tested on different days, separated by a period of two weeks.

3.3 Outdoor Field Testing

The field tests were conducted in order to validate the data collected in the labbsataligwing the
participants to perform the ab®vmovements in a more realistic playimgvironment, withoutthe
constrictions and distractions of the laboratory. The quantitative link between the indoor and outdoor testing
sessions was provided bdwgta fronthe two accelerometers and the electrogontem&orn by the subject.

The tests were conducted on various types of artificial turfs and also natural grass turf. An area of the
pitches, approximating that in the lab, was marked out with cones. The sites and turf (and their comparison

with the turfs ued for the laboratory testing) are as follows:
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Stepps Playing Fields, Millerston:

Turf 4: Medium pile, curly top, sand dressed (with underlay) (Same as Turf 2)
Turf 5: Long ‘rugby” natur al grass turf
Turf 6: Short *‘football”’ natural grass turf

Glasgow Geen Football Centre:
Turf 7: Short pile, sand infill turf (similar to Turf 1)

Turf 8: Medium pile, runner infill turf (similar to Turf 3)

Ibrox Community Trust Pitch, lbrox:

Turf 9: Long pile, rubber infill FieldTurf (same as Turf 3)

Weatherpermitting, the tests were conducted with the turf in wet and dry conditions. Wet conditions were
simulated by sprinkling approximately 20 litres of water over a marked area where the sports movements
would occur. The participants performed the same mortsEerformed in the lab tests, with the exception
of the 45° turns to the left and the 90° turns to the right. This was due to the fact that all participants wore the
shank accelerometer and the electrogoniometer on their left leg, so movements whisnecthéeg was the
right leg were not conducted.

As with the indoor laboratory tests, the trials were videotaped using the digital video camera, as a

visual reference to the movements and provide synchronisation with the data logger.

3.4 Data Processing & Anaysis

3.4.1 Vicon System

The trajectories of the markers attached to the subject and the loads applied to the force platform were
collected using ViconNorkstationand processed usirgodyBuildersoftware (Oxford Metrics, Oxford).

The data processing was condaetin four stages:
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1. Static calibration trials
2. Dynamic trials pipelining
3. Data export and reduction

4.  Movement cycle identification

3.4.1.1 StaticCalibration Trials
A Bodybuilder st at i c’ mo d e | was written to calcul aede t he
on the subject; transform the global coordinates of the anatomical landmarks (including shoe landmarks) into
the respective segmental TCS; and calculate the an
The relative positions of the anataai landmarks, knee joint centres, and ankle joint centres were
stored in a subject parameter file. The anthropometric measurements taken at the start of the testing session
were also included in the subject parameter file.
After labelling the markers, € static calibration trials were batch processed, applying the

Bodybuilder st at i c’ model to each trial

3.4.1.2 DynamicTrial Pipelining

The purpose of the dynamic trial data processing was to label the retroreflective markers, fill in any small
gaps in the tragories of markers, apply an appropriate filter to both the force platform data marker
trajectories, and applyBodybuilder d y n a mi c¢ ’pipelrondproceduredas conducted to apply these
functions to all the dynamic trials as a batch process.

The dynamic trials were labelled during aumtolabellingprocess using a predefined, standard marker
configuration. Any smal | gaps in the subVWeemguent
Wo r k s t ia built marlérsinterpolation function.

The ground reaction force data was filtered using a-piuf' Order Butterworth filter, with a cut off

frequency of 25Hz. The marker trajectories were filtered using a Woltring GCV spline filter.
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A BodyBuilderr dynami ¢ model "’ p r o gittea tm re¢odspuctehe pint xenteg, wa s
anatomical landmarks and frames from the orientations of the technical frames. The positions of anatomical
landmarks to the respective segmental TCS obtained from the static calibration trials were storecat a subj
specific parameter file. This information was referred to during processing of the dynamic trials. The
outputs of théBodyBuilderprogram were joint angles, external joint moments, joint angular velocities, linear
velocities of the centre of mass deft and right heels and ground reaction forces (GRFsS).

After the dynamic model was applied, each trial was checked to ensure that joint centres and
anatomical frames were reconstructed correctly. For twhksre erroneous trajectorieem identified, the

labelling of the markers were inspected and reprocessed, if appropriate.

3.4.1.3 DataExportand Reduction
The Vicon data files (.c3d format) were exported into an ASCII format: a more manageable file to conduct
further data analysis. A Mablgprogram (Mathworks, Massachussets) was written to reduce the data into the

respective movement cycles, using the event sample numbers and analyse the data.

3.4.1.4 Movementycle Identification

A movement cycle was identified for each of the trials. The datlain each trial was reduced into a
movement cycle. In many gait studies, the movement of the body is divided into a gait cycle, commencing
from the initial contact of one | imb (‘heel strik.
onthe ipsilateral limb. In walkingg s i n g Istancel phasebotcspies 60% of the cycle, with a period of

double limb support. However, during running activities, where there are no periods of double support,
stance phase can account forZ)o stance pdse, with the limb is swing phase for the rest of the cycle
(Novacheck, 1998)The lengthof a running stride can also be very long, up to 2.4 metres for top class
sprinting(International Asociation of Athletics Federations, 2003)

The focus of this study was primarily what happens at stance phase of the running cycle. Therefore,
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to ensure that adequate data is captured within the measurement volume, a movement cycle was defined so
thatthe stance phase of the stance limb on the force platform would occur towards the middle section of the
cycle. As such, the movement cycle was defined by events of thetanore limb Figure3.25). For all the
movements analysed in this study, except for the 180° turn, the movement cycle was defined by the initial

contact event of the nestance limb to the following initial contact event of the same limb.

ALY 2N

Non stance| 1€~ TO Stance phase IC
limb | | '
Stance | |
limb IC TO
Force Plate

Figure 3.25Movement cycle for running and turning activities (except 180° turn): IC, initial contact; TO, toe off.

For the 180° turning activity (180T), the subject stabidl at the start of the activity. The start of the
movement cycle for the 180T, therefore, was defined by the toe off event of tstange limb to the tee
off event of the ipsilateral limb following the turn.

The sample numbsifor the start and endf the movement cycle ave identified and recorded for
each trial. The stance phase of the movement cycle was identified from the force platform data. The initial
contact of the stance phase was defined as the first vertical GRF data point greater th&he86hd of the
stance phase was defined by the return of the vertical GRF to ON. The stance phase of each movement cycle
was extracted and saved as a separate file.

A cubic spline function was used to interpolate both the movement cycle and the $taseeop

each trial to 100 data points. This would enable different events to be described as a percentage of the whole
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movement cycle or the stance phase.

3.4.2 Biomechanical Analysis

3.4.2.1 Joint Kinematics and Kinetics
Joint kinematics andiketics were calculated gsirt of theBodyBuilder d y na mi ¢’ model . The
segments about defined embedded axes were calculated using the floating axis Joint Coordinate System
(Coleet al.,1993; Grood & Suntay, 1983)The output of this calculation describes rotations about the axes
of joint flexion, abduction and rotation, respectively.

External joint moments were calculated by inverse dynamics, using information ofrtheejatres,
accelerations of the segmental centre of masses and the external loads applied to the body by the ground.
The segmental centres of masséah(e3.3) wer e cal cul ated wusing Dempster’ !

parameter modéDempster, 1955; Winter, 1990)

Segment Endpoints (proximal to distal) Seg. Mass/ Centre of mass/  Radius of gyration/
name total mass segment length  segmern length (CG)
(distal)

HAT Greater trochanter tdgnohumeral joint 0.536 0.374 0.496
Pelvis L4-L5 to trochanter 0.142 0.865 0.5

Femur Greater tronchanter to femoral condyles 0.1 0.567 0.323

Tibia Femoral condyles to medial malleolus 0.0465 0.567 0.302
Foot/Shoe Lateral malleolus to anterior aspect of shoe 0.0195 0.5 0.475

Table33Def ault anthropometric data (* the mass of the shoe wa:c
mass. The relative shoe mass as a ratio of total mass was estimated to be 0.005)

The BodyBuilder model performed the inverse dynamics process usingnacro function named
REACTION. This function summates all the reactions acting on a given segment, making the assumption
that only one reaction (acting at the proximal end) is unknown. All of the components are added to give the
compensating reactiohdt needs to be applied to the segment to keep it in dynamic equilibrium.

The forces due to acceleration (including gravity) and moments of inertia are calculated from the
position of the centre of mass of the segment (as given in the anthropometric¢reable)e current frame,

and frames + 0.25 seconds from the current frame.
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In the frontal and transverse planes, the sign of the external joint moments calculation for the right
hand side of the bodyasreversed to allow the direction of the applied mom® equal the same sign to
that of the left hand side. For example, before sign correction, a positive appliesitimortiee knee in the
frontal plane would signify an abduction moment around the left knee but an adduction moment around the
right knee. The sign correction allowed an appropriate comparison of joint moments between the left and

right sides of the body.

3.4.2.2 GroundLoadings
The force platform output was analysed for the seven movements conducted on the three different artificial
turfs (T1, T2,T3), respectively. The ground loadings were described in terms of a vertical ground reaction
force (GRF), a resultant horizontal ground reaction force and a free moMenowjth respect to the
normalised percentage of stance phase. In addition, a Vddading rate was calculated through the
differentiation of the vertical GRF.
For all ground loadings, it was assumed that forces and moments acted at the top surface of the
artificial turf (i.e. height of the turf pile plus the rubber underlay, if u¢gdl). Therefore, the calculation of
the centre of pressure (COP) and subsequent free moment was adjusted to account for the additional distance
of the centre of pressure from the origin of the force plate, as follows:
Free moment calculation:
(My)& My - (Fs x( W¢2)
where;
My = moment around the vertical axis
Fs = resul tant+FAhear force ((V(Fx
X = x-coordinate oftentre of pressure
z = z-coordinate ofcentre of pressure

and;
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where;

Mx = moment about the -éxis

Mz = moment about the-axis

Fx = anteriotposterior force (along the-Axis)

Fz = medielateral force (along the-Zxis)

Yo = Vertical distance from the surface of the force plate to the origin of the force plate

(negative value)

yr = height of the artificial turf (and rubber underlay, if included) (negative value)
Ground reaction forces and free moments are expressed in relation to the sign convention §hguva in
3.26. Vertical GRF is represented by forces in thedibection. Forces in the anterioposterior and
mediolateral directions are represented by forces inXthand Y-directions, respectively. A pise My 0
corresponds with a free moment that resists an internally rotated moment applied to the ground by the
subject around th¥-axis (i.e. resists foot adduction). Conversely, a negaiyeéorrespondsvith a free
moment that resists an externallytated moment applied to the ground by the subject (i.e. resists foot

abduction), with respect to the subject’s stance |
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Figure 3.26 Sign convention used in this study
The horizontal GRF is the resultant horizontal ground reaction force, which was calculated from the
anteroposterior and medateral horizontal ground reaction forces, respectively. The free momMentpf
ground reaction was defined as a force couple about a vertical axis (assuming a horizontal running surface),
which results from the horizontal force between the foot andriiend(Holden & Cavanagh, 1991)
For each trial, the ground reaction forces and vertical loading extewormalised by dividing by the
subject s’ bodywei ght ( BW) . Al | free moment wvalues

and height.

3.4.2.3 TractionCoefficients

A linear traction coefficient (Equation 5.9) and a rotational traction coeffiqigquation 5.10) were
calcul ated. A | i nggpmvided an iadicationcohthe cesigainde to tinead mdvement of the
foot on the surface. The equation is essentially the same calculation for a conventional friction coefficient, p.
However this use of this term was deemed inappropriate as it has been reported that sports surfaces do not

follow the <cl assi c (Shataretaln2b03;svan Ghelusvet al.f198B)r i ct i on

A rotational t r, was tcalcalated t qeVide iarc indecation, of the resistance to
rotation by the turf, while taking into ¢iogveni der at
in millimetres.
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Fh(t)

Q) =

Fy(t) [Eq. 5.9]
o My'(t)
Goy="-2""

Fy(t) [Eq. 5.10]

Six outcome measures were analysed from the force platform data: the peak vertical GRF, the peak
horizontal, the peak moment of rotation, the peak vertical rate, the peak linear traction coefficient and the

peak rotational traction ctfecient.

3.4.2.4 ApproachVelocities
The approach velocity was defined as the velocity of the whole body centre of mass in the-aft)fore
direction at initial contact with the force platform. The whole body centre of mass (CM) is the weighted sum

of the CM ofevery segment of the body (Eames et al, 1999) (Equation 5.11).

a m;. P
CM, =-

i a mj

J [Eg. 5.11]
where mis the mass of segment jj = 1, ar@dl ; is the i" component (i = x, y, z) of the position vector of
its centre of mass. Values for segmemtssrand position of CM were obtained from anthropometric tables

(Table 3.3). The CM velocity was calculated using the linear velocity and acceleration (LINVELACC)

function in theBodyBuildemprogramme.

3.4.3 Data Logger

As described in Sectioh2.3 an LED ‘event marker’ on the data 1| o
trial. This event marker was used to extract the accelerometer and electrogoniotaeterndahe data

logger. The video files were analysed to approximate the time taken between the event marker and the stance
phase of interest during the trial. This time was used to extract a 1 second (i.e. 500 data logger samples)

window of data arounthe stance phase.
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A Matlab program was written to extract the 1 second window of data out of each data logger file.
The accelerometer channels and electrogoniometer channel was filtered uSingdarButterworth filter
with cutoff filters of 100Hz ad 20Hz, respectively.

The outputs from the accelerometer and electrogoniometer channels were converted into multiples of
gravity (g) and degrees, respectively, using the calibration data obtained from the manufacturers of the
devices. Each of the individls trials were subsequently manually analysed to identify the foot strike event
of the movement. This was defined by a sharp and rapid rise in the output of the shank accelerometer. The
sample number when this event occurred was recorded.

The peak shankccelerations, hip accelerations, peak knee angle during the stance phase and the

knee angle at foot strike were calculated.

3.4.4 Statistical Analysis

In order to test for significant differences in parameters between turfs and movementsyayt@orf x
movement) repeated measures ANOVA with Bonferonni adjustment for multiple comparisons was

conducted usin@PSS for Windowgersion 16.Gstatistical software.
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CHAPTER 4. BIOMECHANICAL RESULT S

This section describes the results obtained from the laboratory based laamakchssessment of the three
types of artificial turf. Ground loadings, knee moments and knee angles are presented. Also included is a

comparison of the data obtained from the data logger when the subject performed the same movements

inside and outsidef the laboratory on different surfaces.

4.1 Subject Participation

Unfortunately, not all the subjects were able to attend the all of the testing sessions for each of the surfaces.
Each of the three artificial turfs (T1, T2, T3) was laid out in the biomechdaboratory for the duration of

rigid two week period. Due to the logistics of @®rmng the previous turfarranging delivery of thturfs and

the infill material, installing the artificial tuf and preparing the laboratorplus the limitedavailable

| aboratory time in a busy research department, it

availability. Table4.1 outlines the sesais that each subject attended.

Subject
Surface F1 F2 F3 F4 F5 H1 H2 H3 H4 R1 R2 R3 R4 Total
T1 Y Y Y Y N Y Y Y Y Y Y Y Y 12
T2 N Y Y N Y Y Y Y Y Y N Y Y 10
T3 Y Y Y Y Y Y Y Y N Y Y Y Y 11

Table 4.1 Subject participation in the 3 laboratory testing sessions (Y=Participated, N=Did not participate)
Eight subjects completed trials on all three surfaces. Twelve, ten and eleven subjects completed trials on T1,

T2 and T3, resgctively. In order to test for significant statistical differences between turfs and movements,
only the data from a subset of 8 subjects who completed trials on all three turfs were included in any
repeated measures ANOVA analyses to test for statistifafences in parameters between surfaces. The

data from these 8 subjects are provided in the following sections. Data for all the subjects who participated

in the study is presented in Appendix 1.
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4.2 Approach Velocities

Figure 4.1 shows the mean approach velocities for all the movements on the three turfs. No approach

velocity was calculated for tHEBOTmovement as the subject started the turn frataading position.

7.0
6.0 o]

5.0

20 ! [

3.0 1 T2

uT3
2.0 -

Approach velocity (ms1)

1.0 A

0.0 -
RUN STOP 45L 45R 90L 90R

Figure 4.1 Mean (sd) approach velocities to the force platform

The RUN movement had the fastest approach velocity of approximately 59 Phis was significantly
faster than all thether movementsP<0.001), except for thd5L and 45R movements. Interestingly5L
was 0.4 ms faster thamt5R The90L and90Rmovements, which require a sharp change in direction, were
significantly slower than all the other movemeris@.002).

There were no statistically significant differences in approach velocities for the three separate testing
sessions on the three different surfacdsigure 4.2 and Pearson correlation calculations show a high
correlation of approach velocities between the three turfsT@1r=0.903, P<0.001; T2T3: r=0.892,

P<0.001; T:T3:r=0.881;P<0.001).
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Figure 4.2 Correlation of approach velocities between the three turfs
4.3 Stance Times
The mean stance phase durations are presenkgdure4.3. TheRUN movement had significantly shorter
stance duration than all the other movemefs0(05), except th&TOP movement, witha duration of
approximately 175ms. There were no significant differences between durations on the three turfs for any of
the movemernst
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Figure 4.3 Mean (sd) duration of stance phase for each movement all the three turfs
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Figure 4.4 Correlation of stance timeshetween the three turfs

Figure4.4 and Pearson correlation calculations shows high correlations in the approach velocities between
the three turfs (T-'2: r=0.814, P<0.001; FZ3:r=0.924, P<0.001; T-T3: r=0.802; P<0.001).

The movements with a greater angle of turn corresponded with an increased stance time. For
example, the stance phase durations of thet@@s (90L, 90R) were approximately 60ms longer than the
45 turns @5L,45R) (P<0.05). Despite large variation between subjects, the duration b8€enovement
was significantly larger than all the movemer®x(.05), except for th@0R The mean duration for the
180Tmovement ranged from 343 ms to 494 ms across the three turfs.

There was a small disparity in the stance phase duration between the different directions of the
respective turning movements. The duration of 48& stancephase on each of the three tuvigs
approximately 12ms longer than td&L movement. However, the difference was only 5ms on Turf 3.

Similarily, the90Rmovement was on average 25 ms longer tha®@henovement.
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4.4 Ground Loading Profiles

On the following pagedsigure4.5-4.11show the mean ground reaction forces (GRF) and the free moment
profiles as a percentage of the stance phase duration for the seven movements performsabjgctsll
(n=13) on the three turfs.

Two charts are provided: vertical and horizontal GRFs are shown on one chart (figure a); and free
moments are shown on a separate chart (figure b).

The error bars show the standard deviation for loadings of all $sitgeclurf 1. This is displayed to
provide an illustration of the variability between subjects. The standard deviation was similar for the other

two turfs for each of the ground loading parameters.

As described before, the ground reaction forc
bodywei ght (N/BW) ; free moment values were nor mal
(Nm/BW.h).

4.4.1 Movement: RUN

In the RUN movement, therertical GR- rate of bading increased rapidly during the first 15% stance phase
(25ms) Figure4.5a). This corresponds with the initial foot contact at weaglteptance period of the stance
phase. The vertical GRF reached a peak at approximaté&@%sstance phase ((2B0ms).

At approximately 10% stance phase (17ms), a small peak occurred in the horizontal GRF. A larger
peak is observed at approximately 758nse phase (130ms), which corresponded to the later stages of the
propulsion phase.

The mean free moment loading profiles showrrigure 4.5b sugg@st that theRUN could be divided into

three phases:-B5% stance phase; Z%% stance phase; -1%0% stance phase. The largest free moment
occurred during the middle of the stance phase. The summarised data indicates that the free moments
measured on Tur8 was slightly lower than Turf 1 and 2. However, this difference between turfs was

insignificant.
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As can be seen from the error bars, there was variation in the free moment between subjects within
each of the three phases. Although, most subjects (mdibtained a similar free moment pattern across
all the turfs, the variation was evident in its direction. A free moment resisting foot adduction was measured
in seven of the subjects; a free moment resisting foot abduction in three subjects, andemtedslbpt
produce any significant free moment during the first 25% stance phase.

During the middle 255% period of stance phase, there was more consistency between subjects as a
free moment peak resisting foot abduction occurred in eleven of thetsulgpmly one subject demonstrated
a free moment resisting foot adduction during this period. In the final 25% stance phase, ten of the subjects
produced a small free moment resisting foot adduction peak, although this peak was diminished on Turf 3.

Two aubjects (F4, H4) experienced a change in direction of the free moment loading profile as they
performed th(RUN movement over the different turfs. On Turf 1, subjects F4 had a change in free moment
resisting foot adduction to a free moment resisting &mmtuction on Turf 3, in the first 25% stance phase.
This subject experienced a peak free moment resisting foot abduction during the mid@i# 2%ance
phase on all three turfs.

Subject H4 produced a negative free moment peak (resisting foot abductidnyfah during the
first 25% stance phase. However, a free moment resisting foot adduction occurred on Turfs 2 and 3 during
this period. This subject also experienced a peak free moment resisting foot abduction during the middle 25

75% stance phase on tifree turfs.
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Figure 4.5 Mean normalised ground loadings on each surface during theRUN movement: a) vertical and horizontal GRF;
b) free moment. Error bars show +sd for Turf 1

4.4.2 Movement: STOP

The mean GRF loading profiles displayedFigure 4.6a show that one peak force occurred in both the

vertical and horizontal directiorduring theSTOPmovement. These peaks occurred during the early phases
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of stance phase: approximately 20% stance phase (40ms) for the vertical GRF peak; approxiraagaly 15

stance phase (30ms) for the horizontal GRF. For the remainder of the stamce p e

t

he

subject

momentum was significantly retarded as they were steppihghefforce platform. This resulted in no

further significant peak forces for the rest of the stance phase.
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Figure 4.6 Mean normalised ground loadings on each surface during th&€TOPmovement:a) vertical and horizontal GRF;

b) free moment. Error bars show tsd for Turf 1
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Figure4.6b shows two phases of free moment loading. During the fir352b stance phase (®bms), a

free moment resisting foot abduction was measured, with a peak occurring at approximately 18% stanc
phase (30ms). A free moment resisting foot adduction was present during approximaiohb 3dance
phase, with a peak occurring at about4&06 stance phase (Bbms). No other significant free moment was

apparent for the remaining 35% of the stancespha

4.4.3 Movement: 4Edegree turns

Figure4.7(a, b) andrigure4.8(a,b) show the mean GRI-time and free moments-time patterns for the
451 and45Rmovements, respectively. Similar loading profiles were observed for bodsithend45R
movements.

The free moment loadingrofile for both 45L and 45R movements was I&ively consistent on all
three turfs Figure4.7b and 29b). However, there was variability between subjects. Generally, three peaks
were observed ithe first 40% of stance phase. In both types of movement, the stance phase could be broken
down into 4 periods, with regards to the free momerit0%; 10-20%; 2040%; and the remaining 60%
stance phase.

In general, a small free moment resisting footuadidn occurred in the first period of stance phase
(0-10%). A free moment resisting foot abduction occurred betwee20¥0 stance phase and a free moment
resisting foot adduction occurred betweerd® of stance phase. No significant free moment wasepte
during the final 46100%, except for on Turf 1, where a small, consistent free moment resisting foot
adduction occurred.

As with the other movements, the direction of the free moment was not consistent between subjects
for the two 45° turns. For example, the mean free moment peak that occurred at approximately 15% stance
phase was less prominent for #el. movement Figure4.7b), where a free moment resisting foot adduction

was measured in about only half of the subjects. In contrast, id5Renovement (Figure 18b), aele
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moment resisting foot adduction occurred for 2 subjects (H2 and H3) on Turf 1 and Turf 2. Dudiirthe
movement a Turf 3, a free moment resisting foot abduction peak é20% stance phase was present for all
subjects.

During the 2640% period of &ance phase, most of the subjects typically produced a free moment
resisting foot adduction. For tl&L on Turf 3, one subject (R4) produced a free moment resisting abduction
during this period and throughout the remainder of stance phase. For threesabjicts on Turf 1 (R3, F3
and H4) during thd5Rmoment, a peak was not observed and the free moment was reduced to zero.

For the remainder of the stance phase1@@xo), there were no consistent trends apparent in the
data. This was due to the variatibetween subjects and turfs in the magnitudes and direction of the free
moment.In general for thel5L, a predominately positively directed free moment resisting foot adduction,
was present in four subjects (F1, F2, H3, Rd)predominently negative freenoment, resisting foot
abduction, was displayed in three subjects (F3, F5, R3); and the direction of the free moment changed
between surfaces for the other six subjects.

For the45R a predominately positively directed free moment resisting foot addugéierpresent in
four subjects (H1, R1, R2, R4); a prominently negative free moment, resisting foot abduction, was displayed
in four subjects (F1, F4, H2, R3); and the direction of the free moment changed between surfaces for another
four subjects. One otheubject (H3) did not produce a substantial free moment for the final stages of the

stance phase for either 45° turn
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4.4.3.1 Movement: 45L
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Figure 4.7 Mean normalised ground loadings on each surface during thd5L movement:a) vertical and horizontal GRF;
b) free moment. Error bars show tsd for Turf 1
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4.4.3.2 Movement: 45R
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Figure 4.8 Mean normalised groundloadings on each surface during the 45R movement: a) vertical and horizontal GRF;
b) free moment Error bars show +sd for Turf 1
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4.4.4 Movement 90-degree turns

Figure4.9 (a,b) andrigure4.10 (a,b) show the mean GRI-time and free moments-time patters for all
subjects on all three turfs for tBOL and90Rmovements, respectively.

Similar loading profiles were observed for both 8% and90Rmovements. The 90° turns also had
similar vertical GRF loading profiles to the RUN movemdrig(re 4.9a andFigure4.10a). However, the
magnitude of th vertical GRF was generally lower than BRidN movement.

In the first 1520% stance phase (ADms), a small peak was observed in both the vertical and
horizontal GRFs. Also, a free moment resisting foot adduction was observed during this period fioe both
90L and90R(Figure4.9b andFigure4.10b).

During the middle 20 to 60% stance phas@160m3, as the subject turned and transferred forward
momentum to a lateral direction, an increasing vertical GRF was applied in bot®Olthand 90R
movements. The horizontal GRF remained relatively cohdtamthe 90R movements Kigure 4.10a),
whereas it tended to decrease slightly for 8@ movement Figure 4.9a). A sustained free moment,
resisting foot abduction, was applied during this period for both moventagts€4.9b andFigure4.10b);
although the magnitude of the free moment resisting foot abduction was generally lower 8@Rthe
movement.

A second, larger vertical GRF peak occurred at approximately 60% stance phase. This corresponded
with a peak in the free moment curve. The graphs suggest that the free moment was lower on Turf 1 than on

the other two turfs. However, this differee was statically insignificant.
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4.4.4.1 Movement: 90L
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Figure 4.9 Mean normalised ground loadings on each surface during th&@0L movement:a) vertical and horizontal GRF;
b) free moment. Error bars show +sd for Turf 1
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4.4.4.2 Movement: 90R
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Figure 4.10 Mean normalised ground loadings on each surface during th@0R movement: a) vertical and horizontal GRF;
b) free moment. Error bars show isd for Turf 1
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445 Movement: 180T

Figure4.11 (a,b) show the mean GRF-time and free moments-time patterns for all subjects on all three

turfs for thel80Tmovement
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Figure 4.11 Mean normalised ground loadings on each surface during th&80T movement:a) vertical and horizontal
GRF; b) free moment. Error bars show +sd for Turf 1
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During the initial weight acceptance phase of IB®T movement (680% stance phase; apgimately G
140mg, a peak vertical GRF of-15BW was observedHigure 4.11a). Generally, the horizontal GRF
slowly increased in magnitude during this period with some subject producing small Ipetalesfirst 30%
stance phase, the free moment that was appliedtsutfrom an initial moment resisting foot adduction to
one that resists foot abductidfigure4.11b).

Peak loadings were observed at approximats&ig@o stance phase (2830ms). This corresponded
to the subject completing the 180° turn and pushing off in the opposite direction. The magnitudes of the
peaks were 1:4.8BW and 0.8BW for the vertical and horizontal GRF, respectively. The magnitutie of t
free moment was approximately 0.01Nm/BWh and its direction reversed back to one that resisted foot

adduction.

4.5 Peak Ground Loadings

4.5.1 Phases of peak loadings

As can be seen from sectidmd, multiple loading peaks occurred during the stance phase for each of the
movements. Typically two significant peaks occurred: one in the impact pimgesee( peakjpnd one in the
propulsion phasepfopulsion peakof the movemetn The magnitudes of the peaks in the two phases would
often be similar. For example, the vertical GRF inRuNand 90° turns. In contrast, impact peak of the 45°
turns were generally greater than the propulsion peak. However, there did not seemotsisiEncy
between subjecis which of the phases the greatest peak would occur.

The ground loading profiles of each movement were visually inspected to obtain an estimation of the
times when the impact and propulsion phases typically occufiaolg4.2). Peaks were only measured
during the respective phases if there was a definite peak in the data (as opposed to a continuing rise in the
force ormoment as between the defined end of impact phase and start of propulsion phase). As such, the

defined phases are broad enough to allow the calculation of the times of the ground loading peaks.
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It was observed that in several instances clear vertical mzdméal GRF impact peak were not
produced. This was often inconsistent between the separate performances on the different turfs. Therefore, it
was not always possible to conduct a repeated measures analysis to measure statistical differences between
turfs and movements. However, the times of the impact and propulsion phases were relatively consistent
between turfs.

The defined impact phase of the RUN movemerb@ts) was shorter than the other movements,
due to the shorter stance time. For most movemé#émsimpact phase generally occurred during the first
35% of stance. The defined impact phase forli8B@T was longer due to the greater range of times when

impact peaks occurred.

Movement Impact Phase Propulsion Phase
ms % Stance ms % Stance
RUN <50ms 0-30 >50ms  31-100
STOP <70ms 0-35 >70ms  36-100
451 & 45R <70ms 0-35 >70ms  36-100
90L & 90R <80ms 0-32 >80ms 33100
180T <150ms  0-50 >150ms 51-100

Table 4.2 Times of the impact and propulsion phases for each movement
4.5.2 Vertical GRF
Table 4.3 displays the absolute peak vertical ground loading magnitudes in the impact guodsipro
phases, respectively, for each movement on thef& The times to the peak load in each of phase are also
presented. Vertical GRFs normalised to bodyweight are preserfeglire4.12..

The largest vertical GRF was measured for 3il@®@Pmovement during the impact phase ranging
from 3-3.5BW over the 3 turfs, approximately 23R800N. The straight sprintindRUN) and the cutting
turns @5R, 45I) produced simdr vertical GRFs. Th&®UN ranged from 2.2.4BW, whereas thd5L and
45R were slightly higher with 22.7BW. Vertical impact GRFs for th@OL, 90Rand 180T movements
were markedly lower. The 90 ¢ r o s s90L, 9®®) hanl a rar{ge of 1-B7BW and thel80 turns had a
range of 1.31.5BW (10001200N).

The vertical impact GRF peaked at approximatels@ms for all movements, except for th&0T
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where it occurred between G4ms. However, impact peaks were not consistently produced during the
movementon the different turfs by all subjects. Furthermomdy® of the subgroup of 8 subjects selected
for statistical analsis produced impact GRFs peaks for all movements on all turfs, so there was insufficient

data to perform a repeated measures analysstdtstical differences between turfs and movements.

Vertical GRF
Movement Impact Phase Propulsion Phase
T1 T2 T3 T1 T2 T3

RUN Absolute (N) 1743 1784 1892 1808 1773 1964
(429) (551) (491) (371) (444) (360)
Times to peak (s) 0.043 0.040 0.042 0.088 0.090 0.085
(.005) (.006) (.007) (.010) (.010) (.009)
STOP Absolute (N) 2312 2816 2707 1329 1358 1416
(684) (999) (791) (572) (506) (462)
Times to peak (s) 0.040 0.038 0.041 0.104 0.093 0.095
(.005) (.005) (.007) (.026) (.015) (.013)
451 Absolute (N) 1955 2062 2064 1804 1863 1834
(438) (544) (579) (327) (435) (421)
Times to peak (s) 0.045 0.044 0.043 0.102 0.098 0.100
(.007) (.008) (.006) (.010) (.010) (.011)
45R Absolute (N) 2049 2075 2035 1749 1833 1902
(451) (517) (524) (414) (416) (349)
Times to peak (s) 0.042 0.041 0.043 0.111 0.109 0.105
(.005) (.006) (.005) (.011) (.013) (.009)
90L Absolute (N) 1231 1305 1262 1357 1461 1492
(336) (458) (566) (268) (394) (336)
Times to peak (s) 0.048 0.047 0.045 0.137 0.127 0.129
(.008) (.009) (.014) (.017) (.022) (.024)
90R Absolute (N) 1067 1234 991 1337 1332 1362
(118) (351) (606) (336) (384) (301)
Times to peak (s) 0.044 0.049 0.047 0.135 0.149 0.145
(.006) (.009) (.016) (.027) (.020) (.024)
180T Absolute (N) 1013 1206 1225 1364 1567 1671
(671) (874) (896) (364) (448) (441)
Times to peak (s) 0.074 0.069 0.064 0.288 0.221 0.244
(.045) (.029) (.031) (.173) (.075) (.122)

Table 4.3 Mean (sd) magnitude and times of peak vertical GRFs during the impact and propulsion phases of 7 movements
performed on 3 different artificial turfs
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Figure 4.12 Verticalimpact GRFs for 7 movements performed on 3 artificia
bodyweight (BW))

In the propulsion phasehdre was no significant difference in peak vertical GRFs between the 3 turf
conditions P=0.125). The largest peak was ebgd in theRUN (2.3-2.4BW), 45L (2.1-2.4BW) and45R
(2.3-2.4BW) (Figure4.13). These 3 movements producggnificantly higher vertical propulsion peaks than
the 90L (1.7-1.9BW) and 90R (1.7BW) movements R<0.002). The RUN and 45R also produced
significantly higher ertical propulsion peaks than th80T(1.7-2.1BW) (P<0.042).

The peak vertical GRFs in the 90° and 180° turns were greater in the propulsion phase than during the
impact phase. The opposite was the case for the 45° Turaground loading data for tH&IT OP movement
during the propulsion phase was disregarded as the movement does not have a propulsive Turergon.
was no significant difference in vertical propulsion peaks between the 3 turf condiBe0slZ5).
Furthermore, there wam significant nteraction between turemdmovements othe peak vertical GRFs.

There was a greater range in the timings of the propulsion peaks between the movements compared

to the impact phase. They ranged from@®bms RUN) to 244288ms for thel80T. For the45° turning

movements, ground loading peak values occurred at approximatdli/19&s.The peaks occurred slightly
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later for the90° turning movements at approximatdl®7-149ms
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Figure 4.13 Vertical propulsion GRFs for 7 movements performed on 3 artificial turfs (values are normalisedte ubj ect 0 s
bodyweight (BW))

4.5.3 Horizontal GRF

Peak horizontal forces and the corresponding times of the peaks during the impact and propulsion phases are
presented iMable4.4. Propulsive peaks were similar magnitudes to the impact peaks, except Ridkhe

and180Tmovements in which the propulsive peaks were approximately 50% greater.

Mean lorizontal GRF impact peaks are showrFigure 4.14. For all movements except tieUN and the

180T, the peak horizontal impact GRF was greater than 0.9BW. The horizontal impact GRFRR&afNhe
movement (0.3.4BW) was lower than the running movements and occurred earlier in stance (30ms). The
180T movement ranged between (@#&6BW) across the 3 turfand occurred later in stance {8Bms).

Impact magnitudes were greatest for ®i€OR 45L and 45R movements, ranging frort.1-1.5BW, at
approximately 40ms. Horizontal impact GRFs for 8@ and 90R movements were 1.0.4BW (at 40

50ms) and 0.94.2BW (at £-50ms), respectively. As with the vertical impact GRF, there waistficient
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data to perform a repeated measures analysis for statistical differences between turfs and movements.

Horizontal GRF

Movement Impact Phase Propulsion Phase
T1 T2 T3 T1 T2 T3
RUN Absolute (N) 224 261 234 501 514 502
(70) (48) (46) (146) (135) (86)
Times to peak (s) 0.034 0.030 0.029 0.126 0.134 0.127
(.011) (011)  (.007) (014)  (015)  (.011)
STOP Absolute (N) 876 1196 1018 324 294 360
(371) (657) (467) (316) (320) (245)
Times to peak (s) 0.045 0.041 0.041 0.121 0.124 0.109
(.011) (.008) (.011) (.054) (.042) (.033)
45L Absolute (N) 948 1076 932 914 1096 994
(361) (541) (509) (245) (307) (220)
Times to peak (s) 0.047 0.043 0.037 0.102 0.094 0.095
(.011) (.015) (.013) (.010) (.011) (.007)
45R Absolute (N) 1058 1133 1039 1003 1064 1065
(365) (411) (398) (272) (263) (243)
Times to peak (s) 0.043 0.041 0.043 0.103 0.101 0.101
(.007) (.008) (.007) (.011) (.009) (.008)
90L Absolute (N) 769 1095 1031 936 1088 1089
(507) (615) (528) (210) (383) (302)
Times to peak (s) 0.039 0.050 0.046 0.121 0.109 0.123
(.021) (.009) (.017) (.030) (.025) (.030)
90R Absolute (N) 764 879 676 920 899 931
(202) (323) (525) (232) (254) (243)
Times to peak (s) 0.049 0.049 0.045 0.128 0.142 0.147
(.011) (.010) (.021) (.027) (.033) (.032)
180T Absolute (N) 364 518 532 775 916 894
(344) (499) (519) (278) (334) (338)
Times to peak (s) 0.075 0.060 0.066 0.324 0.255 0.276
(.053) (.027)  (.033) ((169)  (.081)  (.124)

Table 4.4 Mean (sd) magnitude and times of peakhorizontal GRFs during the impact and propulsion phases of 7
movements performed on 3 different articialturfs
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Figure 4.14 Horizontal impact GRFs for 7 movements performed on 3 artificial turfs (values are normalisedte ubj ect s 0

bodyweight (BW))

Mean horizontal GRF propulsion peaks are showfigure 4.13. The RUN movement (0.63.66BW at
130ms) produced significantly lower magnitudes than all att@rements®<0.004). Horizontal propulsive
peaks for the 45turns rangedrom 1.2-1.4BW (at approximately 100ms). TIBOL (1.2-1.35BW) produced
significantly larger peaks than tf#9R (1.141.16BW) (P=0.019. The 90L peak also occurred earlier in
stance than th80R (approximately 120ms compared to 140ms). Peakbntal propulsion GRFs occurred
later in thel80T movement than any oth@novement (1.61.15BW at 266320ms) but these values were
quite variable.

Statistical analysis of the subgroup of the 8 subjects showedathaverall statistical difference
exiged between the turf conditions across the movem@&xB8.Q33). Posthoc pairwise comparison tests
(using a Bonferri adjustmentyere usedo identify where this overall difference ladyoweverthe analysis
did notidentify statistical differences between two individual tuAsak horizontal propulsive GRFs on Turf

2 were 0.083BW higher than on Turf P=0.83) and 0.067BW higher than on Turf B=(0.158).

Furthermorethere waso significant interaction betweenrf andmovements on the gak horizontal GREs
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Figure 4.15Horizontal propulsion GRFs for 7 movements performed on 3 artificial turfs (values are normalised to
s u b j bodywsight (BW))

4.5.4 Free Moment
The peak free momentas highly variablen both the impact and propulsion phas€ahle 4.5). This was

still apparent when the values were rnFguredd8andsed f o
Figure4.17). Therefore, peak values will be described in terms of the perhaps more meaningful absolute free

moment in the following sectio éble4.5).
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Free Moment

Movement Impact Phase Propulsion Phase
T1 T2 T3 T1 T2 T3
RUN Absolute Nm) 8.7 7.7 9.5 8.6 10.7 6.3
(5.0) 4.7) (7.3) (5.6) (11.1) (4.2)
Times to peak (s) 0.039 0.038 0.042 0.100 0.096 0.097
(.011) (.012) (.011) (.013) (.014) (.017)
STOP Absolute Nm) 9.0 8.2 9.4 8.9 10.3 10.6
(5.5) (3.2) (8.0) (5.1) (6.2) (7.3)
Times to peak (s) 0.037 0.031 0.038 0.087 0.089 0.086
(.010) (.006) (.008) (.015) (.014) (.013)
45L Absolute Nm) 12.0 13.7 11.5 13.2 12.9 104
(9.9) (7.5) (6.5) (6.7) (6.1) (6.4)
Times to peak (s) 0.033 0.039 0.040 0.108 0.096 0.098
(.018) (.013) (.010) (.028) (.020) (.019)
45R Absolute Nm) 11.2 10.2 11.5 13.0 12.8 11.0
(5.5) (3.5) (5.6) (6.4) (7.4) (5.3)
Times to peak (s) 0.036 0.032 0.040 0.096 0.108 0.102
(.007) (.012) (.010) (.018) (.032) (.022)
90L Absolute Nm) 7.6 6.5 9.2 18.6 26.2 27.7
(7.2) (4.0) (7.9) (2.9) (10.0) (12.9)
Times to peak (s) 0.034 0.032 0.034 0.120 0.126 0.124
(.010) (.008) (.009) (.038) (.039) (.033)
90R Absolute Nm) 7.9 9.6 6.8 13.7 17.4 155
(2.4) (7.7) (3.6) (3.0 (5.0) (4.8)
Times to peak (s) 0.041 0.037 0.040 0.125 0.149 0.131
(.007) (.012) (.013) (.040) (.033) (.040)
180T Absolute Nm) 11.4 12.1 10.5 17.4 19.1 16.5
(7.1) (5.3) (5.9) (7.6) (5.0) (6.1)
Times to peak (s) 0.104 0.067 0.085 0.321 0.263 0.269
(.076) (.026) (.030) (.174) (.059) (.120)

Table 4.5 Mean (sd) nagnitude and times of peakree momentsduring the impact and propulsion phases of 7 movements

performed on 3 different artificial turfs
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The largest free moment in the impact phase was produced #blthd5R and 180T movement: ranging
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between 1dl4Nm. The RUN and STOPproduced similar magnitudes to the 90° movements, ranging from
6.59.6Nm. The time of the peak impact free moment was approximaterd8 for all movements,
except for the 180T (#@00ms). While an overall significant difference in normaliseelaf free moments
between all movements was calculat€s(.13), @ir-wise comparisonslid not identify anysignificant
differences in free moments betweedividual movementsThis may be a result of the high variability in

the peak free moments dafdso, there were no significant differences for the movements across the three
turf conditions P=0.652), nor any significant turhovement interaction.

The peak propulsion free moments were similar in magnitude to the impact free moments, except in
movemend with a large angle of turn. The 90° and 180° turns produced higher free moments in the
propulsion phase compared to the impact phase.90hemovement produced the largest free moments
(18.627.2Nm) All the other movements produced free moments leas 20Nm.

Statistical analysis of the normalised data showedsilaificant differences in the peak propulsion
free momenwith respect to movemei(®P<0.001). The propulsion free momergroduced irO0L movement
wassignificantly greater than thRUN (6.3-.10.7Nm),45L (10.413.2Nm),45R (11.0-13.0Nm) movements
(P<0.007) Figure4.17). The 90L free moment was also greater than the 90R-{53Nm)(P=0.046).

While there were no significant differences in the normalised peak free moments for all movements
across the three turf conditionbetre was Igght interaction between the types of turfs and the movements on
peakpropulsionfree momentgP=0.022) However, themulti-factorial nature of the data and wariability
make it difficult to interprethis interaction.

Peak free moments occurred earlier in the propulsion phase durinBUhNeand 45° turning
movements (approximately 100ms). For the 90° and 180° turns, they occurred later, approximately 120ms

and 260320ms, respectively.

4.6 Vertical Loading Rates

Peak absolute and normalised (to body weight (BW) vertical loading rates are shiatnhei4.6. The seven
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movements may be divided into two groups, with BigN, STOR 45L and 45R movements produced
significantly greater vertical loading rates thea®0L, 90Rand180Tmovements®<0.048).

The largest vertical loading rate was observed duringi@Pmovement, ranging between 1024
kNs' (130-172 N/BWSs, normalised). The smallest vertical loading rate was observed du86d
movement, ranging beeen 2841kNs™ (35-52 N/BWs, normalised). There were no significant differences

in peak vertical loading rates for all movements between the three differenP0{28).

Vertical Loading Rate (Ns®) Normalised Vertical Loading Rate

Movement (N/BWs)
T1 T2 T3 T1 T2 T3
RUN 63.0 69.8 69.2 80.7 895 855
22.1) (251  (284) (26.) (26.9 (5.7
STOP 101.5 144.4 133.7 1308 171.7 162.9
(484) (101.7)  (71.1) 60.3 83.6 83.9
451 86.9 85.2 81.0 109.5 109.9 100.0
(37.7)  (30.6)  (3L.4) (323 (30.9 283
45R 92.4 93.2 79.2 120.3 1204 997
(293) (30.3)  (24.4) (315 (30.49 30.0
90L 38.7 40.7 42.4 50.95 51.74 51.59
(145) (180)  (22.9) (21.29)  (18.44)  (20.05)
90R 38.1 38.4 34.0 51.32 50.70 42.46
(16.4) (137)  (13.0) (26.38)  (19.01)  (14.19)
180T 27.4 40.8 28.4 35.16 51.98 34.17
(144) (200)  (16.8) (21.62)  (27.40)  (14.01)

Table 4.6 Mean (sd peakvertical loading rates for the movements on each artificial turf for all subjects

4.7 Linear and Rotational Traction

Table4.7 presents the traction coefficients (linear and rotational) for each movement across the three turfs.
The statistical analysis did not indicate any significant differences in either of the traction coefficients across
the three turfsK=0.15 (linear),P=0.32 (rotational)). Across all movements, the mean linear and rotational
traction coefficients for all 3 turfs were approximately 0.6 and 12mm, respectively.

The linear traction coefficient (LTC) remained below 0.8 for all movements. 9Dheand 90R
movements produced the highest traction than any of the other movements, approximatddc@&D).(

The LTC produced during thRUN and STOPmovements were lowest: 0.39 and 0.44, respectively. The
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45L, 45R and 180T movements all produced similar coefficients of approximately 0.6.

The rotational traction coefficient (RTC) remained below a value of 20mm for all movements. As
with the peak free oment values, the movements could be divided into groups: the RTC @01th80R
and 180T movements were generally greater than forRiN, STOR 45L and45Rmovements. Th&0L
movement produced the highest RTC of approximately 18mm, which was sgtlfigreater than the
RUN STOR 45L and45R movementsP<0.002).In addition, the 90L produced higher traction coefficients

than the 90R, but the difference was statistically insignifidas0(05).

Linear traction Ro_tational
Movement traction (mm)
T1 T2 T3 T1 T2 T3
RUN 0.39 0.38 0.38 77 6.1 6.0

(0.07) (0.03) (0.03) (3.1) (2.9) (2.7)

STOP 0.42 046 0.39 76 84 75
(0.09) (0.13) (0.09) (2.6) (4.0) (2.9)

45L 055 061 0.55 107 93 82
(0.07) (0.07) (0.07)  (4.0) (2.8) (2.8)

45R 058 0.60 0.57 88 89 80
(0.05) (0.05) (0.06) (2.6) (3.5) (2.4)

90L 0.74 082 081 16.7 17.9 187
(0.09) (0.10) (0.08)  (3.4) (4.1) (4.8)

90R 0.73 076 0.77 12.3 158 135
(0.10) (0.12) (0.08)  (3.3) (3.7) (4.0)

180T 059 0.60 0.60 17.4 176 145
(0.11) (0.06) (0.05)  (5.9) (4.0) (6.2)

Table 4.7 Peak linear and rotation traction coefficients.The values display the mean (gd) measurements for all the
subjects on each artificial turf.

4.8 Knee Angles

The following section summarises the knee angle profiles throughout each movement, the mean knee angles

at initial contact with the ground, and finally mean peak values.
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4.8.1 Knee AngleProfiles

The profiles of the sagittal and frontal plane knee angles during stance fphade7 movements are
presented irrigure4.18 andFigure4.19, respectively. For the RUN and STOP movements, the frontal knee
angle maintained a relatively neutral positionDuring the RUN s i mp a,cthe knpeh wasie
approximately 40° flexion, which gradually increasedthe middle of stance and thenxtended to
approximately 15®f flexion by the end of the movement. The knee was straighter at the startSH@e

and increased in flexioior the remaider of stance.

For the 45° turns, the sagittal plane knee angle profiles were similar in shapeRONhén the
frontal plane, the knee tended to go into an increasingly abducted position during the impaahgtieese
returredto a general neutral position for the remainder of stance

For the 90° turns, the knee was typically abducted at initial contact, moving towards an adducted
position during the first 20% stance, and in a neutral position for the remainder of staree sayittal
plane, the change in knee flexion was less than the other movements. Starting from approxirZigly 30
knee flexion gradually increased to a peak in the middle of stance, and extended slightly towards the end of
the movement.

For the 180T, lie average frontal knee angle was neutral for the most of the movement. In the
sagittal plane, the knee maintained betweet35of flexion for the first 60% of stance, before extending
rapidly for the remainder of the movements

For all movements, themgas a trend for the knee to go into abduction towards the end of the stance.

This was more marked in tH80Tmovement.
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a) Frontal Plane

b) Sagittal Plane
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Figure 4.18 Knee angles for theRUN, STOP, 45L and 45Rmovements in the a) frontal plane; b) agittal plane. Error bars

show #sd for Turf 1
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a) Frontal Plane b) Sagittal Plane
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Figure 4.19 Knee angles for thed0L, 90Rand 180T movements in the a) frontal plane; b) sagittal plane. Error bars show
+sd for Turf 1

There was a relatively large variation in the frontal knee angle direction between subjects. This is indicated
by the large error barn® Figure 4.18 and Figure 4.19. For individual movements, some subjects had an
abducted knee throughout the mment; some had an adducted knee, while for the others the knee angle
interchanged between abduction and adduction. Also, the direction of the knee angle at initial contact and
peak knee angle for several individuals was not consistent across the differeanditions Table 4.8).

For many individual subjects, the direction changed on the different turfs. However, the knee was abducted

during the iniial contact phase of the 45° turns for the majority of subjects.
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RUN STOP 45L 45R 90L 90R 180T
Initial Contact Adduction on all 3 turfs 4 3 0 1 1 0 2
Abduction on all 3 turfs 3 6 8 9 8 4 5
Variable over 3 turfs 6 4 5 3 4 9 6
Peak angle Adductionon all 3 turfs 4 3 1 1 6 1 1
Abduction on all 3 turfs 5 7 7 6 3 3 8
Variable over 3 turfs 4 3 5 6 3 9 4

Table 4.8 Consistency of the direction of initial contact and peak frontal plane knee angle for each movement in the 3 turf
conditions

4.8.2 Knee Angles at Initial Contact
The mean knee frontal and sagittal knee angles at the initial cémtaetch movement are shownkigure
4.20 and Figure 4.21, respectively Due to theindividual variaion in the direction in the frontal plane
between subjectssome players had abducted knee while others were addsetedectiod.8.]), themean
absolute kneangle rather than mean abduction/adduction angles are stidile.it may be preferable to
present mean knee anglaswas felt thain this case, because of the individual variation,tfagnitude of
the knee angle (in #ier abduction oadduction would not berepresented adequately, i.e. the individuals
with abducted knee angles at initial contact woul d
The mean frontal plane knee angles at initial contact was similar for all of the movements, ranging
from approximately 2.%° (P=0.09), and between the three tyfs0.251).
Similarly, the three turfs did not appear to affect the knee flexion angles at initial céactq7).
However, the magnitude of knee flexion at initial knee contact varied betiveanovements performed.
The largest angles were observed in1B8Tand RUN movements, with 52° and 40° flexion, respectively.
The STOPmovement produced significantly lower knee flexion angles at initial contact than all of the other
movements, excepbf the45L (P<0.032). For the other movements, #d and45Rproduced significantly

lower flexion angles than tfRUN, 90Rand180T(P<0.018).
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Figure 4.21 Sagittal knee angle at initial foot contact{mean values)

4.8.3 Peak Knee Angles

The mean peak frontal and sagittal knee angles during the whole of the respective movements are shown in
Figure 4.22 and Figure 4.23, respectively Similar to the initial contact rafs and for the individual
variability in the direction of the knee angle in the frontal plane (see sec8dl), meanabsolute valuefor

peak frontal knee anggare given.

There were no significant differences in mean peak knee flexion angles between different turfs, in
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either the frontal or sagittal plan®=0.650, frontal;P=0.292, sagittal)Peak frontal knee angles during
movements on Turf 2 were 1.50 2 greater than on Turf 1 and Turf 3, respectively, but this was not
significant =0.321 and®=0.91, respectively).

All of the movements produced peak frontal knee angles of betwesrd@l1. The1l80Tmovement
produced significantly greater abduction angles tharRiibl movement of approximately-& (P=0.024),
occurring towardghe end of the movement. TH&R also produced significantly greater knee abduction
angles than th&@UN movement P=0.021). The peak abduction angles for thBL and 45R movements
occurred during the first 20% of stance phase.

In the sagittal plane, peak knee flexion angles typically occurred during the middle of the stance
phase for most movements. However, the greatest fkeden of approximately 780 for the STOR
occurred towards the end of the stance phase. This was significantly greater than all other movements,
except for theQOL and 90R (P<0.034). The45L movement produced the smallest degree of knee flexion
(approxmately 48) compared to the other movemenf<(.025), and was -8 less than the45R
movementln addition, peak knee flexion during tRJN and45Rwassignificantly lower than th@0Rand

90L, respectivelyP=0.022 and®=0.025, respectively).
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Figure 4.22 Peakfrontal knee angle during stance phase (absolute values)
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4.9 Internal Knee Moments

4.9.1 Knee Moment Profiles

The threedimensional (frontal (X), transverse (Y) and sagittal (Z)) internal knee moments during the whole
stance phase of the 7 movensgomerformed on the 3 turf condition are showrfFigure4.24 to Figure4.27.
Similar to previous charts, the error bars shown are for the T1 condition and provide an indication of the

variability between individual subjects (the standard deviation for all 3 turf conditions were similar).

4.9.1.1 Frontal Plane

All movements produced aofrtal knee moment peak during the impact phase.RbN, 90Land 90R
(Figure4.24a, andrigure4.26) tended to produce an abductor moment, whiledtile 45Rand180Ttended

to produce an adductor momefRigure4.25 andFigure4.27). The direction of the frontal plane moment

varied between subjects during tB& OP movement Figure 4.24b) (also see Appendix D for individual

data). Knee moment magnitudes were generally greater during this phase than the rest of stance for most

movements, except for tI&TCP.
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During the middle, early propulsive phase of stance, all movements produced abductor knee
moments. These peaked at approximatep@% stance phase but at a lesser magnitude than during impact
phase.

Towards the end of stance phase (8D9%), the magnitude of the frontal plane knee moment
reduced to a minimum in all movements, except forliB@T.Here, an adductor moment was produced with
a magnitude similar to that observed during the impact phase. Small adductor moments were aksh observ

in theRUN, 90Land90R.

4.9.1.2 Transverse Plane

A small external rotator moment of approximately-@2 Nm/kg was applied to the knee during the initial
contact with the surface and throughout the impact phase i8Td#, 451, 45Rind 180T movements.
Smalker internal rotator knee moments were applied duringRbé&l, 90Land 90R movements at initial
contact.

A small externalotatorpeak was observed during the impact phase idBheand45Rmovements.

This corresponded with the knee adductor moments isahee period. Similarly, the external rotator peak

in the 90L and 90R movements corresponded with a peak abductor moment during the weight acceptance
phase. For th&UN movement, the knee moment changed from internal to external moment during this
period.

The variability in the data continued to increase during the propulsion phase of the movements. For
the RUNandSTOPmovements, a general external rotator moment and a smaller internal rotator was applied
to the knee during the middle phase of stanceeds/ely. The data was extremely variable for boththie
and 45R with a general external rotator moment being applied to the knee. FO0ithaend 90R, the
direction of the knee moment changed from an internal rotator peak at about 30% stancetéonah ex
rotator peak at about 76% of stance phase. During th80T, the knee moment also changed direction

through the propulsion phase from an external rotator moment to an internal rotator peak at approximately
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80% stance.

4.9.1.3 Sagittal Plane

At initial contact, a flexor moment was exerted to the knee in all movements, except for the 180T. During
the impact phase, the direction of the knee morakahgedrom a flexor to an extensor moment during the
first third of stance phas&nee moment magtudes during this impact phase were slightly greater than at
initial contact, although this is not always apparent from the aggregated data shown.

For the 180T, a flexor knee moment tended to be applied at initial contact and in the impact phase.
Howeve, some subjects produced a small extensor moment just after initial contact before returning sharply
to a flexor moment.

In the propulsive phase, all movements tended to produce an extensor peak at approximately 30% to
50% of stance. After this point,ahinternal knee moment tended to reduce completely at about 80% stance

and maintained a minimal amount of loading for the remainder of stance.
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Figure 4.24 Knee moments during movements performed on artificial turf surfaces: a) RUN movement, b) STOP
movement. Moments displayed are internal moments (X= frontal plane: +ve= abductor momenije= adductor moment;
Y=transverse plane: +ve= external rotator moment;ve= internal rotator moment; Z=sagittal plane: +ve= extensor
moment, -ve=flexor moment)
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Figure 4.25Knee moments during movements performed on 3 artificial turf surfaces: a) 45L movement, b) 45R movement.
Moments displayed are internal moments (% frontal plane: +ve= abductor moment,-ve= adductor moment;
Y=transverse plane: +ve= external rotator moment,-ve= internal rotator moment; Z=sagittal plane: +ve= extensor
moment, -ve=flexor moment)
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Figure 4.26 Knee moments during movements performed on 3 atrtificial turf surfaces: a) 90L movement, b) 90R movement.
Moments displayed are internal moments (X= frontal plane: +ve= abductor momentye= adductor moment;
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4.9.2 Peak Knee Moments

ment; Z=sagittal plane: +ve= extensor momentyve=flexor moment)

The mean peak iatnal knee moments during the initial contdeig(ire 4.28), impact phaseHigure 4.29)

and propulsion phasé&igure4.30) are shown below. Knee moment calculations are given with respect to
the movement phases identified from the groundti@aorces (see Sectighb).

Mean peak lasolute values for the frontal, transverse and sagittal plane knee mareeptevided
This indicates the magnitude of the internal knee moment but does not take into account its diction.
shown in Appendix D, the knee moment direction varied between indhgdbgects. For some movements,

aggregating the positive and negative sigpedk values (indicating its direction) would cancel each other
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out and therefore reduce the magnitude of the mean knee madrhentlirection of the knee moments is

provided in the summary of the knee moment profilest{sn4.9.J).

4.9.2.1 Initial Contact

Figure4.28 shows the mean peak knee moments, normalised oveoght, during the initial contact phase.
Frontal knee moments were below 0.4 Nm/kg for all movements. The largest knee moment was observed
during the90L and90R.The smallespeakmoment occurred during ti&TOP(approximately 0.15Nm/kg)

The magnitude of transverse knee moments were comparable for all movements on the different
turfs, ranging between approximated.1 to 0.2Nm/kg. The 45° and 180° turns produced slightly higher
magnitudes, although there was no significant difference between movenemtsverse knee moments
were slightly lower on Turf 3 (except for tA&L movement) but this was not significant.

The 45L and45R produced the greatest fler moment at initial contact df.2 Nm/kg,followed by
theRUNandSTOPR The90L and90Rproduced flexor moments of approximately 0.8Nmsgjgnificantly
lower than thet5L and45R (P<0.05).A small extensor moment was produced for fl88Tmovement with
a magnitude of 0.3 to 0.5 Nm/kg.

No statistical differences in initial contact knee maiseacross movements existed across turf

conditions.

4.9.2.2 Impact Phase

During the impact phas¢éhe RUN and 90L produced slightly greater frontal knee moments than the other
movements, peaking at approximately 1.1INm/kg. The frontal knee moments 99Rhgere generally

lower than theQ0L during this impact phasealthough this was not statistically significant. TREOP
movement produced slightly lower frontal knee moments than all the other movements at approximately
0.55Nm/kg. Howevetthe frontal plane kreemoments werextremely variable between subjects.

The magnitude of transverse knee moments during this phase @pgedimatelyfrom 0.1 to 0.3
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Nm/kg. The90L movement produced the highest moments andRiidl and STOPproduced the lowest
moments. Any ifferences between movements were not statistically significant, although the data was
relatively variable.

All movements produced a sagittal knee moment generally greater than 1.0Nm/KgTDREL.2-
1.3Nm/kg) 45L (1.2-1.4Nm/kg)and45R (1.2-1.3Nm/kg) poduced slightly greater knee moments than the
other movementdNo statistical differences in initial contact knee moments for all the movements existed

across turf conditions.

4.9.2.3 Propulsion Phase
Frontal planeknee moments in & propulsionphase ranged apptimately from 0.6 to 0.8 Nm/kg. Hse
magnitudeswere generally lesghan during the impact phasHo statistical differences existed between
movements, although tI8L and90Rwere generally lower.

The magnitudes of the pged&ransverse moments were slightly greater during the propulsion phase
than the impagbhase. Allmovements produced similar peak knee moments (0.3 to 0.4 Nm/kg).

The sagittal plane knee moment was highest during the propulsion phas&TOReand 45R
produced the greatest knee extensor moment at approximately 3 to 3.5NmgTOPextensor moment
was significantly greater than tHRUN and 90R moments P<0.01). The45R moment was significantly
different from theRUN, 90L, 90Rand 180T (P<0.05). Thed5Rand90L was slightly greater than the same
movements conducted on the contralateral 4&4. and90R respectively). However, these differences were
not statistically significant.

While no overall significant differences ipeak propulsion knee momentsstad between all three
turfs when analysed together, movements on Turf 2 tended to produce greater transverse than Turf 1 (mean
difference = 0.108Nm/kg) and Turf 3 (mean difference = 0.131Nm/kg). Sagittal plane moments were also
generally higher on Turf.2Turf 1 produced generally lower knee extensor moments than Turf 3 but these

results were not statistically significant. No significant differences between turfs existed in the frontal plane
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knee moments.
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Figure 4.28 Normalised knee moments at initial contact for movements performed on the three artificial turfs
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4.10Validation of Biomechanical Data

It was important that the movementhich subjects perfaned in the controlled environment of a laboratory

were executed in a similar style and manner as would be expedtezinatural environment @ outdoor

sports pitch. The biomechanical data collected in the laboratory was partially validated by iegmjitari

the output of the electrogoni ometer, positioned o
positioned on the shank and pelvis, collected during the lab anetdatldg of the sports players. This

proved a quantifiable link betweeghe movements performed in the laboratory and outside in a natural
playing environment. In addition, subjective analysis of the video data confirmed that the subjects generally
performed the movements in the same way.

Unfortunately, a technical fault deped in the electrogoniometer during the outdoor testing
sessions, which resulted in absent data for all subjects on Turfs 7, 8 and 9, for seven subjects on Turfs 4, 5
and 6. As a result, there was insufficient datprtivide arobust validation of thendoor testing based on the
electrogoniometer data.

Nevertheless, the remaining data from 5 subjects was analysed to provide as reasonable
substantiation of the data collected in the laboratory as posKide flexion angles at initial foot contact
from movements conducted on Turf 2 and a similar surface outdoors (Turf 4: wet and dry conditions) were

compared. In addition, data from the short natural grass surface (Turf 6) is presé&ingede4.31.

4.10.1 Knee angles

Table 4.9 shows the men difference in knee anglésiring matched movements performed on comparable
surfaces outside tHaboratory (T4 dry) and inside the laboratory (T2) was less thah &so showthat the
knee angles on artificial turf are comparable with those on a dry natural grass surface. The movements

performed on the artificial surface during wet conditiongl)(Thowever, produced slightly greater
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differences in knee angles.

Data from one subject (F5) is provided as a typical example of the knee angles before and after foot strike

for each of the movements performed on laboratory based turf (T2) and a sundlaoroturf (T4) Figure

4.32).

~ 80 - RUN 120 - STOP
= =100
2 60 o
3 = 80
Z40 4 = 60
8 20 g 40
= = 20
g | % g
F2 F5 H1 H3 R3 F2 F5 H1 R3
.80 45R ~ 80 90L
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F2 F3 H1 H3 R3

Figure 4.31 Comparison of peak knee angles during movementperformed by 5 subjeds in laboratory conditions (T2) and
on outdoors surfaces(T4, T6).

T4 (dry) T4 (wet) T6 (grass)

(n=19) (n=24) (n=20)
Initial knee angle 48 (+3.0) 84(x7.1) 6.4(5.7)
Peak knee angle 3.1 (x2.0) 5.2 (x4.7) 5.8 (£3.3)

Table 4.9 Mean difference in kneeanglesin outdoors (T4, T6)conditions from laboratory conditions (T2). Shown is the
aggregated data is from 5 subjects performindRUN, STOP, 45R, 90L and 180T movements
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Figure 4.32 Typical knee angles before and after foot strike on the laboratory based and outdoor surfaces (Subject F5)

4.10.2 Shank and pelvic acceleration

The analysis of the shank and pelvic acceleration formed part of another thesis ambout
experimental/computational investigation of the interaction between athletes and playing surfaces by
(Brachet, 2005)The reader is referred to this thesis for a full description of the accelerometer results.

In summary, four activitiesRUN, STOR 45R 90L) performed by eight subjects were examined to
compare peak shank and pelvic acceleration. The acceleration datanzebetweensubjects The
mean peak shank acceleration was 5.5g, 7.69g, 12.6g and 4.8g for the-Btraigptinting, stopping, 45R

and 90L movements, respectively. The mean peak pelvic accelerations were 1.2g, 2.3g, 1.7g antthé.7g for
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samemovemats, respectivelyNo significant differences for shank or pelvic accelerations were observed

between comparable surfaces: Turf 2 (lab) and Turf 4.
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CHAPTER 5. DISCUSSION

Thisfirst part of thestudy examined biomechanical parameters of the player/surface irterdigting seven
types of movement that commonly occur during field sports such as football, rugby and hockey. These
included straight runningnd turningnovements.
This section will discuss the main findings and advances of the study in the light ishpdbdlata
and theories. It will also discuss the limitations of the study, the implications for the development of artificial

turf testing and new opportunities offered by these findings for future research.

5.1 Summary of Main Results

The main findings canédbsummarised as follows:
1. The surface type did notgenerally tend to affect the ground loadings or knee biomechanics
1 The profiles and peak values of ground loading, knee kinematics and knee kinetigeneredly
similar between surfaces ftire sevemimovementanalysed
2. Highly dynamic movements increased ground loadings:
1 There was a large range in ground loading parameters for the 7 movements analysed.
1 Greater vertical GRFs were measured in faster movenebtN ,(STOPR45° cuts)
1 Greater horizontaBRFs, free moments and traction coefficients were measured in turning
movements (45° cuts and 90° crossover turns).
3. Highly dynamic movements increase#neekinematics and kinetics
1 Movements with a greater change in momentum (STOP, 90 and 180 degrgprastosed higher
peak knee flexion.
1 Peak fontal plane knee angles were higher in 45 degree turns and 180T, although there individual
variations in the abduction/adduction direction.

1 Movements with large turns produced larger frontal and transverse kmeents, but high
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individual variation was present.

1 Faster movements produced larger sagittal plane knee moments.

5.2 Comparability of Results with Other Studies

The ground loading and knee mechanics results for the different movements are generally comiplarable
similar biomechanical studies of player interactions on artificial turf.

However, direct comparisons are difficult due to differences in study methodologies. For example,
the type of movement, approach velocities, turning angles, shoes worn lyppatt, and the type of
artificial turf used often vary between studies. Furthermore, the definition of GRF parameters can be
different. There are often two vertical GRF peaks in running movements: the passive (impact) peak and
active (propulsive). Thistudy presents results on the peak vertical GRF throughout the whole of stance,
while others have presented the impact GRF peak.

Straight line running is the most commonly analysed movement and was therefore the easiest
movement to compare between studathough running velocities are not always comparable. While there
are differences between study desighable 5.1 and Table 5.2 shows GRFs and knee biomechanical
parameters during the RUN movement measured in this study were comparable with published data.
Although frontal knee moments in the present study were slightlyegrdetn other studies, this confirms
that the kinetics and kinematics of running and turning on artificial turf have been satisfactorily reproduced.

For the other movements, comparisons with the literature are presented as appropriate throughout the

discussion section below.
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GRF parameter (peaks) Present study Other studies*

Vertical GRF (BW) 2.39 1.893.00
Horizontal GRF (BW) 0.63 0.20.8
Free moment (Nm) 7.91 5.912
Vertical loading rate (BWY 86.4 50-100
Linear traction coefficient 0.39 0.1-0.69
Stance time (ms) 175 250
Approach velocity (ms) 5.9 3.46.9

*(Bobbertet al.,1992b; Cavanagh, 1990; Cavanagh & Lafortune, 1980; Cktrak, 1983; De Witet al.,2000; Dixonet al.,
2000; Garcilazo, 2007; Guisasola, 2008; Holden & Cavanagh, 1991; Meger2006; Milneret al.,2006; Novacheck, 1998;
Shorten and Mientjes, 2003; Stilesal.,2007; Stiles & Dixon, 2006; Stuckat al.,1984; Vaughan, 1984; Zifchoek al.,2006)

Table 5.1 Ground loading data from the present compared with other tidies

Knee kinematics (peaks) Present study Other studies*
Sagittal knee angle (degrees) 49.653.6 3547.2
Frontal knee angle (degrees) 1.23.9 3.06.0
Sagittal knee moment (Nm/kg) 1.902.34 1.02.5
Frontal knee moment (Nm/kg) 1.04-1.10 0.200.80
Transverse knee moment (Nm/kg) 0.290.32 0.06:0.40

*(Besieret al.,2001b; Dixonet al.,2000; Ferbeet al, 2003; Guisasola, 2008; Novacheck, 1998; Winter, 1990)

Table 5.2. Knee kinematic and kinetic datafrom the presentstudy compared with other studies

The following sections discaghe main findings summarised in Sectioh

5.3 The Impact of Artificial Turf on Ground Loadings

This study found no consistedifferences in ground loadingand traction coefficients between the three
artificial turfs. The testetest reliability of movement performances between the testing conditions, based on
approach velocities and stance times, was shown to be high suggesting that the subjects executed the
movements in a similar fashion between testing sessions.

Similar peak vertical GRF, free moments, loading rates, linear traction coefficients, or rotational
traction coefficients were observed between the 3 types of surfaces for the group of moveammsdex
However, movements performed on Turf 2 did produce higher peak horizontal GRFs than the other two
surfacesHowever, the differences were vesgnall 0.067 to 0.083 BWapproximately 4. to 5.8N for a
70kg person) and regarded as insignificanisThay be a result of measurement error from thesfptates
and/or inertial forceof the turfs (se Appendix Afor details of an investigation of the inertial force of
artificial turf).

By including a range of different types of movements, includinggétrdine running and turning
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movements, this study provides further evidence towards the argument that GRFs are independent of the
surface typeOther studies have also reported comparable findi@gskeet al.,1983; Dixonet al., 2005;

Dixon et al., 2000; Ferriset al., 1998; Nigg, 2001; Nigg & Wakeling, 2001; Verlhest al, 2009) This
result may be explained by body’s central ner vous
force (GRF) constant in order to minimise soft tissue vibrations regardless of surface hiygesz001)

This overall finding suggests thain terms of ground loadings, the biomechanical interaction
between the player and the surface is similar for different surfaces. This also suggests that a mechanical test
rig which applies a biomechanically valid single force (or combination of forbes)simulate specific
sports movements could be applied to characterise different surfaces.

This general result is in contrast to recent studies conducted by the University of Exeter which have
reported differences in GRF parameters on different swefésles and Dixor{2007) found sigificant
differences in the peak and mean loading rates of vertical and horizontal GRF during running on three types
of artificial turf, matching mechanical rankings of surface cushioning. In another study by Stiles and Dixon
(2007) on different natural turf surfaces, peak active vertical force and impact loading rates were
significantly different but peak horizontal GRFs were similar.

A study by Guisasola2008)also on natural surfaces with varying cushioning properties discovered
significant differences on vertical rates of loading and the time they occurred, but none in peak vertical or
horizontal GRFs. Stiles et gR006) reported significantly higher peak vertical GRF and lower peak
horizontal GRF on a baseline surface with no cushioning (force plate surface) compared to three natural turf
surfaces. Low(2010) found that during turning movements on natural turfs, the peak impact force (taken
usinganin-shoe pressure system) was #igantly lower on the more cushioned surfacétowever, when
subjects performed turning activities in the current study no significant differences in GRF parameters were
found.

Interestingly, equine studies examining the biomechanical response of tmse$aces reported
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differences in GRF parameters on synthetic racetrack surfaces compared to natural (Shtdeaset al,
2010; Robiret al, 2009; Setterbet al, 2009; Thomason and Peterson, 20B68)wever these wdies hae
measured GRF withn accelerometer and a dynamometric horseshoe and not force plates. This suggests that
the method of GRF measurements may have an effébeabserved biomechanical response.

In order to discuss the significance and validity of tbsults of this study, the factors which may
have influenced the ground loadings measured on the different surfaces are considered. There are four main
factors that may potential influence the ground loading results: 1) the mechaomaities of the steices
tested;?) the playeishoesurface interactior) the kinemati@and kineticresponse of the playésee Section
5.4); and 4) the limitations of the testingogedure (see Sectidh8). The infuence of the mechanical

properties of the surfaces tested and the plglyee interface are further discussasifollows.

5.3.1 Influence of the Surface Mechanical Properties on Ground Loadings

Mechanical testing of all the surfaces was not conducted during this study. Thatasopmssible thaall
three may have had similar mechanical characteristics under these loadirigpesnd@his may have led to
the indifferent ground loading observed, assuming that the kinematic response remains constant for similar
surface characteristics. However, a previous study has shown that the-Barketer surface (as used for
T2) is harderi(e. gives greater peak deceleration during impact) than FieldTurf (as used {&aka) and
Woolacott, 2005)Clegg Hammer test results for hardness ranged 20135 gravities for FieldTurf and
165211 gravities for TarketBommer Rotational traction was similarof both surfaces. Brosnan et al
(2009) found that Astroturf(as used for T1) was harder and produced greater rotational traction than
FieldTurf.

As already stated, mechanical testing ofdnaess and traction was not conducted prior to the
biomechanical evaluation. On one hand, it seems perfectly logical to hagénke measurements of the

surfaces, so that prior knowledge of the mechanical characteristics of the surfaces under evsluation

obtainedHo we v e r |, one i s sti || faced to the uncertaint
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Clegg HammerorBel i n At hl ete test) represent the | oadings
Therefore, this creates a circular argument and any baseline measurement may ibetevaet Until
standardised, biomechanically validated and reliable mechamtdalial tests are fully developed, it may be

just asappropriate to consider the playeperceptions of the surface characteristics as the baseline for
biomechanical testing.

There is a generanectodaliew that players perceive surfaces difietly to others. For example,
3G surfacesre generally viewed to be less hard araljole more traction than sandilled3G* Ast r-ot ur f
type surfaces, but there is only limited empirical evidence to support this. Flemai§2005)found that
field hockey players perceive differencessurface hardness and friction properties of pitches. Stles
(2007)reported that a player perception of surface cushioning is signifityacorrelated with loading rates
of vertical ground reaction force aatsomatched mechanical ratings of cushioning. Reseatotdifferent
types of 3Gurf suggest that players perceive turf filled with Styrene But&diahber granules as less hard
and abrasive than turf filled with thermoplastic rubber granidasetti, 2009)

It seems thatesearch on playérpercetion of different surfaces has focudsen hardness. Apart
from research conducted in the 1980sl@surfacegBaker and Bell, 1986and other anedoctal evidence,
there appears to be a | ack of recent research reg
artificial turfs.

The suggestion that thabserved indifferences in ground loading between the turfs in this study was
because the turfs have similar mechanical properties appears misptassalis research on the mechanical
testingand pl ayer sof suripces iofampstus that the haeda and frictional properties of the
surfaces used in this study are different

The age of the respective turfs may have contributed to results of the biomechanical testing. The turfs
used in the study were of different ages, although the exact agesot&reown. Turf 1 was likely to be the

oldest (perhaps a few years old) and Turf 3 was brand newredated effects in the surface response to
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loading have been described by other authors but this appears to be mainly related to the degree of infill

compationin-situ pitches(Naunheimet al, 2004; Zanetti, 2009)

5.3.2 Influence of the SheSurface hterface

The analysis of ground reaction forces to evaluate the interaction of footwear with surfaces is beyond the
scope of this studyHowever, the footwears an importantcomponent of the playdootwearsurface
interaction triad. Subjects wore different types of shoes in this study. Some wore shoes designed specifically
for artificial turf while others wore their normal training shoes. Some of the shoeddaasl (or studs) while

other did not. In the interests of experimental research, it is important that only one variable (i.e. the surface)
is different between testing conditions and all other variables are controlled for. However, the requirement
for the subjects to perform movements as naturally as possible and to a maximum level was also a high
priority for this study. It was felt thatontrolling the footwear may result in the subjects wearing footwear
they were unaccustomed to and felt uncomfortgigldorming in. Sojn balance, it was decided allow

subjects to conduct the trials in their own footwear.

Theoretically, the properties of the shoe should have an effect on the ground loadings. For example a
hard sole should increase the impact peak and decrease the time to impact. Previous research has shown that
the effect of footwear is to generally deléwg tpeak impact forces, comparedarefootrunning. Shoes with
softer midsolesdelay peak impact forces more than shoes with harder mid4@lesng et al, 2005).

However, peak forces later in stance phase are noglhdo be affected by footwear construction. Some
authorshave suggested that the biomechanical analysis of thessin@ee interaction using force plates to
differentiate shoe types provides the same inconclusive results as described before about the biomechanical
response to different surfacgsamill, 1996)

The significant higher peak horizontal GRFs measured on Tuohpared to Turf 1 in this study
may have been a result of interaction of Turf 2 on the different shoe types worn by the subjects. However,

analysis of individual subjects found that there was no particulartgpeesffect (cleated or necleated).
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It hasbeen demonstrated in other seglithat cleat or stud designpactson the rotational traction
during mechanical testing of different artificial surfagesesayet al, 2006; Villwock et al, 2009)and
biomechanical evaluatns of the shoe interfadeave shown a shoeffect on joint kinetics. For example,
increased shoe traction significantly increased ankle and knee joint mo(Neéaitsiop et al., 2010)

However, in terms of injuries, Drakast al (2010) reported there was no difference in biomechanical
variables measured durigsimulated cut made with cleats or turf shoes on the modern playing turf.

Any shoesurface interetion ought to be taken into consideration in the construction of a mechanical
test rig which replicates human movements. The proc
surfaces should reflect the appropriate footwear worn by playées.pioperties of the teftot that are
likely to influence the shesurface interaction include the material, shape, contact surface area, grip or cleat

design and arrangement.

5.4 The Impact of Artificial Turf on Knee Biomechanics

Theoretically, kinematic hanges t hat alter a joint’s stiffness
loading measured at the playgnound interface. However in this study, there were no statistical differences
in the knee angle between surfaces when all the movementsamnaysed together. This was for both the

sagittal and frontal planes at initial contact and maximal knee angle during stance, respéldiveig.the

different artificial turfs significany affect kneemoments

5.4.1 Knee kinematics

These findings suggedtat players did not alter knee kinematics in response to performing movements on
the three different surfes tested. This supports otlaeithors(Stileset al, 2008; Stiles & Dixon, 200Avho
reported that changes in the properties of natural turhdidyield any significant differences in ankle or
knee biomechanics They arguedthat humans prefer to maintain similar geometries when running on a

variety of natural turf surfaces. It could be also suggested that any differences in mechanical gropertie
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between the surfaces mapt have been sufficierid elicit changes in the kinematic response during the
movements.

There is a contrasting argumevtich suggests that a kinematic adjustment may occur pri@r &
impact in order to attenuate thede imparted by haer surfacesSeveral studies have shown that a player
adapts their movement in response to performing on different suiflaces et al., 2005; Dixonet al.,

2000; Frederick, 1986; Gerritsem al.,1995; Hardiret al.,2004) For exampleHardin et a(2004)showed

that running on surfaces with increased stiffneesailted in increased hip and knee extemsib contact,

while peak hip flexion angle decreased and pka&e flexion angle remained unchanged. Hardin et al
(2004) also showed that increased ankle, knee, and hip flexion velocities occurred on harder surfaces, as a
result of an uncontrollable response to the impact forces. A more extended knee at initial contact was
thought to stiffen the leg in order to minimideeteffect of the higher flexion velocities that may increase
maximal knee flexion, which would increase the effort required during pushitoff. also reported that a

stiffer leg at contact is likely to increatiee vertical ground reaction force atie impact shockransmitted

through the bodyGerritsenet al.,1995; Hardin, 2000)From the limited accelerometry data available in this
study, the accelerations measured at the pelvis (
attenuated to a similar magnitude across surfaces.

In this study, there was evidence of an individual kinematic response to a particular surface and
between surfaces. This was most evident with the frontal knee angle at initial contact with the ground. For
the same movements, some players had adductess kagile others were abduct@gigure 4.18, Figure
4.19 and Appendix CAlso, the direction of the frontal plane knee angle at initial contact was different on
different surfaces for the same player. The type and mechanism of kinematic adaptations response to
changes in surface properties may be individualistic and, therefore, individual subject analyses are
recommende@Dixon et al.,2005)

A study by Dixonet al (2000)concluded thathe mechanism of adaptation varies among individual
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and recommended the need to perform individual subject analiyseslater study, Dixoet al (2005)also
found individual variations in knee kinematics on different surfaces but thegtedpndividual increases in
knee flexion on stiffer surfaces.

Comparison offrontal and transversplane kinematic adaptations in response to performing on
artificial turf with other studieof similar types of movements difficult due to thelimited amountof

literature

5.4.2 Knee kinetics

This study found no consistent differences in knee moments between the three artificidlstadsother
published research on the impact of different artificial turfs on knee loadurid be identifiedit is difficult

to statethe comparabilityandor generalisability of thisfinding. As such, thigs perhapsone ofthe first
studiesof knee momentsn sports movementsperformedon different artificial tur; and any findings
should at this stagebeviewed as cautionary until other research is conducted to confirm or refute them.

The consistent knee moments over the different surfaces observed in this study may be a result of
kinematic adaptations of joints not measured in this study, such askleea hip.While no kinematic
adjustment of the knee was observed in this stady otheljoint adaptations may have occurred in order to
maintain similar GRFs and attenuate the loading of the knee and other joints. This suggests that subjects
adapted d the varying surface hardness in a similar fashion to optimise the efficiency of loconiation.
explore this otion further, any future research must include a full body biomechanical analysis, including
both kinematic and kinetic assessmerthefankle,knee, and hip joints.

There must also be consideration to the muscle theory proposed by Nigg and supported by other
authors(Nigg & Liu, 1999; Wakelinget al.,2001; Wakelinget al.,2003; Zadpoor & Nikooyan, 2010\t
suggests that the ground loadings act as an input to produce a muscle reatiimngoshortly before the

next contact with the ground to minimise soft tissue vibration and/or reduce joint and tendon loading. In
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response to changes in the impiaterface conditions, the muscle activity adapts to maintain a constant joint
movement pattern for given movemef(Boyer et al.,2007; Nigg, 2001)Zadpoor(2010)suggests that the
central nervous systemses muscle tuning to keep the ground reaction force (GRF) constant regardless of

shoe or surface hardness, wherever possible.

5.4.3 Methods of biomechanical analysis

The contrasting findings relating to whether therekaiee biomechanicadaptations in regmse to surface
conditions may be due to the methodological differences between the studies. For example, the accuracy and
reliability of skin marker placement in biomechanical analyses has been documented pré€iapgbzzo
et al, 1996; Reinschmidtt al, 1997) The large intesubject variation observed in this study may be due to
the skin marker placement. For cutting movements, the absolute eskinaharker derived frontal plane
knee kinem#acs has been reported to be 6.7° (£5.4) at-&take, 5.9° (+3.1) at midtance, and 13.1° (£9.8)
at toeoff (Benoitet al, 2006)

Markers placed on bony prominencasapeas with a high degree of muscle contraction can often
lead to erroneous movement of the marker with respect to underlying bony landmarks and calibrated bone
embedded reference frames. The use of marker clusters and compression bandages on the sabfeasn k i n
this study was an attempt to reduce iterrker movement and minimise relative soft tissue movement.
Secure and reliable placement of markers that minimises relative skin movement is vital to accurate and

repeatable kinematic data.

5.4.4 Summary obiomechanical response to artificial turf

Any kinematicand kineticadaptation in response to a different surfaces, either systematic or individual, is
likely to have an impact of potential injuries. Regular training and performance on a particulag suaac

reduce the likelihood of injuries. However, if players are performing at a maximal level on different surfaces

162



without the necessary time to adapt to it, it may intensify the strain placed on joints and the potential for

injuries may increase.

5.5 The Impact of Movement Type on Ground Loadings

The GRF results indicate that the type of movement had an effect on the ground loading parameters.
particular, the magnitudef the pealground loadingsaried considerably between the different movements.

Theimpact of movement type on each GRF parameter is described below.

5.5.1 Vertical GRF and Loading Rates

Firstly, there were differences in the peak vertical GRF and vertical loading rates between movements. This
is likely to be due to the different approach w#ies at the initial impact with the force platform, even
though the subjects were instructed to perform each movement as fast as possible. Other studies have also
found that vertical ground reaction forces increased linearly with gait sfi¢acteret al, 2005; Kelleret
al., 1996)
The movements with the fastegiproachvelocities tended to produce the highest vertical GRFs and loading
rates. These were tiRIUN, STOP45L and45R cutting turns. These movements whosprapch velocities
ranged from 5 t®ms’ produced GRFsanging from approximately 1900 to 2800 N (2.43t6BW) and
peak vertical loading rates ranging from approximatelyol4kNs™ (80 to 170kN/BWs).

Similarly Meijer et al (2006) found speed of movement impacts vertical ground loadings and
reported comparable peaertical GRFs of 2.6 t@.7BW for fastvelocity running movements (4.8 &9
ms?). The high speed movements also tended to have the most rapid increaseeiticheGRF following
impact during the weight acceptance phase of stance, as indicated by the higher vertical loadings rates of up
to 144kNs' (170kN/BWSs) and tines to the peak impact force (38 tawk).

Movements with slower approach velocities (apprately 4ms'), such as the 90° cross tu@sL,
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90R) produced lower vertical GRF of 14®0 600N (1.7to 1.9BW). Slower movements had statistically
lower peak vertical GRFs than the other movements. It could be viewed that a slower approach velocity may
be required for the player to prepare and align their body appropriately to allow them to completertbe turni
movements effectively and safely.

Approximate vertical GRF limits could be applied to categories of movement, based on their
approach velocities. For slower turning movements, with approach velocities less thar, 4 9imst of
2BW could be appliedcor movements faster than 4.5 hwr those requiring less speed reduction prior to
impact, an upper limit could be set at 3.5BW to take into account the variations in the vertical GRF observed
between individual subjects. To illustrate this point, FI©P movement which had the highest approach
velocity and the largest change in momenf{@ionward velocity reduced to zevathin two steps) produced

the highest vertical GRF and loading rates.

5.5.2 Horizontal GRF

Another major finding was the large horizon@RFs measured in some of the movements. Cutyipg
turning movements produced the highest peak horizontal forces of approximately 1.6BW. This equated to
approxi mately 50% of the vertical GRF i n thige 45°
horizontal forces in turning movements. Moragal (2001) reported peak horizontal GRFs of 1.17BW
(~860N) during a cutting turn. Horizontal GRFs of approximately 0.9BW (660N) were measured during a
running 180° turn a8.8ms' by Dixon et al (2006) Guisamla et d (2008)also analysed a running 180° turn
at 3.8m3 and reported horizontal GRFs of approximateB78W (640N) compared to the 1.31d6BW
measired in the present study. These results are not directly comparable B80theonducted in the
present study did not involve a Fuip.

Therefore, mvements with a significant chg& in momentum tended to produce higher horizontal
GRFs. A change in moemtum could be either a change in direction in turning movements and/or a

reduction in velocity. Energy fr om tdifferentharizontsd ct ' s
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direction producing the high horizontal GRFs. The effect is to retardotinaifd momentum (during the
STOR for example) and minimise oveotation of the body during turning movements, thus allowing the
player to control the manoeuvre.

Movements which involve a change of directioombined with deceleration to produce high
horizontal GRF, such as the cutting manoeuvres, are likely to be a risk factor focamact ACL injury.
For example, AlentortGeli et al (2009) described the most common mechanism for agunact ACL

injury includes movements consisting of high deceleratio
torque and dynamic valgus rotation with the body weight shifted over the leg and the plantar surface of the
foot fixed on the pl ayi ng nchanfsmasdreltde landibghfrern a janmp mmo n .

or near full extension, or pivoting with knee near full extension and a planted foot.

5.5.3 Free moment of rotation

As may be expected, the movements involving turns tended to produce the highest free moments (and
rotaional traction coefficients). The free moment of rotation typically remained below an approximate limit
of 30Nm for all movements, although some individual subjects achieved higher values.

This 30Nm limit is slightly higher than free moments reportedtireiostudies. For exar® in one
of the earliest studiesf free moments in sporting movements, Stu(l@84)reported moments of rotation
kept below a limit & about 25Nm in tests witBubjects. However, this is not directly comparable as the
approachvelocities wereconsiderably lower and the movements were performed on a cinder surface.
Valiant (1987) described free moments of 17.2Nm during cuttmgvements on artificial turf. During
cutting and running 18@nmovements, Stefanysht al (2010)reported free moments of 1020Nm.

The magnitude of the peak free moments observed in this study fall comfortably within the upper

limit of 50Nm spedi i cati on f or rotati onal sportirg@dverrong bodiesn ar t
Taking a simplistic view, this observation suggests that the 50Nm regulatorynayibe too high and such

a high limit may have the potential to cause injuriestipularly ACL damage. For example, if too much
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rotational force is required before the foot can turn on the surface, very high moments and stresses could be
placed on the internal structures of the ankles and knees and increasing injutpweker, he SONm limit

Is based on BS EN 15312007 Torque Wrench Test to measure rotational traction, which does not apply
forces and use test shoe materials observed in a real athletic situation. Therefore, it is difficult to compare
this mechanicalhderived ptational traction limit with the free moments observed in this biomechanical
study. Consequently, it may be more appropriate to suggest that the 30Nm rotational traction limit that is
based on either a biomechanical analysis of an artificial turf omadaileanically validated testing procedure

may be a suitable limit for regulatory bodies to consider. In light of this, hoywvemrecognised that the
present studincludedonly a small cross section of all the possible types and speeds of movements.

The rotation results suggest that subjects demonstrated evidence of limb dominance. It is interesting
to note that the moments of rotation (aothtional tractionvalues) for the 90L were generally higher than
those for the9OR Similar phenomena haveeenreported by Garcilaz¢2007) All of the subjects in the
present study were rigiibot dominant so it could be speculated that the subjects demonstrated superior
proprioceptive control when their left foot is used as the stabilidgeugce/turning foot when performing
tight turns, and therefore felt more comfortable turning to the left. The relatively low values for rotation on

the 45° turns may indicate that the foot rotation during this movement is less thaf tinen90

5.5.4 Linear aml rotational traction

The range of linear traction coefficients for the same surface supports the theory that sports surfaces do not
follow the classic laws of friction, in that they are affected by the normal (vertical) load and the relative
velocities ofthe player and surface. It was evident that during some of the turning activities, a high
resistance to linear movement was produced at the gpdaykace interface, resulting in higher traction
coefficients. For all the movements included in this stulg,linear traction coefficients (LTC) tended to
remain below a value of 0.8 but remain above 0.35. Although, the lower limit is less, these are comparable

with the recommended values fslip resistancgu= 0.6 to 1.0) set by the governing bodies for football,
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rugby and hockeyFédération Internationale de Football Association, 200@mernational Rugby Board,
2010)(Federation Internationale de Hockey, 2008)

These values are similar to the ®“peak force r a
lower than the traction coeéfents for cutting movements reported by Sho(®903) It was expected prior
to testing that th&sTOPmovement would produce a higher LTC, due to the abrupt reduction of forward
momentum. However, tieTOPLTC was similar to th&UN The lower than expected tractiealue in the
STOPmay have been due to the high horizontal GRF to vertical GRF ratio produced in this movement.

Also, the LTC may have been much higher if the player had completely stopped on the force plate so
that all the braking horizontal forces weneasured. However, it is extremely difficult to stop completely in
one step following a sprint and there may be a high chance of injury to try to atitéesnpligher LTC may
haveoccurred i n the 2 or 3 steps f otlodceasadfully butthese f or c
subsequent steps were not measured.

The rotational traction coefficients (RTC) clearly show that more grip was required when performing
tight-angled turns, such as the 90 degree turns than compared to 45 degree cutting reoReRIEGtlimit
of approximately 20mm could be applied for these higirgled turning movements, and 10mm for all the
other movements. Differences between tesultand other comparable studies may also exist because it
difficult to control the contacsurface area between the players shoe and the surface which is known to have
an effect on the free moment genergigaddreassoret al, 1986)

There is a need for sports surfaces to achieve a tractiandeal Too much traction may lead to
injury, while too little traction may lead to reduteerformance. For example, there is a higher incidence of
ACL injuries with increased resistance to movement at the-sindace interface(Myklebustet al, 1998)
Understanding which movementave a higher traction requirement on artificial surfaces is important for
reducing the injury risk and increasing performance. Secondly, it may allow the development of specific

training regimes to improve technique in sports where turning quickly arlg saigal.
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5.6 The Impact of Movement Type of KneeBiomechanics

Similar to the ground loadings, there was a large range in knee kinematics and kinetics between different

movements. A discussion of each follows.

5.6.1 Kinematics

In general, movements with the largest change in momentumSe&@R 90° and 180° turns) tended to
produce the highest peak knee flexion. In particularS@Pmovement produced very high flexion angles
compared to the other movements. From a relgtisghight 20° at initial contact with the turf, the knee
flexion increased throughout stance to a maximum of approximately 80°. This high degree of flexion can act
to attenuate the high impact forces and forward momentum of the movement.

The magnitude athe turning angle also tended to have an impact on peak knee flexion. For example,

90 and 180 degree turns tended to produce greater impact and peak knee flexion than 45 degree turns. These
sharper turning movements also tended to produce an increasedieabkihee at initial contact. In contrast,

more extended knees and less knee abduction tended to occur as the approach velocity increased and turning
angle decreased.

In general, the knee angle data in the present study were representative of typieal foal
comparable movements presented in the literature. Knee angle data for the following movements performed
on artificial turf and other surfaces are comparable with the literature:

1 RUN: the data for theRUN was comparable with several author studiéscon et al., 2000;

Guisasola, 2008; Hardiat al., 2004; Novacheck, 1998; Stile al., 2008) The knee angles
reported by Giuisaola ®8) were lower than the present study but the movement was performed
at approximately half the speed

1 45degree cuts: the data was comparable with Sigward and PR0&&) Mcleanet al (1999)
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and Pollardet al (2004) (knee abduction). Data from the present study was within the ranges

reported by Kailaet al (2007)for 30° and 60° cuts.

No studies could be identified that have examined the knee kinematics for a comparable STOP movement,
90° turns or 180 degree turn from a standing start performed on artificial turf.

This study identified that thesgher movements had different knee kinematics than running fast in a
straight line. All of the movements which included a run up and a significant change in momentum
produe@d lower knee flexion angleat impact comparetb straight line sprinting. This v8aagainst prior
expectations and in contrast to data published by B¢2@01b) However, i n Besier’ ¢
performed movements on an uncovered force plate and turning angles and running velocities were different
from the current study. Also, kinematic adaptations which hezase taken place in other joints (e.g. hip) to
reduce impact were not examined in the current study.

One may hypothesize that in preparation to either change direction or slow down abruptly the body
would adopt a more flexed knee, in order to cushionrtipact. This would tend to redutlee stiffness of
the kinetic chain (a term referring to the bodyaasystem of linked rigid bodies) and increase shock
absorption. Derrick2004) commentedhat a more extended knee angtanitial contact can increase the
forces experienced by the body and therefore increase injury potential. Increased knee flexion may give the
runner a larger margin for dealing with kinematic errors but this besmifltl havean associated metabolic
cost that will reduce performancdt must be noted, however, that peak knee flexion angles during the
remainder of stance in all movements were comparable with the literature.

Turning movements tended to affect the magnitude of frontal plane kinematicssétcpaak fontal
plane knee angles in the 45° and 180° turns tended to place the knee into a more abducted position compared
to running in a straight line (which was typically in a neutral position).

However, these generalised results should be takencaiition considering the large individual

variation in knee kinematics observed between subjects performing the same movement. In particular, the
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initial knee angles at initial contact wenghly variable, suggesting that there may be individual adapsation

for different types of surface.

5.6.2 Kinetics

The knee moments reported in the current study were generally comparable with published data. However,
although knee biomechanics during running has been extensively researched, little kinetic data is available
on other types of movement or on movements performed on artificiahtudfno studies were identified that
compared knee moments during sports movements on different types of artificial turf

Knee moments for the 85ut were comparable with studies radturalturf (Besieret al., 2001b;
Pollard et al., 2003; Sigward and Powers, 200&)pr similar artificial turf studies, transverse and frontal
plane moments were slightly higher than the mean peak values reported by Stefatysh@®10) and
Kaila et al (2007) This may be due to differences in the types, exeawind velocity of the movements
included in the studies. Peak knee moments were, however, comparable with the greatest mean peak values
for 3° and 60 cuts presented by Kail@007) Knee moments were also similar to Wanii2p10)but the
type of surface was not described in detail.

In summary, large internal knee extensor moments were measured in all movements. Movements
which involved a rapid deceleration and/or a changgirection STOPand 45° turning movements) tended
to produce the largest knee moments. For all movements, however, extensor knee moments measured
approximately 1to 1.5Nm/kg during the impact phase andt@ 3.5Nn1kg during the propulsion phase. In
comparison, peak knee moments inmal walking are typically 0.6Nfiag (Lee and Hidler, 2008)t must
be noted, however, that separation of sagittal plane knee moments into impact and propulsion phases is
rather arbitrary. Typically, no peaks were observed in the impact phase as the extensor moments tended to
continue to increase throughout thgact phase into the propulsion phase (see Sett8n

In general, knee flexor moments were observed in all movements during initial contact (except for

the 180T). The impact of the external ground reaction force tending to extend the knee at initial contact
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causes contraction of the knee flexor muscles to counteract the external force and prevent knee
hyperextension. This may have a specific impact in sportsenplayers obtain injuries when stopping
suddenly or turning quickly. For example, the large flexor moments observed during the initial phases of the
STOP movement and 45° turns may indicate a requirement for players to undertake specific muscle
strengtheimg exercises to prevent the knee flexor (hamstring) injuries common to field sports like football
and rugby.

For most of the remaining stance phase, all movements tended to produce an extensor moment as the
direction of the ground reaction forgmssesbehind and tesiedt 0 f | ex t he Kknee, cau:
quadriceps to contract to propel the body forward. The highest sagittal plane samenbbserved during
this stage and have the potential to significantly load the knee ligaments increasisig dhénjury.

Frontal and transverse moments were more variable. Although some significant differences were
observed in knee moments between movements, this variability suggests that movements may not have been
performed consistently between subjects or was due toffiaet ef intra marker movement, as discussed
earlier. Alternatively, the variability in the frontal and transverse knee moments may indicate an individual
response to performing these movements on artificial turf, as descrilgdoyet al. (2005)

For all movementsfrontal knee moments were typically greater during the impact plasetal
plane moments were highest for the 90° turaaching a mean peak of 1.1Kn during the impact phase.
However, the direction of frontal plane ments was also variable between movements. For example, in the
impact phase, thRUN and 90° turns tended to produce abductor moments while the 45° turns tended to
produce adductor moments.

Biomechanically, thelductor moments in thRUN and 90° turnsndicate that the knee abductors
and lateral ligaments act to resist the external adduction moment caused by the ground reaction force passing
inside the knee. Thaddwctor moment observed in the early phases of a 45° turn, indicate that the external

grourd reaction force passes laterally to the knee, imparting an external abduction moment, causing the knee
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adductors, such as thersitendinosusand gracilis, to resist knee abducti@ontrol joint movement and
maintain joint stability. This suggests that &ports where particular types of movements are common (such
as the 45° cutting turns for wingers in rugby, for examp&yersought to carry out specific training to
strengthen the knee muscles and ligaments to cope with the rapid frontal loadingtsnibraeoccur during

the initialphases of some movements.

Peak transverse plane moments were approximately 0.4Nm/kg (approximately, 30mjnore
acute turning movementsuch ashe 90° and 180° turngndingto producehe higher transverse moments
The marked riseni internal rotator moments during thepact phase of these types of movememdgcates
the knee's response t o ¢absiagthturrgthe kintwards.d metcambinagon o u n d
of the high external forces, increasetek abduction and external knee rotation in these movements may
place the knee at risk of injury. Besier al (2001a; 2001bplso reported increased valgusdainternal
rotation moments for similar turning movements.

In the anatomical sensé&igh internal rotator loading of the knee is likely to twist and strain the
anterior cruciate ligaments to a level where injury may o@uakoset al, 2010) The rapid chargin the
direction of the transerse moments from extnal to internal rotator in many of the movements (and back
again in the 90° turns) will also likely place the cruciate ligaments @gndatstrain.

The ultimate aim of measuring loading to anatomical structures medaloanical sports studies is
usualy to eithera) improve performance, or b) reduce injury potential. However for the latter, it can be
difficult to equate the type and level of knee loading obtained from biomechanical studies that have the
potential to cause injury. This is probably besmof the ethical and practical difficulties to conduct sach
vivo studies. So, the level of loading that will strain muscles, tendons and ligaments to the point when an
injury can occuris unknown

The study by Drakost al.(2010)is one of the few identified that attempted this. Using ahaeical

testing apparatus, the effect of different loading at the-shoer f ace i nterface on the
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anterior cruciate ligaments was investigated. Simulated cutting turns with certaisusfem® combinations
(such as Astrotur€leats comared to natural grasdeats) caused significantly more strain in the ACL and
could potentially cause knee injury. Dralketsal. (2010)reported a linear relationship between moment and
ACL strain. This cadaveric model was able to demonstrate that performing a cut on certesorfiuee
combinaions (such as Astrotudleats compared to natural grassats) causes significantly more strain in
the ACL and thus has the potential to be more deleterious to the kmeker research is required to
investigate the relationship between knee loadiogsafly other joints) and injuries, and how mechanical

artficial turf testing apparatusanmimic this relationship.

5.7 Study Originality and Importance

This study has added to the understanding of the biomechanical interaction with artificial turf during a
variety of movements commonplace in field sports, such as football, hockey and rugby. Other studies have
examined similar movements and reported companaddelts. However, many of these studies included
only a few movements in their research design and the different methodologies make it difficult to compare
resul ts. For example, some studies have cawthrol | ec
timing gates), while others have not. Similarly, some studies have specified and controlled the turning angle
of movements, while others have examined turns in one direction only.

In addition,thereis a lack of studies that have examined grourdlitegs during very high velocity
(e.g. sprinting) or high impact movements (e.g. landing from a running jump or stopping or turning
abruptly). This study has provided data on two of these types of movements, nan&RyOiREstopping
suddenly after a maxiom velocity run) and th&80T (turning 180° from a standing start). Injury prevalence
is high for these types of movements. In particular, high velocity and impact movements is a risk for acute
knee cruciate ligament injurfAlentorn-Geli et al.,2009) This information from thistudy will add to the
understanding of how players perform various types of movements on artificial turf. This may, in turn, help

prevent injuries or assist in the design of new artificial turfs to minimise injuries.
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The inclusion of a range of movemenpes in the same study has allowed a comparison of the
resultant ground loadings. Although insignificant differences were observed between the different surfaces
for the individual movements, there was a substantial range of ground loadings between mhoyeese
The results indicate that the grounded loadings are affected by the combination of the approach velocity and
the degree of the subject’s momentum change. As mo
direction, turning movements cée described to be a change in momentum.

This is the first study of its kind to measure the biomechanical interactions of sports player
movements on artificial turf and use this data as the input to the desigronstruction of a test rig, which
mimicked these biomechanical interactioms particular, no other studies have investigated the impact of
performing a range of sports movements on different artificial turfs on the moments generated around the
knee. This understanding has allowed the developwfea biomechanically validated test (gee Chapter

6) that simulates the typical ground loading profiles and resultant knee loading.

5.8 Limitations of the Testing Procedure

The biomechanical study had several limitations related to the study designdohegiyoand conduct.
These are summarges follows:

1 Firstly, the number of subjects was relatively small and this may impact the generalisability of the
results. A higher number cfubjectsperforming in all testing conditions is likely to increase the
statistical rigour. However, the inclusion of 10 to 15 subjects is not unusual in these types of the
biomechanical studies.

1 A further possible limitation may be the low number of trials performed by each subject for each
movement. However, due to the remment to include as widgrange of movements as possible,
the number of trials was limited to allow the completion of individual testing sessions within two
hours to not overly fatigue the subjects.

1 The execution of the test movements may have beertafled by t he range of the
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age and sport. All subjects performed to a high standard of competititdmelpnbfessional and more
experienced players may have executed the movements more efficiently. Also, rugby players may
perform someof the turning movements slightly differently to football or hockey players, for
example. However, all of the movements included in the stadymonly occurring in different field

sports and were not considered tacbenplex.

1 Fully establishing the reliabl i t y of the subject’s movement exe:
challenging. While the approach velocities and stance time showed good correlation between the
three turfs, other factors such as the consistency of movement technique, styleeanid sifécult
to determine.

1 The type of shoe worn by the subjects was not contrdeihg so may have led to unnatural or
uncomfortable movements and, pragmatically, there was not enough time during the testing sessions
for the subjects to get useald type of shoe which may have been completely different from the one
usually worn.

1 The effect of the laboratory and all the testing equipment is an unnatural environment for sports
players to execute movements naturally and this may have had an inmpdlce alata. Also,
movements and ground reaction forces may have been impacted by subjects targeting the turning
area (force plate).

Therewere alsa fewmethodological constraints in the data collection systems:

1 As force plats, in essence, only acas a whole body acceleromettreir use in this study may have
led to masking of the effects of cushioning by shoes and/or surface of the impact force by
superimposing the low frequency motions of the centre of mass as described by @0@2¢rit is
also possible that th#20Hz sampling frequency may have been too low to observe some of the
higher frequacy events during the impact phase.(leel strike transient)

1 The marker system used in the current study did not include any markers on thigh segments. This
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restricted the calculation of internal/external rotation of the knee. Furthermore, the acaluracy
anatomical and joint centre reference frames/ rhave been affected by the followirfgctors:
locating anthropometric landmarks; the marker attachment method; soft tissue movement; and the

complex nature of very high frequency impadtsingthe movemats performed.

5.9 Implications for Artificial Turf Design

The large ground loadings observed during high velocity movements in this study may have consequences
on the design of artificial surfaces for sports where high velocity movements occur frequently. This
information is required in order to design surfaded tan optimise performance and reduce the risk of non
contact injuries, particularly ACL injuries.

High-velocity movements have a major role in many types of competitive sports. For example, it has
been shown that, on average, professional footballepdawill sprint 15m every 90 secon{Reilly and
Thomas, 1976and conduct a bout of hightensity activity evey 60 second¢Strudwicket al, 2002) In
total, football players can perform up to 1km of high intensity runfidigSalvo et al., 2009)and execute
726 + 203 turns during a single mat@Bloomfield et al, 2007) However, the influence of surface
cushioning onattenuating the impact is not fully understood and further research on methodologies to
measure localised impact forces may be required.

Thereis not a consensus on the relationship between the cushioning properties of surfaces and
subsequent injury rate# review by Nigg(2001) stated that there is little evidence to suggest that impact
forces are important factors in the development of chronic and/or acute rualateyl injuries. Until there
is better understanding of these issues, combined witmétigodological matters regarding injury aetiology,
the challenge of designing and prescribing suitable artificial turfs will remain. More research on these issues
is required.

As observed in this study, others have also shown that the effect of sunfat®é¢) cushioning on

176



impact forces is insignificant when measured using a force (aten et al.,2000; Shorte et al.,2003)
However, furtheresearchs required on techniques to measure the impact of surfaces on localised impact
forces to the joints of the lower extremities and along the kinetic chain. For examplé2Qbdy reported
that,usinganin-shoe pressure systepeak impact forces were reduced on more cushicurfaces.

The national governing bodies for football, hockey and ruggoye all set linear traction limits for
artificial playing surface from 0.6 to 1.0. The findings from this study suggest that these limits are slightly
too high and do not take insmcount movements which requilkess traction, such as straight line sprinting
and stopping abruptly. However, the linear traction guidelines are appropriate for the other types of
movements examined in this study. Injuries caused by a surface with tiigheequired traction properties
may be less likely for normal running but may have considerable potential for injury in more dynamic

movements, like stopping.

5.10Implications for the Future of the Mechanical Testing of Artificial Turf

Current standardnethods for the mechanical testing of artificial tapiply loads usually in one direction or

within the same plane, and are typically not relevant to the ptayéace interaction. This study has
provided further evidence to this claimutBire mechanicalestingmethodsshould apply biomechanically
relevantloadsto characterise and test artificial tufine information obtained from this study was required

for the development of a new mechanical test rig that did just this. Therefore, the findings érom th
biomechanical study had implications on how the test was designed, in terms of the type, magnitude and
direction of forces generated by the rig.

The biomechanical results indicate that players impart similar wimdy ground loadings on
different artificial turfs for the same movements. This suggests that in order to mechanically replicate a
pl ayer’s ground | oadings that exi st in a partic.!
appropriate to apply a single force magnitude in a given dire¢@ertical, horizontal or rotation around the

vertical axis). There appears to be no requirement to apply different force magnitudes according to the type
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of surface tested. The magnitude of the applied forces ought to represent the highest forcesrthat ac
particular movement. This further suggests that the magnitude of forces applied in a mechanical test rig
could be standardised. Additionally, identifying when peak loads occur during movameatsicularly
important for replicating loads innaappropriate time frame which represents the period for the greatest
loading of the kneer other joints

The biomechanical results also confirm that sports movements are-denefisional. Fast turning
movements such as the 45° cutting manoeuvre, fample, produce very high horizontal ground reaction
forces and free moments, as well as considerable vertical ground reaction faeemdtherefore logical
that in order to truly replicate the rdde situation, the mechanical test rig should béedao apply forces to
the surface in a combination of directions within the same action.

This study has further demonstratbé wide rangend large magnitude of forces and moments that
are appliedo the turf byplayerswhen performinga range ohighly dynamicmovementsThe nonlinear
loading response of many artificial surfaces suggests that they respond differently to different loading
magnitudes and timescales. As such, mechanically applied loads ought to mimic the magnitude and
timescales of thelpyersurface ground loadings that occur in a range of movements. Therefore, a new
mechanical test rig ought to be able to apply a randeaaf combinationso a surface to replicate those

occurring in different sports movements.

5.11Implications for Future Research

It is problematic to compare the ground loadingsnftbis study with those reported in studies where they

have been measured using mechanical test rigs. It is generally accepted that traction is dependent on the
magnitude of the normal force botany of the mechanical test rigs apply normal loads much lower than
what is observed in biomechanical studies. For example, KuhétnailKuhlmanet al, 2010)reported on

the use of a newly developed test rig and found that using normal loads abow dat&e:d damage to the
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surface.
With consideration to previous research, the results from the current study have identified a number
of questions thatan be addressed by future research:
1. How do the biomechanical response of players performing on artificial turf compare with performing
on natural turf?
2. Which biomechanical properties differentiate surface types and how do these parameters correlate
with mechanical properties of surface hardness and traction?
3. How does the players’ perception of surface i mp
4. How do artificial turfs respond over extended periods of time and how does this impact the testing of
surfaces?
5. Is the biomechanicainteraction of different surfaces different when local impact forces on the
individual joints (ankle, knee and hip, for example) are considered?
6. What is the clinical relevance to ground loadings in relation to injury mechanisms?
7. Is there an ipsilateral gference in sports movements on artificial turf (difference between left and
right-footed stance foot) and what is the significance, if any?
Finally, the non linear response of artificial turfs is well established but much of the prior research has
concentated on straight line running. Sports consist of many other types of {slarface interaction, not
just running based activities. Little is known about the response of artificial turfs to other types of
interaction, many of which are spegpecific. Fo example, the sliding tackle in football can lead to serious
abrasion injuries on high friction surfaces but there is a lack of research about the effect of different surfaces
on a player’s ability to perf or minjuids.lImfoatbgll, dharc k| e s
movements could include kicking a ball and the large range of movements performed by goalkeepers.
Rugby is a classic example of a sport with multiple movement types. Maintaining a good foothold to drive

forward during movemerguch as scrmamaging or mauling is vital to keep possession and gain territory.
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However, there is little biomechanical data on these types of complex movements and further research on the

biomechanical responses during a wider variety of high impact amddunovements is required.
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CHAPTER 6. DEVELOPMENT AND INIT IAL TESTING OF A
PROTOTYPE ARTIFICIAL TURF TEST RIG

6.1 Introduction

The purpose of this second section of the study was to deaetbmitialy testa new rig fo the assessment
of sport turfs The aim waso design and construct a rig that mimicked thdirBensional loading actions of
a sports playeiThis chapter describes the design, manufacture and application of the new test rig
As previously described, current sports turf testing procedures areamoédianically validated.
Many of the tests are laboratory based, which on one hand make it easier to control for temgedature
humidity; butthey may not reflect the relife situation of an installed surfaamn which players actually
perform During this study, it was aimed to develop a functional sports surface testing rig and testing
procedures to be used on sports surfategu.
There were four main objectives to this part of the study:
1. Design and manufacture a new sports turf testing rig emelop testing procedures.
2. Validate the output of the rig with biomechanical data.
3. Apply the test rig to assess different types of surfaces.

4. Generate mechanical characteristics of the surface tested.

The design of the test rig was baseddaa collectediuring the biomechanical analysaf artificial turf
conducted earlier in this study (ChapterS)3As discussed in secti@nlQ findings from the biomechanical
analysis indicated the followingoverning principlesor the design of an artificial turf test rig:
1. The lbads should be applidyy the test rigsimultaneously in different directions to replicate the 3
di mensi onal nature of players’ movements.
2. A single lmdmagnitudeshould be applied by the test ifigeachdirectionto replicde the similar
whole bodyplayersurfaceloadingsobserved on different surfaces for the same movements.

3. The magnitude of thimads applied by the test r@@n be standardised to replicate the highkster
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surface loading#or a given movement

4. The loading rate of the loads applied by the test rig should replicate a similar time frame in which the
greatest playesurface loading occurs

5. The test rig shouldipply a range of load combinations to replicate the different pkayéace

loadings which occur in different movements.

6.1.1 Design Specifications

Using the above governing princiglas the starting point for the design of the new test rig, the following
specifications were developéd guide the formulation of design concepts. These were as follows:
1 The rig must be portable to allow testing of artificial and natural tarégu
1 The rig must apply vertical, shear and torque loadings (around a vextisalin one impact
action
1 The rig must apply biomechanically valid loads that will mimic the laalaserved during the
biomechanical analysis of sports movements (Chaptém #grms of magnitude and timescales
1 Due to the nodinear response of artifi@l turfs to loading, the loadsapplied by the test rigiust
reflect the peak loads applied by an athlete to the suf¥datker, 2003) It is also recommended
that the applied mechanical |l oads should refl
playe surface interaction (Shorten, 2002). Therefore, the upper quartile of ground loadings
measured during the biomechanical tests was used as the input for the test rig instead of the mean
peak valuesTable6.1).
1 The loads appliefy the test rignust be accurate and reliable
1 An accurate, reliable and recordable measure of the impact loading and turf displacement must be
provided.Turf displacement was measured asould allow calculation of the surface stiffness

an important property in understanding the mechanical characteristics of a material
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9 The device must be safe to use.

Direction Peak Load Approximate Time to Peak Load
Vertical 3500N 25-50ms

Horizontal 1600N 25-50ms
Torque 40Nm 25-50ms

Table 6.1 Approximate load criteria for test rig, based on upper quartile Ground Reaction Force results obtained during
the biomechanical testing of artificial turf
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6.2 DesignConceptsConsidered

6.2.1 ConceptA: Drop weight and “tilting wedges’

Concept The basic function of this design involved the use of a mass, released from a height down a
cylinder. Castors, located at the bottom of the drop weight, would strike a circulfmdestith wedges

tilted at opposite angles to each otf{iegure6.1).

/ Drop weight

Tgﬂ

1 Vertical force and torqugenerated

TS

— Bearings
v Test foot with
Y B( “wedge
Fy ﬂ Fy

Figure 6.1 'Tilting wedges' concept

Observatios:

1 No net shear force generated
1 Concerns regarding impact forces on castor bearings

1 Concerngegarding castor friction within the cylinder.

6.2.2 ConceptB: Two drop weights with pulleys and rotating disc

Concept Two drop weights of unequal mass are released from a height. One of the drop masses impact with

a test foot to apply a vertical force. Cables are attached to the top of the drop weights and passed through a
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pulley system to apply unequal couple to atiotadisc on top of the test foot. This unbalanced couple

would produce a torque and net shear force to the testFigoire6.2).

i E ]

my| m Cablepulley
system
l l — Test foot with
rotating disc

T

| -~
1 Plan view of
a forces acting on
a E test foot applied
2

by cables: B>F,

Figure 6.2 Two drop weight pulley concept
Observations

1 Vertical force, shear force and torque could be generated simultaneouslyr@adouple is
efficient for torque generation
1 Concerns regarding cable lengths and strengths, pulley strength and system friction

1 Could this method produce high enough net shear forces?

6.2.3 ConceptC: Weighted pendulum and flywheel

Concept A weighted pendulum is released to i mpact a
foot. The angle of the tilted surface would pd®/ the magnitude of the vertical and horizontal force
components. A flywheel is also attached to the test foot and generates the required torque. The rotation of
the flywheel remains independent of the test foot (which remains still on the surfacehentiéighted

pendulum impacts and engages gears on the shaft of the test foot. This would transfer the torque generated
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by the flywheel to the test fo@Figure6.3).

Weighted
pendulum

Wedge
Torque generator & flywheel

§ Test foot

Figure 6.3 Weighted pendulum and flywheel

Observations

1 Vertical force, shear force and torque generated. Loads applied simultaneously

T

Heavy masses can be easily releaged winched back up using a pendulum system. A
cylinder for a dropweight to fall within is not required.

The placement and powering of the torque generator is problematic. A fmiteeyed
generator may be required for timesitu testing

Other limitaions: the gear timings required; wedge proportion will dictate ratio of shear to

vertical force less flexibility for different ranges of forces.

6.2.4 ConceptD: Drop weight with hydraulic rams

Concept A drop weight is released to fall through a cylinderjohimpacts with a shaft attached to the test

foot. This provides the vertical load. Hydraulically powered rams apply an unbalanced couple to a disc

attached to the test foot, which produces the shear force and torque. The pressurising of the rgaereds trig

by the impact of the drop weight onto a pressure sensor/contact located on the cent{fabsina@.4).
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/* Drop weight

—  Pressure sensor/contau
trigger
GENERATOR

RESEVOIR /

[ accumuLaTOR

CONTROLLER |— /

/' Slide rail
123

]
@ —  Hydraulic rams
Pl ? &—’/

P>P,
_/ f

Servevalve

Test foot
Fx (net)

Figure 6.4 Drop weight with hydraulic rams

Observations

9 Vertical force, shear force and torque generated.

1 Potentially high shear forces could be generated through hydsgatem.

1 Doubtful whether shear force and torque could be generated fast enough following impact of

drop weight. May take 0.5 seconds for rams to pressurise fully.

1 Hydraulic fluid may be difficult to transp

the sports surface.
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6.2.5 Conceptt: Multiple drop weights with cable system

Concept Three independent drop weights are released from a height. One drop weighs imnattte test

foot, applying a vertical force. The other two drop weights of diffenegisses, impact with separateiank

levers. Cables attached to the levers transfer the vertical force into horizontal forces. The other ends of the
cables are attached to a circular test foot offset from the vertical axis. This will produce an udbalance

couple imparting a net shear force and torque to the te{Higoire6.5).

/7 Droplweights \

@ Cable

FX (nety Test foot

Fy

Fi Plan view of forces
acting on test foot
a applied by cables:
a =3
F

Figure 6.5 Multiple drop -weights with cable system

Observations
1 Force couple is efficient for torque generation
1 The release of three drapeights maybe problematical.
1 The use of three dreweights may be excessive and add additional weight to the total rig
weight. This would be difficult to use in practice and transport.

1 The size of the whole rig to accommodate all parts may be too large.
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1 Cables woud need pretension to ensure that the forces are transferred simultaneously.

1 This position of the cable attachments to the test foot can be easily altered to vary the
magnitude of torque applied.

1 The factors affecting force the magnitude of the appli@didanclude the mass of the drop

weights, the length of the levers and the attachment of the cables.

6.2.6 ConceptF: Multiple dropweights and lever system

Concept This is a variation of Concept E. The cables are eliminated and-thank levers are turned
around. The middle dropveight applies the vertical force, as before. The other two-weghts (of
unequal mass) impact with-¢rank levers, which directly transfer the force to the test foot, horizontally.
The unequal horizontal force will produce arbalanced couple to the test foot, resulting in a net shear force

and torquegFigure6.6).

/— Droplweights
{4 Ay

L-crank lever

FX et Test foot
Fy
D < )
|5 [N F, Plan view of forces
K \‘ acting on test foot
age— ! PY ! a > applied by cables:
“\ / F>F,
F1-|:| e )

Figure 6.6 Multiple drop -weights with L-crank levers
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Observations

1 The level configuration will allow a more compact rig design than Concept E.

1 No pretension of cables reqged, impact timings should be more precise

1 Force couple is efficient for torque generatibilowever will the net shear force produced be
large enough?

1 Difficult to vary position of horizontal forces applications in order to vary level of torque.
Would have to vary the dropveight mass.

1 The release of three drapeights may be problematical.

1 The use of thredrop weights may be excessive and add additional weight to the total rig
weight. This would be difficult to use in practice and transport.

1 The facbrs affecting force the magnitude of the applied loads include the mass of the drop

weights, the length of the levers.

6.3 Strathclyde Sports Turf Testing Rig

6.3.1 Basic concept

The concept chosen as the basis for the Strathclyde Sports Turf Testit§3RigR)conbined the use of
pendulums from Concept C and thecitank lever with cable system Concept E. In this concept, two
weighted pendulums, of equal length, are used to load the test foot. If the pendulums are released at the
same time, one weighted pendulumpacts a vertical shaft located directly above the test foot to apply a
vertical force. The other pendulum strikeslacrank lever. A cable is attached at the other end of the L
crank lever and with the test foot (attachment offset to vertical axistafiaiw) to transfer the force
horizontally and apply torque.

The vertical shaft is supported in a block containing a system of bedhagallows unrestricted

movement of the test foot in a vertical and rotational direction (rotation around the haexts)aThe block
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also contains a system of linear bearings to allow the test foot to move in a horizontal fashion along two
parallel, horizontal shafts.
Observations
1 A vertical force, shear force and torque are generated. The loads are applied simsilyane
1 The heavy masses can be easily released and winched back up using a pendulum system. A
cylinder for a dropweight to fall within is not required.
1 It employs simple mechanical concepts.

1 The attachment of the cable can be varied in order to chthegeagnitude of the applied

torque

Beanngs ‘\ﬁ \L

Homnzontal —
shafts ‘\ P
End-blocks b

' L-crank
Vertieal ———— L~ lever
shaft _—
\‘— Cable
Test foot T . .
F Torque production: plan viewr
H
| ef—ma
Fy g e —|
&_E_;’P’

Figure 6.7 Double weighted pendulums with L-crank lever/cable system
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6.3.2 StrathclydeSportsTurf Testing Teshg Rig Components

Figure6.7 illustrates the 3D design drawing for the StrathclggpertsTurf Testing Rig, shown from above

and below. The main components of the rg summarised iRigure6.8.

Adjustable

Feet chassis & Transducer Rig Steering Mechanism
Fascia & Test foot
Centre Blo  Weighted pendulums
Wheels
@ L-crank leverktable
@ Vertical
/ / shaft — Pendulum

release
mechanism

/N

Figure 6.8 3D schematic ofSSTTR, from above and below
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Weighted Pendulums (x2):
1 Shafts

1 Pendulum weights

1 Pivot Shaft

1 Bearingsand bearing blocks

Main Chassis:

1 Frame
1 Pulling handle

Pendulum release

system:
1 Electromagnets

1
1

Centre Block:
Ball spline bearings
Horizontal shafts:
o0 Slide bush bearings
o End blocks
o Bellows

Wheels:
1 Pneumatic wheels with
fitted roller bearings

STRATHCLYDE
SPORTS TURF TESTING
RIG COMPONENTS

= —a —a 2

E ]

Vertical shaft system
Ball transfer unit
Rubber interface
Splined shaft
Horizontal cable
attachment
Transducer section
Test foot

Axles
Steering Mechanism

E ]

Rig Support Feet (x4):
1 Jacking system
1 Feetgrips

Safety Features:
 Fascia
9 Pendulum winches

=a =4 =9

L-crank lever:
Frame
Bearing
Horizontal cable
attachment
Horizontal steel cable

Rig Transportation

Data Collection system
1 Amplifiers

1 A/D converter

1 Power source

1 Laptop

Figure 6.9 Mind map of the SSTTRcomponents
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6.3.2.1 Chassis

The main chassis of the rig was constructedgqfarealuminiumtubing. This material allowed the rig to
remain rusfree and be relatively lightweight (approximately 80kg in total), which was important when
manoeuvring the rig around different locations of a test surface. The rig consisted of 31 individual parts,
welded together using aluminium welding techniques. The general dimensions of the chassis were

1500x600x715mm.

1052 17

50 250 50

o

8 -

540

s
i3
ki

=]
%

206
[
I

// | s \

5,

150 8 5 E 51 4 50 ) 500 50

Figure 6.10 Aluminium chassis
6.3.3 Weighted Pendulums
Two weighted pendulums were utilised on the fitach weighted pendulum consisted of a pendulum,head
shaft and a bearing systefigure 6.1). The pendulum shafts were constructed from 25mm steel square
tubing. The shafts were angled at 45° so that the impact pointh@.®ottom of the pendulutmead) was
| evel with the pendulum’ s axis of rotation. Thi s

minimising the effect of any horizontal force components.
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The shaft was firmly attached to a perpendicular @30mm solid steel Sita#tsmooth rotation of
the pendulum was achieved using @30mm single row radial bearings, located in bearing blocks at each end

of the perpendicular steel shaft.

Additional mass

Pendulum Head

Shaft

Bearing block

Steel shaft
& Bearings

Figure 6.11 Weighted Pendulums

Each of the pendulums was raised using winches and pulleys. The winch was bolted onto the main chassis.
A 3mmsteel cable with an eyelet at the end was connected to a rod on the back of the pendulum. The cable
passed over a small pulley, which was positioned at the same height as the cable connection with the

pendulum, and was wound around the pulley.
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Pulley

Cable

Winch

Figure 6.12 Pendulum winch

When the pendulums were released, the cable was unwound from the winch drum, which freely rotated. This
prevented any restriction of the natural freefall @& prendulum.

The main components of the pendulum heads consisted of a top section, a middle section that slid
inside a lower section, a spring and an additional mggure 6.13). The springpiston design of the
pendulum head allowed a controlled loading rate following impact. Following the release of the pendulum,
the lower section of the pendulum head was thatpiimpact. Theehange irmomentum of the heavy top
section of the pendulum head provided the majority of the load transferred to the test foot. As the fillet part
of the top section slid inside the lower section, the spring acted to ctrgrébadingrate and retard the
momentum of the top section.

The mass of the lower section was kept as low as possible in order that the effective mass applying
the significant load was contributed by the mass of the top section. The forces applied by the pendulums
could be increased by fastening additional masses to the pendulum heads by locating them on two bolts

protruding from the upper surface of the top section.
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Fasteners for
additional mas

Central bolt

Shear Vertical
pendulum pendulur

Top section
Middle section

Spring

Lower
section

Figure 6.13 Pendulum heacs

The middle section was bolted to the top section. A locked nut at the top of the central bolt, which passed
right through the middle of the pendulum head complex, prevented the top section and lower section from
coming apart.

The two pendulums had pendoi heads of different masses. The pendulum that applied a vertical
force to the test foot wild be referred to as th
resulting in a horizontally applied force to the test foot will be referredtotag  * shear pendul um
of the vertical pendulum was greater than the mass of the shear pendulum due to the larger forces that were
applied vertically.

The dimensions of each pendulum head were primarily governed by the specification of the spring
that were purchased. The type of springs and the calculation of the required spring constants for each
pendulum head are described in Sect@f.3.1 The sprigs in each pendulum head was initially
compressed by 2mm.

The effective mass of the vertical pendulum head (not including the additional mass) was
approximately 14kg. The top section (3150mm x 50mm) of was constructed from mild steel, in order to

permita high mass within reasonable dimensions. The middle section (d44mm x 113mm) and the lower

197



section (@110mm x 25mm) were both constructed of stainlesss@édwa smooth piston operation.

An additional 11kg mass (d150mm x 80mwgs manufactured ouf enild steel. Two bolts hoke
were produced in order that the additional mass could be located on the top section of the pendulum head
and fastened down with knobs. A centre hole was also produced through the additional mass to allow the
passage of theeatre bolt through it as the spripgston complex deflected following impact.

The shear pendulum was manufactured entire@gnfaluminium. This reducets effective mass to
approximately 3.5kg. The basic dimensions were as follows: top section (J1366mmx), middle section
(859mm x 113mm) and lower section (@110mm x 25mm).

As with the vertical pendulum, an additional mass could be attached to the shear pendulum to
increase the load transferred to the test foot. A section of mild steel (@150mnmy @&® manufactured,

which could increase the effective mass of the shear pendulum by 3.1kg.

6.3.3.1 Analysis of pendulum mechanics

In order to generate a series of tests that encompassed the range of forces applied by a player during various
sports movements, dterative process, using an analysis of simple harmonic motion and the principle of
energy conservation, was conducted to calculate the masses of the pendulums, the drop heights and spring
constants required to apply the appropriate loading profiles.

In the following, the pendulum is defined as a simple pendulumgutesthe small relative mass
of the pendulum shatft.

It was suggested that the applied | oads should
surface interaction (Shorten, @). Therefore, the upper quartile of ground loadings measured during the
biomechanical tests was used as the input for the test rig instead of the mean values.

As described in the analysis of the ground reaction forces in the biomechanical testSeret di

sports movements could be grouped into high, medium and low dynamic movements, according to the
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magnitudes of the ground loadings. This information was used to define the magnitude of the loads to be

generated and applied to the test foot byritp€Table6.2).

Required Loads (approximate)

Group Movements
Vertical (N) Shear (N) Torque (Nm)
High Stopping, Kicking, Heading 3500 1600 1525
Medium Running, Turning 2400 1300 20-35
Low Walking, Hockey Hit 1200 500 6-20

Table 6.2 Approximate loads to be applied by the turf testing rig

The deflectiorextension cycle of a fixed spring under loading cardéscribed simple harmonic motion.
Following impact, the spring located on the pendulum head was compressed as a result of the mass of the
pendulum. The compression of the spring, from a starting spring length to the maximum compression was

describedasquar t er of t he s4extensiogcydeRidured.ld). compr essi on

A 4

1/4 cycle

A=maximum deflection

Figure 6.14 Displacement (spring deflectiof versus time in simple harmonic motion

The motion of the pendulum head spring can be described as follows:

X = Acoswt) [Eq 6.1]
dx

v =— =-Awsin(wt)
dy [Eq 6.2]
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a= dx _ - AW cos (wt)
dt’ [Eq 6.3]

where:

A = amplitude of deflection (my = angular velocityrads®); t = time (s)

The time {;) taken from the moment of impact of the pendulum head to when the applied force reaches a
peak value is one quarter of theriod time(t,) of simple harmonic motiofor the spring to complete one

full compressiorextension oscillation.

tp =4t [Eq. 6.4]
lcycle=2" radsint, [Eq. 6.5]
2 )
Therefore: w=—rad.s' [Eq. 6.6]

t

This illustratesthe impact of the pendulum head and the maximum

compression of the spring. At the extremes of simple harmonic motion, the

acceleration (a) of the mass (m) is directed towards the midpoint of its motion.

18
\ 4
ma
'
F=mg+ma [Eq. 6.7]
F_
a= m9
m [Eg. 6.8]
where:

F=force applied by the pendulum head; m=mass of the pendulum head
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At the peak force (R applied by the pendulum, the spring compression is at its maximpg) é%d time
(t) = 0. Therefore, using the approxiteaequired peak loads to be applied frdable6.2, the compression

of the spring was calculated by:

Frax-M
T 9 -A W X1
m
Frax-M
AmaX: max g
mw? [Eq. 6.9]

Subsequently, the required spring stiffness or conskoi( the pendulum head was calculated by:

I:max -1
k== (N.m")
max [Eq. 6.10]

For any given peak force, pendulum head mass, time to peak force and calculated maximum spring

deflection, the heigtthat the pendulum needs to be released from was calculated by:

Vinax = AW [Eq. 6.11]
»%mv? =mgh
Aw)?
Therefore:  h= (Aw) [Eqg. 6.12]

g

It is noted that the above is a simple model of pendulum mechanics and ignores rotationalAinertia.
iterative process was conducted using an Excel spreadsheet to calculate maximum spring deflections, spring
constants and pendulum release heights fronmeigfpeak forces required to be applied by the pendulum,
pendulum head masses and times to peak forces. The required peak forces were 3500N and 2400N for the
vertical pendulum, and 1100N and 900N for the shear pendulum. Due tectia@K_lever configurzon

(see Sectior6.3.8, these vertical forces applied by the shear pendulum were transferred horizontally to
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apply approximately 1600N and 1300N to the test, festpectively.

A suitable spring constant value was selected for each pendulum. This value ensured that both of the
required peak loads could be applied using a reasonable mass within an appropriate time frame for the
vertical and horizontally pendulunespectively.

The spring constant for the vertical and horizontal pamdsl| was 90kN* and 25kNn,
respectively. The iterative process was reversed in order to calculate the exact pendulum head masses
required, using these spring constants and aefrelease height of 0.354nTéble 6.3). The effective
length of the pendulum shaft was 0.5m. If it is released from a 45° angle, the release height = 0.5 sin 45°
0.354m.

't is noted that the ‘| oadingwetesomewhat shonterghan what t i mq
was set out in the design objectiviesmimic the playesurface loadinggtimes to peak2550 msecs)
However,given the constraints of the spgis (and spring constants) available when sourcing materials for
the rig constructionit was felt that the calculated time to peak loads was not unreasonable. It was also
expected that frictiorbetween the two sections of the pendulum would contribute lne pendul um

‘“stiffness’ and further delay the time to peak | oa

Required Spring Angular  Time to
Pendulum Force Constant Velocity Peak
(N) (K (m) (m) (ms?) (kg) (rads™) (s)

Deflection Height Velocity = Mass

Vertical 3500 90826 0.039 0.354 2.636 25.00 65.47 0.024
Vertical 2400 90826 0.026 0.354 2.636 14.80 94.32 0.017
Shear 1100 25001 0.044 0.354 2.636 6.50 60.19 0.026
Shear 900 25001 0.036 0.354 2.636 3.40 84.15 0.019

Table 6.3 Pendulum mechanics

The calculated masses were used as the criteria for the design of the pendulum masses.

6.3.4 Pendulum release mechanism

For the multidirectional loads to be applied to a surface during the same interval of time, the pendulums
must impact athe same time. Therefore, the pendulums were required to be released simultaneously and

fall under the force of gravity. A permanent holding GMP magnet with D.C. electromagnet r&lemss¢n
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Solenoid Company, Surrey, Ykvas utilised for each pendulunThe @50mm magnets held arpmanent
magnetic force with anickel armature plate fixed in the back of each pendulum, until the magnets was
electrically triggered simultaneously witthe same24V supply voltage. The electrical impulse was

provided by 2x12\batteries.

Figure 6.15 Electromagnet

The magnets had a maximum holding force of 435N at Omm air gap between the magnet and armature plate.
For the purposes of safety, a safety factor of 4 was used tdatala maximum holding load of 109N.

Following an electrical impulse, the magnet retained a residual holding force of 70N with a Omm air
gap between the magnet and armature plate. Howthemagnet and armature plate would have to be
perfectly alignedo achieve a Omm air gap. It was agreed that this was not practically possible during the
normal operation of the rig. It was assumed thagry small air gap would be present when the pendulums
are repeatedly released and then raised by the winches.

Figure6.16 shows the results of an experiment conducted on an Instron testing machine to measure
the effect of the air gap o noftarhag gamizad aasgnificast effiectbrd i n g
the holding force of the magnet. Assuming that an air gap may be present, the position of the armature plate
on the elbow othe pendulum shaft (on the lower section of the shaft) was calculated to minimisadhe lo

be held by the magnet during a renergised state. With a 20kg pendulum mass, the holding load on the
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magnet was 76N.

850 -
800 A
750 - —— Permanent holding force
700 +
650 —— Remanence holding force
600 -
550 -
500 -
450 -
400 -
350 -
300 -
250 4
200 4
150 +
100 ~
50 -
0 T T T T T T 1 T T T T T T 1
0 025 05 075 1 125 15 175 2 225 25 275 3 325 35

Holding force (N)

Air gap (mm)

Figure 6.16 Instron test results examining the effect of the air gap on magnetiholding force
6.3.5 Centre Block
The Centre Block waa main component of the righe main function of this componenas toencapsulate
a system of bearings that permitted the tldegrees of freedorof the test foot as a rdswf the loads
applied to it.The Centre Block was manufactured from a single piece of aluminium and represented a cross
shape. The general outer dimensions of the block were 290x290x250igume6.17). Three bore holes
were manufactured out of the blocRne was for the vertical shaft and bearings. This was situated through
the centre of th block running top to bottonT.he other two shafts holes ran perpendicular to the vertical

shaft hde and parallel to each othétorizontal shafts and bearings were located in these bore holes.
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Figure 6.18 Rotary Spline Bearing

A rotary spline bearing was located at either enthefvertical shaft bore hol@he configuration of this
bearing allowed the vertical movement of the shaft, in addition tdiootaf the shaft around the vertical
axis. The bearings were sealed to prevent any foreign matter entering the bearing.

Linearbearings permitted the centre block (viz. test foot) to move in a horizontal direction along two
parallel steel shaftd~{gure 6.19). The length of the steel shafts allowed an approximate 60mm horizontal
displacement of the test fodk bearing was placed at either side of the centre blocledch steel shaft.

Shaft end blocks secured the steel shafts in place to the rig. Rubber bellows were used to protect the shafts

and bearings from dirt particles.
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Figure 6.19 Linear bush bearings for thehorizontal shafts

6.3.6 Vertical shaft system

The function of the vertical shaft system was to t
to the test foot positioned on the surface to be tested. A transducer was also located on thehaértica
measure the applied loads and the acceleration of the test foot.

As can be seen frofigure6.20, the vertical shaft system consisted of six main components: a ball
transfer unit, a rubber interface, a splined steel shaft, a horizontal cable attachment, a transducer and a test

foot.

6.3.6.1 Ball Transfer Unit

The ball transfer wunit (BTU) transferred the | oad
duty BTU had a load capacity of approximately 10kN. The ball configuration of this component maximised
the transference of the viedl load from the pendulum and allowed the vertical shaft to move horizontally

and rotationally, even under high vertical loading. The BTU was screwed into the top of the vertical shaft.

6.3.6.2 Rubber Interface
A rubber interface was used to minimise the veghhirequency transient shock caused by the metal on
met al i mpact of the *“vertical?’ pendul um striking

neoprene padding, with a shore hardness of 60 Duro, was used.
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6.3.6.3 Splined shaft
The shaft consisted of a @4@mx 430mm splined steel shaft. The spline worked in conjunction with the

rotary bearings to enable the shaft and test foot to move vertical and rotate at the same time.

Ball transfer unit (BTU)

Rubber interface

Splined shaft

Horizontalcable attachment

Transducer

Test foot

Figure 6.20 Vertical shaft system
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6.3.6.4 Horizontal Cable Attachment Block
A horizontal cable attachment block was positioned at the end of the splined shaft. This alkiaiatess
steel cable to be attached to the vertical shaft. This attachment block consisted of two eyebolts screwed into
an aluminium block. One eyebolt was positioned along the vertical axis of the vertical shaft. This was
referred to as eyebolt A. €mattachment of the cable to this eyebolt using a thimble eye ensured that only a
horizontal load was transferred to the test foot.

The centre of the second eyebolt was offset 30mm to the side of the vertical axis of the vertical shatft.
This was referretb as eyebolt B. The attachment of the cable to this eyebolt allowed a horizontal force plus

a torque to be applied to the test foot.

Figure 6.21 Horizontal cable attachment block

6.3.6.5 Transducer Section

The transducer section was located just above the test foot. The vertical shaft was screwed into this
transducer section, securing the horizontbleattachment block in plac€he transducer section consisted

of a 4 channel pylon force transducer and a ptem of three accelerometers attached within an aluminium

housing Figure6.22). The 4 channels of the transducer corresponded to the measurement of a vertical force,
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2 perpendicular horizontal forces and torsional moment (around the vertical axis).

One of the accelerometers corresponded to the measurement of a vertical acceleragon.
placement of the other two accelerometers allowed the measurement of a horizontal acceleration and an
angular acceleration around the vertical axis. The output of the transducer was relayed to an amplification

and data collection system through a&d@hnector located on the housing of the transducer.

Figure 6.22 Instrumented transducer

The pylon transducer was previously developed in a studiRunciman and Nico(1993) in which the
transducer specifications are described in detail. During loading, strain deformation of strain gauges located
on the pylon produced an electrical output, from which autation of the applied load can be conducted.

The original pylon transducer consisted of a series of 16 foil electrical resistance type strain gauges,
arranged in two rows around the pylon circumference, forming 6 channels. The configuration of each
chamel consisted of a full wheatstone bridge. The channels corresponded to the loads applied through the
pylon transducer in all 6 degrees of freedom: Fx, Fy, Fz, Mx, My, Mz. The current study only required the
three forces and one moment around the veréigs (My) to be measuredrigure 6.23). Therefore, the
cabling of the pylon transducer was modified to only include the output of the required channels. This also

freed up available pins on thedannector for the output of two of the accelerometers.
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Figure 6.23 Instrumented pylon transducer with positive loading conventions shown. These are positive as applied bg th
transducer to the test foot. Three accelerometers are also shown in place

The range of the two EGCS accelerometénstrian, Herts, UK that measured horizontal acceleratioy) (a
was +50g. They had a sensitivity of 4mV/g and a frequency response @&00Hz. These were the same
accelerometers that were used during the biomechanical testing. Vertical accelejatisas(aeasured
with a +100g 8704B Kshear accelerometeKigtler, Wintethur, Switzerlanyl . This acceler
sensitivity was 50mV/g ankad a frequency response of 0.6 to 9000Hz.

Each accelerometer was securely fixed onto the inside of the transducers aluminium housing using
mounting studs that were tightened to a mounting torque of 2Nm, asger u f a cspedcificagions. sThe
two +50g accelerometers were positioned directly opposite of each other on the vertical midline of the
transducer, so that their sensitive axes were parallel with the horizesta af the transducer. The £100g

accelerometer was positioned so that its sensatiiewas parallel with the vertical axis of the transducer.

6.3.7 Test Foot

The SSTTRwas to be employed on a variety of surfaces, natural and artificial. Players wear different types
of footwear, which are suitable to the surface to be played on. In ggriey@is who perform on grass or

longer pile surfaces tend to wear studded (cleated) footwear. Players who perform on shorter pile, artificial
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surfaces, for example hockey players, tend to wear footwear with pimpled soles.

For the test rig to be adaptaldtemany types of surfaces, the test foot utilised during an assessment
of the surface must represent the type of footwear players actually wear on that surface. Following
discussion with the subjects who participated in the biomechanical assessmast@&crded that two types
of test foot would be manufactured for the initial design of the test rig.

For the assessment of grass or longer pile surfaces, a studded test foot was used. For the assessment
of the shorter pile, artificial surfaces a pimplest foot was used~{gure 6.24). The studded test foot
consisted of 4 standard plastics studs of height 13+1mm, equally positioned at a distance of 30mm from the
centre of the test foolhe configuration of the studs wasch to replicate the stud position found on the
midfoot (metarsals) section of conventional studded footwear. For the purposes of this study, a conventional
football boot was used tease the stud configuration.

An additional 4 holes were tapped inte ttest foot at an equal distance of 20mm from the centre.

This was to allow a different configuration of studs to be used, if required.

llll!1HHIIiIlillIlIlIlilIIlIHIIIIIIINIlIIIllI“IIlII“Il“ |
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Figure 6.24 Test feet: pimpled (left) and studded (right)
The pimpledest foot consisted of a @60mm diameter, 11+1mm thick piece of pimpled rubber. The pimpled

rubber was obtained from tmeidfoot (metatarsal) regioaf an UK size 10Adidas Bracara THartificial turf
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sports shoe sole.

The effective contact area of botlstéeetapproximatehemidfoot (metatarsal) regioof a UK size
ten foot. The midfoot (metarsal) region was selecteditas recognised that foot strike patterns change from
being predominantly redoot to predominantly midfoot strikers at higher rurhispeedgKeller et al,
1996) As the the SSTTR was designed to mimic high impact and highly dynaovmants, it was felt that
the area of the rdfoot region would be an appropriate contact area for the test foot.

The edges of the test feet were rounded so that no sharp edges weretipa¢sentid damage any

test surface. The test feet were bolted into the bottom part of the transducer section.

6.3.8 L-crank lever system

Thel-cr ank | ever system allowed the vertical force t
horizontally b the test foot. Eleven pieces of 50xX50mm aluminium tubing was welded together to construct

the L-crank lever Figure6.25). With a longer lever arm at the pendulaontact side, the lever arms of the

crank were designed to efficiently transfer the horizontal force to the test foot.

150

325

Figure 6.25 L -crank lever (left) and steel cable attachment to the vertical shaft (right)

A @25mm steel shaft was fixed in a shaft hole in the corner of 4tk lever. This allowed the lever to

rotate within @30mm single row radial bearings placed either end of the shaft. divegbevere held in
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place withbearing blocks, which were welded to the main chassis.

A @4mm x 750mm stainless steel cable (1x19, SWL: 3kN) was attached to-aolegethe lower
section of the kcrank lever, using a rigging screw. The other end of the cadeattached to the eyebolts
screwed into the cable attachment block via a thimble and a bow shackle. The cable could be attached to
either eyebolt on the cable attachment block to vary the amount of torque applied to the test foot by using the
bow shackle The heights of the attachment points at either end of the steel cable were equal to ensure that
the cable was horizontal. A spring was attached to the back of the bottom section-ofdh& lever to the
main chassis to apply a small amount of preitam to the steel cable. This was done to maximise the

rigidity of the L-crank lever system.

6.3.9 Rig Support Feet

Due to the highly dynamic nature of the testing process, the rig was required to have a stable base for its
operation. Also, due to the sizetbk test feet and transducer heights, the whole rig was required to be raised
to ensure that the stiecable was kept horizontal herefore, the rig was designed with four support feet that
could jack the rig up so that wheels were 55mm off the ground

Figure 6.26 displaysthe rig support feein situ and also in isolatioio show their design more
clearly. Each support consisted of two aluminium bars connected wéilmgle hinge joint with sintered
“ @ite” bearings. The lower section of the support leg passed travelled within an aluminium block, which
was bolted onto the main chassis. The block guided the vertical movement of the lower section of the
support leg. A80x80x25mm solid piece of aluminium, which formed the support foot, was welded to the
bottom of the lower section. A 3mm thick piece of ridged rubber was stuck to the bottom of the support foot

to provide a protective interface between the rig and tacaur
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Figure 6.26 Rig support feet

The support feet were raised and lowered by rotating a handle that was connected to the upper section of the
support via a kcrank lever system. A full 180° rotation ofetlinandle moved the support vertically by the
required distance. A steel rod passing through two pillow block bearings and connecting {oraimé& L
levers allowed the support feet on opposite sides of the rig to be raised simultariéigusd6(26).

The design of the support feet provided a stable base of support. The support feet were locked in
position by inserting steel pins through the guiding blocks and tier Isection of each support leg. Also,

the handles were secured in cradles using steel pins

6.3.10 Wheels

One of the main design specifications of the rig was that it should be portable and be able to test different
areas of a test surface. Therefore, thewds supplemented with four @395mm wheels, with integrated
roller bearings and pneumatic tyres, positioned at each corner of the rig. The two wheels at the rear

(‘“vertical pendulum end) were | ocated deafo@@&5mm ad
the rig, a simple steering mechanism was designed to allowahiewheels to turn. Aowing handle was

fitted to the front axle to allow the rig to be manoeuvred manually.
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6.3.11 Safety features

The rig underwent the required assessment condbgtéte department safety committee. Risk assessments
concerning the operation of the test rig were also conducted. The highly dynamic and potentially dangerous
nature of the rig necessitated certain safety features. While in-apeoative state with thpendulums

raised, three mechanisms prevented the pendulums from any accidental release.

Firstly, the holding force of the magnets should prevent the pendulums from releasing. Secondly, the
winch system contained a locking mechanism the secure thelpenutuplace. Finally, a mechanical stop
consisting of a steel rod was located through brackets bolted onto the main chassis and passed in front of the
pendulums. When required, the rig operator released the winch lock and pulled out the mechanical stop

when required to prime the pendul um ready for rel
prevented it from being pulled out completely.

It was essential to prevent any access to the moving parts in the working area of the rig, wigjle the ri
was in operation. A fascia constructed of polycarbonate was bolted to the main chassis and completely
covered the upper section of the rig. Some controlled access to the pendulum was required to be able to add
extra weights to the pendulum head wheajumeed. This accessibility was governed by two sliding doors on
one side of the polycarbonate fascia. A pulley system allowed the two doors to be opened simultaneously
and restricted only one door from being opened on its own.

The doors could be only mpened when the rig was in a Roperative state, following a release of
the pendulums with them resting still in a down position. The doors were prevented from opening when the
pendulum were ready to be released, the doors were prevented from opemirgsals of the mechanical
stop being pulled out, restricting the movement of the doors.

An additional guard was placed both of the winch systems to prevent any access to the cable and the

cogs of the winch when the pendulums were released and raised.
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6.3.12 Transportation

A box trailer was used to transport the rig to different test sites. A long ramp was constructed that fitted on
the back of the trailer so that the rig could be easily wheeled up. The trailer was hooked to the back of the
depart me mllAstea Edfatecar.hFor transportation purposes, the rig was jacked up onto its support
legs while in the trailer to prevent it moving around. The front legs of the rig were removed prior to loading

onto the trailer to allow the rig to pushed over the af the ramp.

Figure 6.27 Strathclyde Sports Turf Testing Rig(SSTTR)

6.3.13 Data Collection System

Due to the portable nature of the rig, the data collection system required to be portable also. The function of

the data collection system was to provide a power supply, initiate an impulse for the magnets, provide
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amplification of the transducer signalsd collect the resulting data.

Figure 6.28 shows the components of the custom made Data Collection System. The main unit
consisted of the six strain gauge amplifiRS Components, Corby UK an irhouse built printed circuit
board. These corresponded with the four channels from the force transducer, plus the two 50g
accelerometers. The amplification systems provided gain and bridge supply together with aomtffsiet c
The gain and bridge voltage settings for each channel are detalladlet.4.

Two 12V high capacity lead acid batteries provided a dual power suppljhdosttain gauge
amplifiers. The batteries also provided the power supply required for the magnet excitation.

The smaller unit provided the power supply and low impedance coupler for the 100g accelerometer.
The passivePiezotron 510Alow impendence couple(Kistler, Winterthur, Switzerland served as an
interconnecting device, simultaneously providing conditioned power to the low impedance accelerometer
and a measured signal to the recording equipment. Two 12V high capacity lead acid batteries pevided th
power supply to the accelerometer.

An Inspiron 1100 Pentium 4 2.2GHz CPU 512Mb RAM laptop compitel,(Bracknell, UK with
an integrated 1bit A/D card (National Instrument, Newbury, Jkand a custom written LabView v.7.0
programme lational Instrumats, Newbury, UKwas used to commence the test procedure by initiating the
impulse sent to the magnets, collect and filter the outputted data from the transducer and calculate the

applied loads and accelerations. The sampling frequency for collectang/ast3000Hz.
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Figure 6.28 Data collection system
Channel No. Channel name Bridge Voltage (V) Amplifier Gain

0 Horizontal accelerometer A 5 0

1 Horizontal accelerometer B 5 0

2 My 5 2000

3 Fx 5 10,000

4 Fy 10 10,000

5 Fz 5 10,000

Table 6.4 Total amplifier gain and bridge excitation voltages used for the instrumented pylon transducer during testing

and calibration sessions

Figure6.29 displays a screenshot from the LabView data collection programme. The voltage outputs of the

7 channels are displayed individually. The applied loads are calculated using a calibratorenatd

from the calibration process, described in Seddié15 Accelerations were calculated from the calibration

equations provided by the manufacturethef devices.
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Figure 6.29 Screenshot from LabView data collection programme
6.3.14 Data filtering
During the initial collection and processing of the data, the signals remained unfiltered. Filtering is the
procesof removing any unwanted noise from the required data. However, due to the complex and unknown
nature of igh impact collisions such as wpsesented during the rig tests, it can be difficult to distinguish
between the systematic noise and the sigoaent As a result, over rigorous filtering may remove some of
the proper signal. Therefore, a visual inspection of the raw data was conducted to determine if any filtering
was appropriate.

It was decided to leavile signal from the strain gauges measuring applied forces in 3 dimensions
and axial torque unfiltered. The observed signal was relatively smooth around the peak that was of interest
to this study. On the other hand, very high frequency transients wereexbgethe accelerometer signals.
These transients corresponded with the initial impact of the vertical and shear pendulum heads with the ball

transfer unit or the {crank lever, respectively.
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Through a process of trial and error with different filter-ofitfrequencies, appropriate filters were
adopted that minimised the initial shock transient at the impact event while maintaining the magnitude of the
smooth acceleration peak which corresponded with the peak loading rate phasé! orter8lowpass
Butterworth filter was chosen. For the horizontal accelerometers, a cut off frequency of 100Hz was used.

For the vertical accelerometer, a-cit frequency of 250Hz was used.
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6.3.15 PylonTransducerandCalibration

A full description of the pylon force transdarccalibration process is given by Runcin{&unciman and

Nicol, 1993) The same linear calibration procedures were followed in this study to verify that the original
calibration matrix was still valid. The calculation of the applied loads form the measured output signals
require the use of erosstalk or calibration matrixderived from the calibration curves of each load channel
on the transducer.

It is assumed thahé output signal [S] can be expressed as the linear combination of the applied load
components. The signal for each output channel of the transducer would be the linear combination of the
combined effects of the loading (Runciman, 1993). A matrix is use¢ake into account any cross talk on
the other channels that is present in the output signal. Each signal is a combination of the components of the

applied loads that are to be measured; Fp,, Fp, and Mg:

o [Eq. 6.25]
wher, S = Output signali= 1 ...4)
Lj=Appliedloadf= 1 ...4)
M = Crosstalk matrix
The output signal for each channel is derived form the cross product of thdéatkossefficients and the

input signal (applied load).

[S]=[M][L] [Eq. 6.26]
where,

&SFxg em,; m, m, m,g ngxf?
5 ) u u

[S]:gSFYH [M]:gmzl My, My My, [L]:éprU
eSFzu émy, my, my; m,U - EFp, U
& U é U NNV
eSMyj gn, My, My My, g\/lpyl-]
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In normal use, the applied loads would be the parameters that are required to be calculated. To determine the
applied load from the output signal, equation 6s2@arranged:
[L]=[C][]] [Eq. 6.27]

where [C] is the inverse of the cross talk matrix [M] ( [C] = [M] The matrix [C] is referred to as
the calibration matrix. Units for the parameters [L], [S] and [C] were N or Nm, volts, and Ni\iwh/volt,
respectively.

The component®f the initial cross talk matrix [M] were calculated by applying known loads to each
channel of the transducer (Fx, Fy, Fz and My) and measuring the corresponding output signals. The
transducer was securely fixeold mounting base in different orientations. Masses were suspended from the
transducer using a hanger and a weights pan. The different configurations enabled axial |pasise@p
loads (Fp and Fp) and torsional loads (Mpto be applied to the tragiscer. For full description of the
procedures used, see RuncinfBanciman & Nicol, 1993)

The resulting output signals for each loading condition plated against the load that was applied
in each condition. The slope of the line for each output was analysed using linear regression techniques to
determine the corresponding components of a column of the cross talk matrix [M]. Correlation coefficient
were calculated for each output signal to determine the linearity of the output sigsaglisaied values for
the Fp, Fp,, Fp, and M data were greater than 0.999.

The calibration matrix [C], calculated from the inversion of the cross talk matrixy&4,as follows:

& 22957 060 -704 016 g
[C]_g 020 38978 -380 - 27.73
~é-847 -376 22613 - 412U

005 007 -013 3279

D> D~

222



6.4 In Situ Pitch Testing

Initial testing of theSSTTRwas conductedn situ at eight differenttest sites orsports pitchesisedfor
football, hockey and rugbyThe test sites were locatéd and around the Glasgow region. Sikthe test
siteshad artificial surfaces; onlead a natural grass pit¢hormally used for rugby); antthe other test site
had a hybrid turf pitch (natural turf, reinforced with synthetic fibres, normally used &ib#dl). The types
of artificial turf surfaces including the following:
1 1 x nylon carpet surface (analogous first generatiortype turf)
1 1 x short pile, sanéhfilled turf (similar to thesecond generatioiil surface used in the
biomechanical assessnig
1 1 x Tarkett Sommemedium pile, sandressed surface (similar tbe secondjenerationT?2
surface used in the biomechanical assessment)
1 2 xthird generationlong pile, sandubber infill surfaces (1 ¥ieldTurf surface similar to the
T3 surface usedf the biomechanical assessmehe manufacturer of the other surface was
unknown).
1 1 x waterbased hockey surface
Permission was obtained from the site owners prior to any testing taking place. Due to safety requirements
and the use ofophisticateceledronics, testing took place on dry days; however the natural grass surface
was slightly wet on the day of testing.
In addition,the rig was tested on a sample of the TI turf used in the biomechanical assédesment
provide a referencélhe turf was secured firmly on top of the force plate, as described in se&ianThe
same testing procedures were conducted as fontbiu testing (sectin 6.4.3. Data from the laboratory

testing are referred to aand infill (lab)in section6.4.

6.4.1 Pitch Areas

To enable a overallassessment of thvehole pitch surface, tests were conductedlifferent areas around
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the pitch. These were standardised into the following six areas, as shoalne®.5 andFigure6.30:

Test Area Football Pitch Rugby Pitch Hockey Pitch
1 6-yard box A Try line A Goalarea A
2 Penalty box 22-yard line 25-yard line
3 Centre Circle Centre line Centre line
4 6-yard box B Try line B Goal area B
5 Wing Wing Wing

Table 6.5 Standardised test areas

Figure 6.30 Standardised pitch areas for football (left), rugby (middle) and hockey (right) pitches

6.4.2 Typesof Test
The flexible operation of the rig allowed different types of test to be conducted on each test surface. A test
batteryconsisting of six individual types of tests were devised. These tests allowed a surface to be loaded in
a combination of directions. As a result, the response to unidirectional and multidirectional loads could be
assessed. The six tests are describéelasv, using the pendulum configurations as follows:

1 25kg vertical pendulum = 14kg vertical pendulum head plus 11kg additional mass

1 14kg vertical pendulum = vertical pendulum head only

i 6.6kg shear pendulum = 3.5kg shear pendulum head plus 3.1kg additassal

1 3.5kg shear pendulum = shear pendulum only.
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6.4.2.1 Test l.Linear Traction (Under Static Vertical Loadin@est

In this test, a dynamic shear force is applied to the surface while being loaded with a static vertical load. The
test foot was preloaded withsgatic vertical load of 250N. The 25kg vertical pendulum provided this static
load. The horizontal cable was attached to the eyebolt A on the cable attachment block. The 6.6kg shear
pendulum was subsequently released to impart a dynamic shear foreddsttfoot. A traction coefficient

was calculated as a ratio of the shear force to the vertical force.

6.4.2.2 Test 2:Linear Traction (Under Dynamic Vertical Loadinggst

In this test, the surface was loaded with a dynamic shear force and dynamic f@xdeallhe 25kg vertical
pendulum and 6.6kg shear pendulum were used. The horizontal cable was attached to the eyebolt A on the
cable attachment block. The pendulums were released simultaneously so that the aopacedat the

same time.

6.4.2.3 Test 3:Conbined Linear & Rotational Traction Test

Test 3 consistedf a dynamic shear force and torque while being loaded with a static verticap&oédlly

replicatingt he acti on of a ‘“f oot . JHeiestfoot gas prelchded withstatic i ng o
vertical load of 250N. The 25kg vertical pendulum provided this static Madadditional masses were

applied to the 3.5kg shear pendulum. The horizontal cable was attached to the epéiselt Bdmm to the

side of the vertical axis of the ral shafton the cable éichment block so that trepplied shear force
produced aorque. Linear and rotational traction coefficients were calculated as a ratio of the peak shear

force to the peak vertical force and the peak torque to the peak Mentasg respectively.

6.4.2.4 Test 4:Vertical impact test
The test consisted of the application of a dynamic vertical force only to the surface, using the 25kg vertical

pendulum. The shear pendulum was not used during this test.
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6.4.2.5 Test 5:Low Impact 3D Test

In this test, the surface was dynamically loaded with a combined vertical force, horizontal force and torque.
This test replicated a low impact turning movement, sucth@as90° cross turn, and meashneertical

loading with a sliding and twisting te§the 14&g vertical pendulum was used fawertical force the 3.5kg

shar pendulum was used to produeshear forceand a torque was produced as in sec6ah2.3 The

pendulums were released simultaneously so that the impact and loading occurred at the same time.

6.4.2.6 Test 6:High Impact 3D Test

In this test, the surface was dynamically loaded with a combined vertical force, horizontal force and torque.
This test replicate@ high impact turning movement, such as the 45° cross turn, measuring high vertical
loading with a sliding and twisting testhe 25kg vertical pendulum was used for the vertical force; the 3.5

kg shear pendulum was used to pradlashear force; and a gue was produced as in sect®d.2.3 The

pendulums were released simultaneously so that the impact and loading occurred at the same time.

6.4.3 Rig Testing Procedure

One trial of each of thesix testswasconducted in the fivalifferent areas of the pitciréble 6.5; Figure
6.30). The tests were conducted in the order described in séctich At each test site80 successful trials
were conducted, totalling4O0trials for all eightoutdoorsitesand the laboratory tests

To replicatethe actualsportirg environment as cée® as possibjethe test foot appropriate to the
surface was used in the tests. Therefore, the pimpled test foot was used for the short pile surfaces (sand
infilled, sanddressed, nylon, watdrased surfaces).oF the longer piled surfaces 3@ybrid, natwal turf),
the studded test foot was used (see se@idryfor a description of the test feet). Furthermore, some of the
pitch owners did not permit the studdedttfoot to be used on the shpite surfaces.

To allow consistent testing and prevent compacting of the surface, the rig was moved slightly

between testsosthat test foot rested on a untegbete of surface.
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6.4.4 Data anajsis

To characterise the sportsriaces tested by tH®STTR Table 6.6 shows thgyarameters calculated during

the data analysisf the six testsTable6.7 describes how the parameters are calculated.

Parameter (peak value) Testl Test2 Test3 Test4 Test5 Test6
Shear force (N) P P P P P
Vertical force (N) P P P
Torque (Nm) P P P
Time to peak forces/torque (S) P P P P P
Shear force loading rate (kN P P P P P
Vertical force loading rate (kN$ P P P
Torque loading rate (kids?) P = =
Linear traction (under static vt P P

Lineartractonl under dynamic gvertical I P P P
Rot ati onal traction (under stati P

Rotati onal traction (ugder dynai P P
Horizontal displacement (mm) P P P P P
Horizontal acceleration (g) P P P P P
Vertical displacement (mm) P P P
Vertical acceleration (g) P P P
Angular displacement (rad) P P P
Angular accelerationrdds?) P = =

Table 6.6 Parameters calculated for each of the sitests

Parameter Description
Shear force (N) Peak value
Vertical force (N) Peak value
Torque (Nm) Peak value

Time to peak forces/torque (S)
Shear force loading rat&Ns™)
Vertical force loading rate (kN3
Torque loading rate (kiis?)

Linear traction (under
Linear traction (undeyy
Rotational traction (gun
Rotational traction (up

Horizontal acceleration (g)
Horizontal displacement (mm)
Vertical acceleration (g)
Vertical displacement (mm)
Angular acceleratiorrds?)
Angular displacement (rad)

Time in seconds

Shear force/time

Vertical force/time

Torque/time

Peak shear forcévertical forceat peak shear
Peak shear forckvertical forceat peak shear
Peaktorque /vertical forceat peak shear
Peaktorque /vertical forceat peak shear
Peakvalue(see0)

Double integration of the horizontal accelerat{sae0)
Peak value

Double integration of theerticalacceleration
Peak value (se®@

Double integration of thangularacceleratior{see0)

Table 6.7 Descaiption of the test parameters calculations

" Static linear traction should theoretically be calculated as peak shear force + static vertical force. However, asrcéor Heesee

force profile inFigure6.32, thev er t i c al

force

di d ‘“static

not remai n

of the peak shear force magnitude was used as the divisor
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As stated in sectiof.4.3 five trials of each six test were conducted at each test site. For each parameter in
the data analysis, an average of the five trials was calculated. However, for Test 3, Test 5 and Test 6, a
successful trial was def as when the two pendulums impacted within 10 ms of each other; an average of

these successful trials was calculated.

6.4.4.1 Calculation of horizontal and angular acceleration and displacement
The location of the two accelerometers was critical to allove#heulation of the horizontadf) and angular
( @ (around a vertical axis) acceleratiofisgure 6.31 displays the accelerations acting on the test foot

caused by the applied shear forces and torques.

Fz A = accelerometeA
B = accelerometer B
A a,, & are the linear accelerations as a resu

of the shear force (Fz) applied
: a+ar (Fz) app
0 ar is the tangential acceleration as a result
the torque (T) applied
a,= overall horizontal acceleration in the
_____________ direction of the applied force
o, = angular acceleration as a result of thg
torque applied
a R = distance from the origin of the
Ve
T

accelerometer to the centre of the test foof
32.4mm

Figure 6.31 Plan view of accelerations acting on the test foot

The outputs from accelerometers A and B contained the acceleration caused by the application of the shear
force plus a tangential acceleration caused by the torque appllesltesttfoot. ThereforeA =& +ar B

=a+tar.
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In order to calculate the magnitude of the tangential acceleration:

d =& [Eq. 6.13]

A=a +a [Eq. 6.14]

B=-a+a [Eq. 6.15]

[Eqg. 614] + [Eq6.15]:
A+B=2a [Eq. 6.16]
A+B
ar =—, [Eq. 6.17]
To calcul ate t heyaouygthe eerticalaxsc el er ati on (a

.a

g, =ET [Eq. 6.18]

The angle (6) t hat t he t &amntthe fdalble integratioradf ¢he angukam

acceleration

d = fir dt = fidt £q. 6.19]
¥ =fpdt=U [Eq. 6.20]
d = fj dt = ot
uZ
- Eq. 6.21
> [Eq ]

Whenthetet f oot acted upon by an offset horizont al

horizontal acceleration {gin the direction of the horizontal force is given by:
a, =a cosd- a,cosd
=(A-a;)cod- (B-a,;)cosd

=A cosq - Bcosy [Eg. 6.22]
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The horizont al di spl acement (s) and rotational di

integration of the horizontal and angular accelerations, respectively:
s=pnapdt
nafd [Eq. 6.23]

d = fj Ut [Eq. 6.24]
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6.5 Resultsand Discussion

6.5.1 Linear Traction (Under Static Vertical Loading)

For the tests conducted on the artificial turfs, the shear force profile was generally characterised by an
I nvert ed Figuk'6.32c The shear force profile produced form the test conducted on the natural

grass surfaces was much less uniform in shigjgeie 6.33)

Sand-infilled (lab) Sand-dressed (TS)
900 - 900 -
800 - 800 -
700 - 700 -
z 600 - 2 600 -
3 500 - 3 500 -
5 400 -+ 5 400 4
L 300 - L 300 -
200 - 200 -
100 A 100 A
0 . . . . : ) 0 . . . . . ,
0 0.02 0.04 0.06 0.08 0.1 0.12 0 0.02 0.04 0.06 0.08 0.1 0.12

Time (s) Time (s)

Sand-infilled Nylon Carpet
900 1 900
800 - 800 -
700 700
= 600 7 z 600 -
< 500 - o 500
g 400 - £ 400 1
L 300 L 300 A
200 200
100 A 100 -

0 T . . : : , 0 T T . : : ,
0 0.02 0.04 0.06 0.08 0.1 0.12 0 0.02 0.04 0.06 0.08 0.1 0.12
Time (s) Time (s)

Water-based

900 1 — Vertical — Shear
800 A
700 A
2 600 :
o 500
2 400 A
o
L 300 A
200 A
100 A

0 0.02 0.04 0.06 0.08 0.1 0.12

Time (s)

Figure 6.32 Linear Traction (Under Static Vertical Loading) Test: Force profiles on surfaces tested with pimpled test foot
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Figure 6.33 Static linear traction test: force profiles on surfaces tested with studded test foot

. Peak Shear Force (N) Vertical Force at Peak Shear (N) Linear Traction (U ¢)

Site Test foot - , -

Mean Min Max Mean Min Max Mean Min Max
Sandinfill (lab) Pimpled 821 723 888 527 496 559 1.56 1.46 1.66
Sanddressed (TS)* Pimpled 780 731 817 453 415 488 1.73 1.6 1.84
Sandinfilled Pimpled 709 630 844 460 389 632 1.57 1.22 1.76
Nylon carpet Pimpled 834 792 879 425 396 449 1.97 1.83 2.18
Water based Pimpled 785 728 868 440 405 472 1.79 1.66 1.92
3G (FT) Studded 1060 996 1153 443 388 512 2.43 1.9 2.89
3G (Green) Studded 714 583 832 390 293 485 1.86 1.65 2.07
Natural Grass* Studded 490 454 522 185 162 214 2.7 2.12 3.2
Hybrid Studded 427 367 478 221 202 243 1.93 1.82 1.99

* Trial 1 not included in statistics

Table 6.8 Peak forces and taction coefficients for thelinear traction (under static vertical loading) test

Table 6.8 displays the mean peak shear forces obtained duringnéber traction (under static vertical
loading) test on each of the surfaceln addition, the vertical force and linear tracticoefficient

corresponohg with the peak shear force alkso presented. The mean peak shear forces measured on all the
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surfaces ranged betweapproximately 430N to 1060Nhe times to the peak shear force from the moment
of impact ranged from 3fs to 53ns. Different results were observed for the test conducted with the
pimpled test foot and the studded test fdoggre 6.32 & Figure6.33). This was to be expected due to the
different frictional prperties of the two test foot&or the tests conducted with the pimpled test foot, the
mean peak shearrfes ranged from 709N to 834N.greater variation in peak shear forces was observed on
the surfaces tested with the studded test foot, with meaesv/aéunging from 427N to 1060Nhe shear
forces measured on the natural and hybrid grass surfaces were considerably lower than oerthiel @@
artificial turfs.

For the tests conducted with the pimpled test foot, the shear force reached a peak of approximately
800N at 3545ms following impact. The greatest mean shear force was observed on nylon carpet (834N).
The lowest mean shear force was observed on theisgliet turf (709N).

The force profile charts show that during the application of the shear force, a vertical force measured
alteredfrom the static 250N vertical force that was applied to the test foot at the start of tieges.32
andFigure6.33). The vertical force at the moment of the peak shear force ranged from 425N to 527N and
185N to 443N for the tests conducted with the pimpled and studded test foot, respectively. The vertical
force was increaseddom the static vertical force on the artificial surfaces, but not for the natural and hybrid
grass surfaces. With regards to the artificial surfaces, this increased vertical force could indicate the test foot
was pushed into the ground when the she@efavas applied.

For the grass surfaces, 2 periods of peak shear forces was obgagued §.33). The first peak
occurred at about 20sfollowing impact at a magnitedof approximately 350N. After the first peak, there
was a smoother rise to a second peak of approximately 400N, abosfd@@wing impact. The vertical
force reached a peak at the same period as the first shear force peak. Subsequently, tHereerticed
reduced below the applied static force, indicating that the testrfapthave beemitially pulled down into

the turf and was then pulled up.
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The tests conducted with the pimpled test foot generally produced lower traction coefficients. These
ranged from 1.56 (sandfilled surfaces) to 1.97 (nylon carpet surface). For the tests conducted with the
studded test foot, the traction coefficient ranged from 1.86 to 2.7. The natural grass turf and 3G (green)
surfaces produced the highest and lowesttiion coefficients, respectively.

The timeto the peak shear force were generally shorter for the surfaces tested with the pimpled test
foot (Figure6.34). Times ranged from 323msand 4453msfor the pimpled test foot and studdiest foot,

respectively.

D
o
|

Pimpled test foot Studded test foot

mhll

Sand- Sand- Sand- Nylon Water 3G (FT) 3G Natural Hybrid
infill (lab) dressed infilled carpet based (Green) Grass
(TS)

N w B a
o o o o
L L L L

Time to peak shear force (ms)
'_\
o

Figure 6.34 Static linear traction test: time to peak shear force

For the pimpled test foot, the shortest time to peak shear force wasoB2the sandnfill (lab) surface.
The longest time was 431% measured on the nylon carpet surface.

For the studded test foot, the shortest time to peak shear force wasos3the 3G (Green) surface.
The 3G (FT), natural grass and hybrid grass serfall had similar times to the peakear force of
approximately 51s.

For the pimpled test foot tests, the afest peak loading rate of 56&8Nwas observed on the sand
infill (lab) surface Figure 6.35). The lowest peak loading rate was observed onstradressed (TS)
surface (51kN™).

For the tests conducted with the studded test foot, the 3G (green), natural grass and hybrid grass surfaces
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produced similar skar force loading rates, ranging from 46KNe 49kNs'. The 3G (FT) surface produced

the shear force loading rates of all the longer pile turfs with a value of 55kNs
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o
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Pimpled test foot Studded test foot

I

Sand- Sand- Sand- Nylon Water 3G (FT) 3G Natural Hybrid
infill (lab) dressed infilled carpet based (Green) Grass
(TS)

N w B a
o o o o
L L L L

=
o
I

Shear force loading rate (ks

Figure 6.35 Static linear traction test: shear force loading rates

The horizontal acceleration of the test foot across the turf ranged from 5g to 11g for all the skigaces (

6.36). For the pimpled test foot trials, the greatest horizontal acceleration was measured on-itifdlsend
surface conducted outdooddowever, the lowest peak horizontal acceleration wassuned on the sand

infilled (lab), conducted indoorsT'he horizontal acceleration data ranged from 11g to 14g for the outdoor
tests conducted with the pimpled test foot and 7g to 10g for the tests conducted with the studded test foot.

The 3G (FT) and hyhdigrass turfs produced lower peak acceleration values than the other two surfaces.

16 - Pimpled test foot Studded test foot

12
10 +
8
6 -
4 -
2 4
0 - \ \ \ \ \ \ \

Sand- Sand- Sand- Nylon Water 3G (FT) 3G Natural Hybrid
infill (lab) dressed infilled  carpet based (Green) Grass
(TS)

Acceleration (g)

Figure 6.36 Linear Traction (Under Static Vertical Loading) Test: Mean peak horizontal acceleration
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The peak horizontal gplacements of the test feet are presentd@bie6.9. The pimpled foot test produced
greater displacemesnthan the studded foot testBwever, the results were vaile, with the displacements
from the fve trials ranging up to 55mnthe tests conducted with the pimpled test foot on the-sHitidd

and sanedressed surfaces produced similar average displants of approximately 30mnfthe greatest
displacement wasbserved on the watéased surface and the lowest displacement was on the nylon carpet.

For the tests conducted with studded test foot, the average displacement on the 3G (FT) was slightly
lower than the other surfaces at 15mithe displacement on the har turfs ranged from 225mm.
However, many of the trials produced very low displacements, possibly due the studs getting locked in the
turf.

The results indicated that the artificial surfaces tested with pimpled test foot tended to have more
traction than the new generation surfaces and natural grass turfs where studded footwear is conventionally
worn. However the pimpled test fooenhded to slide on the surfacetfer and with more acceleratiobhis
is an unexpected finding as one might expect thdases with higher tractioooefficientswould result in
less and slower movement of the test f@te possible reason is ttiae high impacts and ground reactions
involved may have causetie testrig to move or bounckading to the pimpled test foot losing contact with
the surface more on the shorter pile turfs than the longer studded test foot on the longer pile surface.
However, due to the different test foot used on the different surfaces, it is hard to corhparéaeés

togetherand explain this contradiction further

Peak Shear Displacement (mm)

Site Test foot .

Mean Min Max
Sandinfill (lab) Pimpled 30.6 24 35
Sanddressed (TS) Pimpled 30.3 17.1 53.4
Sandinfilled Pimpled 325 23.9 51.8
Nylon carpet Pimpled 22.2 2 50.4
Water based Pimpled 45.4 271 63.8
3G (FT) Studded 154 3.7 43.8
3G (Green) Studded 22.1 4.7 44.3
Natural Grass Studded 22.3 7.4 37.3
Hybrid Studded 255 4.2 60.6

Table 6.9 Linear Traction (Under Static Vertical Loading) Test: Mean peak horizontal displacement
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6.5.2 Linear Traction (Under Dynamic Vertical Loadinggst

The verical force measured during thgraamic lineartraction st generally presented two peakggy(re

6.37 & Figure6.38). The first peak occurred at aboutri$and the second peak occurred at abous30

For some surfaces, the first peak was greater than the second. For other surfaces, the opposite was observed
The dear force produced during the dynamic linear tractest produced a smooth, epeak

profile. The magnitude and time of the peak shear force varied across the surfaces and between test foots.
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3000 3000 A
2500 A 2500
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[} (]
o o
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w w
1000 A 1000
500 A 500
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0 0.02 0.04 0.06 0.08 0.1 0 0.02 0.04 0.06 0.08 0.1
Time (s) Time (s)
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< 2000 + Z 2000 -
o i 8
o 1500 E 1500 A
1000 1000 A
500 A
500 -
0
0 0.02 0.04 0.06 0.08 0.1 0 T T T T !
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Figure 6.37 Linear Traction (Under Dynamic Vertical Loading) Test: force profiles on surfaces tested whtpimpled test
foot
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Figure 6.38 Linear Traction (Under Dynamic Vertical Loading) Test: force profiles on surfaces tested with studded test
foot

Not all surfaces are presentedkigure 6.37 and Figure 6.38. On some of the tests, it appeared that the
impact of the shear pendulum occuarig to 40nsfollowing the impact of the vertical pendulum. This delay

in impact times was not always consistent in one set of trials on a particular surface. For example, for the
tests conducted on the saindilled surface outdoors, the shear pendulunpacted at the same time as the
vertical pendulum for three of the five trials conducted. For the other two trials, the shear pendulum
impacted 3fnslater.

As a result of he mistiming error, the peak shear force occurred at different magnitudes ofalertic
force. It was apparent that higher magnitudes of shear force were measured when the vertical force was
higher. This indicates that as the test foot is forced more into the turf vertically, it took greater force to pull it
horizontally.

For four out ofthe five trials conducted on the natural grass turf, the shear force pendulum impacted
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approximately 7thsbefore the vertical pendulum impacted.

As a result of these factors, the data was aadlyom trials where the impatines of the vercal
and shear pendulums occwrithin 10ms of each otherThese impact times were edtified from the
accelerometedata.

For some of the trials on the samdilled turf (lab) surface and one trial on the 3G (FT) surface, the
signal measured on the shear footennels saturated at a level of approximately 230@N the output
exceeded 10VThese trials were not included in the analysis of the results. However, in the case of the sand
infilled (lab) surface, the trials where the signal saturated at the vexyohphe force peak were analysed.
Table6.10 shows the peak forces and traction coefficients for the linear traction test (under dynamic vertical
loading. For thedsts conducted with the pimpled test foot, the mean peak shear force measured ranged from
1708N to 2320N. The lowest peak shear force was measured on thédassdrsurface. The highest peak
shear force was measured on the safitled (lab) surface.

The magnitude of the vertical force measured at the peak shear force ranged from 2044N to 3274N.
The lowest was measured on the nylon carpet surface and the highest peak vertical force was measured on
the sandnfilled (lab) surface.

The traction coefficiet for the dynamic traction test ranged from 0.71 to 0.93. The lowest value was
for the sandnfilled (lab) surface. The highest traction coefficient was observed on the nylon carpet surface.

For the tests conducted with the studded test foot, the pesnshear force measured ranged from
1862N to 2209N. The lowest shear force was observed on the 3G (FT) surface. The highest shear force was
observed on the natural grass turf. The magnitude of the vertical force at the peak shear force was lowest for
the 3G (FT) surface at 1983N, and highest for the natural grass turf (2428N). The traction coefficients were

similar for all turfs tested with the stded test foot. Thesanged from 0.91 to 0.94.
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Peak Shear Force (N) Vertical Force at Peak Shear (N) Linear Traction (u4)

Site Test Foot - - -

Mean Min Max Mean Min Max Mean Min Max
Sandinfilled (lab) Pimpled 2320 2223 2477 3274 3142 3342 0.71 0.69 0.74
Sanddressed (TS)* Pimpled 1862 1846 1879 2172 1983 2361 0.87 0.8 0.93
Nylon carpet** Pimpled 1883 1805 1974 2044 1908 2312 0.93 0.85 0.98
Water based Pimpled 1708 1598 1901 2229 1782 2575 0.78 0.67 0.9
3G (FT)*** Studded 1862 1707 1968 1983 1917 2098 0.94 0.87 1
3G (Green) Studded 1989 1737 2258 2229 1782 2573 0.91 0.72 1.17
Natural grass**** Studded 2209 2209 2209 2428 2428 2428 0.91 0.91 0.91

*data from trials 1 & 5; **data from trials 2,3,5; ***data excluding trial 4; ****data frormatrl

Table 6.10 Peak forces (N) and traction coefficients fothe linear traction (under dynamic vertical loading) test

Table 6.11 shows the peak horizontal acceleration and digplent during the linear traction (under
dynamic vertical loading) testhe magnitude of the peak horizontal accelerations ranged from 11g to 13g

on the surfaces tested with the pimpled foot, and 7.5g to 11.7g on the surfaces tested with the studded foot.

Site Test Foot PeakHorizontal .Acceleration (9) PeakHorizontal Displacement (mm)
Mean Min Max Mean Min Max
Sandinfill (lab) Pimpled 7.05 6.11 8.73 30.6 24 35
Sanddressed (TS) Pimpled 11.68 9.12 12.67 30.3 17.1 53.4
Sandinfilled Pimpled 13.9 11.8 16.2 325 23.9 51.8
Nylon carpet Pimpled 13.35 10.16 18.38 22.2 2 50.4
Water based Pimpled 12.78 9.8 19.69 45.4 27.1 63.8
3G (FT) Studded 6.96 5.55 9.78 154 3.7 43.8
3G (Green) Studded 10.83 5.54 14.04 22.1 4.7 44.3
Natural Grass Studded 10.16 5.45 16.4 22.3 7.4 37.3
Hybrid Studded 8.02 411 14.46 255 4.2 60.6

Table 6.11 Linear Traction (Under Dynamic Vertical Loading) Test: Peak horizontalacceleration and displacement

From thelimited data available, it is difficult to characterise the surfaces in terms of their linear tractional
properties. However, the results indicate that the 3G turfs produce similar traction coefficients to the natural
turf surface. The sandfilled andwater based surfaces appear to produce lower traction coefficients than

the other two surfaces tes with the pimpled test foot.
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6.5.3 Combined Linear & Rotational Traction Test

The combined linear and rotational traction test applied a dynamic sheaafatderque to the test foot,
which was loaded with a static 250N vertical force. During this test, the shear force reached a peak at
approximately 4é60ms. Across all the turfsdted, with both test feet, thmeak shear force ranged from
411N to 686N Figure6.39 andFigure 6.40).

Two peaks were olesved in the measured torqud$ie magnitude of the greater of the tpeak
torques applied to the turfs ranged from 13.1 to 20Nm. This peak torque occurred at aiifute2ffom the
moment of impact of the shear muilum. In addition, a smaller peak occurred at about 8ms, with a
magniude ranging from 10Nm to 15Nrihis may have coincided with the initial impact of the pendulum
and the tightening of the steel cable conmegcthe L-crank lever to the test foothe application of the shear
force and torque appeared to also pulltést foot down into the turfhis is evident from the increase in the
measured vertical force, from the static 250N toeakpranging from 274No 392N. The vertical force

increased the most when the applied torque reached a peak.
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Figure 6.39 Combined Linear & Rotational Traction Test: force profiles on surfaces tested with pimpled test foot
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Figure 6.40 Combined linear and rotational traction test: force profiles on surfaces tested with studded test foot

The peak shear forces, linear traction ratios, peak torques and rotational tractionfoattbescombined
linear androtationaltraction test for all surfacese shown ifmable6.12.

For the tests with the pimpled test foot, the lowest peak shear fotELNf was measured dhe
sanddressed (TS) surfaceThe greatest mean peak shear force was observed on the nylon carpet surface.
The outdoor santhfilled pitch produced slightly lower shear values.

This result corresponds with the values foe timear traction coefficient.The highest traction
coefficient was observed on the nylon carpet, with a liteation coefficient of 1.72The lowest linear
traction coefficient was calculated on the sanessed surface (1.19).

The largesttorque was measuteon the sandressedsurface with a value of 20NnT.he lowest
torque of 13.1Nm was measured on the safilled surface. The sanuhfilled (lab) and the nylon carpet

surface produced similar torques of 18.4Nm and 18.1Nm, respectively.
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Rotationaltractionwas calculated as the peak torque normalised to the vertical force measurement.
The sandnfilled (lab) and the watelbased surfaces ptaced the same value of 0.083The sanenfilled
surface testd outdoors produced the lowest rotatiotrattion value of 0.048. The sanedressed (TS) and
nylon carpet produced similastationaltractions of 0.04& and 0.05in, respectively.

For the tests conducted with the studded test foot and similar tin&se traction (under static
vertical loadim) test, the trials conducted on the natural grass and hybrid surfaces produced much more
varied results than thartificial surfacesFor example, the peak shear force and torque measured on the
natural grass surface ranged from 374N to 884N and frbNm to 18.3Nm, respectivelylherefore, any
comparison between the natural and artificial turfs must be taken as indicative.

The magnitudes of the shear forces were higher for surfaces tested with the studded test foot
compared to the pimpled test fookhe peak shear forces were higher on the 3G (FT) compared to the 3G
(green), although the results for the latter were quite vafiadl¢ 6.12). With respect to the lineardaction
coefficients, the 3G (FT) produced similar values to the natural grass surface: 2.23 and 2.12, respectively.
The other two surfaces produced lower but similar traction coefficients: 1.76 and 1.74, respectively.

The 3G (green) surface produced ldngjes peak torque value of 18.6Nhe 3G (A") produced the
lowest torqueExamining the torque values, normalised to the vertical force, the two 3G surfaces produced
the lower rotational traction values of 0.43 and 0.39, compared to the natural gragbreh surfaces.

Due to the smaller mass on the horizontal pendulum, the linear traction coefficient measured during
the combined static linear and otational test was on average 20% lower than the traction coefficient
measured during thénear traction(under static vertical loadingest. However, the pattern of results
between the two tests was similar. The nylon carpet surface produced the highest traction coefficient in both
tess. Also, the watebased pitch produced higher traction coefficieihisn the sandressed and sand

infilled surfaces.
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Peak Shear Force (N) Vertical Force at Peak Shear (N) Linear Traction (u)

Site Test Foot - - -
Mean Min Max Mean Min Max Mean Min Max
Sandinfill (lab) Pimpled 430 409 461 337 296 393 1.29 1.08 1.43
Sanddressed (TS) Pimpled 411 372 455 345 308 405 1.19 1.12 1.24
Sandinfilled Pimpled 538 438 610 392 353 437 1.37 1.24 1.55
Nylon carpet Pimpled 553 469 592 310 289 335 1.72 1.56 1.84
Water based Pimpled 475 416 534 316 304 329 15 1.34 1.66
3G (FT) Studded 686 624 714 308 293 328 2.23 2.09 2.44
3G (Green) Studded 599 394 693 347 269 490 1.76 1.41 2.11
Natural Grass Studded 565 374 854 274 177 351 2.12 1.29 2.97
Hybrid Studded 559 401 758 316 247 390 1.74 1.62 1.94
. Peak Torque (Nm) Vertical Force at Peak Rotational Traction
Site Test Foot Torque (N) (&
Mean Min Max Mean Min Max Mean Min Max

Sandinfill (lab) Pimpled 184 180 187 352 300 415 0.053 0.045 0.062

Sanddressed (TS) Pimpled 20.0 18.1 226 408 367 444 0.049 0.051 0.048

Sandinfilled Pimpled 131 125 137 315 301 330 0.042 0.039 0.046

Nylon carpet Pimpled 18.1 155 19.8 357 325 373 0.051 0.048 0.054

Water based Pimpled 157 151 16.3 302 254 345 0.053 0.064 0.044

3G (FT) Studded 145 135 165 342 300 415 0.043 0.040 0.048

3G (Green) Studded 186 148 223 471 400 558 0.039 0.037 0.043

Natural Grass Studded 158 11.3 2338 294 221 400 0.052 0.048 0.060

Hybrid Studded 16.7 129 2238 342 248 499 0.050 0.046 0.052

Table 6.12 Combined linear & rotational traction test: results

For the surfaces tested with the pimpled test fda,shortest time to the peak force was observed on the
sandinfilled (lab) surface, followed byhe sanedressed (TS) surfac&he watetbased pitch produced the
longest time (50ms) to the peak shear fofeigure 6.41). However, the peak shear loading rate was also
greatst on the watebased surfaceThe sheardading rates ranged from 29.6&Nto 43.2kNs™ for the
surfaces tested with the pimpled test fdeig(ire 6.42a). The sanenfilled surfaces produced sikar shear
loading rates of 31k&" and 32k

The time taken to reach the peak torque ranged from 20ms to 23ms, acbosgridces tested with
the pimpled test footHigure6.41). As such, the torque loading rates resembled the same pattern of results as
the peak torque measurementhe range oforque loading rates was 3.8kis* to 5.6kNms™. The greatest
torque bading rate was measdreon the sandressed surfacelThe lowest torque loading rates were

measured on the saifilled surfaces that were tested indoors and outdoors.
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For the surfaces tested with the studded test foot, the times to the peak sheanddorgue were
similar to the surfaces tested with the pimpled test foot, ranging fredA8dfs (shear force) and -28ms
(torque)(Figure6.41). The peak shear forcedding rates weralso similar, ranging from 32kd\ to 43kNs*
(Figure 6.42), with thelongest timebeing on the 3G (Green) surface and shertest timeon the Hybrid
surface. Except for the 3G (FT) surface, the loading rates for the surfaces tested with the studded test foot
were higher than the pimpled test foot. The peak torque loa#liggré 6.43) was lowest o the 3G (FT)

surface at 4.1kNBT and greatest on thetural grass surface at 5.7k

60 - u Shear force m Torque

Pimpledtest foot Studded test foot
50

40 +
30 -
20
10
0 - \ \ \ \ \

Sand-infill Sand-dresseSland-infilled Nylon carpetWater based 3G (FT) 3G (Green)Natural Grass Hybrid
(lab) (TS)

Time to peak shear force/torque (ms)

Figure 6.41 Combined linear & rotational tracti on test: ime to peak shearand peak torque
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Figure 6.42 Combined linear & rotational tr action test: shear force loading rate
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Figure 6.43 Combined linear & rotational traction test: torque loading rate

The resultant horizontal accelerations ranged from 17g to 299, arah@guéaraccelerations ranged from
2608rads’ to 4454 rads?, for all surface§Figure 6.44 and Figure 6.45). As the angular acceleration was
calculated from the output of the single axis acoeteters, the pattern of the results of linear angular

accelerations between the surfaces resembled each &ibrethe surfaces tested with the pimpled test foot,
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the lowest accelerations were measuredhensanenfilled (lab) surface; ie higheston the watebased
surface. For the surfaces tested with the studded test foot, the peak accelerations were similar for all turfs,
except for the hybrid turf. For the 3G surfaces and the natural grass turf, the horizontal and angular
accelerations rangedom 27 to 29g and 4018 to 434&ds?, respectively. The acceleration values for the
hybrid surface were lower at 23g and 3425fad

The horizontal and angular displacements of the test foot are shoWabla 6.13. The average
displacements of the test foot ranged from 71mm to 89mm horizontally, and 1.0 rad to 1.4 rad rotationally.
There were no differences in the displacement of the test foot between surfebsvitsthe pimpled test

foot and studded test foot.

35.0
Pimpledtest foot Studded test foot

UL

Sand-infill Sand-dresseSland-infilled Nylon carpetWater based 3G (FT) 3G (Green)Natural Grass Hybrid
(lab) (TS)

30.0 1

Peak horizontal accelertion (g)
= = N N
o [6)] o (¢
o o o o
| | | |

a
o
I

o
o

Figure 6.44 Combined linear & rotational traction test: peak horizontal accelerationof the test foot
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Figure 6.45 Combined linear & rotational traction test: peak angular acceleration of the test

3G (Green)Natural Grass Hybrid

Peak Horizontal

Peak Angular

Site Test Foot Displacement (mm) Displacement (rad)
Mean Min Max Mean Min  Max
Sandinfill (lab) Pimpled 85 80 89 1.31 1.23 1.37
Sanddressed (TS)  Pimpled 63 58 69 0.97 090 1.06
Sandinfilled Pimpled 86 74 92 1.32 1.15 141
Nylon carpet Pimpled 67 59 76 1.03 092 1.18
Water based Pimpled 82 75 95 1.26 1.15 1.46
3G (FT) Studded 77 70 81 1.19 1.08 1.25
3G (Green) Studded 71 54 91 1.10 0.83 1.40
Natural Grass Studded 81 59 102 1.25 091 158
Hybrid Studded 89 53 125 1.37 0.82 1.93

Table 6.13 Combined linear & rotational traction test (pimpled foot): Peak horizontal displacement and rotational

6.5.4 Vertical Impact Test

6.5.4.1 Reference @face(concrete)

Atestusi ng the ‘vert

reference value for the veral force and as basic comparisowith the Berlin Athlete testThe concrete

surface was the floor of the mechanical workshop of the Bioengineering Omig trial of the teswas

displacement

c al
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performed.

The vertical impact test conducted on the concrete surfacki@ed very sharp transient shocks just
after impact, up to approximately 8000Nidure6.46). This was ignored as mechanical noise caused by the
high frequency impac The first sgnificant peak occurred at 1613 following impact with a magnitude of

4300N. A secnd peak of 3600N occurred atri28.
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Figure 6.46 Vertical impact test: vertical force profile on concrete

6.5.4.2 Pitch Tests
The force profile for produced during tiwertical impact testan be generally characterised by a curve
containing three peaksFigQure 6.47 and Figure 6.48). The first, sharp peak can be regarded as an
insignificantevent of the whole test. ik the result of the initial impact of the base of the pendulum head on
the top of the test foot shafollowing this initial impact, the effect of the spring in the pendulum head
retarded the loading rate.

The first significant peak foe occurred at gggoximately 2@nsfollowing the impact of impaciThe
magnitude of this peak force ranged from 2888N to 3440N for all the tests conducted. A second significant

peak was observed on all surfaces, except for the hybrid grass surface. This peak ocquprediaiadely
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33msfrom the moment of impact. The magnitude of this peak force ranged from 3081 to 3350N.

The two peaks may have beemsadbye i t her t he pendulum head ‘ boun
or bythe turf bottoming out with the test foot canting a harder surface used as a base underneath the turf.
Further investigation of this phenomenon is required to explore the origins of these two vertical force peaks
and their impact on the testing procdssvas assumed that the first peak was of tiogportance as this
signifies the initial impact of the pendulum/test foot system with the surface. Therefore, the following
discussion of the results will focus on the first vertical force impact peak.

As with the other tests, the evaluationtloé resits from the test conducted with the pimpled test
foot and the studded teRiot was conducted separately. It could be assumedathatifferences in the
material properties of the rubber used for the two test feet tread would not significkettytlaf outcome of
this test.Future work should be conducted to quantify if this factor significantly alters the vertical force

propagation.
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Figure 6.47 Vertical impact test: vertical force profiles (pimpled teg foot)
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Figure 6.48 Vertical impact test: vertical force profiles (studded test foot)

The data from the vertical impact tests were analysed by examining the magnitude of the first significant
peak and théime taken from the moment of impact to this first peb&ble6.14). The maximum loading
rate was also calculated over the time period from 6ms following impaat foshpeak. The first 6ms was

not includedn orderto remove the transients shocks, described previously, from the data.

Peak 1 Force Peak 1 time Loading rate

Site Test Foot (N) (ms) (kNs?

Mean Min Max Mean Min Max Mean Min Max
Sandinfill (lab) Pimpled 2888 2758 2962 16 15 16 450 423 485
Sanddressed (TS) Pimpled 3362 3250 3447 21 19 22 319 307 328
Sandinfilled Pimpled 2931 2854 3034 17 15 18 325 294 350
Nylon carpet Pimpled 3242 3203 3307 19 18 20 333 315 345
Water based Pimpled 3440 3362 3513 21 19 23 352 315 389
3G (FT) Studded 3326 3252 3405 19 19 20 351 324 370
3G (Green) Studded 2926 2848 2994 15 14 15 392 365 426
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Peak 1 Force Peak 1 time Loading rate

Site Test Foot (N) (ms) (kNs™)
Mean Min Max Mean Min Max Mean Min Max
Natural Grass Studded 3355 3226 3478 22 18 26 313 238 418
Hybrid Studded 3357 3179 3494 25 24 26 241 205 273
Peak Vertical Peak Vertical
Site Test Foot Acceleration (g) Displacement (mm)
Mean Min Max Mean Min Max
Sandinfill (lab) Pimpled 8.4 58 103 4 1 7
Sanddressed (TS) Pimpled 13.6 129 142 11 6 21
Sandinfilled Pimpled 9.3 75 105 11 3 31
Nylon carpet Pimpled 13.1 115 145 16 6 26
Water based Pimpled 16.2 146 17.7 7 6 8
3G (FT) Studded 158 145 16.6 7 3 11
3G (Green) Studded 111 9.0 123 5 5 6
Natural Grass Studded 13.8 85 19.0 9 7 11
Hybrid Studded 9.0 75 102 16 10 24

Table 6.14 Vertical impact test: Results

For the tests conducted with the pimpled test foot, the-sdildd surfaces produced the lowest peak
forces. These surfaces had the shortest time to the peak force bimi$ The greatest peak force was
measured on the watbased pitch with a magnitude of 3440N. The loading rate greatest on the sand
infilled surface tested on the lab (40Y). The othersurfaces had similar loading rates, ranging from
31%Ns™ to 35kNs™.

It was expected that for the tests conducted

surfaces that the vertical f or ces eswsstadwih the@impledwe r

foot. However, this was not the case. This may be due to the increased shore hardness of the studs than the

rubber pimples.

The 3G (FT), natural grass and hybrid grass surfaces produced similar peak forces 3853326

The vertical force measured on the 3G (Green) surface was noticeably lower than the other surfaces with a

magnitude of 2926N.
The mean times to the peak force were lower and the mean loading rates were higher on the artificial

turfs compared to the grass sés. The loading rate that was measured on the natural grass surface was
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variable, ranging from 2&Ns® to 41&Ns*. The loading rates on the 3G (FT) surfaces were much lower
and fell within the limits produced by the natural grass surfaces. Thataletpnditions during the testing
of the hybrid grass surfaces were reflected in the considerably lower loatisgmeasured on this surface.

It appears that the shorter the time to the peak force and the higher the loading rate, the lower theepeak forc

6.5.5 3D Low Impact Test

During this test, the mass of the pendulum that provided the vertical loading was reduced to 10kg. This was
provided a vertical load of approximately. Unfortunately, following the analysis of the results of this test, it
was appardanthat the two pendulums heads (providing the vertical and horizontal loads) did not impact
within 10ms of each other for any of the trials conducted on the different surface. Therefore, it was decided
to discard the results of this test from the studythay would not represent an accurate 3D impact Test.

reason for the disparity between the impacts of the two pendulum heads will be discussed during the next

section.

6.5.6 3D High Impact Test

The force profiles measured during the combindd, (Biree diectional) loading arelisplayed inFigure

6.49. The shapes of the profiles were similar to those observed in the otherectiodal testsTwo vertical

force peaks we produced on the artificial turfs, while only one peak was produced on the natural grass turf.
The magnitude of the first vertical force peak ranged from 3000N to 34D&MNe®6.15) andthe time

taken to this first pak was approximately 1Z0ms.The shear force reached a peak at approximately 35

50ms with a magnitude ranging frot400-1600N The measured torque reached a peak of approximately

34-42Nm at 1535msfollowing impact. The surfaces tested with the pimpled test foot produced similar

torque values of 39Nm and 42Niror the surfaces tested with the studded test foot, the 3G (FT) surface

produced noticeably lower torques than the natural grass surfaces,c®pared to 42Nm.

The sandnfilled surface produced lower peak vertical forces and torques but higher peak shear

256



Force (N)

Force (N)
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Figure 6.49 3D High Impact Test: Loading profiles on surfaces tested with pimpled (top) and studded (bottom) test feet
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1st peak Vertical Force (N) PeakShear Force (N) Peak Torque (Nm)

Site Test Foot - - -
Mean Min Max Mean Min Max Mean Min Max
Sandinfilled Pimpled 3030 2987 3109 1625 1575 1703 39 30 45
Nylon carpet* Pimpled 3205 3158 3260 1414 1363 1492 42 41 44
3G (FT) Studded 3365 3300 3399 1602 1552 1687 34 29 39
Natural Grass** Studded 3408 3365 3450 1601 1557 1624 42 40 44
Vertical Loading Rate Shear Loading Rate Torque Loading Rate
Site Test Foot (kNs™) (kNs™) (kNms™)
Mean Min Max Mean Min Max Mean Min Max
Sandinfilled Pimpled 3424 309.4 398.2 91.6 83.3 108 5.0 3.7 6.0
Nylon carpet* Pimpled 320.7 308.5 326.9 71.9 70.9 72.6 5.4 5.2 5.6
3G (FT) Studded 394.6 375.8 420 87.7 77.7 104 3.6 3.2 4.4
Natural Grass** Studded 353.8 353.3 354.4 92.7 86.3 99 3.5 3.1 4.0
Peak Vertical PeakHorizontal Peak Angular
Site Test Foot Acceleration (g) Acceleration (g) Acceleration (ads?)
Mean Min Max Mean Min Max Mean Min Max
Sandinfilled Pimpled 10.1 8.9 11.9 45.6 33.7 60.9 6909 5098 9216
Nylon carpet* Pimpled 14.2 13.5 15.1 45.1 43.3 47.0 6821 6557 7109
3G (FT) Studded 16.6 14.5 18.3 42.6 27.7 56.5 6448 4190 8550
Natural Grass** Studded 13.3 10.0 16.6 29.6 26.8 32.4 4480 4050 4910
Peak Vertical PeakHorizontal Peak Angular
Site Test Foot Displacement (mm) Displacement (mm) Displacement (rad)
Mean Min Max Mean Min Max Mean Min Max
Sandinfilled Pimpled 5 3 7 46 27 79 0.71 0.41 1.23
Nylon carpet* Pimpled 18 10 36 26 19 39 0.40 0.29 0.61
3G (FT) Studded 11 7 14 47 37 60 0.73 0.57 0.92
Natural Grass** Studded 7 6 9 37 35 38 0.57 0.54 0.59

Linear Traction Rotationaly

Site Test Foot (Ha)

Mean Min Max Mean Min Max
Sandinfilled Pimpled 0.62 0.56 0.66 0.017 0.014 0.019
Nylon carpet* Pimpled 0.67 0.58 0.73 0.014 0.014 0.014
3G (FT) Studded 0.62 0.55 0.70 0.021 0.014 0.028

Natural Grass** Studded 0.67 0.59 0.74 0.024 0.018 0.029

* data from trials 2,3 & 5 **data from trials 3 & 4
Table 6.15 3D High Impact Test: results

Vertical loading rates ranged from 3@s* to 39%Ns*, shear loading rates ranged fromkK&* to
93kNs™; and the torqueokding rates ranged from 3.5kNMmto 5.4kNns*. The nylon carpet surface
produced lower vertical and shear loading rates but greater torque loading rates than -théllednd

surface, whose test results were more varied. The 3G (FT) surface produced greater vertical loading rate,
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lower shear loadig rate and similar torque loading rate compared to the natural grass turf. However, the
results for the natural grass surface were averaged from only two trials.

The accelerations of the test foot, or impact shock, are described as follows. For thafioes,
the peak vertical acceleration ranged from 10g to 179, the peak shear acceleration ranged from 30g to 48g,
and the peak angular acceleration ranged from 44@§ to 6909rads®. The nylon carpet surface produced
greater vertical acceleratiotisan the sandhfilled surface, but had similar peak acceleration results in the
other directionsThe natural grass surface had lower peak accelerations in all three directions, compared to
the 3G (FT) surface.

As previously conducted with the other tgpef test, the acceleration data was double integrated to
calculatea measurementf displacementFor all four surfaces examined in this test, the peak vertical
displacement ranged from 5mm to 18mm, the peak shear displacement ranged from 26mm to d Zham, an
peak angular displacement rangednir@.4 radians to 0.71 radianBhe nylon carpet surface produced
noticeably larger vertical displacements compat@dhe sandnfilled surface.However, the shear and
angular displacement were lomen the nylon arpet surfacef-or the surfaces tested with the pimpled foot,
the 3G (FT) produced higher displacements in all three directions compared to the natural grass surface.

Linear and rotational traction values were alsacwualed for this type of tesfhe linear traction
coefficients ranged from 0.62 to 0.67 and the rotational traction coefficients ranged from 0.014 to 0.024.
The nylon carpet surface produced a higher linear traction coefficient but lower rotational traction
coefficient comparedo the sandnfilled surface.The 3G (FT) surface produced both lower linear and

rotational traction coefficients compared to the natural grass surface.

6.5.7 Comparison of thdultidirectional Testto the UnidirectionalTests

The response of a particular surface to impacten multidirectional loading may be different to when it is
loaded in a sigle direction at a timéDue to the three dimensional nature of human impact during controlled

sports movements, this may validate thse of the turf testing rig.he following setion will compare the
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results of the for surfaces examined in the 3D high impaedtt with their corresponding results from the
unidirectional tests in which the falling pendulum masses were the same. Therefosztitad impact test

and the combined linear and rotational tractest ivere used for comparison. The data was analysed to look
for consistent differences in the mean, minimum and maximum values between the multidirectional and

unidirectional tests.

6.5.7.1 Vertical Direction
The esponse of the surfaces to the two different test procedures (3D high impact test and vertical impact
test) varied between different surfaces, with respect to loads applied in the vertical difeabie®.016). A
uniform increase or decrease in test parameters was not observed across the surfaces tested. For example, the
peak vertical force and loading rate increased during the high impact test on thefiladdsurface,
whereas these values decreased for the nylon carpet surface for the same test. There was no consistent
difference in peak forces between the two tests on the 3G surface and natural grass, although the loading rate
was greater on the 3G surface dgrthe high impact test. The largest difference in peak f¢rd€&N) and
loading rate (+40kN?) representec 3.4% increase of the peak load amd2.3% increase of the peak
loading rate measured during the vertical impact test, respectively.

The impat shocks ormost of the surfaces increased only slightly (1g or 7%) during the high impact
test. The vertical displacement of the test fiffered by—6mm to +4mm during theigh impacttest across
the four surfacesThis represented a 55% decrease @ dandnfilled surface and a 25% increase on the

nylon carpet surface.

Parameter
Surface Peak Force Loading Rate Impact Shock Displacement
(N) (kNs?) )] (mm)
Sand Infill +100 +15 +1 -6
Nylon Carpet -40 -12 +1 +2to4
3G (FT) NC +40 +1 +4
Natural grass NC NC NC -2

Table 6.16 Test results of themultidirectional 3d high impacttest relative to unidirectional vertical impact testvalues
(approximate values) NC= No consistent difference
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6.5.7.2 Horizontal (Shear) direction

As can be seen froffable6.17, the peak shear force, shear loading eaté horizontal impact shock were
generally greater during the 3bBigh impact test compare the combined linear and rotational test.
Conversely, the horizontal displacement and tmedr traction ratio decrease@ihe peak shear force

increased by approximately 900N to 1000N (&%) during the 3D high impact testhe shear loading

rateincreased by approximately 358Rito 60kNs? (100to 176%). The large increases in the peak loads

and loading rates may be a consequence of the increased horizontal resistance to loading caused by the much

greater vertical forcapplied during the 3D high impact test.

On the sandnfilled and nylon carpet, the impact shock increasetddiyveenl5g to 20g during the
3D high impact test. This represented a88% increase. The horizontal displacement of the test foot was
decreasedby 30mm to 40mm (685%). Finally, the linear traction ratio decreased by ®075.6 (5572%)

during the 3Dhigh impact test.

Surface _ Parameter _ _ _ _
Peak Force (N) Loading Rate (kN:5) Impact Shock (g) Displacement (mm) Linear Traction Ratio

Sandinfill +1000 +60 +20 -40 -0.75

Nylon Carpet +900 +35 +15 -40 11

3G (FT) +900 +50 NC -30 16

Natural grass +1000 +55 NC -40 145

Table 6.17 Approximate multidirectional test horizontal values relative to Combined Linear & Rotational Traction Test
horizontal values. NC= No consistent difference

6.5.7.3 Rotational Direction

In general, the 3D high impact test produced greater peak torques and imped, sind decreased
rotational displacement and rotational traction ratio than the combined linear and rotatidral test.
The peak torques weracreased byetween20Nm to 25Nm {38190%). The angular acceleration of the

test foot increased by 30@ds® (75%) on the sanihfilled and nylon carpet surfaces, but there was no
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consistent difference between the two tests on the 3G and natural grass surfaces. The rotational displacement
of the test foot decreased bgtween0.4 radians to 1.0 radians (80%) and the rotational traction ratio

decreased blgetweer0.022 to 0.037 (503%) during the 3D high impact test.

Parameter
Surface Peak Torque  Loading Rate Impact Shock Displacement Rotational
(Nm) (kNms?) (rads?) (rad) Traction Ratio
Sand Infill +26 NC +3000 -0.6 -0.025
Nylon Carpet +25 NC +3000 -0.6 -0.037
3G (FT) +20 NC NC -0.4 -0.022
Natural grass +20t025 NC NC -0.4t0%.0 -0.03

Table 6.18 Approximate multidirectional test rotational values relative to Combined Linear & Rotational Traction Test
rotational values. NC = no consistent difference.

6.6 Summary of the Design and Initial Testing of the Strathclyde Sports Turf Testig
Rig

6.6.1 Design
The design of the Strathclyd8ports Turf Testing Rig(SSTTR) allowed different characteristics to be
assesseih situon various types of artificial and natural sports surfaéesthermore,tie rig incorporated a
degree offunctional flexibility that permied a variety of tests to be conducted@hese included
unidirectional and multidirectional tests

Unidirectional tests allowed the characterisation of the standard mechanical properties of the sports
surfaces, such as peak horizontal and vertical loaahogloading ratedinear and rotational traction (under
statc and dynamic vertical loadingyertical loading/shoclabsorbang; surface deformation under loading
and* f oot’ sliding and twisting (horizontal and angu

The ST T R’ wtidinectional tests mimicked the complard dynamic loading that occur actual
sporting movement. The combination of a vertical, shear and torque loading Binoriganeousmpact
actionfor in situassessmerig a breakthroughn the artificial turf testing arenalVhile the TrakTesterdevice
(Grund & Senner, 2010and Villwock et al $2009) tesing apparatus also provide combined vertical,

loading and torque loading, the extent to which they mimic the biomechanical loading profiles observed in
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actual sporting movements is uncléam published articles

The mportance of replicating the reallife playing caditions as closly as possible during the
assessment of sports surfaces is widely recognised. In this sense, the use of a standard test fofair material
all surfacess inappropriate While a standard test foot would allow for consistencyesting conditions
across surfacegshe comparison ofhe characteristics of playing surfaces designdtei@nt uses and for
different footwear is unrealistic arithwed. Therefore, the design of the SSTTR is flexible to allow the use

of different typesand design of test foot.

6.6.1.1 Design limitations
As with all prototypes, there are several limitations which identifies areastioe design enhancement and
optimization. The limitations of the SSTTR are as follows:

1. Anatomical validity of the test fool. he desi gn of the SSTTR's test
anatomical structure of the foot and the structure wiale playing shoe. Therefore, it does not
replicate the flattening of thimot arch and the pressudistributionover thesole which occug in
human movement. Thd&rakTester (Grund & Senner, 2010)for example, does include a
sophisticated ankioot model whichfits inside gproper sports shoe.

2. Asynchronicityproblembetween ta vertical and shear pendulum impadithis issuevas most clear
in the low impact 3D test (sectidh5.5 when the interval between the vertical pendulum andrshea
pendulun impacting was greater thanr® (the defined threshold fampact synchronicity) The
two pendulums were designed to fall under gravity from the same reigimdfrictionlessradial
bearings. While lte pendulums impacted within 8 of each fothe majority of testsvhenthe
pendulums were used dynamicalilyis notentirely obvious why this issueccurred sporadicallgr
why this it was most prevalent in the low impact 3D test. However, therfoar@ossible causdsr
theinsynchronicity n thependuluns impact

a) Use of a simplistic model of a pendulum during the design .stsgeliscussed in section
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6.3.3.1 the model used to calculate the masses of the pendulum and spring constants did not
account for rotational inertia. This may haked a considerableffect on thependulum
mechanics

b) Errorsi n t he pendul ums & dkhsughgquality controlscchatks twerai c t i 0
conducted throughout design and construction the test rig, small errors may havéhied to
two pendulursfalling from slightly different heights

c) Different resistance levels the pendulums @adial bearings.This is unlikely as all four
bearing (two for each pendulum) had the same specification and sourced from the same
manufacturer. However, as the test rig was used outdoors on several occasions and the
bearings were protemd only by the polycarbonate fascia covering the upper section of the
test rig, dirt may have got into a bearing(s) causing additional resistance.

d) Variable residual holding forceof the electromagnets usedd release thependulums
simultaneouslyAs descibed in sectior6.3.4 each magnet had a residual holding force of
70N with a Omm air gap beeen the magnet and armature plate the back of the
pendulums However,the magnet and armature plate would have to be perfectinedi to
achieve a Omm air gajt is likely that the use of the test rig situ, on sometimes uneven
ground,combined withthe repeated releasiagdraising ofthe pendulums, may hayveled
to a misalignment of thenagnets on the armature plate. This in effect may have altered the
residual holding force after the magnets were electrically stimulated to release the pendulums
For exampl e, i f t he r esi du a gnethwasl gieater ghanf or c e
pendul um B’s magnet, this may increase the r
two pendulums to impact at different times.

3. Potential misalignment of the shear force lodtie dignment of the shear force loaal tests when

the vertical load was stati@est 1 and Test 3) sometimes tendedaise the test foot slightly off
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groundon one edge in the resting posititmereforeconversely push it slightly into the groundhen
the shearpendulum impactedThis sometimes resgltd i n an i ncrease or dec
vertical load.This is ikely to be a result of the alignment of the stegble running from thecrank
lever to the test foot, and/or the degree therdnk lever rotates around its axis when the shear
penddum impacs. A large rotation would cause the steel cablegcomeangled upwards relative to
the hoizontal. Furthermore, while attempts were made to keep the whole test rig levéhevitig
support feet (sectiof.3.9, a veryuneventestsurface mayhaveintroducel alignment errors. This
may account for the rise and fall in the *stat
hybrid surfaces teste@urthermore, Wen considering the traction results from Test 1, the variation
in the static vertical loadg needs to be taken into account.

4. High loading ratesThe SSTTR tend to apply loads fastegreater ratéhan what wasobserved
during the biomechanical analysighis was possibly due to an inappropriate selection of the spring
stiffness for the penduin. Selecting spring with a lower spring constant or introducing additional
damping into the pendulum head system will likely reduce the loading rates.

5. Design and size of the test ri§s with most prototypes, the main emphasis wesstablish that the
concept works and meets the initial design criteria. This first prototype of the SSTTR meets the
requirementsHowever, the size and weight of the test rig caused some problemsavitieuvring
it around sports pitches and transporting it to test siteshémnbre, the SSTTR may be viewed as a
little ugly and cumbersome.ukure iterations should considadapting its design and aesthetics to

improve its manoeuvrability fan situtesting and marketability.

6.6.2 Biomechanical validity

Based on a dremass/sprinfinass concept, the basic operation of the test rig was composed of two weighted
pendulums and an-trank lever system. This allowed the applications of loads to the surface via a test foot

in vertical, horizontal and rotational directions in one impaats theplicating the multidirectional and
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dynamic loading which occurs in athletic sports movements.

As can be seen from the results of the high impact 3D test (Test 6) (&&t@nthe magnitudes of
the vertical, shear and torque loads are broadly representative of the ground reaction forces and moments
observed in the biomechanical testing of the human subjects (section Chapter 4).

To demonstrate thistigure 6.50 shows a comparison of the upper quartile ground reaction force
profiles (vertical, horizontal free moment) measured during the biomechanical testing of thedsety
sports movementkRUN, STOP45° running ‘cut’ turn, 90° running
start) performed indoors on 3G artificial turf (T3) with the ground loadings (vertical, shear, torque) produced
by the SSTTR during high impa8D on similar 3G artificial turfn situ. It was suggested that the applied
|l oads should refl ect t that mayt oocpdurengn a playeo gurfagerinteraction | 0 a c
(Shorten, 2002). Therefore, the upper quartile of ground loadings measured during the biomechanical tests
was used as the input for the test rig instead of the mean values.

The peak magnitude of the three loads produmethe SSTTR replicate the peak ground reaction for
at least one of the types of moments. Therefore, it can be argued that the SSTTR produces load applications
that are typical of a range of sports movement that are performed on artificial turf. Fglesxanthe 3D
High Impact Test, the SSTTR produced a peak vertical load of 3250N. This is comparable with the vertical
GRF in the 45° running cut movemedtl) and stopping movemens{OB . Si mi |l arly, the ¢
shear load ¥400-1600N) is broadly epresentative of the ground reaction forces observed in the turning
movements. Finally the peak torque produced by the SSTTRZR4n) is equivalent to the free moments
that occur in the tight angle turning moveme3al).

While the SSTTR generally repéites ground loading which occur in highly dynamic movements, it
produces markedly higher loads than the ground reaction forces which occur in normal straight line running,
including fast running. This may have implications for other types of testing pn@sedhich may be based

on the lower ground loadings that occur in running compared to other movements. By replicating a range of
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highly dynamic movements, the SSTTR follows the recommendation of W&lé@8)and(Shorten, 2002)

thatapplied loads must reflect the peak loads apfliedthletes to the surface.
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Figure 6.50 Comparison of the 3dimensional loading profiles obtained during the biomechanical analysis of upper
quartile ground reaction forces of five types of sports movements arfdom the SSTTR on similar 3G artifical turfs

Figure6.50 also indicates that the loading rates of the SSTTR were typically greater than the impact phase
vertical loading rates in the sports movements. Given that the magnitudes of the loads ealy gene
representative of the vertical GRFs measured in athletic sports movements, the duration to the peak loads are

too quick. For example, the SSTTR achieves a peak vertical force in approximagyns5equating to a
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loading rate of 390kNY, comparedo approximately 40ms for the vertical GRF in #fl (equating to a
loading rate of 90kNY). In contrast, the duration to the peak shear and torque loads applied the SSTTR (35
50ms) tended to reflect the durations to the horizontal GRF and free mampatd peaks in the different
types of movements (which tended to wvary across
vertical loading rate, a reduction in the duration to the peak vertical load may be achieved by incorporating
additional dampingnto thevertical shaft system or use springs with a reduced spring constant.
It is customary to compare the results of an investigation with other published work; in this case to establish
whether the biomechanical properties of surfaces are charagtenssistently between different testing
methods. Originally, this study had intended to run comparison trials of the SSTTR with the Berlin Athlete,
the current standard testing procedure to testing shock absorbency. However, this was not done due to time
and cost restraintdNevertheless, a comparison of test results from different test procedures may be difficult
and not meaningful due to the widely different loads that are applied to the surface by different test
procedures and the ndinear response aurfaces to applied loads. However, with the recent introduction of
other test procedurg$srund & Senner, 2010; Villwoclet al., 2009) that better replicate actual player
surface loading, a comparison of test procedures may be possible in the future.

Overall, the biomechanical validity of the Strathclyde Sports Turf Testing Rigbéas broadly

demonstrated in that it applies realistic biomechanical loads in a timely fashion.
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CHAPTER 7. CONCLUSIONS

This study set out to understand the biomechanical interaction between sports pid\attieial turf. The
objective was to derive theritical biomechanical characteristics of this interactiororderto develop a
biomechanically valid testing rigpr the mechanical characterisation of artificial turf.

Given the widely reported limitations of current artificial turf mechanical testing methiodhat
they do not generally replicate the actumllti-dimensionalground loadings generated during sports
movements nor account ftine nontlinear response of these types of surfatesie was a need for a new
type of testing method.

To develop a new testing method that can overcome these limitations, an understanding of the
biomechanical interaction of players and artificial turf was required as the input to the design. However,
previous research regarding subject biomechanical logglinf artificial turf for a variety fo different
sporting movements gasparse and has generally been focussed on the vertical ground reaction force (GRF)
during straight line running.

Through a biomechanical analysis of sports players performing a rdngenring and turning
movements on three types of artificial turf, this study has generated new knowledge and a further
understanding regarding the thw@ienensional biomechanical interaction of players and artificial tarf.
particular theanalysis of kee moments during typical sports movements on different types of artificial turf
demonstratesriginal insight into this are&imilar tests were conducted on outdoor sites to collect data for
accelerations and knee angles in order to validate the mtgasese data collected in the biomechanics
laboratory.

Firstly, ths gudy foundno significantdifference in ground loadings between three artificial turfs,
suggesting that ground reaction forces, as measured by force plates, are independent of ¢hyseirfac
Moreover, performing movements on the different types of artificial turf did not typically imgaee

moments This suggestshat a mechanical test rig applyiagpiomecharmally valid force (or combination of
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forces)could simulatethe knee loadlig which occurs in typicadports movementsn artificial turf andbe
applied to characterise different surfaces.

Secondly, the inclusion of a range of typical sports movements has led to a greater understanding of
the ground loading profiles of differetyppes of movements. Mements witlfastapproachvelocities such
as sprinting and 45° turnggnded to producéigher vertical GRFs(and loading ratgs up to 3.5 times
bodyweight Movements with slower approach velocifiesich as the 90° cross turmpsoduced lower
vertical GRE up to twice bodyweightFurthermore movements with significant chges in momentum,
such as the running stop and the 45° teended toproduce higher horizontal GRKsp to 1.6 times
bodyweight) and linear tractiocoefficients Cuttingtype turning movements produced the highest peak
horizontal forces of approximately 1.6BWinally movementghat require the player to turn while running
tended to prduce the highest free momeatsd roaitional traction coefficiest While the rotational traction
coefficient increased to 20mm in movements with a higher angle of turn, the free moments for all
movements included in this study remairmdow an approximate limit of 30Nm, although some individual
subjects achieved highealues

Thirdly, the type ofmovementshad an impct on the magnitude of knee kinematics and kinetics.
Movements involvingchangs in momentum (e.grunning stop90° and 180° turns) tended to produce the
highest peak knee flexipnvhistturning movemaets alsotended tancreasepeak fontal plane knee angles.
In terms of knee kinetics, running stemd 45° turning movements tended to produce the largest knee
extensormoments wiile the slower 90%nd 180°turns produced higherréntal and transverselane
moments

The biomechanical data was incorporated into the design and construction of a test rig which
mimicked the biomechanical interactions of sports movements performed on attfitidlhe new test rig
was ablgo applythree dimensional loadsnsultaneously (vertical impact, horizontal shear and torque about

the vertical axis) to outdoor sports surfaces. This testing procedure is unique in terms of the ability to

271



combine these three load actions in a variety of load magnitudes which are prelsergative of the load

actions which would be applied by the player during a number of typical sport actions. The test rig was used
to measure the-8imensional compliance of artificial and natural turfs and generatadl idata on the
characteristicof these turfs in relation to a specifically s#bxl range of sports manoeuvres, in terms of
peak horizontal and vertical loading and loading rates; linear and rotational traction (under static and
dynamic vertical loading), vertical loading/shock absoidg, s ur f ace def or mati on und
sliding and twisting (horizontal and angular distance and accelerdfanherrefining and testing of the rig

to confirm accuracynd reliability will allow turf characterisation parameters of greatesoitapce to be
incorporated into new procedures for the testing of current and future artificial surfaces. This may lead to
new validated testing procedures that manufacturers and installers of sports surfaces and the governing
bodies of sports use to séetstandard for quality, safetyd performance of artificial téisurfaces in the

future

Original contributions to the research field:

1 Added to the understanding of the biomechanical interaction with artificial turf during a variety
of movements commotgrce in field sports, such as football, hockey and rugby

1 The inclusion of a range of movement types in the same study has allowed a comgatison o
resultant ground loadings and anderstanding of knee moments during sports movements on
artificial turf.

1 No otherstudies could be identified that have examined the knee kinematics for a comparable
STOP movement, 90° turns or 180 degree turn from a standing start performed on artificial turf.

1 This is the first study of its kind to measure the biomechanical interactions of sports player
movements on artificial turf and use this data as the input to the degigronstruction of a test

rig, which mimicked these biomechanical interactions
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1 Develpment and iitial testing of a new -8limensional artificial turf testing rig that has been
biomechanically validated to replicate the magnitude and timescales of ground loadings that

occur during typical sports movements.
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APPENDIX D: Knee Moments of Individual Subjects
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