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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 or movements involving 

overhead/arm motion. In sporting activities, players often need to complete goal-

directed tasks of an end-effector (e.g. tennis racket), while also needing to control their 

balance, in order to produce a successful task. However, studying the interaction 

between postural balance and end-effector control, in a biomechanical context and 

particularly in the tennis serve is difficult and remains largely unexplored. 

Traditionally, to explore postural balance researchers have to observe the whole-body 

centre of mass (CoM) location. However, for marker based motion capture systems, 

collecting and processing data is time consuming. If the researchers are interested in 

examining the movements of only some parts of the body, then reductions in model 

complexity may be possible while still retaining an ability to track CoM location. 

Therefore, the first aim of this research was to find an appropriate biomechanical 

model to quantify accurate whole-body (X)CoM representation. The second aim was 

then to investigate the interaction between postural balance control and end-effector 

performance, during the tennis serve, within a single target location and between 

different serving locations.  

The first study of this thesis showed that antero-posterior and medio-lateral 

displacement profiles of the CoM representation, based on the lower limbs, trunk and 

upper limbs showed strong agreement with the full-body model, and this only slightly 

reduced for the lower limbs and trunk only. Representations based on the lower limbs 

only showed less agreement, particularly for the extrapolated 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 whole-body balance investigation.  

The second study of this thesis demonstrated that there is no direct interaction between 

the XCoM displacement, the changes in arms/trunk angular momentum, and 

maximum racket velocity during the preparation, propulsion and forward swing 

phases of a tennis serve. Only in the forward swing phase, a significant relationship 
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between trunk angular momentum and maximum racket velocity was found which 

means the trunk segmental acceleration may play a role in controlling balance when 

generating the maximum racket velocity during the serve towards this target location.  

The third and final study in this thesis focussed on only the forward swing phase, and 

indicated that only the change in arms angular momentum influenced the maximum 

racket velocity. This was found specifically when serving into the wider part of the 

advantage court. Furthermore, individual relationships were evident between serving 

conditions.  

The novel approach introduced in this thesis, and the key outcomes of the work, have 

the potential to give researchers, coaches and athletes, who are working and playing 

in relevant dynamic sporting tasks, an opportunity to better understand the interaction 

between how control of the end-effector adapts while maintaining postural stability 

during the serve. Moreover, the work also guides the choice of biomechanical marker 

sets to estimate centre of mass during dynamic activity. 
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BACKGROUND 

Dynamic tasks are an inherent part of sports as dynamic interceptive movement and 

are fundamental to sports performance (Davids et al., 2001). Most dynamic sporting 

tasks are complex and multi-directional which involve a task-specific and goal-

directed component such as jumping, kicking, and throwing/striking together with a 

whole body balancing component. The task-specific demand has been of particular 

interest to improve sports performance. Most sports performances need both speed 

and accuracy, however, it is difficult to have high speed with high accuracy at the same 

time. High-speed movement has to be reduced in order to increase movement 

accuracy, also reducing the variability in performance. However, an increase in the 

amount of movement variability could affect the tennis serve performance in a 

negative way by reducing speed and accuracy of the ball (Antúnez et 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 speed. The 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 believed that there are optimal or ideal 

movement patterns which athletes should follow to achieve the best performance, it 

has now been shown that functional movement variability exists even in elite athletes 

who are well trained (Bartlett et al., 2007). That variability could represent performer 

adaptations to environmental conditions and facilitate optimizations in coordination 

patterns (Langdown et al., 2012; Bartlett, 2007). 

Generally, coaches and athletes still believe that good whole body balance (often 

referred to also as stability) and end-effector consistency (focusing on stroke arm and 

racket) in dynamic movements such as the tennis serve are key performance indicators. 

However, a movement like 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 expected to control their whole body balance while moving 

their arms and other segments to strike the ball. Understanding how tennis serve key 
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performance characteristics affect balance mechanisms and vice versa is therefore of 

importance for coaches, athletes and researchers.  

The investigation of balance mechanisms in dynamic sporting tasks has been limited, 

let alone in combination with end-effector performance indicators. One prior concern 

is the difficulty of gathering the motion capture data required for such investigation. 

There is still a need for reliable and time-efficient evaluation of whole body 

movement, and improving this will advance our abilities to investigate balance 

strategies in dynamic sporting tasks in future studies. 
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CHAPTER 1: Literature Review  

The aim of this literature review is to provide the reader with information as to the 

current literature on 1) the tennis serve; 2) the role of movement variability in the 

performance of a serve; 3) the control mechanisms of postural balance and the 

interaction between postural balance control and movements that control racket 

motion (end-effector) and, finally, 4) biomechanical marker models employed to 

quantify whole-body centre of mass motion during dynamic sports movements. The 

aims and objectives of this thesis are further outlined at the end of this chapter.  
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1.1 Tennis serve 

Performance in tennis is dictated by tactical aspects, physical aspects, psychological 

aspects and, to a great extent, the ability to execute a wide variety of stroke techniques. 

The serve is arguably the most important stroke as it is the start of every play and the 

only stroke in which the player has full control over its outcome (Reid, Whiteside, & 

Elliott, 2011). However, the serve is also the most difficult stroke to learn because of 

the coordination required of the complex motions of both upper and lower limbs. Most 

biomechanical studies produced to help understand the tennis serve have been limited 

to addressing either the kinematics of ball, racket, and upper extremities (Reid et al., 

2011; Reid et al., 2013; Whiteside et al., 2013a; Whiteside et al., 2013b), kinetics of 

joints (de Subijana and Navarro 2009; Martin et al., 2014) or biomechanics of tennis 

injury (Bylak and Hutchinson, 1998; Eygendaal, et al., 2007; Kibler & Safran, 2000; 

Van der Hoeven and Kibler, 2006).  

In term of tennis performance, biomechanics plays a role in the process of serve 

mechanics change and provides modifications that can be made, as well as an 

understanding of individual stroke mechanics that can lead 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 high racket speed 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 power (Elliott, 2006). The coaches and players often 

focus on the critical points (shown in figure 1.1 the model of the power serve) when 

aiming to produce a power serve (Elliott et al., 2003). However, postural balance 

control is not included in the model of power serve, yet it might be considered essential 

for effective segmental coordination and the development of racket speed. 
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Figure 1.1. A model of the power serve in tennis (Reid, Elliott, and Crespo, 2003). 

The tennis serve comprises a number of phases, including preparation, the swing to 

the ball (propulsion) and the follow-through (Elliott et al., 2003; D. Whiteside, et al., 

2013a). The tennis serve is a complex movement with many segmental rotations 

contributing to the end-effector motion (the end effector is defined as the end of the 

dominant arm or a tool that is connected to the end of the dominant arm, in this case, 

it is a racket). The serve motion starts from the ready position. Then there is ball release 

from the non-dominant hand, the shoulder of the dominant arm begins moving up and 

externally rotating, the legs start to drive up before the arm begins its internal rotation, 

the body twists, while the knees and hips flex and the back extends and rotates. Finally 

shoulder internal rotation and then wrist flexion add to the transfer of force and 

velocity to hit the ball (Elliott, 2006; Marshall & Elliott, 2000; Tanabe & Ito, 2007). 
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At the same time, pronation and extension at the elbow act to orientate the racket in a 

manner befitting the desired impact (Bahamonde, 2005; Elliott, 2006). This serving 

strategy can be explained by kinematics that befit the kinetic chain theory as the skilled 

execution of the serve involves 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, 2000). The 

momentum is transferred to the serving arm particularly through transverse, frontal 

and sagittal plane trunk rotations (Bahamonde, 2000; Elliott, 2006; Martin, et al., 

2013). A series of photographs of different part of the tennis serve is shown in figure 

1.2. 

 

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

As the execution of the serve relates to the coordination of many segments, 

considerable variations in this execution are expected to exist between individuals as 

well as within individuals (inter-trial variation). There are many possible technique 

variations that exist for executing a tennis serve and would explain between variations 

ï e.g., the standing position to preparing to serve (foot position techniques). For 

example, based on player preference and schooling background, players typically use 

either a foot-up (FU) or foot-back (FB) technique for the upward drive of the trunk, 
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with the FB technique allowing the player to get more drive from the back leg. In the 

FB technique players leave the rear foot back during the early movement of the racket 

and then swing this foot around and forward prior to impact, while with a FU technique 

players bring the back foot up to the front prior to pushing forward and upwards to the 

ball (Elliott et al., 2003). Furthermore, based on game situation, three main types of 

commonly performed serves exist ï flat, kick and slice (Elliott, 1983). A flat serve is 

characterised by faster ball speeds and less spin than the kick or slice serve, usually 

used as the first serve. Kick serves have larger ball spin rates and are typically used as 

second serve (Chow et al., 2003), and slice serves can be used as either first or second 

serves and the spin direction causes the ball to bounce away from the opposing player. 

Notably, the racket and subsequent ball velocity changes 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 serve primarily produces topspin (whereby the ball bounces up) and slice. 

Slightly different body segment orientations produce the various racket face 

alignments needed for impact in the different serve types. Additionally, ball toss 

location may vary due to technique variations, and it forces the players to adjust their 

body movement from serve to serve (Whiteside et al., 2015). It is important to note 

that the skill level of each player ï i.e., beginner, moderate or expert ï may affect the 

technique variations employed, with the different locations served to also being 

impacted upon. So overall, many factors can affect the variations 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 

trajectory, 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, i.e. avoid generating forward or backward lean that compromises 

subsequent on-court 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 trunk and upper limbs backward in the backward swing (and forward 

in the forward swing phase). Due to the consequent change in CoM location, some 
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players may change the BoS by taking a step to maintain stability. As momentum can 

be transferred to drive a segment forward or backward and ultimately maximize the 

velocity and spin on the ball after impact, it is advantageous for tennis players to 

generate as much linear momentum as possible. However, the serve also requires 

balance control (see section 1.3) in which excessive amounts of segmental angular 

momentum tend to be undesirable. Therefore, the extent to which the performance of 

the serve may well interfere with balance control, or vice versa, makes it worthwhile 

to look into how balance control mechanisms are used and whether these interact with 

end-effector performance. First, the notion that within-individual variation in the 

execution of a tennis serve exists and may hold relevant information for this 

investigation is considered. 

1.2 Movement Variability 

The study of movement variability has become popular in the sports biomechanics 

community (Davids et al., 2006; Hamill et al., 2006; Preatoni et al.,, 2010; Preatoni 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 movement, as well 

as the skills monitoring of athletes that movement variability may contain important 

information about the neuro-musculo-skeletal organisation regarding the nature of the 

movement variability that happened during sports movements (Preatoni et al., 2013). 

Notably, when a movement is performed repeatedly, even if the goal remains constant, 

the motions of the body segments will exhibit some variability and even the elite 

athlete does not reproduce identical motor patterns (Bernstein, 1930; Preatoni et al., 

2013; Bartlett, 2007). The traditional interpretation of movement variability used to 

be that this is undesirable noise in an otherwise uniquely optimal movement pattern 

(Elliott et al., 2009; Dhawale et al., 2017; Davids et al., 2003; Preatoni et al., 2013; 

Bartlett, 2007). However, in the past 15 years researchers have identified that 

variability may well be functional in order to allow for subtle adaptations to 

environmental constraints. Such ability to adapt for environmental constraints, with 

weather conditions as only one of many examples, may have a positive effect on 

consistency of performance, and may in fact reduce injury risk (Davids et al., 2003; 

Preatoni et al., 2013; Bartlett, 2007). Knudson (1990) has illustrated that movement 
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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 

acceleration 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 sports ï like javelin throwing and basketball shooting ï 

similar patterns of action (variable joint motion leading to a more consistent end point) 

have been observed (Bartlett, 2007), whereby it has been demonstrated that 

mechanical variability exists even within the 'same' shot. Moreover, the amount of 

variability in relation to performance and coordination can change with the skill level 

held (Schöllhorn et al., 2009; Scholz et al., 2000). As such, movement variability may 

contain relevant information in sporting tasks. 

A possible explanation for variability in end-effector could be that it is a consequence 

of variations elsewhere in the system. For example, the variability of movement 

patterns near the time of hitting the ball may well be the consequence of movement 

alterations to compensate for variations in the ball toss (Whiteside et al., 2014). 

Despite the variable ball toss, the temporal composition of the serve is nonetheless 

highly consistent as players use the location of the ball to regulate their movement. 

This means that one can expect players to be able to adapt or to modify their tennis 

stroke to accommodate for variations in the serve. It is also possible that other aspects 

determine end-effector variations, such as, for example variations in the controlling of 

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

1.3 Control Mechanisms  

In building upon the above discussions as to movement variability, attention is turned 

to the control mechanism. When studying the interaction between postural balance 

and end-effector performance, it is important to briefly review the literature around 

the control of both aspects individually. Firstly, control of postural balance is 

introduced, with particular focus on the movement of segments for controlling the 

position of the centre of mass (CoM) relative to the base of support (BoS). Secondly, 
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control of the end-effector is explored, with particular attention to the role of inter-

segmental motions.  

1.3.1 Postural Balance Control 

Postural balance is an essential aspect of our daily life activities and directly relates to 

the central nervous system. Sensorimotor control of postural balance is a complex 

interplay between various sensorial systems (vision, proprioception, vestibular) and 

neural control (Horak, 2006). The strategies employed depend upon many factors 

including the characteristics of the external postural displacement, the individualôs 

expectations, goals and prior experience. Any voluntary limb movements interfere 

with postural balance, demonstrated as anticipatory postural adjustments to maintain 

postural stability by compensating for the destabilising forces associated with the 

moving of the limb. Besides the sensorimotor control aspects of postural balance, there 

is an important biomechanical constraint to postural balance. The most essential 

biomechanical constraint on balance control is the size and quality of the BoS. This 

BoS determines at any moment in time the confines over which an individual can 

move their CoM and maintain equilibrium. Thus, equilibrium is not a particular 

position but movement within a space determined by the limits of the support base, 

taking into account the limitations of joint ranges of movement, muscle strength, and 

sensory information available in detecting those limits.  

From a mechanical perspective, three mechanisms of balance have been described 

(Hof, 2007). Mechanism 1 pertains to moving the centre of pressure (CoP) with respect 

to the vertical projection of the CoM, a well-known mechanism typically referred to 

as the inverted pendulum mechanism (see Figure 1.3a). Mechanism 2, the so-called 

counter-rotation of segments, is seen in situations where the boundaries 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 the whole body angular 

momentum makes that the rest of the body (typically the lower extremities) will rotate 

or intend to rotate in the opposite direction (see Figure 1.3b). Finally, Mechanism 3 

corresponds to the use of an external force being applied to the environment ï such as 

when the subject would lean against a wall (see Figure 1.3c).  
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Figure 1.3. 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 

counter-rotation of segments and (c) Mechanism 3 and the application of an external 

force. H represented the rate of change of angular momentum (adapted from Hof, 

2007). 

The general balancing behaviour in terms of the interaction between the XCoM and 

the moving BoS during 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 phase shown in figure 1.4. Furthermore, the figure 1.4 

was introduced in 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 BoS during the serve. 

The figure has been complemented with an improved justification of our approach 

ñFrom a mechanical perspective, the BoS can move to support the moving CoM, 

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 foot 

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 between the 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 

observed in this thesis.ò This thesis focuses on the interaction 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 
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observed.ò Only the first two of the three mechanisms will be of immediate relevance, 

for which some further detail will be provided below.  

1.3.1.1 Inverted Pendulum Control 

The inverted pendulum model is a mechanical control mechanism of postural balance 

that has received considerable attention in the literature (Winter, 1995). Although the 

human body is a multi-segmental structure, and is capable of independently moving 

all of the joints involved, it is possible to assume that under certain circumstances 

humans maintain their balance according to the control of a simple rigid structure 

above the ankle (Winter, 1995). The inverted pendulum control allows one to reduce 

the control parameters to the CoM and CoP. There are three assumptions to 

acknowledge including that (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 small with respect to 

pendulum length. 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 

a mechanical 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 the beginning of the swing phase, which are the phases that were of greatest 

interest in this work. The inverted pendulum model in both sagittal (anterior/posterior 

direction, A/P) and frontal (medial/ lateral direction, M/L) planes states that the 

horizontal acceleration of the pendulum is proportional to the difference between 

horizontal locations of the CoP and CoM. The small horizontal distance between CoP 

and CoM projection on the ground produces a destabilising moment that has to be 

controlled by a timely displacement of the CoP. In this mechanism, balance is 

maintained under an unstable situation, controlled by moving the CoP, mostly through 

means of muscle action in the sagittal plane by the ankle plantar and dorsiflexors 

(Winter, 1995). As long as the CoP is kept beyond the CoM (with respect to the 



 

14 

rotation centre at the ankle), the body is accelerated back to the upright position and 

vice versa if the CoP is behind the CoM.  

 

Figure 1.5. The inverted pendulum model, whereby the body is modelled as a single 

mass (m) balancing on top of a stick with length (l). Indicated are the CoP (u), the 

location of the effective ground reaction force and the vertical projection of the CoM. 

The BoS is the area in which the CoP is confined. The CoM location in vertical 

direction (x). Gravity (g), minimum of CoP (umin) and maximum of CoP (umax) (from 

Hof et al., 2005). 

Whilst from a quasi-static perspective the basic inverted pendulum model has helped 

explain many sensori-motor aspects of postural balance control, the inverted 

pendulum mechanism is insufficient for explaining the control in more dynamical 

situations (Iqbal and Pai, 2000; Pai and Patton, 1997). Hof and colleagues (2005) have 

therefore proposed an extension of the inverted pendulum rule for dynamical 

situations, defining the quantity óextrapolated centre of massô (XCoM) to incorporate 

that extension. The vertical projection position of CoM is combined with its velocity 

to a factor of ЍὰȾὫ (l being the pendulum length and g the acceleration of gravity). A 

consequence of this is that, even if the CoM is above the BoS, maintaining balance 

may be impossible if the CoM velocity is directed outwardly. Also the opposite holds 
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true, that is, balance can be achieved even when the CoM is outside the BoS and 

sufficient velocity is directed towards it. Stability is in this circumstance defined by 

the distance of the XCoM to the boundaries of the BoS, also termed the margin of 

stability (MoS). In this thesis, MoS  

1.3.1.2 Counter Rotation of Segments 

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 (Horak and Nashner, 

1986; Winter, 1995). The counter rotation of segments mechanism is a postural 

balance control mechanism that is primarily seen in situations where the available BoS 

is insufficiently large to still accommodate for sufficient displacement of the CoP 

within the margin of stability (Hof, 2007). Parts of the body rotate with respect to the 

CoM  (Otten, 1999)ï for instance, arm motions are seen when balancing on narrow 

supports in an effort to maintain stability. As the angular momentum is a conserved 

quantity, such arm movements are 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 when accelerating the motion of segments. In fact, such counter rotation 

of segments occurs with many daily living activities, primarily in cases where reactive 

movement of the trunk segment aids the recovery of balance after a perturbation 

(Wada et al., 2014). Considering that rapid segmental movements are an essential 

component of many dynamic sporting tasks, the counter rotation of segments 

mechanism is likely to play an important role when the boundaries of the inverted 

pendulum model are exceeded. The 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 appropriate 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 segmental rotation 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 End-Effector Control 

In a tennis serve, the end-effector performance is dictated by the launch parameters 

that relate to the trajectory and orientation of the end-effector (the racket), whereby its 

terminal location, orientation and velocity will ultimately determine the outcome of 

the task. To achieve optimal performance, the segments of players transfer momentum 

from the proximal to distal segments and then to the end of the racket. This movement 

strategy is typically referred to as a proximal-to-distal movement sequence (Wagner 

et al., 2014; Wang et al., 2010). This is also known as kinetic chain motion, 

sequentially transferring momentum from the lower extremity, trunk, upper extremity 

and hand to the racket. To support proximal-to-distal movement sequence, Wang et 

al., (2010) revealed that the kinetic striking motion chain is an open-linkage system 

and represents the effective transfer of linear and angular momentum from the lower 

extremity to the trunk.  

1.4 Kinematic Models to Estimate CoM Displacement 

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

be able to modify their end-effector behaviour to take into account the variation 

produced in relation to maintaining their balance. This therefore means that end-

effector motion may relate to the performerôs postural balance, or vice versa. To 

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 current optoelectronic motion capture 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 CoM can be time consuming when having to measure and calculate the 

motion of all body segments. Full-body 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 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. Therefore, if the 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 considerable time and effort if adequate CoM 

representation were still possible while reducing the amount of modelled segments 

(refer to chapter 2, Vanrenterghem et al., 2010). Measurement of whole-body CoM 

displacement is key when investigating the mechanics of balance control (Hof et al., 

2005). By default, the estimation of the CoM for multi-segment human movement 

requires the kinematic measurement of all body segment displacements and an 

anthropometric model of the body (Winter, 2009). In previous research, the CoM has 

been calculated through the use of various biomechanical marker models (Mapelli et 

al., 2014; Tisserand et al., 2016). If one focuses only on observing the CoM, then 

marker models have ranged from a single marker on the body, via a single marker per 

segment  (Mapelli et al., 2014), to 3 or 4 markers in a cluster per segment 

(Vanrenterghem et al., 2010). Often, the choice of a more complex model in fact 

depends on various factors such as activities (static vs. dynamic), two-dimensional or 

three-dimensional biomechanical analysis being used to investigate the CoM 

representation. It also depends on other kinematic signals that one wishes to observe, 

for example joint angular displacements of the lower extremities during the 

observation of kicking, or of the upper extremities in technique analysis of a tennis 

stroke as it depends on the intersegmental motions involved. The number of segments 

used in this regard also depends upon the selected source(s) of anthropometric 

reference data. For instance, Winter (1998) employed 21 markers to reconstruct 14 

segments; namely legs, thighs, lower arms, upper arms, pelvis and trunk (Winter, 

1998), while (Bahamonde, 2000) used 21 markers but constructed 15-segments 

(including racket). In contrast, (Yang and Pai, 2014) calculated full -body kinematic 

data of 13 segments from 26 retro-reflective markers placed on the body. Tisserand 

and colleagues (2016) used 3 different marker models including a reference model as 

comprised of a 16-segment whole-body model built on 38 markers, a simplified model 

using 13 markers to reconstruct 9 segments, and the sacral model based on a single 

marker. The latter authors concluded that the sacral model is able to satisfactorily 

estimate the whole-body CoM displacement in the static task, but is inappropriate for 
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estimating mediolateral stability in dynamic tasks. Tisserand and colleagues further 

suggested their simplified model as an accurate three-dimensional estimation of both 

the whole-body CoM and the XCoM.  

To measure CoM displacement and at the same time other kinematic variables such as 

joint angular data, a careful selection of the appropriate model is required to keep the 

demands of the measurement as low as possible. Particularly with regards to dynamic 

activities, this can be challenging as markers are sometimes lost with the complex or 

rapid segmental movements, as the markers may not stay in view of more than two 

cameras at any given moment in time. To avoid marker dropouts, even more markers 

must be added, guaranteeing that at any moment in time at least three markers per 

modelled segment are visible. Therefore, if one were able to reduce the amount of 

segments that are modelled and focus only on segments that the researcher held an 

interest in whilst still retaining a good representation of the CoM, then that could 

considerably reduce the time-consuming nature of future research. Several approaches 

have been used to represent the CoM during dynamic tasks such as running (Halvorsen 

et al., 2009), side cutting (Vanrenterghem et al., 2010) and jumping (Mapelli et al., 

2014). However, the trade-off between representation details and measurement 

demands remains a concern, and for the estimation of three-dimensional body CoM 

kinematics in sport the choice of kinematic model continues to be a difficult choice in 

the protocol design stage.  

1.5 Aim and Objectives  

The overall aim of the research presented in this thesis was to investigate the 

interaction between the control of postural balance and end-effector in a highly 

dynamic sporting task, using the tennis serve as an example. The reason to explore the 

interaction between these two aspects comes from the assumption that variations in 

end-effector performance are likely affected by variations in movement that are related 

to postural balance control. It was therefore deemed worthwhile exploring the 

association.  

In order to do so, a number of sub-goals will be addressed, leading to 3 inter-linked 

studies being conducted: 
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- Study 1: To investigate biomechanical model reductions that allow more 

efficient data collection procedures yet still provide an accurate CoM representation. 

- Study 2: To describe interactions between end-effector performance and 

postural balance that are manifested through variability in the execution of a tennis 

serve (The rest of the thesis starting from chapter then focussed exclusively on the 

tennis serve). 

- Study 3: To explore the consistency of the interaction between postural balance 

control and end-effector performance as well as the individuality of that interaction, 

manifested during tennis serves across 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 whole-body 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 active 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. 

Marker-based kinematic data were collected with 10 optoelectronic cameras at 250 Hz 

(Oqus Qualisys, 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 Bland-Altman approach. A threshold difference was 

set at ±2 cm to help the reader interpret which model can still provide an acceptable 

(X)CoM representation. Antero-posterior and medio-lateral displacement profiles of 

the CoM representation based on lower limbs, trunk 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 the use of certain model reductions for 

specific needs, saving measurement effort whilst limiting the error of tracking 

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

The whole body centre of mass (CoM) is 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 segment) and 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. Therefore, if the 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 considerable time 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., 2016), running (Halvorsen et al., 2009), side cutting 

(Vanrenterghem et al., 2010) and jumping (Mapelli et al., 2014), but the trade-off 

between detail of the representation and accuracy has been a continued concern. For 

example, One study investigated three different representations (38 markers, a 

simplified 13-marker model, and a single marker model at sacral) to estimate the three 

dimensional CoM during quiet standing, gait and balance recovery (Tisserand et al., 

2016). Whilst the simplified 13-marker 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 lower 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 

manoeuvres (Vanrenterghem et 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 question 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 kinetics of 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 velocity-based correction to the CoM and has seen considerable 

attention in recent literature (Hof, 2008; Hof et al., 2005; Hof et al., 2010; Lugade et 

al., 2011; Tisserand et al., 2016). Therefore, scientists interested in associating 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 healthy recreationally active athletes, 14 males and 3 females, mean (±SD) 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 (< 6 month) muscle injury. This study was approved by the Liverpool 

John Moores ethics committee (15/SPS/016). 

Experimental design and protocol 

Seventy-two reflective markers were placed on anatomical landmarks to record 

segmental motions. Participants then completed a 10 min warm up (consisting of light 

jogging and dynamic movements). After a standardised warm-up routine, subjects 

performed 5 trials of 3 different dynamic sports activities: a drop vertical jump 

(bilateral drop vertical jump from a box with height of 30 cm, jumping up with an arm 

swing and then landing on the same spot), a kicking 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 the right leg and then keeping moving 

forward using a countering arm swing, and an overarm tennis serve imitation (standing 

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

Data collection and model reductions 

Kinematic data were collected with 10 infrared cameras at 250 Hz (Oqus Qualisys, 

Gothenburg, Sweden) and using a full-body six-degree-of-freedom kinematic model 

(FB). This kinematic model allows calibrating and tracking of segmental motion of 13 

segments, that is, head, upper arms and forearms (including hands), thorax, pelvis, 

thighs, shanks and feet, with segmental data based on Dempsterôs regression equations 

(Dempster, 1955) and using geometrical volumes to represent each segment (Hanavan, 

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 calculation 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 percentage 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 non-throwing or non-striking arm, keeping 

detailed kinematics of lower limbs, trunk as well as the dominant upper limb 

(LL+T+DUL). A further reduction 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 characteristics for side-cutting manoeuvres 

(Vanrenterghem et al., 2010). When a focus on segmental motion of the lower limbs 

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 segmental motion, and 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 2.1. The details of biomechanical 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 whole 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 body (Winter, 2009). Equations were implemented through the use of 

Visual3D (C-motion, Germantown, MD, USA). In this study, we estimated the 

(X)CoM position, yet because we considered this over the duration of each task this 

reflects displacement and we hence refer to the ódisplacement profileô or ódisplacement 

trajectoryô. The (X)CoM trajectories were extracted from touch down until landing in 

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 the follow-through in the tennis serve imitation. 

The antero-posterior and medio-lateral 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 

measurements (Bland & 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 (subtracting data of 

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 between 

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 reader interpret the agreement between methods, an arbitrary threshold range 

was set at ±2 cm, yet one should adopt a suitable threshold for every application or 

study. Butterworth second order low pass filter with cut off frequency of 15 Hz has 

been applied 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 Appendix C. Temporal profiles 

of bias and LoA for CoM and XCoM representations showed considerable similarity 

for all three tasks as depicted side-by-side in Figure 2.3, 2.4 and 2.5.  
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Figure 2.2.  The average of CoM and XCoM trajectories in M/L and A/P direction 

during a drop vertical jumping (top panels), kicking (middle panels), and tennis serve 

(bottom panels). 

 

Figure 2.3. (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 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, the limits 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 reduction 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 LoA it also supported that 

LL+T+UL has moderate to good agreement with the actual XCoM trajectory (see 

figure 2.3 B).  

 

Figure 2.4. (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 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 model reductions had considerable 

bias and showed large limits of agreement (see figure 2.4 A). 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 agreement of 

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 figure 2.4 

B). 

 

Figure 2.5. (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 of agreement also showed that LL+T+DUL exceeded 2 

cm between 60%-70% of the movement time (see figure 2.5 A). 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 other model 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+T+UL could 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 figure 2.5 B). 
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2.5 Discussion  

The aims of this study were to find the most appropriate reduced kinematic 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 reductions tend to 

generate inadequate CoM representations for some of the sporting movements we 

measured. 

In jumping 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 investigating lower limb kinematics and kinetics during standing 

vertical jumps (Bobbert and van Ingen Schenau, 1988; Vanrenterghem et al., 2004). 

Concerning kicking, in the M/L direction the results showed that three models 

including LL+T+UL, LL+T, and LL+T+DUL could be accepted as indicated by 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 (out-of-phase) motion between both arm segments, which leads to negligible 

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 non-dominant arm. The other model reductions 

also showed considerable error. Our findings are similar to a previous study 

(Vanrenterghem et al., 2010) where an 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 markers and tracking 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 reductions 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 extended and swinging upwards and forwards (partly in-phase) 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 using 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 jumping there 

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 than the 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 velocity-based 

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 XCoM 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 unsuitable for 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 velocity component.  

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 required for example 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 these might still be 

acceptable in term of accuracy and consistency of (X)CoM representation. Moreover, 

the kinematic model used segmental data based on Dempsterôs regression equations 

(Dempster, 1955) and simple geometrical volumes to represent each segment 

(Hanavan, 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 have 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 parameters 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  

Our recommendation 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 involved 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 representation, the 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 unsuitable if one wishes 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 End-effector during the Serve in 

Experienced Tennis Players? 

3.1 Abstract 

Background: The serve is the most important stroke in tennis providing the players 

with the first chance of winning the rally. Balance control is vital in most dynamic 

sports activities, yet the relationship between whole body balance control and the end 

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 males and five females; age, 21.50±3.85 yr; height, 1.74 ± 0.06 m; body mass 

65.79 ± 8.05 kg) participated in this study. Participants completed 10 successful tennis 

serves. Marker-based kinematic data were collected with 12 optoelectronic cameras at 

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 anterior-posterior racket 

velocity. Overall, no meaningful relationships were found, except for a small time 

interval during the forward swing phase in which a greater increase in trunk angular 

momentum was 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 was deemed to be limited.  
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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 that it is goal-directed. When serving, the players 

have to control the stroke arm and racket, from here on referred to as end-effector, to 

hit the ball at the right place, in the right direction and most of all, with the highest 

speed possible. Many previous biomechanical 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 for example shoulder, elbow, arm, and hand angular 

velocity and racket velocity (Whiteside et al., 2015; Whiteside et al., 2013; Reid et al., 

2008; Reid et al., 2013; Sakurai, 2013; Whiteside et al., 2013; Whiteside et al., 2014). 

However, end-effector 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 understanding of the interaction 

between postural balance control mechanisms and end-effector 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. For example, it has been 

suggested that a sport-specific balance exercise should be included in a daily training 

to increase the playersô performance (Malliou et al., 2010). However, it remains 

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 separately. Therefore, gaining a better understanding of how 

balance and end-effector 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) evaluations, 

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 described by 
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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 the so-called 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 motions (Hof, 2005; Hof, 2007). The 

mechanisms permit the quantitative interaction between motion associated to 

maintaining postural balance and end-effector performance, but the question remains 

which balance mechanism will be used and whether that interaction will occur during 

the tennis serve. For the counter rotation of segments, trunk and arms movement play 

the role in both balance and serving performance. However, this thesis focussing on 

only balance related. It has two roles but the researchers aware that it has also 

performance enhancing therefore, the player benefit from increasing their trunk and 

arms angular momentum. The balance control can associated with performance 

outcome which is the end effector using maximum racket speed in this thesis. It has 

been used as the main dependent variable in this chapter (chapter 3) and next chapter 

(chapter 4) because the 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 end-effector performance in 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 right-handed experienced Thai tennis 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 international level. 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 (MU-CIRB 2016/013.2201). 

Data collection, experimental design and protocol 

Sixty eight reflective markers were placed on 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 motion consisting 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 trials were recorded.  

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 warm-up routine, subjects performed at least 10 maximal effort first 

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 2-min rest between serves. Ten successful serves were 

analysed. Participants were allowed to use a ñfoot-upò or ñfoot-backò service 

technique depending on their preference.  

 

Figure 3.1. The reflective markers and biomechanical model used. 
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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 the changes in angular momentum of the upper part of 

the body, i.e. arms and/or trunk segment. A 13-segment model was used to calculate 

the whole-body CoM (see previous chapter). The XCoM was calculated using the 

position of the vertical projection of the CoM added with its velocity multiplied by a 

factor ЍὰȾὫ (l being leg length and g the gravitational acceleration) (Hof, 2005). The 

trunk segment has been defined using the location of the markers at C7, T8, sternum, 

and xiphoid process, as such representing mostly the movement of the thorax rather 

than lower abdomen. The angular momenta of the arms (both arms together) and trunk 

segment relative to the whole-body CoM were separately calculated as the product of 

their principal moment of inertia (I) and angular velocity in the arms/trunk segment 

coordinate system (ɤ). The reason that both arms were combined together was because 

individual arm momentums/momenta would - during certain parts of the serve ï be 

expected to counter each other. If they counter each other they no longer contribute to 

balance, and therefore it was the net angular momentum by both arms that was of 

interest to us. The time derivative was calculated to represent the changes in angular 

momentum using instead of angular momentum as the researchers wanted to observe 

the rate of change of momentum, which represents the counter rotation mechanism. In 

Figure 3.2. Indicative top view over the tennis court. The playerôs position is indicated by the 

yellow star, the red square represents the target location (1x1 metre) that the players were asked 

to serve to. 
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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 what constitutes the segmental 

counter rotation mechanism. The 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 pointing to the right. Fittôs 

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 achieve the serving 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 player hit the target it was considered a 

successful serve. Therefore, in this case, the researchers were not concerned with 

accuracy, only speed. The tennis racket represented an end effector segment in this 

study. End-effector performance was quantified through maximum racket velocity, 

calculated from the peak forward velocity of a marker on the top of the racket. In term 

of margin of stability (MoS) is about the XCoM location relative to the BoS. In this 

thesis the MoS is represented by XCoM offset relative to boundary 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 6.0 (C-motion, 

Germantown, MD, USA). Each trial was time normalised to 101 samples (0-100% of 

cycle time) over the duration of the movement (see figure 3.3). The start of the tennis 

serve was taken as the time when the upper limb of the non-racket 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 events, namely the highest point of the distal end of the non-racket 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 was low-pass filtered using a 

fourth order recursive 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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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 within-subject interaction between the XCoM in A/P direction and maximum 

racket velocity, as well as the interaction between changes in arms and trunk angular 

momenta and maximum racket forward velocity. The slopes of these relationships 

were computed at each time t, resulting in ɓ trajectories. The ɓ is standardised. These 

ɓ trajectories were computed for each subject and were subsequently submitted to a 

population-level one-sample t test, yielding t-statistic curves, or a Statistical 

Parametric Map. The significance of each SPM{t} was then determined topologically 

using random field theory (Adler and Taylor, 2007). The greater the values of the ɓ- 

trajectories, the stronger the relationship. Positive values indicate a positive 

relationship, negative values indicate a negative relationship. A key SPM assumption 

is that trajectories have been appropriately 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 us the confidence to believe that an individualôs mean trajectories 

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) 

Figure 3.3. The key events that divide the tennis serve in three separate phases. 


























































































































































































