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ABSTRACT

Postural balance is one of the most important aspects in everyday movement,
especially in complex movements such as jumping, kicking@rements involving
overhead/arm motionin sporting activities, playersften need to comigte goal
directed taskef an endeffector (e.g. tennis racketyhile also needing to control their
balance in orderto produce a successful task. However, studying the interaction
between postural balance and eftector control, in a biomechanical context and
particularly in the tennis servés difficult and remains largely unexplored.
Traditionally, to explorgosturalbalance researchers have to observe the wioalg

centre of nass (CoM) location. However, for marker based motion capture systems,
collecting and processing data is time consumiintpe researchers are interested in
examining the movements of only some parts of the body, then reductions in model
complexity may bepossiblewhile still retaining an ability to track CoM location
Therefore, thdirst aim of this research agto find an appropriate biomechanical
model to quantify accurate whetedy (X)CoM representatiofhe second aim was
thento investigate the intaction between postural balance control andedfettor
performance, during the tennis serve, within a single target location and between

different serving locations.

The first study of this thesis showed that amosterior and mediateral
displacenent profiles of the CoM representation, based on the lower limbs, trunk and
upper limbs showed strong agreement with thelfatly model, and this only slightly
reduced for the lower limbs and trunk only. Representations based on the lower limbs
only shoved less agreement, particularly for tegtrapolated CoM XCoM) in
kicking. Our results justified the use of some model reductions for specific needs,
saving measurement effort whilst limiting the error of tracking (X)CoM trajectories in

the context of whie-body balance investigation.

The second studyf this thesis demonstrated that thenedslirectinteraction between
the XCoM displacement, the changeés arms/trunk angular momentynand
maximum racket velocity during the preparation, propulsion and forward swing

phase of a tenniserve Only in the forward swing phase, a significant relationship



between trunk angular momentum and maxinmacketvelocity was found which
means the trunk segmental acceleration may play a role in controlling balance when

generating the maximunacketvelocity during the servewardsthis target location.

Thethird and finalstudyin this thesigocussed on only thforward swing phasend
indicatedthat only the change in arms angular momentum influenced the maximum
racketvelocity. This was found specifically when serving into the wider part of the
advantage court. Furthermore, individual relationships were mvil#ween serving

conditions.

The novel approach introduced in this theaisd the key outcomes of the wola/e

the potential to give researchers, coaches and athletes, who are working and playing
in relevant dynamic sporting tasks, an opportunitydtier understand the interaction
between how control of the emdfector adapts while maintainirgpsturalstability

during the serveMoreover,the work also guides the choice of biomechanical marker

sets to estimate centre of mass during dynamic activit
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BACKGROUND

Dynamic tasksre an inherent part of sports as dynamic interceptive moveandnt

are fundamental to sports performance (Davids et al., 2001). Most dynamic sporting
tasks are complex and muttirectional which involve a taskpecific and goal
directed component such psnping, kicking, and throwing/striking together with a
whole body balancing component. The taglecific demand has been of particular
interest to improve sports performance. Most sports performances need both speed
and accuracy, however, it is diffictidt have high speed with high accuracy at the same
time. Highspeed movement has to be reduced in order to increase movement
accuracy, also reducing the variability in performartdewever,an increase in the
amount of movement variability could affect thennis serve performance in a
negative way by reducing speed and accuracy of théAatlinezet al.,2012).This

is, for example, evident in tennis where an increased success rate of a second serve is
typically guaranteed by reducing the serving spdée consideration that reduced
variability leads to better performance has been a key principle for learning new skills.
Nevertheless, even elite athletes who have top performance still show some
variability. In fact, whereas previously it was believedttthere are optimal or ideal
movement patterns which athletes should follow to achieve the best performance, it
has now been shown tHanctional movement variability exists even in elite athletes
who are well traine@Bartlett et al., 2007)Thatvariability could represent performer
adaptations to environmental conditions and facilitate optimizations in coordination
patterngLangdown et al., 201Bartlett, 2007)

Generally, coaches arathletes still believe that goodhole body balance (often
referred to also as stability) and eefflector consistency (focusing on stroke arm and
racket) in dynamic movements such as the tennis serve are key performance indicators.
However, a movementde the tennis serve involves upper limb movement for tossing
and striking of the ball, combined with balancing the whole body over the base of
support, and so it may be expected that both aspects of the movement interact with
each other. The player is expped to control their whole body balance while moving

their arms and other segments to strike the ball. Understanding how tennis serve key



performance characteristics affect balance mechanisms and vice versa is therefore of

importance for coaches, athletasd researchers.

The investigation of balance mechanisms in dynamic sporting tasks has been limited,
let alone in combination with ereffector performance indicators. One prior concern

is the difficulty of gathering the motion capture data requiredgtdich investigation.
There is still a need for reliable and tiaficient evaluation of whole body
movement, and improving this will advance our abilities to investigate balance

strategies in dynamic sporting tasks in future studies.



CHAPTERU1: Literature Review

The aim of this literature review is to provide the reader with informatgtothe
current literature on 1the tennis serve; 2) the role of movement variabilitghi@
performance ofa serve; 3) the control mechanisnof postural balance and the
interaction between postural balance control amdvements that contralacket
motion (endeffector) and finally, 4) biomechanicalmarker modek employedto
quantify wholebody centre of masmotion during dynamic sports movementhe

aims and objectives of this thesis &rgheroutlined at the end of this chapter



1.1 Tennis serve

Performance in tennis is dictated by tactical aspects, physical agsaisplogical
aspects ando a great extenthe ability to execute a wide variety of stroke techniques.
The serve is arguably the most important stroke as it is the start ofpgagandthe
only stroke in which the player has full control over itscome(Reid, Whiteside, &
Elliott, 2011) However, the serve is also the most difficitoke to learn because of
the coordinatiomequiredof thecomplex motions of both upper and lower limbs. Most
biomechanical studiggroducedo help understand the tennis serve have been limited
to addressing either tHenematics otball, racket and upper extremitiedReid et al,
2011; Reid et al.2013; Whitesidest al, 2013; Whiteside et al2013), kinetics of
joints (de Subijana antlavarro2009; Martin et al, 2014)or biomechanics of tennis
injury (Bylak andHutchinson, 1998Eygendaal, et al2007; Kibler& Safran, 2000;
Van der Hoeven aniibler, 2006)

In term of tennis performancéjomechanics plays a role in the process of serve
mechanics change and provides modifications that can be raadegll as an
understanding of individual stroke mechartltat carlead to improved performance.
Tennis serve speed is primarily a factor of tennis technique using the kinetic chain.
The serve requires power and a number of body segments must be coordinated in such
a way that a highacketspeed is generated at impact. Efficient function, with maximal
performance and minimal risk of injury, requires optimum activation of all the links
in the kinetic chain designed for pow@&iliott, 2006) The coaches and players often
focus on the critical poist(shown infigure 1.1the model of the power serve) ar
aiming to produce a power ser{Elliott et al, 2003) However, postural balance
control is not included in the model of power servejtyaight be considered essential

for effective segmental coordination and the developmeratobketspeed
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Figure 11. A nodel of the power serve in tennis (Reid, Elliott, and Crespo, 2003).

The tennis serveomprise a number of phases, includipgeparationthe swing to

the ball(propulsion)and thefollow-through(Elliott et al., 2003; D. Whitesg] et al,
2013). The €nnis serve i\ complex movemenwith many segmental rotatisn
contributing to the enéffector motion(the end effector iglefined aghe end of the
dominantarm or a tool that is connected to the end ofddminantarm, in this case,
itis a racket)Theserve motion starts from tiheady positionThenthere ishall release
from the nordominant hand, the shouldefrthedominantarm begingnovingup and
externaly rotating, the legs start to drive up before the arm begins its internal rotation,
thebody twists, while the knees anighé flex and the back extends and rotates. Finally
shoulder internal rotatiomnd thenwrist flexion add to the transferof force and
velocity to hit the ball(Elliott, 2006; Marshall & Elliott, 2000; Tanabe & Ito, 2007)



At the same time,rpnation and ebension at the elbow act to orientate the racket in a
manner befitting the desired impg&ahamonde, 2005; Elliott, 20Q6)his serving
strategycan be explained by kinematitst befit thekinetic chain theorgsthe skilled
execution of the servavolves a movement sequence in which to control lower limbs,
trunk and serving arm to generate racket head speed and to ultimately transfer the
force, velocity and momentum of the racket to the ball (Bahamonde, ZDI0®).
momentum idransferred to the sang armparticularlythrough transverse, frontal

and sagittal plane trunk rotations (Bahamonde, 2000; Elliott, 2006;jn\Vatt al.,
2013).A series of photographs of different part of the tennis serve is shown in figure
1.2.

Preparation phase

Propulsion phase

E_)i
l‘,&

a S

Forward swing phase

Figure 1.2. A series of photographs of different part of the tennis serve.

As the executionof the serverelates to the coordination of many segments,
considerablevariatiors in this executiomre expected texistbetween individuals as
well aswithin individuals (inter-trial variatior). There are manpossible technique
variationsthatexist for executing a tennis seraed would explain between variations
i e.g.,the standing position to prepiang to serve(foot position techniqués For
example, based on playgreference and schooling backgrouplayerstypically use
either a footup (FU) or footback (FB) technique for the upward drive of the trunk



with the FB techniqueallowing the playeito get more drive from the back ldg.the

FB techniqueplayers leavéhe rear foot back during the early movement ofrdoiet

and then swing this foot around and forward prior to impaletie with aFU technique
players bring the back foap to the front prior to pushing forward and upvetaithe

ball (Elliott et al., 2003) Furthermore, based on game situatibmeemain types of
commonly performed servexisti flat, kick and slicgElliott, 1983) A flat serve is
characterised by faster ball speeds and less spin than the kick or slicaiseally,
used as the first serv€ick serves have larger ball spin radesl araypically used as
secondserve(Chow et al., 2003andslice serves can be usedatherfirst or second
serves and the spin direction causes the ball to bounce away from the opposing player.
Notably, he racketand subsequent balkelocity changs from the first to second
service action Chow et al.,2003). Flat serves provide the maximum momentum
transfer to the ball, while slice serves provide an appropriate mix of speed and spin
and a kicker serverimarily produces topspin (whereby the ball bounces up) and slice.
Slightly different body segment orientatis produce the various racket face
alignmens needed for impact in the different serve typ&dditionaly, ball toss
location mayary due to technique variationand itforcesthe playersto adjust the

body movement from serve to seff@hitesideet al.,2015. It is important to note
thatthe skill level of eachplayeri i.e.,beginner, moderater experti mayaffectthe
technique variation employed with the different locationssened to also being
impacted uponSo overall many factorganaffectthe variatios in serve execution

between players, but due to the complexity of the movement also within players

The tennis serve is a complex and highly dynamic movement. Hence, the control of
whole body balance during the serve requires a complex interaction of intersegmental
movements, ultimately moving the whole body centre of mass (CoM) along a desired
trajectay, which may not be within the base of support (BoS). One can see this
complexity come to the fore when observing the many counter rotations of segments
in a tennis serve that ultimately serve to avoid building undesirable angular momentum
of the body, ie. avoid generating forward or backward lean that compromises
subsequent enourt positioning. During the serve, the tennis player attempts to lean
in a forward direction during the serve, flexes their knee to add power to their serve,
or moves their trukand upper limbs backward in the backward swing (and forward

in the forward swing phase). Due to the consequent change in CoM location, some



players may change the BoS by taking a step to maintain stahgitpomentum can

be transferred to drive segment forward or backwageshd ultimately maximize the
velocity and spin on the ball after impadtis advantageous for tennis players to
generate as much linear momentum as possidevever,the serve alsoequires
balance contro(see section 1.3n which excessive amounts of segmental angular
momentum tend to be undesirablberefore, he extent to which the performance of
the serve may well interfere with balance control, or vice versa, makesthiwhile

to look intohow balancecontrolmechanimsareusedand whether these interact with
endeffector performanceFirst, the notion that withimdividual variation in the
execution of a tennis serve exisagd may hold relevant information for this

investigation is considered
1.2 Movement Variahity

The study of movement variability has become popular in the sports biomechanics
community(Davids et al., 2006; Hamidit al., 2006; Preatoni et al.,, 20Fdpatoni et

al., 2013;Bartlett, 2007) Preatoni and colleagues (2013) have revealed, in a review
as to the role of movement and coordination variability in sports moveasentell

as the skills monitoring of athletésat movement variabity may contain important
informationabout the neurmusculeskeletal organisatioregarding the nature of the
movement variability that happened during sports moven{Pnestoni et al., 2013)
Notably, when anovements performed repeatedly, even if the goal remains constant,
the motions of the body segments will exhibit some variability and even the elite
athletedoes noteproduce identical motor patter(Bernstein, 1930Preatoni et al.,
2013;Bartlett, 2007) The traditional interpretation of movement variabilityed to

be that this is undesirabi®isein an otherwise uniquely optimal movement pattern
(Elliott et al, 2009; Dhawale et al., 201Davidset al., 2003; Preatoni et al., 2013;
Bartlett, 2007) However, in the past 15 yearsesearcherdave identified that
variability may well befunctional in order to allow for subtle adaptations to
environmentaktonstraints. Such abilitio adaptfor environmentaktonstraints with
weather conditions as only one of many examples, may have a positiveogffect
consistency operformanceand mayin factreduce injury riskDavids et al., 2003;
Preatoni et al., 2013Bartlett, 2007) Knudon (1990) has illustrated ahmovement



variability that occurred when the players hitting the forehand drives and found that
wrist and elbow angular positions were generally consistent at impact, yet this
consistency was not the result of highly stable patterns of angular velocity or
accelerabn at the same joints. Instead, the position of the racket at impact was
achieved through different movement strategies, particularly by variations in the joint
speeds of motion. In other spoitdike javelin throwing and basketball shooting
similar paterns of action (variable joint motion leading to a more consistent end point)
have been observe(Bartlett, 2007) whereby it has been demonstrated that
mechanical variability exists even within tleame' shot. Moreover, the amount of
variability in relation to performance and coordination can change with the skill level
held(Schollhorn et al., 2009; Scholz et &000) As such movement variability may

containrelevantinformationin sporting tasks.

A possible explanatiofor variability in endeffectorcould be that it i® consequence
of variations elsewhere in the systeFor examplethe variability of movement
patternsnear the time of hitting the ball may well be the consequehogovement
alterations to compensate for variations in the ball (vgkiteside et al., 2024
Despite the variable ball toss, the temporal composition of the senanetheless
highly consistent as playetse the location of the ball to regulate theimvement.
This means thabne canexpect players to be able to adapt or to mottigir tennis
stroketo accommodatéor variatiorsin the servelt is also possible that other aspects
determine engffector variations, such dsy example variations ithe controlling of

whole body postural balance, but to our knowledge has yet to be investigated

1.3 ControlMechanisns

In building upon the above discussions asiavement variability, attention is turned
to the controlmechanismWhen studying thénteraction between postural balance
and eneeffector performance, it is important to briefly review the literature around
the control ofboth aspects individuallyFirstly, control of postural balance is
introduced with particular focus on the movemerftsegments for controllinghe

position of thecentre of massGoM) relative tothebase of supporBoS). Secondly



control of the engeffectoris explored with particular attentiorio the role ofinter-

segmerdl motions

1.3.1 Postural Balance Control

Postural balance mnessential aspeof our daily life activities andirectly relatsto

the central nervous systetSensorimotor control of postural balance is a complex
interplay between various sensorial systems (vision, proprioception, vestiduodar)
neural control(Horak, 2006) The strategies employed depend upon many factors
including the characteristics of the external postural displacememte i ndi vi du:
expectations, goals and prior experienéay voluntary limb movements interfere
with postural balance, demonstrated ascgpatory postural adjustments maintain
postural stability by compensating for the destabilising forces associated with the
moving ofthelimb. Besides the sensorimotor control aspects of postural balance, there
IS an importantoiomechanical constraint to postural balantee most essential
biomechanical constraint on balammntrolis the size and quality of the BoS. This
BoS determiesat any moment in time the confineser which an individual can
move their CoM and maintain equilibrium. Thus, equilibrium is not a particular
position butmovement withina space determined by thmits of the support base
taking into accounthe limitations ofjoint range of movementmuscle strengtrand

sensory information available in detectinggklimits.

From a mechanical perspective, three mechanisms of balance have been described
(Hof, 2007) Mechanism 1 pertains to moving the cemtf pressure (CoP) with respect

to the vertical projection of the CoM, a w&lhown mechanism typically referred

as the inverted pendulum mechanism (see Figda). Mechanism 2, the scalled
counterrotation of segments, is seen in situations whieeeboundaries of the BoS
provide insufficient room for displacement of the CoP to control the CoM. In this
mechanism, parts of the body (mostly the trunk and upper limbs) are rotated with
respect to the CoM (Otten, 1999), and the conservation of theevioaly angular
momentum makes that the rest of the body (typically the lower extremities) will rotate
or intend to rotate in the opposite direction (see Figusie)1Finally, Mechanism 3
comesponds to the use of an external force being applied to therementi such as
when the subject would lean against a wall (see FigGm. 1.
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(a) CoM’

Figure 13. The three mechanisms for balance, as outlined by Hof (2007), which
correspond to (a) Mechanism 1 and the moving of the CoP, (b) Mechanism 2 and the
counterrotation of segments and (c) Mechanism 3 and the application of an external

force H represented the rate of change of angular momerfadapted fromHof,

2007).

The general balancing behaviour in terms of the interaction between the XCoM and
the moving BoSluring the serve. The figure shows the XCoM displacement relative
to the boundary of the front foot (left foot) during the serve when both players are on
the floor and during the flight phaskown in figurel.4. Furthermore, the figure 1.4

was introduceth which the unstable situation towards the end of the propulsion phase

and the stability options following the landing from the serve was described (regain

stability in a baseline serve.
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Figure 1.4.The relationship between the XCoM and moving Bo$iduhie serve.

The figure has been complemented with an improved justification of our approach
AFrom a mechanical perspective, the BoS
expressed as XCoM, in order to maintain balance. During the preparation phase of the
serve, the BoS is wide with the XCoM location nicely centred within it. Once moving
into the propulsion phase the BoS is narrowed by the rear foot (right foot for a right
handed serve) moving towards the front foot (left foot). The boundary of the front foo
remains the same and in the late propulsion phase the XCoM is moving outside the
BoS, indicating an unbalanced situation of no return just prior to both feet leaving the
ground for the jump. Following the flight phase, the XCoM is expected to be back
within the boundaries of the BoS in case the player serves and stays at the baseline,
which can be seen around the end of the serve. The player achieves this primarily by
placing the front foot in front of the XCoM.

This thesis focuses on the interaction ewthe balance control and how the player
moves their segments during the tennis serve when in contact with the floor. Therefore,
the above described movement the BoS was in itself not the main parameter to be
obser ved i mhistthesisdocuselretiseiinteradion between the balance
control and how the player moves their segments during the tennis serve. Therefore,

the above described movement the BoS in itself was not the main parameter to be

12



0 b s e rQnlg the fisttwo of thethree mechanismaill be of immediate relevance,

for which some further detail will be provided below

13.1.1 InvertedPendulum Control

The inverted pendulummodelis amechanical control mechanism of postural balance
thathasreceived considerable attean in theliterature(Winter, 1995. Althoughthe
human body is a mulBegmental structurendis capable ofndependentlynoving

all of the joints involvedit is possible to assunthat under certain circumstances
humans maintain their balance accordioghe control ofa simple rigid structure
above the ankl@Vinter, 1995) The inverted pendulurcontrolallows one to reduce

the control parameterso the CoM and CoP. There are thresswamptions to
acknowledgencludingthat (1) the balance can be described by the movement of the
whole-body CoM, (2) the distance from the axis of rotation to the CoM (the pendulum
length) remains constant, and (3) the excursions of the CoM are smaiésptct to
pendulumlength. A key violation of these assumptions when considering a tennis
serve is likely the notion of constant length of the pendulum with players moving
upward/downward through knee and hip flexion and extension. Considering that from
amechanical perspective the inverted pendulum would strictly spoken not allow for
major counter rotations, and that any of these counter rotations will lead to pendulum
length changes if these are not taking place exclusively in the transverse plane, i.e.
involving sagittal or coronal plane rotations, one needs to allow for some minor
pendulum length changes. As per that notion, based on qualitative interpretations,
violations to the assumptions were expected to be small during the propulsion phase
and thebeginning of the swing phase, which are the phases that were of greatest
interest in this workThe inverted pendulum model in both sagittal (anterior/posterior
direction, A/P) and frontal (medialateral direction, M/L) planestates that the
horizontal acceleration of the pendulum is proportional to the difference between
horizontal locations ahe CoP and CoMI'he small horizontal distance between CoP
and CoM projection on the ground produces a destabilising moment that has to be
controlled by a timelydisplacement of the CoRn this mechanism, balance is
maintainedunder arunstable situatiorgontrolled by movinghe P, mostly through
means of muscle action in the sagittal plane by the ankle plantadorsiflexors
(Winter, 1995. As long as theCoP is kept beyond the CoM (with respect to the
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rotation centre at the ankle), the body is accelerated back to the upright position and
vice versa if the CoP is behind the CoM.

-mg

Ymin X i U

CoM CoP

& -
- Ll

BoS

Figure 15. The inverted pendulum model, whereby the body is modellediagla s
mass (m) balancing on top of a stick with length (I). Indicated are the CoP (u), the
location of the effective ground reaction force and the vertical projection of thie Co
The BoS is the area in which ti@goP is confinedThe CoMlocation in vertical
direction (x).Gravity (g), minimum of CoRuminyand maximum of CoPuUay (from

Hof et al., 2005)

Whilst from a quasstatic perspective the basic inverted pendulum model has helped
explain many sensemotor aspects of postural laace control,the inverted

pendulum mechanism is insufficiefdr explaining the control in mordynamical
situationglgbal and Pai, 2000; Pai and Patton, 19Bi0f and colleagues (2005) have

therefore proposed an extension of the inverted pendulum foulelynamical
situationsdefiningthequantity6 e x t r apol at ed c etoaihcorgoraef ma s

that extensionThe vertical projection position of CoM is combined with its velocity

to a factor oMiGr QY| being thependulumlength andy the acceleration of gravityp
consequence of this is thaven if the CoM is above the BoSaintainingbalance

may be impossible if the CoM velocity is directed outwardlgo the opposite holds
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true, that ispalance can be achieved even when th#® @ooutside the Bo%nd
sufficientvelocity is directed towards iStability is in this circumstance defined by
the distanceof the XCoM to the boundaries of the Bp8lso termed the margin of
stability (MoS). In this thesis, MoS

1.31.2 Counter Rotatin of Segmerst

The mechanical boundary of the inverted pendulum mechanism is determined by the
XCoM having to be within the BoS and the availability of sufficient inwards acting
moment from locating the CoP within the margin of stability (Hoaiakl Nashner,
1986; Winter, 199p The counter rotation of segments mechanisma postural
balance control mechanidimat is primarilyseenn situations where thavailableBoS

is insufficiently large to still accommodatdor sufficient displacement of th€oP

within the margin of stabilityHof, 2007) Parts of thebodyrotate with respect to the
CoM (Otten, 1999) for instancearm motionsareseen when balancing on narrow
supportsin an effortto maintain stabilityAs the angular momentum is a conserved
guantity,sucharm movemertare countered with opposite motion of the rest of the
body. If the rest of the body is constrained, for example through contact with the
ground, then this can lead to a balance recovering horizontal force on the body.
Importantly, the mechanism takes place through a local change in angular momentum,
which occurs Wwen accelerating the motion of segmefrtgact, such counter rotation

of segments occukgith manydaily living activities primarilyin cases where reactive
movement ofthe trunk segmentids the recovery of balance after a perturbation
(Wada et al.2014) Considering that rapid segmental movementsaaressential
component of manydynamic sporting tasksthe counter rotation of segments
mechanism is likely to plagn important rolevhen the boundaries tfie inverted
pendulum modeare exceeded he angular momentum of trunk and arms can play a
role in end effector control as well as in postural balance. A partial objective of the
thesis was trying to see to which extent this dual role can be observed from
experimental data. As the mechanism 2 of Hof (2005), the counter rotation of
segments, is apprdpte to observe balance control during dynamic activity.
Therefore, the trunk and arms angular momentum were also included to investigate
the balance control not only the XCoM relating to the BoS (inverted pendulum).

Moreover, during the serve the segméntgation and forward movements creating
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the trunk and arms angular momentum from proximal to distal sequence which help

to maintain stability
1.3.2 EndEffector Control

In a tennis serve, the emdfector performance is dictated by the launch parameters
that relate to the trajectory and orientation of the-effielctor (theracke), wherebyits
terminal location, orientation and velocity will ultimately determine the outcome of
the taskTo achieve optimal performandbe segmentsf playergransfer momentum
from the proximal to distal segmemindthen to the end of thecket This movement
strategy igypically referred to as a proxim#d-distal movement sequenfé@/agner

et al.,, 2014; Wanget al., 2010) This is also known askinetic chain motion,
sequentially transfeng momentum fronthelower extremity, trunkupper extremity
andhand tothe racket To support proximato-distal movemensequence\Wanget

al., (2010 revealedthat the kinetic striking motion chain is an opdéinkage system
andrepresentshe effective transfer of linear and angular momentum ftbenlower

extremity to the trunk
1.4 KinematicModels toEstimate @M Displacement

In building upon the previous research, one can assume that a good performer should

be able to modify their ereffector behaviour to take into account the variation
produced in relation to maintaining their balance. This therefore means that end
effectormot i on may relate to the performeros
explore this relationship, it is necessary to measure both upper and lower extremity
motions, something for which an appropriate kinematic model is needed. Considering

that with currat optoelectronic motionapture systems this is still a demanding task,

it was decided to explore any options that may facilitate more efficient measurement,

particularly of the CoM displacement.

Estimating the CoMan be time consuming when having to measure and calculate the
motion of all body segments. Fddbdy models including high complexity at the lower

limb would need costly high resolution camera systems and a large lab space.
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Particularly in dynamic actities this can be challenging as sometimes markers are
lost with complex or rapid movement, or they are difficult to keep in view of more
than two cameras at any moment in time. Therefore, if the researcher is interested in
the detailed kinematics and/onkitics of a specific part of the body or joint only, but
wishes to retain a good representation of the CoM for the purpose of investigating
aspects of balance, then one could save considerable time and effort if adequate CoM
representation were still pob& while reducing the amount of modelled segments
(refer to chapter 2, Vanrenterghem et al., 201(@astirement ofvhole-body CoM
displacement is key when investigating the mechanics of balance qptdfadt al.,

2005) By default, he estimation of th€oM for multi-segment human movement
requires the kinematic measurement of all body segment displacements and an
anthropometric model of the bo@yinter, 2009) In previous research, the Cadhhs

been calculated through the use of various biomechanical marker r{iddelslli et

al., 2014; Tsserand et al2016) If one focuses only on observing the CoM, then
marker models have ranged from a singlekaaon the body, via a single marker per
segment (Mapelli et al., 2014) to 3 or 4 markers in a cluster per segment
(Vanrenterghenet al, 2010) Often, the choice of a more complex model in fact
depends on various factors such as activities (statidynamic)two-dimensional or
threedimensional biomechanical analysis being used to investigate the CoM
representationt also dependon other kinematic signals that one wishes to observe,
for example joint angular displacements of the lower extremities during the
observation of kickingor of the upper extremities in technique analysis of a tennis
strokeasit depends on the intersegmdntations involvedThenumber of segments
usedin this regardalso dependsipon the selected sour¢s) of anthropometric
referencedata For instance, Winter (199&8mployed21 markers to reconstruct 14
segmentsnamely legs, thighs, lower armgpperarms, pelvis and trunkWinter,

1998) while (Bahamonde, 2000used 21 markers but constred 15-segments
(including racket)In contrast,(Yang andPai, 2014)calculatedfull-body kinematic
dataof 13 segmerd from 26 retroreflective markers placed on the bodysserand

and colleagues (2016)xed 3 different marker models includirayeference modeds
comprised of 46-segment wholdody model built on 38 markemssimplified model

using 13 markers to reconstruct 9 segmeatsdthe sacral modebased on a single
marker The latter authors concludetthat the sacral modeés able tosatisfactorily
estimate the wholbody CoMdisplacemenin the static taskoutis inappropriateor
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estimaing mediolateral stability in dynamic tasks. Tisserand and colleaigutber
suggestedher simplified model as an accurate thidienensional eghation of both
the wholebody CoM and the XCoM.

To measuréCoM displacement and at the same tiotieer kinematic variablesuch as

joint angular dataga careful selection of the appropriate model is required to keep the
demands of the measurement as ésnpossibleParticularly withregards talynamic
activities this can be challenging as markers sometimedost with the complex or
rapid segmentamovemerd, as the markers may not stayiew of more than two
cameras at angivenmomentin time. To avoid marker dropoutgven more markers
must be addedjuarantemg that at any moment in time at least three markers per
modelledsegment are visiblélherefore, fi one were able to reduce the amount of
segments that are modelled and focus only on segntieat the researchield an
interest in whilst still retaining a good representation of the CoM, then that could
considerablyeducethe timeconsuming nature of future research. Several approaches
have been used to represent the CoM during dynami sask asunning (Halvorsen

et al., 2009, side cutting(Vanrenterghenet al, 2010)and pmping (Mapelli et al.,
2014) However the tradeoff between representatiodetails and measurement
demandgemainsa concerpand for the estimation of threfmensional body CoM
kinematics in sport the choice of kinematic model continues to be a difficult choice in
the protocol design stage

15 Aim andObjectives

The overall aim of the researgiresentedin this thesis was to investigatethe
interaction betweerthe control ofpostural balance and eswdfector in a highly
dynamic sporting task, using the tennis serve as an exahigleeason to explore the
interactionbetween these two aspectsmes from the assumption thadriations in
endeffector performance are likehffected byariations in movement that are related
to postural balance controlt was therefore deemedworthwhile exploring the

association

In order to do so, a number of sgbalswill be addressedeading to3 inter-linked
studiesbeing conducted
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- Study 1: To investigate biomechanical model reductidhat allow more

efficient data collection procedures yet gilbvide an accurate CoM representation

- Study 2: To describeinteractionsbetweenendeffector performanceand
postural balancéhat are manifesed through variability in the execution oftennis
serve(The rest of the thesis starting from chaptean focussed exclusively on the

tennis serve

- Study3: To explorethe consistency dhe interaction betwegyostural balance
control andend-effectorperformanceas well as the individuality of #t interaction

manifesedduring tennis sengacross serving locations
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CHAPTER 2 Can Segmental Model Reductions
Quantify Whole-body Balance Accurately during

Dynamic Activities?

2.1 Abstract

When investigating wholeody balance in dynamic tasks, adequately tracking the
whole-body centre of mass (CoM) or derivatives such as the extrapolated centre of
mass (XCoM can be crucial but add considerable measurement efforts. The aim of
this study was to investigate whether reduced kinematic models can still provide
adequate CoM and XCoM representations during dynamic sporting tasks. Seventeen
healthy recreationally age subjects (14 males and 3 females; age, 24.9 + 3.2 years;
height, 177.3 £ 6.9 cm; body mass 72.6 + 7.0 kg) participated in this study. Participants
completed three dynamic movements, jumping, kicking, and overarm throwing.
Markerbased kinematic data weecollected with 10 optoelectronic cameras at 250 Hz
(Oqus Quialisys, Gothenburg, Sweden). The differences between (X)CoM from a full
body model (gold standard) and (X)CoM representations based on six selected model
reductions were evaluated using a Blaitinan approach. A threshold difference was

set at +2 cm to help the reader interpret which model can still provide an acceptable
(X)CoM representation. Antesposterior and mediateral displacement profiles of

the CoM representation based on lower liptbsnk and upper limbs showed strong
agreement, slightly reduced for lower limbs and trunk only. Representations based on
lower limbs only showed less strong agreement, particularly for XCoM in kicking.
Overall, our results provide justification of theeusf certain model reductions for
specific needs, saving measurement effort whilst limiting the error of tracking

(X)CoM trajectories in the context of whe-body balance investigation.
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2.2 Introduction

The whole body centre of mass (Cplgl a key variable when investigating balance in
dynamic sporting tasks. Estimating the CoM can however be time consuming when
having to measure the motion of all body segments. Many markers need to be placed
on the body (at least three per modelled seg)rand tracked to calculate the CoM..
Particularly in dynamic activities this can be challenging as sometimes markers are
lost with complex or rapid movement, or they are difficult to keep in view of more
than two cameras at any moment in time. Therefbtbe researcher is interested in

the detailed kinematics and/or kinetics of a specific part of the body or joint only, but
wishes to retain a good representation of the CoM for the purpose of investigating
aspects of balance, then one could save camrdiietime and effort if adequate CoM

representation were still possible while reducing the amount of modelled segments.

Several approaches have been used to represent the CoM during dynamic tasks such
as walking(Tisserand et al., 2016junning (Halvorsenet al.,2009) side cutting
(Vanrenterghenet al, 2010)and jumping(Mapelli et al., 2014)but the tradeff

between detail of the representation and accuracy has been a continued concern. For
example, One study investigated three different reptasens (38 markers, a
simplified 13marker model, and a single marker model at sacral) to estimate the three
dimensional CoM during quiet standing, gait and balance rec¢Vesserand et al.,

2016) Whilst the simplified 13narker model or single marker model could serve a
purpose in those movements, they no longer allow a detailed investigation of one part
of the body. In one of our previous studies we compared CoM representations between
four different marker sets that gradually reduced the amount of modelled upper limb
segments, retaining the lower limb segments, and found that a CoM representation
based on lver limbs and trunk segments have a strong enough agreement with CoM
values from a full body model in terms of relevant velocity values for side cutting
manoeuvregVanrenterghenet al, 2010) This model has allowed numerous studies

to investigate lower limb kinematics and/or kinetics of side cutting whilst controlling
whole body running speed. The gties remains though, whether a similar model
reduction is justified for other dynamic sporting tasks such as drop vertical jumping

or kicking, and whether similar model reductions would be possible when one wishes
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to retain detailed kinematics and/or kinstof the upper limb, for example when

performing a tennis serve.

When evaluating balance during dynamic tasks, the extrapolated CoM (XCoM) has
been proposed based on controlling balance through pendulum like behaviour. The
XCoM adds a velocitpased coection to the CoM and has seen considerable
attention in recent literatui@lof, 2008; Hd et al., 2@5; Hof et al., 2010; Lugade et
al.,2011; Tisserand et al., 201@herefore, scientists interested in asaticg detailed

lower or upper limb kinematics/kinetics with dynamic balance strategies would benefit
from knowing whether reduced CoM and XCoM representations can still be
sufficiently accurate. Our aim was therefore to investigate whether CoM and XCoM
representations of reduced kinematic models can be sufficiently accurate whilst
retaining detailed kinematics of the lower or upper limbs in commonly observed

dynamic sporting tasks such jumping, kicking, or overarm striking.

2.3 Methods

Participants

17 healhy recreationally active athletes, 14 males and 3 females, mean (xSD) age
24.94 + 3.23 years, height 177.32 + 6.94 cm, and body mass 72.64 + 7.02 kg,
participated in the study. Participants were questioned on their injury history and none
had a recent (< onth) muscle injury. This study was approved by the Liverpool
John Moores ethics committee (15/SPS/016).

Experimental design and protocol

Seventytwo reflective markers were placed on anatomical landmarks to record
segmental motions. Participants thempteted a 10 min warm up (consisting of light
jogging and dynamic movements). After a standardised wgrmoutine, subjects
performed 5 trials of 3 different dynamic sports activities: a drop vertical jump
(bilateral drop vertical jump from a bavith height of 30 cm, jumping up with an arm
swing and then landing on the same sp#icking imitation (starting with forward

run about 5 meters before kicking point then using the left leg as the lead leg and then
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imitating a maximum kicking motion with theght leg and then keeping moving
forward using a countering arm swirggnd an overarm tennis setv@tation (standing

on both feet and completing a tennis serve action). No ball or racket was used.

Data collection and model reductions

Kinematic data wereollected with 10 infrared cameras at 250 Hz (Oqus Qualisys,
Gothenburg, Sweden) and using a-hidy sixdegreeof-freedom kinematic model

(FB). This kinematic model allows calibrating and tracking of segmental motion of 13
segments, that is, head, upgems and forearms (including hands), thorax, pelvis,
thighs, shanks and feet, with segment al
(Dempster, 1955 nd using geometrical volumes to represent each sefHemvan,

1964). The FB model was used as the gold standard measurement against which to
compare CoM representations for models with different segmental reductions (see
figure 2.1). Segmental reductions existed of neglecting the mass of certain segments
in the calclation of the (X)CoM. A first reduction was the removal of the head
segment, leaving the lower limbs, trunk, and upper limbs (LL+T+UL). This segment
IS expected not to move much relative to the much heavier trunk, and with a segment
mass of only 7.8 perctage of total body mass this would be expected not to play an
important role(Dempster, 1955)For throwing or striking actions though, it may be
possible to also ignore motion of the rAtimowing or nonstriking arm, keeping
detailed kinematics of lower limbs, trunk as well as the dominant upper limb
(LL+T+DUL). A further reducion was the omission of upper limbs altogether,
keeping lower limbs and trunk (LL+T), which is, including thorax, pelvis, thighs,
shanks, and feet. This reduction has already been shown to sufficiently accurately
represent the CoM velocity characteristickor sidecutting manoeuvres
(Vanrenterghenet al, 2010) When a focus on segmental motion of thedolimbs

only exists, then one may also consider a further reduction to lower limbs only (LL),
considering pelvis, thighs, shanks and feet only. Alternatively, in serving or throwing
actions the interest may be solely on detailed upper limb segmentahirastd one

may wish to ignore lower limb motion altogether. Hence, we also considered a trunk
and upper limbs reduction (T+UL), as well as a trunk and dominant upper limb only
reduction (T+DUL).
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Figure 21. The details obiomechanical models, FB, LL+T+UL, T+UL T+DUL,
LL+T+DUL LL+T, and LL model. Model reductions either were done to allow

detailed kinematics/kinetics on upper limbs (top part) or lower limbs (lower part).

Data reduction and analysis

The position of the wHe body CoM, and reductions thereof, was estimated according

to basic principles of adding segmental mass locations. The CoM of the total system

is located at (x0, y0, z0) and each of these coordinates can be calculated for an n
segment bodyWinter, 2009) Equations were implemented through the use of
Visual3D (CGmotion, GermantownMD, USA). In this study, we estimated the
(X)CoM position, yet because we considered this over the duration of each task this
reflects di splacement and we hence refer
trajectory6. The exxgct€dofrbvn tbuchadpven artildandingis we r
the drop vertical jump, from touch down and take off of the support leg for the kicking,

and from the moment when the hitting arm started moving up until the moment when
the wrist of the hitting arm finished tHiellow-through in the tennis serve imitation.

The antereposterior and mediateral displacement trajectories were evaluated
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considering their role in balance evaluation. Evaluations of vertical displacement of

CoM have been presented in Appendix B.

The 95% limits of agreement (LoA) and bias used for comparison two methods. The
95% limits of agreement estimated by mean difference +1.96 standard deviation of the
difference that provide an interval within which 95% of differences between
measurement@land & Altman, 1999) It carried out to compare trajectories of the

six (X)CoM representations against the gold standard FB model. Bias between
methods is shown as the mean difference between the methods (subtractiofy data
model reductions from the full body model data), and in theory could be corrected for
as long as the bias were consistent. Consistency of this bias is indicated by the limits
of agreement, as measured by the amount of variation of the difference rbetwee
methods. A lack of agreement is therefore a consequence of the fact that the (X)CoM
representation is a mismatch from the (X)CoM (bias), or due to the fact that the
(X)CoM representation does not consistently follow the actual (X)CoM (LoA). To
help the eader interpret the agreement between methods, an arbitrary threshold range
was set at +2 cm, yet one should adoptuiable threshold for every application or
study. Butterworth second order low pass filter with cut off frequency of 15 Hz has

been applid to the data and the filtered outputs have been visually checked.

2.4 Results

The average of CoM and XCoM trajectories in M/L and A/P direction during a drop
vertical jumping, kicking, and tennis serve depicted in Figure 2.2. Temporal profiles
of CoM and XCoM for the three tasks can be found in Appe@iXemporal profiles

of bias and LoA for CoM and XCoM representations showed considerable similarity
for all three tasks as depicted slolgside in Figure &, 24 and 25.
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Figure 2.2. The average oCoM and XCoMtrajectoriesin M/L and A/P direction
during a drop vertical jumping (top parggl kicking (middle pans), and tennis serve

(bottom paned).

A ; CoM ; B ; XCoM ;
02 Bias 0.2 Bias 0.2 Bias 02 Bias
0 === ————— 0 | e e e

. — — . - - LL+T+DUL
E E E £ — LL+T+UL
9-02 9-0.2 2—0.2 §—0.2 ——LL
: ! -
@ @ E @ I
% 02 LoA :% 02 LoA Eo2 LoA k% 0.2 loA e T+UL
= o = o —— Threshold
= g = £

01 01

o] 50 100 0 50 100
Time (%)

Figure 23. (A) The difference of CoM trajectories, whereas (B) shows the differences
of XCoMtrajectories in M/L (left panels) and A/P (right panels) directions between

FB kinematic model and selective model reductions during a drop vertical jump.
Jumping

In the M/L direction, all model reductions stayed within the threshold range of +2 cm.
Three models (LL+T+UL, LL+T+DUL, and LL+T) had less bias than other model

reductions (T+UL, T+DUL, and LL) and limits of agreement were around 0.5 cm. In
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the A/P direction, LL+T+UL was closest to the FB model. Only during the first 30%

of the contact phase,gHimits of agreement slightly exceeded 2 cm. All other model
reductions had considerable bias and showed excessive limits of agreement (see figure
2.3 A). For the effect of model reductions on XCoM trajectories, LL+T+UL was found

to be the best model rection in the M/L direction. In the A/P direction, during the

first 20% of time, LL+T+UL exceeded 2 cm but most of the time the LL+T+UL model

did not exceed 2 cm. Furthermore, when exploring the LoOA it also supported that
LL+T+UL has moderate to good agreemh with the actual XCoM trajectory (see
figure 23 B).
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Figure 24. (A) The difference of CoM trajectories, whereas (B) shows the differences
of XCoM trajectories in M/L (left panels) and A/P (right panels) directions between

FB kinematic model and seté&ve model reductions during kicking.
Kicking

In M/L direction, three models (LL+T+UL, LL+T, and LL+T+DUL) had less bias
than other model reductions and limits of agreement although in A/P direction only
LL+T+UL and LL+T could be accepted. All other modetluctions had considerable
bias and showed large limits of agreement (see figu4eA2. For the XCoM
representations, LL+T+UL was again closest to the gold standard and had small
variation for both M/L and A/P directions even though limits of agreenoént

differences between LL+T+UL and the gold standard slightly exceeded for about 20%
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of time in A/P direction. Other model reductions exceeded the threshold range
considerably; particularly T+DUL, T+UL, and LL model reductions (see figute 2.
B).
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Figure2.5. (A) The difference of CoM trajectories, whereas (B) shows the differences
of XCoM trajectories in M/L (left panels) and A/P (right panels) directions between

FB kinematic model and selective model reductions during tennis serve.

Tennis serve

In M/L direction, both LL+T+UL and LL+T+DUL representations of CoM had
limited bias and limits of agreement. The LL+T+UL model was better than the
LL+T+DUL model. During the last 20% of the movement LL+T+DUL exceeded the

2 cm threshold and the limits ofragment also showed that LL+T+DUL exceeded 2
cm between 60%90% of the movement time (see figur® 2). In A/P direction
LL+T+UL was the best model reduction even if the bias at beginning and end of the
movement slightly exceeded the threshold. All othreodel reductions had
considerable bias and large limits of agreement. For XCoM representations, both bias
and limits of agreement for the M/L direction showed that only the LL+T+UL model
reduction is acceptable. For the A/P direction, also only the LL+Teduild be within
reason but in the bias plot it exceeded the threshold for approximately 20% of the time

while in the limits of agreement plot for almost 50% (see figusd32.
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2.5 Discussion

The aims of this study were to find the most appropriate sgtlumematic models

that still provide adequate (X)CoM representations during dynamic sport activities.
Our results demonstrated that modelling the head is unnecessary to obtain a good CoM
representation during dynamic manoeuvres, but further model redsidiend to
generate inadequate CoM representations for some of the sporting movements we

measured.

In jJumping activities one may have an interest in lower limb segmental motion only,
but retaining CoM information. Our results showed that the LL+T+UL model
reduction accurately represents CoM motion, but any further reductions that exclude
upper limbs and/or trunk are inadequate to track the CoM.. Importantly, the jump task
that we observed involved an arm swing. If the arm swing were not present, such as
by crossing the arms in front of the chest, or by holding the arms akimbo, which is
common in laboratory based experiments, then LL+T model may have been
sufficiently accurate but this remains unconfirmed. In fact, this has been assumed in
previous work invetigating lower limb kinematics and kinetics during standing

vertical jumpgBobbert andran Ingen Schenad988; Vanrentergime et al, 2004)

Concerning kicking, in the MJ/L direction the results showed that three models
including LL+T+UL, LL+T, and LL+T+DUL could be accepted as indezaby a low

bias and limits of agreement. In the A/P direction, only LL+T+UL and LL+T could be
accepted. The acceptable CoM representation through LL+T could be explained by
opposite (oubf-phase) motion between both arm segments, which leads to negligibl
effects on the CoM. Hence, if one uses LL+T with dominant arm only (LL+T+DUL)
then this leads to inadequate CoM representation as the CoM representation is
expected to be off by the motion of the rabmminant arm. The other model reductions
also showed ansiderable error. Our findings are similar to a previous study
(Vanrenterghenet al, 2010)where & LL+T model reduction was deemed suitable

for side cutting. This offers opportunities for researchers who wish to investigate

detailed lower limb mechanics in kicking, as it may well be possible to save a
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considerable amount of time for placing markerd tnacking marker locations on

upper extremities for getting an acceptable CoM representation.

During overarm motion activities with the tennis serve as an example, both in the M/L
direction and in the A/P direction we found that only the LL+T+UL was suitable. The
LL+T+DUL may also be acceptable but slightly exceeded the threshold. Any other
model eductions showed considerable error. Hence, the results of this study suggest
that for evaluating balance mechanisms based on CoM motion, one most likely needs
both upper limbs included in the kinematic model. The tennis serve task has both arms
mostly exended and swinging upwards and forwards (partdghase) during ball
tossing and striking, and this leads to a considerable effect on CoM motion. We expect
this to be similar for the majority of dynamic tasks involving overarm motions and
suggest that usg LL+T+UL model is needed for quantifying CoM motion, and any
further reductions based on tracking only upper limb kinematics even when including

the trunk would be inadequate.

The comparison between the M/L and A/P CoM motion revealed that in jumpeireg th
were only small differences between model reductions and the gold standard, but that
only for the M/L direction. This is a consequence of the fact that there was only a
minimal movement in M/L direction during the predominantly symmetrical and
sagittal plane task. This means that despite small differences based on a 2 cm
threshold, these differences would still be meaningful if one were to investigate M/L
whole-body balance effects. Both the kicking and tennis serve tasks involved more
M/L movement tharthe drop vertical jump, and hence differences between model
reductions and the gold standard were increased and likely of more importance in those

tasks compared to the jump.

The main reason for this study was to investigate CoM motion in the context of
postural balance strategies in dynamic sporting tasks. As XCoM adds a vblassty
component to the CoM, its motion in activities that involve rapidly changing
movement would be expected to be considerably different from CoM motion. We
found though that oM results were largely similar to the results of the CoM for all
dynamic activities with the only major differences observed in kicking. While LL+T

was good for CoM representation in kicking, the accuracy of the LL+T model
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reduction was deemed unsuitafile XCoM. The kicking activity is a rapid dynamic
movement, especially in the A/P direction, which involves forward running and one
leg stays on the floor while the kicking leg is rapidly swinging forward, and also the
arms have a considerable velocityrgmnent.

2.6 Limitations

A limitation of this study is the choice of the threshold range, which was done
arbitrarily and only intended to help the reader interpret which model is likely
appropriate for their studies. If a higher accuracy is requireskimmple for observing

small effect sizes, then the reader should make their own judgement for what they
believe to be an acceptable (X)CoM representation. Also, other model reductions such
as T+UL with pelvis and thighs could be explored further as thegbt mstill be
acceptable in term @fccuracy and consistency of (X)CoM representatitoreover,

the kinematic model used segment al dat a
(Dempster, 1955) and simple geometrical volumes to represent each segment
(Harnavan, 1964). At first sight, this may be seen as inappropriate to use for this study
as this segmental data came from American cadavers that may not be representative
of Asian segmental proportions. However, using other model parameters would likely
not hare had a meaningful impact on the data, as the variations between the different
available parameter sets (Zatsiorsky, 1983) is small, let alone that using other
parameters could have altered the main conclusions of our work. The impact of using
other pararaters was in fact expected to have mainly an impact on inverse dynamics
calculations if these had been undertaken (joint moments etc.), and a negligible impact

on the kinematics calculations that were used in this project.

2.7 Conclusion

Ourrecommendation would be that studying (X)CoM motion based on a LL+T+UL
model reduction would be considered suitable for dynamic sporting tasks. As a
consequence of this model reduction, only a small amount of time could be saved.
This study for example imlved 17 participants, with three conditions and 5 trials
each. Reducing the FB model to the LL+T+UL model could have theoretically saved
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approximately 4 hours of work associated with placing and tracking the head markers.
Whilst for the CoM representatipthe LL+T model was good for kicking, its accuracy
was less accurate for representing XCoM motion. Further model reductions, for
example ignoring upper limbs or trunk, or ignoring lower limbs, generally showed
poor agreement and are likely unsuitablenié avishes to evaluate whole body balance

control in dynamic tasks based on CoM or XCoM motion.
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CHAPTER 3

Does Whole Body Balance Control Interact with
Controlling the Eneeffector during the Serve in

Experienced Tennis Players?

3.1 Abdract

Background: The serve is the most important stroke in tennis providing the players
with the first chance of winning the rally. Balance controlital in mostdynamic
sportsactivities, yet the relationship between whole body balance control arddhe
effector control during the tennis serve is still unexplored. The aim of this study was
to investigate whether there is an interaction between mechanisms used to control
whole body balance and racket performance. Methods: 14 experienced tennis players
(nine malesand fivefemales; age, 21.50+3.85 yr; height, 1.74 £ 0.06 m; body mass
65.79 + 8.05 kQ) participated in this study. Participants completed 10 successful tennis
serves. Markebased kinematic data were collected with 12 optoelectronic canteras a
200 Hz (BTS bioengineering, Milan, Italy). Linear regression using 1D Statistical
Parametric Mapping was used to identify interactions between firstly the extrapolated
centre of mass (XCoM) displacement in the anteroposterior direction and secondly
changes in arms/trunk segment angular momentum, and peak asgesi@rior racket
velocity. Overall, no meaningful relationships were found, except for a small time
interval during thdorward swing phase in which a greater increase in trunk angular
momentum s associated with increased maximum racket velocity. In summary,
trunk segmental accelerations were found to play a moderating role in controlling
whole body balance during the forward swing phase and generating maximum racket

velocity, yet this role wadeened to be limited.

33



3.2 Introduction

The serve in tennis is arguably the most essential stroke for successful performance
(Reid et al., 2011). Two key features of the tennis serve are that it is performed under
player controlled circumstances, and ihat goatdirected. When serving, the players
have to control the stroke arm and racket, from here on referred to-affextdr, to

hit the ball at the right place, in the right direction and most of all, with the highest
speed possible. Many previougimechanical studies have investigated the tennis
serve, often focusing on kinematics of upper limbs, trunk, lower limbs and racket (end
effector). From these investigations, key performance indicators for the tennis serve
have been proposed, such as feareple shoulder, elbow, arm, and hand angular
velocity and racket velocitfWVhiteside et al.2015 Whitesde et al., 2013; Reid et al.,
2008; Reid et al., 2013; Sakurai, 20¥8hiteside et al., 2013V hiteside et al.2014).
However, eneeffector performance is also likely to be affected by simultaneous
motions associated to maintaining postural balance, and this to our knowledge has not

been previously investigated.

It is important for practitioners to gain a better ustending of the interaction
between postural balance control mechanisms andefector performance. In
training and coaching there is a general awareness of the importance of good postural
balance for the successful execution of a tennis serve. Forpkxainhas been
suggested that a spapecific balance exercise should be included in a daily training
to increase t he (Malicaeteat., 2010) Hosvevéroitr remeainsc e
unclear whether balance training should always be done explicitly in the context of
the tennis serve, or whether one can train upper extremity racket control and lower
extremity balance control separatélyerefore, gaining a better understanding of how
balance and endffector control may well interact with each other is paramount to

supporting developments in training and coaching

Postural balance is often observed through centre of pressure (CoP)iensjua
mechanically considering balance control of a standing human as the control of an
inverted pendulum, however for a dynamic and complex task such as the tennis serve

this is not sufficient and requires expansion. The balance mechanisms as degcribed b

34



Hof are more suitable. First, there is the notion of whole body CoM velocity that is
taken into account through evaluation of the displacement of tb&lledl extrapolated

CoM (XCoM) relative to the edge of the base of support (also called the margin of
stability). Second, there is the incorporation of accelerated segmental motions that
influence whole body balance (called counter rotation of segments), which particularly
concerns the trunk and upper extremity motiqh®f, 2005; Hof, 2007) The
mechanisms permit the quantitative interaction between motion associated to
maintaining postural balance and egftector performance, but the question remains
which balance mechanism will beagsand whether that interaction waltcur during

the tennis servd-or the counter rotation of segmentsnk and arms movement play

the role in both balance and serving performance. However, this thesis focussing on
only balance related. It has two reléut the researchers aware that it has also
performance enhancing therefore, the player benefit from increasing their trunk and
arms angular momentunThe balance controtan associated with performance
outcomewhich is the end effector using maximuracket speed in this thesis. It has
been used as the main dependent variable in this chapter (chapter 3) and next chapter
(chapter 4) becaudbe racket velocity is one of the key factor that influence to the

serving performance as well as the ball velocity has not been recorded.

The aim of this study was to describe the interaction between postural balance control
and eneeffector performancen a standardized tennis serve. It was hypothesized that
if there was an interaction it would be revealed throughout the serving motion, and

most strongly in the later phases of the serve.

3.3 Methods

Participants

Fourteen righthanded experienced Thai tes players (nine males and five females;
age, 21.50 + 3.85 years; height, 1.74 £ 0.06 m; body mass 65.79 * 8.05 kg) participated
in this study. Inclusion criteria were that the player had participated at least for 5 years
at a national or internationa\vel. Participants were questioned on their injury history

and none had a recent (< 6 month) muscle injury. This study was approved by the
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Liverpool John Moores ethics committee (15/SPS/016) and Mahidol university ethics
committee (MUCIRB 2016/013.2201).

Data collection, experimental design and protocol

Sixty eight reflective markers were placed anatomical landmarks to record
segmental motions. Kinematic data were collected with 12 infrared cameras at 200 Hz
(BTS bioengineering, Milan, Italy). The markers were placed on 13 segmental
landmarks to allow calibrating and tracking of segmental matassisting of head,
upper arms, forearms (including hands), thorax, pelvis, thighs, shanks, and feet (Figure
3.1). Prior to performing the task, a static recording was obtained for use in marker

definition and model scaling, after which the dynamic tnatse recorded.

Figure 31. The reflective markers and biomechanical nhaded.

Participants then completed a 10 min warm up (consisting of light jogging and tennis

serve movement). Players used their own rackets to complete the protocol. After a
standardised warrap routine, subjects performed at least 10 maximalrtefiist

serves directed at a 1 x 1 metre target bordering the T of the service box in the deuce
court (Figure 3.2), with a-kin rest between serves. Ten successful serves were
anal ysed. Participants-uwer o rbalitik@wdse rtva c

technigue depending on their preference.
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Figure 32. I ndicative top view over the ten

yellow star, the red square represents the target location (1x1 metre) that thes pleye aske

to serve to.
Data reduction and analysis

In this study, firstly, the inverted pendulum mechanism was observed by observing
the XCoM in anteroposterior direction. Secondly, the counter rotation of segments
mechanism was observed via tttenges in angular momentum of the upper part of
the body, i.e. arms and/or trunk segméniL3-segment model was used to calculate
the wholebody CoM (see previous chapter). The XCoM was calculated tiseng
position of the vertical projection ¢fie CoMadded with its velocity multiplied by a

factor VIeF' QY| being leg length and g the gravitational acceleratibiof, 2005) The

trunk segment has been defined using the location of the markers at C7, T8, sternum,
and xiphoid process, as such representingtiy the movement of the thorax rather
than lower abdomeiThe angular momenta of the arms (both arms together) and trunk
segmentelative to the wholdody CoMwere separately calculated as the product of
their principal moment of inertia (I) and angulalocity in the arms/trunk segment
coor di nat &hesegsortthatboti{ asnjs were combined together was because
individual arm momentums/momenta woulduring certain parts of the servebe
expected to counter each other. If they counter ea@hn titby no longer contribute to
balance, and therefore it was the net angular momentum by both arms that was of
interest to usThe time derivative was calculated to represent the changes in angular
momenturmusing instead of angular momentum as the rebeesavanted to observe

the rate of change of momentum, which represents the counter rotation mechanism. In
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other words, it is the rate at which the angular momentum changes that quantifies the
impact of rotational acceleration of segments, which is whagtitates the segmental
counter rotation mechanismhe coordinate system in this study was aligned with the
baseline of the tennis court, with the X axis pointing towards the net, the Y axis
pointing upwards, and the Z axis parallel to the baseline pgimti the rightFi t t 6 s
law refers to speed and accuracy trade off and explains the time to get to the different
targets. However, this differs to my work. In my case, accuracy is not taken into
account as the accuracy in tennis is a constraint to acthevserving target. The
successful tennis serve in this study was identified by the serve that hit the ball to the
target locations. Speed strongly determines the accuracy and cannot play a role even
if the player is less accurate but as long as the phalyte target it was considered a
successful serve. Therefore, in this case, the researchers were not concerned with
accuracy, only speedhe tennis racket represented an end effector segment in this
study. End-effector performance was quantified thraugaximum racket velocity,
calculated from the peak forward velocity of a marker on the top of the racketm

of margin of stability (MoS) is about the XCoM location relative to the BoS. In this
thesis the MoS is represented by XCoM offset relativeotmndary of the BoS which

is 5th metatarsal was taken as a referent point. Therefore, the XCoM that presented in
this study represent MoS. Fixed position as long as the foot is on the floor that is MoS.

MoS can tell how far the location of XCoM can go.

All calculations were implemented in Visual3D software version 6.4n@@ion,
Germantown, MD, USA). Each trial was time normalised to 101 samp{E30®@ of

cycle time) over the duration of the movement (see figure 3.3). The start of the tennis
serve wasdaken as the time when the upper limb of the-remket arm was parallel to

the ground. The end of the movement was when the upper limb of the hitting arm was
parallel to the ground, shortly after assumed ball contact. Using two further
intermediate eventslamely the highest point of the distal end of the-ramket arm

and the lowest point of the racket head, the serve was divided into a preparation phase,
a propulsion phase and a forward swing phase. Data wapdssvfiltered using a
fourth order recurse Butterworth filter with cut off frequency of 15 Hz. To
compensate for noise amplification due to double differentiation, angular momentum

data was filtered with a cut off frequency of 6 Hz prior to differentiation.
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Figure 33. The key events that divide the tennis serve in three separate

Statistical analysis

Statistical Parametric Mapping (SPM) was used to analyse the kinematic continua
associated with the two balance mechanisms. Linear regression was used to examine

the withinsubject interaction between the XCoM in A/P direction and maximum

racket velocityas well as the interactidmetween changes in arms and trunk angular
momenta and maximum racket forward velocity. The slopes of these relationships
were computed at each ti mMméet b n sBhesH tainmda r |
b tr aj e ccomputedefar eashesubgect and were subsequently submitted to a
populationlevel onesample t test, yielding-gtatistic curves, or a Statistical
Parametric Map. The significance of each SPM{t} was then determined topologically

using random field theory (Aer and Taylor, 2007)T he gr eat er t-he val
trajectories, the stronger the relationship. Positive values indicate a positive
relationship, negative values indicate a negative relationdhipy SPM assumption

is that trajectories have been egriately smoothed and registered such as temporally
normalized (Sadeghi et al., 2003). SPM is, however, very robust against this
assumption, and so in this study the data was visually inspected to check for temporal
variations. This gave usthe confidenct o bel i eve that an indiyv
were unbiased by smoothing/registration. SPM further allows to (1) eliminate regional

focus bias, allowing hypotheses to be proposed over the entire spectrum, and (2)
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