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Executive Summary 
 

The design and implementation of training programs that adequately prepare athletes 

for the demands of competitive play at the elite level are imperative in modern high-

performance sport. The information contributing to the specificity of these training 

programs typically comes from sport science research, which accretes the industry’s 

understanding of sport performance. However, in tennis, most of this empirical work 

has focused on the technical and tactical characteristics of stroke production, with 

comparatively less attention paid to the demands and characteristics of player 

movement. This is an interesting paradox given the need of players to move to all shots 

in tennis, with the exception of the serve. Indeed, the limited research that has explored 

the movement characteristics of the modern game (defining tennis in the current day: 

2019) has been particularly generalisable, owing to its small sample sizes, basic 

technology and data collection procedures that involve simulated competitive play. 

This obviously complicates the specificity with which coaches and conditioning 

practitioners can schedule movement training for their players. Therefore, this thesis 

presents with three distinct aims: 

1. To explore the holistic process or cycle of professional tennis movement, the 

skills and capacities which underpin these movement processes, and the 

distinguishing features between successful and unsuccessful movement 

outcomes. 

2. To assess the kinematic characteristics of tennis movement at differing movement 

speeds, and the subsequent interaction between movement to the ball, stroke 

execution, change of direction (COD) and recovery. 
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3. To develop a more comprehensive understanding of tennis-specific manifestation 

of the COD skill by; 

a. Developing a method for identifying and classifying tennis-specific COD 

movements. 

b. Describing the subsequent time-motion and degree demands of the specific 

movements identified. 

c. Exploring individualised player style factors associated with the COD 

execution. 

 

To deliver these research aims, this thesis presents six original investigations. Study 

One provides an expert synopsis of successful on-court movement in professional 

tennis. This was achieved by interviewing a cohort of fifteen professional tennis 

coaches and conditioning experts (14 male, 1 female), wherein they were asked their 

views and philosophy on movement in the modern professional game. Following the 

interviews, all participant responses were transcribed verbatim and analysed for 

common themes and ideas using thematic qualitative analysis techniques. It was 

deduced from participant responses that all tennis movement served a singular purpose 

or a common movement goal, in allowing players to get to the ball ‘on time’ or with 

adequate time to ‘set up’ for stroke production. By creating ‘time on the ball’, this 

enabled players to achieve desired stroke outcomes or to ‘do what they want with the 

ball’. Further, in describing the characteristics of ‘good’ tennis movers, these experts 

alluded to three groups or ‘styles’ of good tennis movers; those who ‘read the play’, 

those who were ‘fast’ around the court and those who were ‘efficient’ in their 

movement. The descriptions of these tennis experts also led to the conceptualisation 

of a tennis movement cycle, wherein player movement around the court was broken 
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down into five key phases; initiation of movement, transition, arrival at the ball / set 

up, stroke execution and COD / recovery. The establishment of this tennis movement 

cycle provided a conceptual framework, within which, coaches and conditioning 

practitioners can examine and analyse tennis movement.  

 

To better understand the characteristics of the tennis movement cycle, Studies Two 

and Three examined the lower limb, trunk and racquet kinematics of 17 professional 

tennis players (7 male, 11 female) performing right-handed forehand groundstrokes at 

varying entry speeds, during the three penultimate phases of the tennis movement 

cycle described in Study One; arrival at the ball / set up, stroke execution and COD / 

recovery. Here, a 10-camera VICON motion analysis system captured players’ 

movement mechanics, with balls fed at standardised speed, spin and trajectory from a 

pre-programmed ball machine. Study Two reported upon the initial two phases of this 

movement, describing the players’ kinematics during arrival at the ball, set up and 

during stroke execution, while Study Three focused specifically upon the COD and 

recovery movement following the stroke execution. The findings of Study Two 

demonstrate that the lower limb and trunk kinematics of elite tennis players’ 

movement, both to the ball and during impact, are affected by entry speed and player 

sex. Reduced trunk rotation and lower limb drive contributed to female players being 

unable to maintain racquet-head speed when moving at high speed. Conversely, male 

players generated similar racquet-head speed despite the different entry speeds 

necessitating lower limb joint adjustments. Study Three found that following stroke 

execution, tennis-specific COD and recovery movements imposed unique mechanical 

demands on players as compared to previously described COD manoeuvres. 

Specifically, players showed limited changes in the mechanics of their drive leg (right 
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or outside leg) during the initial phases of the COD movement (deceleration), instead 

appearing to extend this leg away from the midline of their body and control it 

isometrically. Further, contrary to expectations, players also appeared to utilise both 

their drive and post legs in propelling themselves into the recovery movement, 

indicating training interventions focusing upon the power / re-acceleration capacities 

of both legs could prove beneficial. These two studies provide foundational 

information on the lower limb and trunk mechanics of tennis movement, with specific 

relevance to COD manoeuvres. However, the restriction of 3D motion capture limits 

the generalisability of some findings to professional tennis match-play, indicating less 

invasive and more automated methods are needed for such movement analysis. 

 

The coupling of the cost / labour associated with VICON motion capture (as was used 

in Studies Two and Three) and the heavily restricted use of wearable technology in 

tennis (owing to the sport’s rules) led to Study Four developing an automated and non-

invasive method for identifying and analysing changes of direction in tennis (a 

component of the final phase of the movement cycle). Utilising Hawk-Eye player 

tracking data and match footage from the previous three years (2016-2018) of the 

Australian Open Grand Slam event, 1,500 CODs of medium and high intensity were 

labelled by tennis experts and then aligned to the player tracking data. A machine 

learning approach, which involved testing numerous classification algorithms for 

precision and recall accuracy in the detection and correct classification of the COD 

movements was then undertaken. A random forest algorithm presented with the best 

out-of-sample performance, identifying and classifying medium and high intensity 

CODs with an F1-score of 0.729, providing an automated and feasible method for 

detecting COD movements at scale in live match play. 
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With the establishment of a new method for identifying and classifying COD 

movements, Study Five utilised this algorithm to help describe the time-motion and 

degree characteristics of medium and high intensity CODs in a Grand Slam tennis 

event. Accordingly, the Hawk-Eye player tracking data from 182 matches from the 

Australian Open Grand Slam event (2016-2018) were randomly selected for analysis, 

with the sample including 177 players (84 male, 93 female), encompassing a large 

variety of game-styles and physical profiles. The random forest algorithm was then 

applied to the entirety of the dataset, resulting in the identification of over 120,000 

CODs for subsequent analysis. Time-motion, intensity and angular displacement 

characteristics of match-play tennis were then calculated from the sample of changes. 

This analysis highlighted that players perform a medium or high COD approx. 1.6 

times per point, at rates of 1.3-1.4 shots per change, 4.8 m per change and 2.7-3.1 s 

per change. Approximately 90% of all CODs were medium intensity, while male 

players performed high intensity CODs twice as frequently as females. The varying 

characteristics between not only intensity conditions, but between degree bands and 

sexes, highlights the highly complex and individualised style of COD movements.  

 

In an effort to add to the qualitative commentary regarding movement style established 

in Study One, and to better understand the way in which different players perform 

aspects of the tennis movement cycle, Study Six collated the COD characteristics of 

individual players, employing hierarchical clustering techniques to define groups or 

clusters of players whose ‘style’ of COD were similar. Using the same sampling 

method as Study Five, a random sample of over 500 matches, involving 139 unique 

players (62 male, 77 female) was used for this analysis. The resultant COD sample 
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contained an average of 2,546 CODs per male player and 1,392 CODs per female 

player. Here, twenty-two COD time-motion and degree characteristics were utilised 

for the clustering analysis, and a number of clustering methods were tested, with 

Ward’s minimum linkage technique presenting the greatest agglomerative coefficient 

and strongest clustering structure. The resultant clustering analysis led to the 

construction of 5 COD profiles or styles in both the men’s and women’s game. These 

profiles were defined by varying velocity, acceleration, degree and directionality 

characteristics, with cluster styles sharing both similarity and disparity from traditional 

game-styles. The formulation of these COD styles provides a framework through 

which coaches and conditioning practitioners can conceptualise and analyse the 

manner in which their players change direction at medium and high intensities. The 

application of this information then assists athlete profiling and allows training 

interventions to be tailored more specifically, ultimately maximising the training 

stimulus and achieving greater performance outcomes. 

 

In summary, the results of this body of work seek to provide better insight for coaches 

and conditioning practitioners into the movement demands of professional tennis. The 

findings of Study One present a much-needed inductive and evidence-based 

framework for considering overall movement in tennis. Studies Two and Three then 

extend the sport’s understanding of the kinematics of tennis movement, bridging the 

knowledge gap between stroke production and the associated movement requirements. 

Finally, the development of automated methods of COD analysis, detailed accounts 

of COD performance, and the identification of individual COD styles, which featured 

in Studies Four, Five and Six, can arm tennis coaches and conditioning experts with 
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new information to better develop movement skill in their athletes, ultimately leading 

to the potential for greater training specificity for professional tennis players.  
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CHAPTER ONE 
 

INTRODUCTION 
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1.1 Background 

In professional tennis match-play, it is imperative that players are able to efficiently 

traverse the court (or move), with adequate time and composure, in order to hit the 

ball. Accordingly, the importance of being able to move well is part of the sport’s 

folklore, a prospect personified by Roger Federer, who suggested that; “My game is a 

lot about footwork. If I move well, I play well.” (Federer, 3rd of October, 2012). 

However, from an empirical point of view, very little is known about tennis 

movement. Historical descriptions of player game-styles are abundant (Crespo & 

Miley, 1998), and research has commonly examined the physiological requisites of 

the game (Fernandez-Fernandez, Sanz-Rivas, & Mendez-Villanueva, 2009; Kovacs, 

Duffield, & Kellett, 2015; Kovacs, Roetert, & Ellenbecker, 2009; Reid, Quinn, & 

Crespo, 2003; Reid & Schneiker, 2007; Roetert & Ellenbecker, 2007), yet empirical 

accounts of tennis footwork or movement are absent. Anecdotally, players who are 

thought to move well are also those who are more physically capable and / or efficient 

(Reid, 2011; Reid et al., 2003), but the link remains speculative. Similarly, like many 

court based sports, the agility and change of direction (COD) demands of tennis are 

often lauded (Kovacs, 2009; Kovacs et al., 2009) but are poorly understood.  

 

Also missing from the literature examining movement in tennis is the analysis of its 

mechanics. To date, researchers have focused on the biomechanics of stroke 

production, yet essentially overlooked the characteristics of player locomotion that 

occur either side of ball impact. Interestingly, over the last 30 years, more than 100 

studies have examined the kinematics and kinetics of hitting the ball in tennis, 

dissecting the effects of sex, age and skill-level on stroke production. However, studies 

of the technique or biomechanics of tennis movement tally fewer than 10 published 
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works (Damm et al., 2013; Damm et al., 2014; Girard, Eicher, Fourchet, Micallef, & 

Millet, 2007; Kornfeind, Eckl, & Baca, 2019; Stiles & Dixon, 2006). Given the lack 

of empirical assessment, it appears that the knowledge relevant to tennis-specific 

movement is extrapolated and somewhat speculative. For instance, prior literature has 

proposed the running mechanics of tennis movement are comparable to that of 

sprinting (Kovacs et al., 2015; Roetert, Ellenbecker, & Chu, 2003), yet this seems 

improbable as players differentiate their upper and lower bodies to hit the ball (Reid 

et al., 2003), likely leading to unique locomotive demands. 

 

The same can be said of COD movements in tennis, where the coupled demands of 

moving to and hitting the ball likely mean that CODs in tennis are different to those 

in other sports (Dos’Santos, Thomas, Comfort, & Jones, 2018). However, to date, this 

consideration is notional and no study has explored COD in tennis beyond the 

suggestion that a typical point features 4-5 direction changes (Kovalchik & Reid, 

2017; (Deutsch, Deutsch, & Douglas, 1988). Accordingly, an analysis of player 

tracking data would seem to represent an obvious opportunity for the sport to move 

away from previous reductionist approaches, allowing a more comprehensive 

exploration of the multi-directional nature of tennis movement and the complexity 

associated with CODs of varying degree and intensity. In the absence of this 

information, practitioners are forced to rely on their intuition to analyze and develop 

the movement potential of their players, likely limiting the efficacy of their 

intervention. 
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1.2 Statement of the Problem 

From a scientific perspective, very little is known about the way in which players 

move around the tennis court. Across the movement spectrum, from specific gestures 

like the lower limb kinematics that define players’ running and recovery actions, 

through to a more fundamental and descriptive account of the frequency and types of 

COD that players perform, scientific scrutiny has been poor. This is in stark contrast 

to the sport’s knowledge of hitting mechanics, which seems ironic given that, with the 

exception of the serve, players must move to hit the ball. This lack of information has 

left coaches and conditioning practitioners to rely heavily on their own intuition in 

designing and implementing training programs to prepare players for the movement 

demands of professional tennis match-play. Indeed, empirical insights have been 

constrained due to study designs involving non-professional players, simulated or non-

tournament match-play, and inefficient manual analysis techniques. These 

shortcomings severely compromise the specificity with which movement training 

programs for professional tennis players can be designed and implemented. However, 

with recent developments in player tracking technology and data analytics, it is 

possible to scrutinise the specific movement demands of professional tennis match-

play, and therefore, novel exploration of this area is timely. 

 

1.3 Thesis Aims and Hypotheses  

Given the context provided above, this thesis has three aims:  

1. To explore the holistic process or cycle of professional tennis movement, the skills 

and capacities which underpin these movement processes, and the distinguishing 

features between successful and unsuccessful movement outcomes. 
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2. To assess the kinematic characteristics of tennis movement at differing movement 

speeds, and the subsequent interaction between movement to the ball, stroke 

execution, change of direction (COD) and recovery. 

3. To develop a more comprehensive understanding of tennis-specific manifestation 

of the COD skill by; 

a. Developing a method for identifying and classifying tennis-specific COD 

movements. 

b. Describing the subsequent time-motion and degree demands of the specific 

movements identified. 

c. Exploring individualised player style factors associated with the COD 

execution. 

  

In order to address these aims, six original investigations are presented. Initially, we 

probe expert coaches and conditioning practitioners’ views on movement quality and 

style in modern professional tennis. Subsequently, we examine the mechanics 

associated with tennis-specific movement by describing the lower body kinematics 

associated with entire movement paradigm to the forehand side (noting that this forms 

but one part of the sport’s movement puzzle). Finally, we focus upon the COD skill in 

professional tennis in two parts, the first of which describes an automated method to 

identify and classify COD movements using player tracking data. The second 

examines the time-motion, intensity and degree (angular change) characteristics of 

CODs in Grand Slam event match-play, while also exploring the application of style 

in quantifying COD execution.  
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The specific aims and hypotheses (where relevant) of each original investigation are 

as follows: 

Study 1 (Chapter Three): How do professional tennis players move? The perceptions 

of coaches and strength and conditioning experts. 

 

Aim: To establish a consensus expert view of what comprises quality movement in 

tennis, subsequently proposing a practical framework to describe tennis movement.  

 

Study 2 (Chapter Four): Applying the brakes in tennis: How entry speed affects the 

movement and hitting kinematics of professional tennis players. 

 

Aim: To quantify the lower body, trunk and racquet kinematics exhibited by male and 

female professional tennis players during their movement to the ball and at impact, 

through differing entry speeds. 

 

Hypotheses: It was hypothesised that high entry speeds would result in players being 

more extended across all lower limb joints prior to impact, but not at impact. Players 

of both sexes were also anticipated to increase stride length but reduce trunk rotation 

and the length of racquet backswing with entry speed, resulting in decreased racquet-

head velocities at impact. Finally, an effect of player sex in the form of adaptations in 

player stretch (increased) and racquet velocity (decreased) were expected among 

female players at high entry speed. 

 

Study 3 (Chapter Five): Quantifying the deceleration and re-acceleration mechanics 

when turning at speed in tennis. 
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Aim: To compare the effect of entry speed on the post-impact COD and recovery lower 

limb and trunk kinematics of professional players having executed a forehand 

groundstroke. 

 

Hypotheses: It was hypothesised that higher entry speeds would result in more flexed 

lower limb and trunk postures during the absorption / deceleration stages of the COD, 

but greater lower limb joint extension angles as players push-off out of the COD 

movement. It was also hypothesised that in the initial recovery step, players would 

show greater extension characteristics coupled with increased length of recovery 

stride. Finally, it was expected that female players would enter more flexed sagittal 

and frontal plane trunk postures and spend longer reversing their lateral movement 

than male players. 

 

Study 4 (Chapter Six): A machine learning approach for automatic detection and 

classification of changes of direction from player tracking data in professional tennis. 

 

Aim: To develop and validate a machine-learning algorithm to identify and classify 

the intensity of COD using player tracking data from Australian Open Grand Slam 

event matches. 

 

Study 5 (Chapter Seven): Quantifying change of direction movement demands in 

professional tennis match-play: An analysis from the Australian Open Grand Slam 

event. 

 

Aim: To examine select COD characteristics of professional tennis using 25 Hz player 

tracking data from the Australian Open Grand Slam event. More specifically, velocity 

and acceleration profiles of the entry and exit of CODs, as well as degree of change 
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and directionality of movement into CODs in men’s and women’s professional tennis 

were described for the first time. 

 

Study 6 (Chapter Eight): Using tracking data and machine learning to differentiate 

movement styles in professional tennis. 

 

Aim: To identify different types of COD styles in modern professional tennis. 

Specifically, by utilising Hawk-Eye player tracking technology and the COD 

identification method developed in Chapter Six, the ability to cluster players according 

to their COD characteristics or style was investigated. 

 

1.4 Contribution of this Research 

The findings of this research offer novel and much-needed insight into tennis-

specific movement that can inform the design and implementation of movement 

training programs for tennis players. Specifically, the qualitative consensus-view of 

experts on the attributes of good movers and the conceptualisation of a tennis 

movement cycle are foundational pieces for the sport. The examination of the lower 

limb, trunk and racquet kinematics associated with phases of the tennis movement 

cycle, either side of the COD, can also inform the movement technique instructed by 

coaches and employed by players. The development of a machine learning algorithm 

to identify and classify CODs based off Hawk-Eye data enables the quantification of 

COD demands in a Grand Slam tennis event and, significantly, provides a tool to 

automate the ongoing annotation of the COD component of the movement cycle in 

practice. In sum, this thesis offers actionable intelligence to better support experts in 

designing and implementing sports-specific and individualised movement training 

programs for professional tennis players.  
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2.1 Foreword 

In a thesis presented as a series of papers, the University of Western Australia 

guidelines do not include a requirement for a traditional “Review of Literature” 

chapter, as each experimental paper will include relevant research findings in the text, 

particularly in the “Introduction” and “Discussion” sections. Consequently, what 

follows here, in Chapter Two, is a succinct review of background information relevant 

to the topics investigated in the experimental papers (i.e. Chapters Three – Eight), 

without unnecessary duplication of the specific literature pertinent to each study. 
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2.2 Introduction 

In modern sporting codes, the use of performance analysis methodologies has long 

been an area of interest for researchers and practitioners (Barris & Button, 2008; 

Hughes & Franks, 2004). These methodologies should allow stakeholders to identify 

the specific technical, tactical and physical demands of their sports, allowing them to 

optimise the design and implementation of training programs (Aughey, 2011; 

Donaldson & Finch, 2013; Gabbett, Jenkins, & Abernethy, 2009; Vanrenterghem, 

Nedergaard, Robinson, & Drust, 2017). Such detail is a necessity in professional sport, 

whereby the degree to which training drills and exercises mimic the demands of 

competitive match-play directly affects athlete preparedness and performance (Colby, 

Dawson, Heasman, Rogalski, & Gabbett, 2014; Gabbett, 2016). Certainly, this 

concept of specificity (Fitts, Booth, Winder, & Holloszy, 1975; Reilly, Morris, & 

Whyte, 2009), or representative design (Dicks, Davids, & Button, 2009; Pinder, 

Davids, Renshaw, & Araújo, 2011), has been a cornerstone of athlete and player 

development in many sports, such as Australian Rules Football, rugby and soccer. 

Intriguingly, other sports such as tennis have not been as proactive in quantifying the 

demands of the game, therefore posing a challenge to the representative design of 

training.  

 

In this review, we will explore the research surrounding movement competency and 

style, the activity profile of tennis match-play, the underpinning physical 

characteristics of tennis movement, and the specific techniques and movements 

utilised by players while traversing the court. Furthermore, we will also examine the 

literature critiquing change of direction (COD) as a skill, and its manifestation in a 

tennis-specific setting. 
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2.3 The factors that shape tennis player movement 

There is a popular view that professional tennis has become more physical in recent 

decades (Fernandez-Fernandez, Sanz-Rivas, & Mendez-Villanueva, 2009). Although 

few studies have compared the physicality of the sport over time, an empirical 

understanding of the demands placed upon players during professional play is of great 

interest to coaches and conditioning practitioners who are responsible for adequately 

preparing their athletes for competitive play. 

 

2.3.1 What are the energetic demands of tennis match play? 

At the most basic level, coaches and conditioning staff need an understanding of the 

work-to-rest ratios of competitive tennis match play. This information broadly 

describes the energetic demands of the game, thereby allowing relevant stakeholders 

to plan appropriate training protocols that will allow the player to adapt to the game’s 

demands. In tennis, some of the earliest research in this area, dating back two decades, 

detailed the typical point duration at Grand Slam event level as being 4.8 s on 

hardcourt and 2.5 s grass court (Hughes & Clarke, 1995). More recent descriptions 

show that average point lengths vary with sex (women’s: 7.1 ± 2.0 s, men’s: 5.2 ± 1.8 

s) and court surface (hard: ~ 6 ± 2 s, clay: 7.7 ± 1.7 s, grass: 4.3 ± 1.6 s)(Fernandez-

Fernandez et al., 2009). Typical work-to-rest ratios in matches lasting 90 minutes are 

1:5-1 (Kovacs, Duffield, & Kellett, 2015) but recent rule changes from the 

International Tennis Federation (ITF), including the introduction of a shot clock that 

limits rest between points to 25 s (Official Grand Slam Rule Book, Grand Slam Board, 

ITF London (2019)), may have impacted these ratios at the professional level.  
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In addition to the aforementioned research exploring the duration and work-to-rest 

demands of tennis matches, other research has investigated the effective playing time 

(i.e. time when ball is in play) of the ~215 points and ~130 points representing a typical 

men’s and women’s Grand Slam event match, respectively. The difference witnessed 

between men’s and women’s point numbers are likely attributed to the difference in 

number of sets played between best-of-five and best-of-three formats. This research 

has also highlighted that the ball is in play ~20-30% of time on clay court and ~10-

15% on hardcourt (Fernandez-Fernandez et al., 2009; Kovacs, 2007; Richers, 1995); 

a small proportion of the 2-5 h that represents match time at the professional level 

(Kovacs et al., 2015). Collectively, these studies present the game of tennis as a sport 

comprising many short bursts of activity, interspersed with large periods of rest. 

Accordingly, the reliance on contributions from the anaerobic energy system is large, 

while a well-developed aerobic energy system is needed to allow repeated patterns of 

such movement over the prolonged duration of a match (Kovacs, 2007; Reid, Quinn, 

& Crespo, 2003; Reid & Schneiker, 2007).  

 

Although the aforementioned literature presents a broad overview of point and match-

level demands, the presentation of this work does not consider the specific movements 

that players perform during these periods of effort (such as sprints and COD), or the 

external load / demand that these movements place upon players. However, this 

information is necessary for coaches and conditioning practitioners to devise training 

that appropriately mimics the physiological and mechanical demands of the game. In 

its absence, experts focus on the development of the physical capacities needed to 

meet the generalised physical demands described above, potentially missing important 

training gains that may be beneficial to tennis performance. 
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2.3.2 What are distance and speed demands of tennis match play? 

Through the use of global positioning systems technology, non-professional players 

have been shown to spend most of their time during point play at speeds between 1-3 

!"#$	on clay courts (Hoppe, Baumgart, & Freiwald, 2016), and 2-3 !"#$ on hard 

courts (Ponzano & Gollin, 2017); although peak speeds as high as 5.5 !"#$ have been 

reached independent of court surface (Hoppe et al., 2016). A series of more recent 

studies using Hawk-Eye data from the Australian Open have shown male players to 

cover 1,990-2,110 m per match, at an average speed of 2.9-3.7 !"#$, while women 

travel 881-1,232 m per match, at average speeds of 2.5-3.4 !"#$ (Kovalchik & Reid, 

2017; Reid, Morgan, & Whiteside, 2016). The contrasting distances and speeds 

reported between studies is likely attributable to differences in the level of player 

sampled (i.e., elite vs. sub-elite), duration of match-play or number of sets played, as 

well as disparate data treatment and filtering techniques.  

 

Other attempts to elucidate the external load characteristics of tennis movement are 

limited. The research of Ferrauti et al. (2003) is an exception in this regard, with their 

work reporting male professional players hit ~ 80% of shots having travelled <2.5 m, 

~10% of shots having travelled 2.5-4.5 m, and <5% requiring players to cover >4.5 m. 

Interestingly, this study has been widely cited in scientific and popular press (largely 

because of its novelty) despite only sampling a small number of men’s matches on 

clay in 2003. This fact demonstrates a challenge for coaches and conditioning 

practitioners whom desire current empirical insight from surface-specific match play 

to inform their planned training interventions. Certainly, an improved understanding 
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of the demands and mechanical characteristics of tennis-specific movements, such as 

movement into stroke execution and CODs, would be instructive in this regard. 

 

2.4 How tennis players traverse the court 

The tennis-specific footwork and movement technique that enables player to traverse 

the court has received scant research attention. In essence, the investigative focus has 

been on how players hit the ball and not on how they move to it, meaning that very 

little is known regarding the specific steps or footwork used by players (split-step, jab 

step, cross-over step, etc.) nor the directions or context in which they’re applied. 

 

2.4.1 Movement directionality - In what direction do players typically move? 

Tennis match play has been described as requiring players to perform anywhere 

between 300-500 high intensity locomotive efforts across the course of a best of three 

sets match (Deutsch, Deutsch, & Douglas, 1988). Typically, these movements occur 

in three directions; lateral, forward and backward, and distinctively require the player 

to be orientated towards the net and their opponent. This presents as a unique challenge 

to racquet sport players and likely demands different forms of locomotion for each 

direction of travel. O’Donoghue and Ingram (2001) reported that 28.6% of men’s 

rallies and 52.8% of women’s rallies take place on the baseline, however more recent 

work at the 2006 Australian Open revealed that 72% of player movement was lateral, 

17% involved players moving forward into the court, and 8% consisted of the players 

moving backward. It was also suggested that lateral movement to the backhand side 

was more common than to the forehand side (57% vs 43% of the time). Although 

informative, the applicability of these findings are constrained by their age and, in the 

case of Ferrauti’s work, a very small sample of eight professional male players 
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competing on the clay courts at Roland Garros. Indeed, given the practical interest in 

what direction players move, and the opportunity to extend Weber’s work, it is 

surprising that this topic has received so little attention over the last 14 years.  

 

2.4.2 Traversing the court – What specific steps or technique do players adopt? 

As with the direction of on-court tennis movement, there has been limited scientific 

critique of the specific techniques or steps utilized by players while moving around 

the court during tennis match play. Indeed, to the knowledge of the authors, only one 

study has quantified the steps players use in specific tennis situations. This work, by 

Hughes and Meyers (2005), reported that there were 14 different steps that players 

employed during tennis match play, with 67% of all tennis movement being initiated 

with a split step, which is synchronized to the opponent’s ball contact (Filipcic, 

Leskosek, & Filipcic, 2017). Out of the 14 different movements described by these 

authors, five were different variations of the split-step, further highlighting the 

importance of this action in tennis-specific movement initiation. Other notable 

movements included the side-step, crossover-step, a lunging motion and striding 

movements. While some of these movements are variants of basic fundamental 

movement skills (lunging, striding and jumping) (Cook, Burton, & Hoogenboom, 

2006a, 2006b; Lubans, Morgan, Cliff, Barnett, & Okely, 2010), a large proportion 

appear to be tennis-specific, highlighting the complex and understated nature of 

tennis-specific movement. 

 

Hughes and Meyers (2005) also detailed the most common sequences of steps. This 

can be considered a first published attempt at describing the cyclical nature of tennis 

movement. However, for all its novelty, this research stopped short of quantifying the 
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mechanics of these steps, their interaction with other important tennis movements 

(such as COD), the influence of player style and even court surface (the data was 

collected on male players at Wimbledon in 2002). Of course, tennis is not unique in 

regard to a lack of information surrounding sport specific movements, however 

researchers in other sports have better leveraged player tracking data and / or 2D 

vision, alongside machine learning techniques to inform their understanding of sport 

specific events (Bertasius, Park, Yu, & Shi, 2017; Chawla, Estephan, Gudmundsson, 

& Horton, 2017; Nibali, He, Morgan, & Greenwood, 2017; Salman, Qaisar, & Qamar, 

2017; Victor, Zhen, Stuart, & Dino, 2017). Some promising early progress has been 

made in using sensor technology and data science to classify tennis strokes (Whiteside, 

Cant, Connolly, & Reid, 2017) as well as lower limb activity (Kornfeind, Eckl, & 

Baca, 2019); however it has not yet been applied to the mechanics of tennis-specific 

movement, COD and recovery. 

 

2.4.3  Mechanics of tennis movement 

2.4.3.1 Preparatory mechanics of stroke production 

Given research has detailed the importance of particular lower body mechanics in the 

process of stroke production (Elliott, Reid, & Crespo, 2003), the ability of a player to 

effectively move to the ball to utilise these mechanics is highly relevant. Certainly, 

examination of the ITF’s coaching resource manual on the biomechanics of advanced 

tennis demonstrates how the preparatory stance, including balance, correct orientation 

of the body, leg loading and hip and trunk rotation, all contribute to the generation of 

racquet head speed, a key element of stroke production (Elliott et al., 2003).  

Schonborn (1999) provided the first account of the stances that players adopt, 

surmising that advanced tennis players use an open stance ~90% of the time on the 
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forehand. Subsequently, Reid et al. (2013) presented case studies on the forehand 

stances of a small group of professional players and described use of open, square or 

closed stances 64%, 21% and 16% of the time respectively. Other studies have 

variously investigated the link between stance and lower limb joint propulsion 

(Seeley, Funk, Denning, Hager, & Hopkins, 2011) as well as trunk and upper limb 

joint loading (Knudson & Blackwell, 2000; Knudson & Bahamonde, 1999) during the 

forward-swing of the forehand. Stance is also affected by court surface, player 

expertise and entry speed into the shot as illustrated by the disparate magnitudes of 

knee joint flexion used by different playing groups on clay (Damm et al., 2013; 

Starbuck et al., (2016). While the adoption of certain stances has clearly attracted the 

curiosity of researchers, comparatively less attention has been paid to how players 

move to the ball or into these stance (set-up) positions. 

 

2.4.3.2 Plantar force and pressure mechanics of tennis-specific movements 

The effect of playing surface and shoe friction on plantar pressure has been examined 

in the context of tennis movement. Court surface has a significant, but not always 

consistent effect on the mean force (Girard, Eicher, Fourchet, Micallef, & Millet, 

2007) and peak plantar pressure (Damm et al., 2014) exerted through the foot of 

players during tennis movements. Indeed, a change in court surface is thought to have 

a greater impact on plantar pressures than a change in playing shoe (Damn et al., 

(2014). Kornfeind et al. (2019) has also evaluated changes in plantar pressure 

distribution during tennis-specific movements across multiple surfaces, observing that 

heel loading was greater on hardcourt while forefoot loading, particularly in 

propulsion, was greatest on clay. Unfortunately, most of this work has tended to focus 

on loading in a single stance or single stride events and not comprehensively examined 
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the role or function of the ankle, knee or hip joint. This then limits the extent to which 

this information can be actioned in practice.  

 

2.4.3.3 Lower limb kinematics of movement to the ball 

As noted, previous literature has examined the mechanics of stroke production (Elliott 

et al., 2003), the stance of players (Reid et al., 2013; Schonborn, 1999), and foot 

loading during tennis match play (Damm et al., 2014; Girard et al., 2007; Kornfeind 

et al., 2019), yet a holistic view of the interaction between movement to the ball, stroke 

execution and post-stroke recovery is missing. This point was highlighted by Reid et 

al. (2013) as part of their biomechanical commentary on the tennis forehand. These 

authors underlined how despite the plethora of research exploring the mechanics of 

the tennis forehand and the factors which impact stroke production, research has 

‘failed to meaningfully investigate the specific mechanical characteristics of 

movement to (and from) the forehand’ (Reid et al., 2013, pg 226). Indeed, there has 

been some suggestion that players use a similar heel to toe progression as runners and 

other athletic populations when moving to the ball (Roetert, Ellenbecker, & Chu, 

2003) but without any meaningful scientific evidence. Paradoxically, others have 

drawn parallels between the propulsion mechanics of tennis players and sprinters 

(Kovacs et al., 2015), which involves acceleration almost exclusively on their toes 

(Mann & Sprague, 1980; Novacheck, 1998). These competing observations are not 

unexpected given that the evaluation of tennis movement has been so bereft of 

scientific enquiry.  

 

With this in mind, the abovementioned Damm et al. (2013) study is among a very 

small group of studies to explore the kinematic aspects of tennis movement, revealing 
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that the frictional properties of court surface effect the extent to which players flex 

their knees at impact. Using a more practical lens, Stiles and Dixon (2006) also 

explored the left lower limb joint actions of players hitting running forehands in 

arabesque. The arabesque is a movement technique utilised by players at their end 

range (more predominantly by females (Pratt, 2015; Reid, 2011)). The researchers 

found that the timing of braking ground reaction forces were different during the 

arabesque movement as compared to previous running literature, which pointed to the 

influence of executing and recovering from a stroke. These occasional insights into 

the on-court movement kinematics may provide some useful reference information for 

coaches and conditioning practitioners but their narrow focus, which is primarily 

anchored in practice and not movement to / from the ball or subsequent COD, limits 

their value in practice. 

 

2.5 Change of direction skill in tennis 

The relevance of COD in the context of tennis movement is well established (Kovacs, 

2009; Kovacs, Roetert, & Ellenbecker, 2009; Reid et al., 2003). In fact, understanding 

the demands and requirements of COD movements is arguably as important as 

understanding the total distance covered and stroke frequency counts. Despite this, 

tennis-specific research into the COD skill is limited and provides very little actionable 

information to assist coaches and conditioning practitioners.  

 

2.5.1 How frequently do players change direction? 

The COD skill is a staple in tennis movement, with the earliest work describing players 

to perform four direction changes per point (Deutsch, Deutsch, & Douglas, 1988). 

Remarkably, even allowing for the significant role of COD in tennis (Kovacs, 2009; 
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Kovacs et al., 2009), empirical descriptions are sparse and most practitioners continue 

to program training outcomes based on  COD frequency (but not intensity or degree) 

data from 30 years ago (Deutsch et al., 1988). More recent work, has analysed Hawk-

Eye player tracking data and derived, on average, five COD per point on hardcourt but 

with some variation depending on the sex and expertise of players (Kovalchik & Reid, 

2017).  Regrettably, this work did not detail their methodology for identifying COD, 

limiting the interpretation their findings, while there was also no attempt to report the 

specific degree or time-motion characteristics of these CODs. In a multidirectional 

sport like tennis, this one size fits all approach to classifying COD skill seems overly 

simplistic. 

 

2.5.2 What are the demands of differing degrees and intensities of COD? 

As mentioned above, the current COD research in tennis is so limited and 

reductionistic that appropriate stratification of different types of COD has not been 

pursued. For instance, 180-degree reversals at high speed have been classified in the 

same way as a 45-degree transition to the net. Given the substantial deceleration and 

re-acceleration demands of 180-degree reversals as compared to ‘cutting’ manoeuvres 

where players essentially continue in the same direction of travel, this seems 

misleading.  Indeed the kinetic characteristics of cutting and side-stepping manoeuvres 

performed at 0°, 45°, 90° and 110° highlight the variation in the mechanical demand 

(measured through ground reaction forces in braking and propulsion) depending on 

the angle of direction change (Besier, Lloyd, Cochrane, & Ackland, 2001; Dos’Santos, 

Thomas, Comfort, & Jones, 2018; Havens & Sigward, 2014; Schot, Dart, & Schuh, 

1995; Sigward, Cesar, & Havens, 2015). Similarly, shuttle running involving COD is 

known to lead to increased heart rates, blood lactate levels and ratings of perceived 
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exertion compared to straight line running (Dellal et al., 2010; Zamparo, Zadro, 

Lazzer, Beato, & Sepulcri, 2014). An increased frequency of changing direction 

augments this energetic cost further still (Buglione & di Prampero, 2013) and so does 

backward and lateral movement (Williford, Olson, Gauger, Duey, & Blessing, 1998). 

Collectively, this research shows the mechanical, musculoskeletal and energetic 

demands of decelerating and re-accelerating the body during COD movements. It also 

reaffirms the need to reconceptualise COD in sports like tennis, where repeated 

changes of varying degrees and intensities are common.  

 

As a final point, it is worth noting that the legacy of manual annotation may have 

contributed to past simplistic classifications of COD in tennis. Fortunately though, 

emerging research utilising advancements in modern technology that apply machine 

learning techniques to the outputs from wearable inertial sensors demonstrate 

promising detection, accuracy and scale (Camomilla, Bergamini, Fantozzi, & 

Vannozzi, 2018). Certainly, in other sports settings, these methods have been used to 

analyse COD movements to good effect, with practitioners identifying and classifying 

the degree of changes automatically (Balloch et al., 2019). So far, these applications 

have received limited attention in tennis, at least partly largely owing to the sport’s 

restrictive player analysis technology rules (ITF Rules of Tennis, International Tennis 

Federation, ITF London (2019) but also the inaccessibility of player tracking data.  

 

2.6 Movement competency and style  

Tennis lags behind many sports in its understanding of how fundamental athletic skills 

– the likes of which are a foundation of movement performance (Cook et al., 2006a, 

2006b; Lubans et al., 2010) - manifest in a tennis context. Further, it is unclear how 
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physical capacities energise and provide for individual expression of on-court 

movement in a tennis setting.  

 

2.6.1 What are the physical skills and capacities which underpin tennis movement? 

The physical determinants of tennis movement have been widely discussed in the 

tennis strength and conditioning literature. For example, flexibility, endurance 

(aerobic fitness and muscular endurance), muscular strength, muscular power, speed 

and agility are all considered to underpin tennis movement according to the strength 

and conditioning text of the sport’s governing body, the ITF (Reid et al., 2003). The 

importance of coordination factors such as balance, differentiation and orientation are 

also emphasised. Interestingly though, Reid and Schneiker (2007) highlighted that 

critical commentary of how these capacities translate into proficient tennis-specific 

movement is lacking. In turn, this spawns a variety of assumptions in training settings 

and a potentially unhealthy reliance on trial-and-error to design and implement 

training programs that are supposedly tailored to improve movement performance. 

This approach, while generally inefficient, also inadvertently promotes generalised 

exercise prescription rather than that which is specific to the individual and the game. 

 

2.6.2 Quality of athletic movement 

It has long been considered that the underpinning characteristics of quality athletic 

movement are fundamental movement skills (Balyi, 2003; Ford et al., 2011; Lloyd et 

al., 2015; Lloyd & Oliver, 2012). In research settings, causation has been established 

between movement proficiency and / or functional movement scores and athletic 

performance (Cook et al., 2006a, 2006b; Liang, Hsia, & Tsai, 2015; Lockie et al., 

2015; Parchmann & McBride, 2011), demonstrating the importance of understanding 
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the skills which athletes must possess to deliver succeed. The application of these 

findings into sport-specific settings has also yielded promising results for training, 

with identification of key performance indicators in cricket (Hughes & Bell, 2001), 

soccer (Winkler, 1996), rugby (Carter, 1996) and even tennis (Taylor & Hughes, 

1998). However, much of this work has focused upon the execution of closed skills or 

performance outcomes, as was the case in tennis where the performance indicators 

largely comprised point outcomes. Obviously, this type of discrete, outcome-based 

profiling of tennis play fails to consider factors – like movement quality – that 

contribute to the very point outcomes that they model. 

 

2.6.3 Movement style factors 

A number of sports have shown the benefits of a greater understanding of movement 

quality or execution (Brewer, 2017; Chapman, Laymon, & Arnold, 2012; Woods, 

Banyard, McKeown, Fransen, & Robertson, 2016), even quantifying the 

individualised movements and skills required of sports-specific positions (Dawson, 

Hopkinson, Appleby, Stewart, & Roberts, 2004; Petersen, Pyne, Portus, & Dawson, 

2009; Quinn et al., 2019). While this analysis of ‘positional demands’ has limited 

relevance to tennis, the idea of individualised movement or hitting expressions or 

styles is not new. Decades old coaching literature described four distinct ‘game-styles’ 

(Crespo & Miley, 1998): ‘counter punchers’, ‘aggressive baseliners’, ‘all-court 

players’ and ‘serve volleyers’, with modern pundits suggesting that ‘big servers’ don’t 

neatly fit into any of the four. These game-styles are primarily a fusion of the players’ 

technical and tactical artistry, with Kovalchik and Ingram (2016) suggesting that there 

are 8 distinct mentality profiles in modern professional tennis (Kovalchik & Ingram, 

2016). Movement styles have not been contemplated in this way previously but, 
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through player tracking data, this is now possible. In practice, the delineation of data-

driven styles can assist coaches and players with an objective way to benchmark, track, 

compare and model aspects of performance. 

 

2.7 Summary  

Tennis is a highly dynamic, intermittent sport, where players perform short high 

intensity bursts of effort followed by disparate periods of rest. Within this context, 

proficient movement to the ball is key. Indeed, if players are unable to successfully 

traverse the court to get to the ball, then proficiency in ball striking or decision making 

becomes secondary. Accordingly, it is surprising that over 100 studies have evaluated 

the mechanics of stroke production (Elliott et al., 2003; Genevois, Reid, Rogowski, & 

Crespo, 2015; Hizuan, Whipp, & Reid, 2015; Reid, Elliott, & Alderson, 2008; Reid et 

al., 2013; Whiteside, Elliott, Lay, & Reid, 2013a, 2013b; Whiteside, Elliott, Lay, & 

Reid, 2015) but only a handful of investigations have attempted to explore the 

movement demands of the sport. Consequently, this thesis has been designed to 

address gaps in the sport’s understanding of on-court movement, which will become 

immediately actionable in high performance training settings.  

  



 29  

2.8 References 

Aughey, R. J. (2011). Applications of gps technologies to field sports. International 

Journal of Sports Physiology and Performance, 6(3), pp. 295-310. 

doi:10.1123/ijspp.6.3.295  

Balloch, A. S., Meghji, M., Newton, R. U., Hart, N. H., Weber, J. A., Ahmad, I., & 

Habibi, D. (2019). Assessment of a novel algorithm to determine change-of-

direction angles while running using inertial sensors. Journal of Strength and 

Conditioning Research, Advanced online publication, pp. 1-11. 

doi:10.1519/JSC.0000000000003064  

Balyi, I. (2003). Long-term Athlete Development - Trainability in Childhood and 

Adolescence: Windows of Opportunity, Optimal Trainability. Victoria, 

Canada: National Coaching Institute British Columbia & Advance Training 

and Performance LTD. 

Barris, S., & Button, C. (2008). A review of vision-based motion analysis in sport. 

Sports Medicine, 38(12), pp. 1025-1043. doi:10.2165/00007256-200838120-

00006  

Bertasius, G., Park, H., Yu, S., & Shi, J. (2017). Am i a baller? Basketball performance 

assessment from first-person videos. arXiv.org 

Besier, T. F., Lloyd, D. G., Cochrane, J. L., & Ackland, T. R. (2001). External loading 

of the knee joint during running and cutting maneuvers. Journal of Medicine 

and Science in Sports and Exercise, 33(7), pp. 1168-1175.  

Brewer, C. (2017). Athletic Movement Skills: Training for Sports Performance 

Champaign, IL: Human Kinetics. 

Buglione, A., & di Prampero, P. E. (2013). The energy cost of shuttle running. 

European Journal of Applied Physiology, 113, pp. 1535-1543.  



 30  

Camomilla, V., Bergamini, E., Fantozzi, S., & Vannozzi, G. (2018). Trends supporting 

the in-field use of wearable inertial sensors for sport performance evaluation: 

A systematic review. Sensors, 18(3)doi:10.3390/s18030873  

Carter, A. (1996). Time and motion analysis and heart rate monitoring of a back-row 

forward in first class rugby union football. In M. Hughes (Ed.), Notational 

Analysis of Sport, I & II (pp. 145-160). Cardiff: UWIC. 

Chapman, R., Laymon, A., & Arnold, T. (2012). Functional movement scores and 

longitudinal performance outcomes in elite track and field athletes. 

International Journal of Sports Physiology and Performance, 9(2), pp. 203-

211.  

Chawla, S., Estephan, J., Gudmundsson, J., & Horton, M. (2017). Classification of 

passes in football matches using spatiotemporal data. ACM Transactions on 

Spatial Algorithms and Systems (TSAS), 3(2), pp. 1-30. doi:10.1145/3105576  

Colby, J. M., Dawson, J. B., Heasman, J. J., Rogalski, J. B., & Gabbett, J. T. (2014). 

Accelerometer and gps-derived running loads and injury risk in elite australian 

footballers. Journal of Strength and Conditioning Research, 28(8), pp. 2244-

2252. doi:10.1519/JSC.0000000000000362  

Cook, E., Burton, L., & Hoogenboom, B. (2006a). The use of fundamental movements 

as an assessment of function - part 1. International Journal of Sports Physical 

Therapy, 1(2), pp. 62-72.  

Cook, E., Burton, L., & Hoogenboom, B. (2006b). The use of fundamental movements 

as an assessment of function - part 2. International Journal of Sports Physical 

Therapy, 1(3), pp. 132-139.  

Crespo, M., & Miley, D. (1998). Advanced Coaches Manual. Roehampton, London: 

International Tennis Federation. 



 31  

Damm, L., Starbuck, C., Stocker, N., Clarke, J., Carré, M., & Dixon, S. (2014). Shoe-

surface friction in tennis: Influence on plantar pressure and implications for 

injury. Footwear Science, 6(3), pp. 1-10. doi:10.1080/19424280.2014.891659  

Dawson, B., Hopkinson, R., Appleby, B., Stewart, G., & Roberts, C. (2004). Player 

movement patterns and game activities in the australian football league. 

Journal of Science and Medicine in Sport, 7(3), pp. 278-291.  

Dellal, A., Keller, D., Carling, C., Chaouachi, A., Wong, D. P., & Chamari, K. (2010). 

Physiologic effects of directional changes in intermittent exercise in soccer 

players. Journal of Strength and Conditioning Research, 24(12), pp. 3219-

3226.  

Deutsch, E., Deutsch, S. L., & Douglas, P. S. (1988). Exercise training for competitive 

tennis. Journal of Clinics in Sports Medicine, 7(2), pp. 417-427.  

Dicks, M., Davids, K., & Button, C. (2009). Representative task designs for the study 

of perception and action in sport. International Journal of Sport Psychology, 

40, pp. 506-524.  

Donaldson, A., & Finch, C. F. (2013). Applying implementation science to sports 

injury prevention. British Journal of Sports Medicine, 47(8), p 473. 

doi:10.1136/bjsports-2013-092323  

Dos’Santos, T., Thomas, C., Comfort, P., & Jones, P. A. (2018). The effect of angle 

and velocity on change of direction biomechanics: An angle-velocity trade-off. 

Sports Medicine, 48(10), pp. 2235-2253. doi:10.1007/s40279-018-0968-3  

Elliott, B., Reid, M., & Crespo, M. (2003). Biomechanics of Advanced Tennis Spain: 

International Tennis Federation. 

Fernandez-Fernandez, J., Mendez-Villanueva, A., & Pluim, B. (2006). Intensity of 

tennis match play. British Journal of Sports Medicine, 40, pp. 387-391.  



 32  

Fernandez-Fernandez, J., Sanz-Rivas, D., & Mendez-Villanueva, A. (2009). A review 

of the activity profile and physiological demands of tennis match play. 

Strength and Conditioning Journal, 31(4), pp. 15-26. 

doi:10.1519/SSC.0b013e3181ada1cb  

Ferrauti, A., Weber, K., & Wright, P. R. (2003). Endurance: Basic, semi-specific and 

specific. In M. Reid, A. Quinn & M. Crespo (Eds.), Strength and Conditioning 

for Tennis (pp. 93-111). London, United Kingdom: ITF Ltd. 

Filipcic, A., Leskosek, B., & Filipcic, T. (2017). Split-step timing of professional and 

junior tennis players. Journal of Human Kinetics, 55, pp. 97-105.  

Fitts, R. H., Booth, F. W., Winder, W. W., & Holloszy, J. O. (1975). Skeletal muscle 

respiratory capacity, endurance, and glycogen utilization. American Journal of 

Physiology, 228(4), pp. 1029-1033.  

Ford, P., De Ste Croix, M., Lloyd, R., Meyers, R., Moosavi, M., Oliver, J., Williams, 

C. (2011). The long-term athlete development model: Physiological evidence 

and application. Journal of Sports Sciences, 29(4), pp. 389-402. 

doi:10.1080/02640414.2010.536849  

Gabbett, T. J. (2016). The training-injury prevention paradox: Should athletes be 

training smarter and harder? British Journal of Sports Medicine, 50(5), pp. 

273-280. doi:10.1136/bjsports-2015-095788 

Gabbett, T. J., Jenkins, D. G., & Abernethy, B. (2009). Game-based Training for 

improving skill and physical fitness in team sport athletes. International 

Journal of Sports Science and Coaching  (Vol. 4, pp. 273-283). London, 

England: SAGE Publications. 



 33  

Genevois, C., Reid, M., Rogowski, I., & Crespo, M. (2015). Performance factors 

related to the different tennis backhand groundstrokes: A review. Journal of 

Sports Science and Medicine, 14(1), p 194.  

Girard, O., Eicher, F., Fourchet, F., Micallef, J. P., & Millet, G. P. (2007). Effects of 

the playing surface on plantar pressures and potential injuries in tennis. British 

Journal of Sports Medicine, 41(11), p 733. doi:10.1136/bjsm.2007.036707  

Grand Slam Board. (2019). 2019 Official Grand Slam Rule Book. London: 

International Tennis Federation. 

Havens, K. L., & Sigward, S. M. (2014). Whole body mechanics differ among running 

and cutting maneuvers in skilled athletes. Journal of Gait and Posture, 42, pp. 

240-245.  

Hizuan, H., Whipp, P., & Reid, M. (2015). Gender differences in the spatial 

distributions of the tennis serve. International Journal of Sports Science and 

Coaching, 10(1), pp. 87-96.  

Hoppe, M. W., Baumgart, C., & Freiwald, J. (2016). Do running activities of 

adolescent and adult tennis players differ during play? International Journal 

of Sports Physiology and Performance, 11(6), p 793.  

Hughes, M., & Bell, K. (2001). Performance profiling in cricket. In M. Hughes, F. 

Tavares & C. Moya (Eds.), Notational Analysis of Sport IV (pp. 201-208). 

Porto, Portugal: Facultat do Physica. 

Hughes, M., & Clarke, S. (1995). Surface effect on elite tennis strategy. In T. Reilly, 

M. Hughes & A. Lees (Eds.), Science and Racket Sports (pp. 272-277). 

London: E. & F. N. Spon. 

Hughes, M., & Franks, I. M. (2004). Notational Analysis of Sport: Systems for Better 

Coaching and Performance in Sport (2nd ed. ed.) London: Routledge. 



 34  

Hughes, M., & Meyers, R. (2005). Movement patterns in elite men's singles tennis. 

International Journal of Performance Analysis in Sport, 5(2), pp. 110-134.  

International Tennis Federation. (2019). ITF Rules of Tennis. London: International 

Tennis Federation. 

Knudson, D., & Blackwell, J. (2000). Trunk muscle activation in open stance and 

square stance tennis forehands. International Journal of Sports Medicine, 

21(5), pp. 321-324.  

Knudson, D. V., & Bahamonde, R. (1999). Trunk and racket kinematics at impact in 

the open and square stance tennis forehand. Biology of Sport, 16(1), pp. 3-10.  

Kornfeind, P., Eckl, M., & Baca, A. (2019). A single step analysis of plantar pressure 

distribution in tennis specific movements. Journal of Human Sport and 

Exercise, 14(2), pp. 425-435. doi:10.14198/jhse.2019.142.14  

Kovacs, M. S. (2007). Tennis physiology: Training the competitive athlete. British 

Journal of Sports Medicine, 37(3), pp. 189-198.  

Kovacs, M. S. (2009). Movement for tennis: The importance of lateral training. 

Strength and Conditioning Journal, 31(4), pp. 77-85.  

Kovacs, M. S., Duffield, R., & Kellett, A. (2015). Physical development. In B. Elliott, 

M. Reid & M. Crespo (Eds.), Tennis Science: How Player and Racquet Work 

Together (pp. 94-115). Chicago, Illinois, United States: University of Chicago 

Press. 

Kovacs, M. S., Roetert, E. P., & Ellenbecker, T. S. (2009). Efficient deceleration: The 

forgotten factor in tennis-specific training. Strength and Conditioning Journal, 

37(2), pp. 92-103.  



 35  

Kovalchik, S., & Ingram, M. (2016) Hot heads, cool heads and tacticians: Measuring 

the mental game in tennis. Paper presented at the MIT Sloan: Sports Analytics 

Conference.  

Kovalchik, S., & Reid, M. (2017). Comparing matchplay characteristics and physical 

demands of junior and professional tennis athletes in the era of big data. 

Journal of Sports Science and Medicine, 16, pp. 489-497.  

Liang, Y. P., Hsia, Y. Y., & Tsai, Y. J. (2015). Associations between athletic 

performance and functional movement patterns in elite baseball players. 

Physiotherapy, 101(1), pp. 869–870. doi:10.1016/j.physio.2015.03.1697  

Lloyd, R., Oliver, J., Faigenbaum, A., Howard, R., De Ste Croix, M., Williams, C., . . 

. Myer, G. (2015). Long-term athletic development - part 1; a pathway for all 

youth. Journal of Strength and Conditioning Research, 29(5), pp. 1439-1450.  

Lloyd, R. S., & Oliver, J. L. (2012). The youth physical development model; a new 

approach to long-term athletic development. Strength and Conditioning 

Journal, 34(3), pp. 61-72.  

Lockie, R. G., Schultz, A. B., Jordan, S. J., Callaghan, C. A., Luczo, T. M., & Jeffriess, 

M. D. (2015). A preliminary investigation into the relationship between 

functional movement screen scores and athletic physical performance in 

female team sport athletes. Biology of Sport, 32(1), pp. 41-51.  

Lubans, D. R., Morgan, P. J., Cliff, D. P., Barnett, L. M., & Okely, A. D. (2010). 

Fundamental movement skills in children and adolescents: Review of 

associated health benefits. Sports Medicine, 40(12), pp. 1019-1035.  

Mann, R. V., & Sprague, P. (1980). A kinetic analysis of the ground leg during sprint 

running. Research Quarterly For Exercise and Sport, 51(2), pp. 334-348.  



 36  

Nibali, A., He, Z., Morgan, S., & Greenwood, D. (2017). Extraction and classification 

of diving clips from continuous video footage. arXiv.org 

Novacheck, T. F. (1998). The biomechanics of running. Gait and Posture, 7, pp. 77-

95.  

Parchmann, C. J., & McBride, J. M. (2011). Relationship between functional 

movement screen and athletic performance. Journal of Strength and 

Conditioning Research, 25(12), pp. 3378-3384.  

Petersen, C., Pyne, D., Portus, M., & Dawson, B. (2009). Quantifying positional 

movement patterns in twenty20 cricket. International Journal of Performance 

Analysis in Sport, 9, pp. 165-170.  

Pinder, R., Davids, K., Renshaw, I., & Araújo, D. (2011). Representative learning 

design and functionality of research and practice in sport. Journal of Sport and 

Exercise Psychology, 33(1), p 146. doi:10.1123/jsep.33.1.146  

Ponzano, M., & Gollin, M. (2017). Movement analysis and metabolic profile of tennis 

match play: Comparison between hard courts and clay courts. International 

Journal of Performance Analysis in Sport, 17(3), pp. 220-231.  

Pratt, N. (2015). Women's tennis: Key priorities. National High Performance 

Workshop, Melbourne, Australia. 

Quinn, K., Newans, T., Buxton, S., Thomson, T., Tyler, R., & Minahan, C. (2019). 

Movement patterns of players in the australian women’s rugby league team 

during international competition. Journal of Science and Medicine in Sport, 

(In Press). 

Reid, M. (2011). The characteristics of on-court movement in tennis. National High 

Performance Workshop, Melbourne, Australia. 



 37  

Reid, M., Elliott, B., & Alderson, J. (2008). Lower-limb coordination and shoulder 

joint mechanics in the tennis serve. Medicine and Science in Sports and 

Exercise, 40(2), pp. 308-315. doi:10.1249/mss.0b013e31815c6d61  

Reid, M., Elliott, B., & Crespo, M. (2013). Mechanics and learning practices 

associated with the tennis forehand: A review. Journal of Sports Science and 

Medicine, 12(2), pp. 225-231.  

Reid, M., Morgan, S., & Whiteside, D. (2016). Matchplay characteristics of grand 

slam tennis: Implications for training and conditioning. Journal of Sports 

Sciences, 34(19), pp. 1791-1798.  

Reid, M., Quinn, A., & Crespo, M. (2003). Stength and Conditioning for Tennis Spain: 

International Tennis Federation. 

Reid, M., & Schneiker, K. (2007). Strength and conditioning in tennis: Current 

research and practice. J Sci Med Sport, 11(3), pp. 248-256.  

Reilly, T., Morris, T., & Whyte, G. (2009). The specificity of training prescription and 

physiological assessment: A review. Journal of Sports Sciences, 27(6), pp. 

575-589. doi:10.1080/02640410902729741  

Richers, T. A. (1995). Time-motion analysis of the energy systems in elite and 

competitive singles tennis. Journal of Human Movement Studies, 28, pp. 73-

86.  

Roetert, E. P., Ellenbecker, T. S., & Chu, D. (2003). Movement mechanics. In M. 

Reid, A. Quinn & M. Crespo (Eds.), Strength and Conditioning for Tennis (pp. 

165-173). London, United Kingdom: ITF Ltd. 

Salman, M., Qaisar, S., & Qamar, A. (2017). Classification and legality analysis of 

bowling action in the game of cricket. Data Mining and Knowledge Discovery, 

31(6), pp. 1706-1734. doi:10.1007/s10618-017-0511-4  



 38  

Schonborn, R. (1999). Advanced Techniques for Competitive Tennis Aachen, 

Germany: Meyer and Meyer Sport. 

Schot, P., Dart, J., & Schuh, M. (1995). Biomechanical analysis of two change-of-

direction maneuvers while running. Journal of Orthopaedic and Sports 

Physical Therapy, 22(6), pp. 254-258.  

Seeley, M. K., Funk, M. D., Denning, W. M., Hager, R. L., & Hopkins, J. T. (2011). 

Tennis forehand kinematics change as post-impact ball speed is altered. Sports 

Biomechanics, 10(4), pp. 415-426.  

Sigward, S. M., Cesar, G. M., & Havens, K. L. (2015). Predictors of frontal plan knee 

moments during side-step cutting to 45 and 110 degrees in men and women: 

Implications for anterior cruciate ligament injury. Clinical Journal of Sports 

Medicine, 25, pp. 529-534.  

Starbuck, C., Damm, L., Clarke, J., Carre, M., Capel-Davis, J., Miller, S., Dixon, S. 

(2016). The influence of tennis court surfaces on player perceptions and 

biomechanical response. Journal of Sports Sciences, 34(17), pp. 1627-1636.  

Stiles, V. H., & Dixon, S. J. (2006). The influence of different playing surfaces on the 

biomechanics of a tennis running forehand foot plant. Journal of Applied 

Biomechanics, 22(1), p 14. doi:10.1123/jab.22.1.14  

Taylor, M., & Hughes, M. (1998). Analysis of elite under-19 tennis players. In A. 

Lees, I. Maynard, M. Hughes & T. Reilly (Eds.), Science and Racket Sports II 

(pp. 211-220). London: E & FN Spon. 

Vanrenterghem, J., Nedergaard, N., Robinson, M., & Drust, B. (2017). Training load 

monitoring in team sports: A novel framework separating physiological and 

biomechanical load-adaptation pathways. Sports Medicine, 47(11), pp. 2135-

2142. doi:10.1007/s40279-017-0714-2  



 39  

Victor, B., Zhen, H., Stuart, M., & Dino, M. (2017). Continuous video to simple 

signals for swimming stroke detection with convolutional neural networks. 

arXiv.org 

Whiteside, D., Cant, O., Connolly, M., & Reid, M. (2017). Monitoring hitting load in 

tennis using inertial sensors and machine learning. International Journal of 

Sports Physiology and Performance, 12(9), pp. 1212-1217. 

doi:10.1123/ijspp.2016-0683  

Whiteside, D., Elliott, B., Lay, B., & Reid, M. (2013a). The effect of age on discrete 

kinematics of the elite female tennis serve. Journal of Applied Biomechanics, 

29, pp. 573-582.  

Whiteside, D., Elliott, B., Lay, B., & Reid, M. (2013b). A kinematic comparison of 

successful and unsuccessful tennis serves along the elite development 

pathway. Journal of Human Movement Science, 32, pp. 822-835.  

Whiteside, D., Elliott, B. C., Lay, B., & Reid, M. (2015). Coordination and variability 

in the elite female tennis serve. Journal of Sports Sciences, 33(7), pp. 675-686.  

Williford, H. N., Olson, M. S., Gauger, S. J., Duey, W. L., & Blessing, D. L. (1998). 

Cardiovascular and metabolic costs of forward, backward, and lateral motion. 

Medicine and Science in Sports and Exercise, 30(9), pp. 1419-1423. 

doi:10.1097/00005768-199809000-00011  

Winkler, W. (1996). Computer/video analysis in german soccer. In M. Hughes (Ed.), 

Notational Analysis of Sport, I & II (pp. 19-31). Cardiff: UWIC. 

Woods, C., Banyard, H., McKeown, I., Fransen, J., & Robertson, S. (2016). 

Discriminating talent identified junior australian footballers using a 

fundamental gross athletic movement assessment. Journal of Sports Science 

and Medicine, 15, pp. 548-553.  



 40  

Zamparo, P., Zadro, I., Lazzer, S., Beato, M., & Sepulcri, L. (2014). Energetics of 

shuttle runs: The effects of distance and change of direction. International 

Journal of Sports Physiology and Performance, 9, pp. 1033-1039.  

 

  



 41  

 

 

 

 

 

CHAPTER THREE 

 
HOW DO PROFESSIONAL TENNIS PLAYERS MOVE? 

THE PERCEPTIONS OF COACHES AND STRENGTH 

AND CONDITIONING EXPERTS 
 

 

 

 

 

 

 

 

 

 

This chapter represents the peer-reviewed paper published in the Journal of Sports 

Sciences:  

 
Giles B., Peeling P., Dawson B. & Reid M. (2019). How do professional tennis players 

move? The perceptions of coaches and strength and conditioning experts. Journal of 

Sports Sciences, 37(7), 726-734. DOI: 10.1080/02640414.2018.1523034   



 42  

3.1  Abstract 

The purpose of this study was to explore the processes associated with successful on-

court movement in professional tennis. To date, research has only provided 

generalised insight into the physical demands of tennis movement and the requisite 

physical skills. Data were collected through semi-structured interviews with 15 

international tennis and / or strength and conditioning coaches involved in the 

development of tennis-specific movement in professional men’s and women’s tennis. 

A descriptive, qualitative approach was adopted, with interviews transcribed verbatim 

and analysed using an inductive to deductive thematic analysis. The highlighted ideas 

and concepts enabled the dynamic construction of higher-order themes representative 

of ‘good’ tennis movers, alongside the conceptual development of a common 

movement ‘goal’ or ‘outcome’. The established higher-order themes portrayed three 

‘styles’ of ‘good’ movers in modern professional tennis: those who were ‘fast’ around 

the court, those who ‘read the play’ well, and those who were ‘efficient’ in their 

movement. The established themes provide a framework for interpreting and 

categorising the movement of professional tennis players as well as its underpinning 

skill.  
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3.2  Introduction 

Success in modern professional tennis is attributable to high levels of skill across the 

key components of technical (stroke execution), tactical (serve location, stroke 

placement), physical (strength, power, endurance) and psychological (mental 

composure) capacities  (Kovacs, 2007; Pugh, Kovaleski, Heitman, & Gilley, 2003; 

Reid & Schneiker, 2007). While a significant proportion of tennis research has focused 

on the technical components of stroke execution (Elliott, Reid, & Crespo, 2003; Reid, 

Elliott, & Crespo, 2013), the movement characteristics of professional tennis have 

received comparatively less attention. As players need to be able to move to hit the 

ball, sub-standard movement can undermine well-developed technical and tactical 

skill, highlighting the importance of further empirical investigation into the topic. 

Notably, Roger Federer (arguably the greatest male tennis player of all-time) attributes 

his footwork and movement to the success of his game, highlighting the importance 

of good movement in modern professional tennis; “My game is a lot about footwork. 

If I move well, I play well.” – Roger Federer (Federer, 3rd of October, 2012). This 

sentiment is further supported by Toni Nadal, the tennis coach and mentor of Rafael 

Nadal from a young age; “Rafa needs to spend a certain amount of hours on the court 

each day so that his footwork, movement about the court, and his confidence are all 

at their optimal level” – Toni Nadal (Tracy, 2015). 

  

Tennis-specific research has explored the time-motion and physiological demands of 

tennis movement extensively, with factors such as match duration (Kovacs, 2006; 

Mendez-Villanueva, Fernandez-Fernandez, Bishop, Fernandez-Garcia, & Terrados, 

2007), distance covered (Fernandez-Fernandez, Sanz-Rivas, Sanchez-Muñoz, et al., 

2009; Reid, Morgan, & Whiteside, 2016), number of intense / explosive efforts 



 44  

(Kovacs et al., 2015; Richers, 1995), speed, work-to-rest ratios (Elliott, Dawson, & 

Pyke, 1985; Kovacs, 2007) and changes of direction (COD) per point (Kovacs, 2009; 

Roetert & Ellenbecker, 2007) considered. From such work, the demands of Grand 

Slam tennis events have been established, with a typical match at the Australian Open 

requiring male and female players to cover (on average) distances of 2,110 m and 

1,232 m respectively, with average movement speeds of 3.68 ms-1 and 3.43 ms-1 

respectively, within points (Reid et al., 2016). The direction of player movement has 

also been quantified via annotation of Australian Open tennis matches in the mid-

2000s, with 72%, 17% and 8% of movement being performed along the baseline, 

forward and backward respectively (Weber, Pieper, & Exler, 2007). While important 

in providing practitioners with a broad overview of the sport's physical demands, this 

work stops short of supplying tennis stakeholders with the mechanistic detail required 

to comprehensively prepare athletes for effective and efficient on-court movement. 

Further, few studies have attempted to explore the specific patterning (split-step, 

crossover step, etc) and mechanics (stride length, stride rate, etc) of tennis movement. 

For example, Hughes and Meyers (2005) report that 67% of all movement is initiated 

with a split step, which is typically timed to coincide closely with the opponent's ball 

contact (Filipcic, Leskosek, & Filipcic, 2017). To the knowledge of the authors, 

Hughes and Meyers (2005) also remain the only researchers to have analysed the 

frequency and number (n=14) of different tennis steps used by players to travel to the 

ball, albeit without any consideration of the context or quality of the selected 

movement response. A similarly limited evidence-base describes the mechanical 

characteristics of COD in tennis (Ferrauti, Fernandez-Fernandez, Klapsing, Ulbricht, 

& Rosenkranz, 2013), which is surprising given its presumed importance to 

performance (Kovacs, 2009; Kovacs et al., 2009).   
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A key limitation of the current literature is the almost unilateral focus on movement 

outcomes (e.g. speed, number of COD etc.), which is akin to describing only the speed 

or volume of stroke production (the outcome) and not how the hitting speed was 

produced (the process). Although it is important to acknowledge that sprint and 

running mechanics have been researched extensively and will transfer to court-based 

settings, it is unlikely that this body of work adequately captures tennis-specific 

movement mechanics. Second, unlike tennis strokes and other sporting skills 

(Ghorbani & Bund, 2017; Sheppard & Young, 2006), tennis movement has not been 

researched or even operationalised in a systematic way. Overarching frameworks exist 

at National Federation level (i.e. Tennis Australia, Lawn Tennis Association), which 

may guide professional tennis practitioners, yet they remain untested. This 

complicates the reliable critique of movement skill and quality. Indeed, it is not 

uncommon for professional tennis players to be labelled "good" or "bad" movers by 

coaches, strength and conditioning practitioners, as well as the broader tennis 

community (Garber, 2011; Sias, 2012), however, these assessments are often 

subjective and therefore prone to interpretive differences. Of note, in domains other 

than tennis, the importance of movement quality in achieving athletic outcomes and 

preventing injury has been well established (Cook, Burton, & Hoogenboom, 2006a, 

2006b), and may serve as a way forward for tennis. Indeed, inductive methodologies 

have successfully informed frameworks of expertise in cricket (Phillips, Davids, 

Renshaw, & Portus, 2010; Smith, Young, Figgins, & Arthur, 2017), and would 

therefore seem promising in assisting the sport of tennis do the same from a movement 

perspective.  
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In sum, the emphasis that players and coaches attach to on-court movement has not 

been matched by the interest of researchers over time. This incongruity is surprising, 

likely impacting the approach of coaches, fitness trainers and players to the 

development of movement skill. Consequently, this paper uses an inductive approach 

to establish a consensus expert view of what comprises quality movement in tennis, 

subsequently proposing a practical framework to describe tennis movement.  

 

3.3  Methods 

3.3.1  Participants 

Ten Australian and five International professional tennis experts (14 male, 1 female), 

currently based in 7 different nations (Australia, Germany, New Zealand, Spain, 

Switzerland, United States and United Kingdom), were interviewed. The sample 

consisted of professional strength and conditioning coaches (n=8), tennis coaches 

(n=5) and those qualified as both (n=3). The stakeholder group had 14.6 ± 7.0 y of 

experience working in high-performance / professional tennis, across both the male 

(n=9) and female (n=6) games. The participant group also had a wealth of playing 

experience, with a number having achieved professional rankings (Top 50: n=1, Top 

250: n=2, Top 2000, n=3) and national rankings (n=2). 

 

At the time of interview, the coaches had led and / or held a senior role in a tennis 

Federation (n = 9), coached a total of 28 Top 100 players (18 male, 10 female) and 

worked with 10 Grand Slam event winners (5 male, 5 female). This collection of 

experience informed a comprehensive view of tennis movement; taking into account 

the potential influences of sex, age and nationality on player movement strategies and 
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outcomes. This study was approved by the host institution's human research ethics 

committee. All participants provided informed consent. 

 

3.3.2  Data Collection and Analysis 

Participants were initially contacted to gauge their willingness to share their views on 

the topic. Upon agreeing to participate, participants were informed of the interview 

protocol and interview guide, including the core questions. The interview guide was 

developed using previous research relevant to the movement demands of match-play 

tennis (Hughes & Meyers, 2005; Kovacs, 2007; Reid et al., 2016; Reid & Schneiker, 

2007; Whiteside & Reid, 2016), high performance and talent development tennis 

literature from various Tennis Federations (Tennis Australia, United States Tennis 

Association, Lawn Tennis Association, etc.), author input, as well as pilot practice 

interviews and group discussions with national coaches not part of the sample. The 

pilot work refined the lines of inquiry, ensuring the interviews transitioned seamlessly. 

Interviews were then conducted face-to-face (n=5), over the telephone (n=5) or over 

Skype (n=5) with the identified tennis experts. Interview duration ranged between 35–

65 minutes. The lead investigator (Giles) conducted all 15 interviews, with the second 

investigator (Reid) present for 12 of these. The lead investigator had a working 

relationship with part of the participant group (n=5), while the second investigator had 

previously worked or collaborated with the remaining participants (n=10). The 

presence of the second investigator was used to establish rapport, facilitating open and 

honest responses from participants with whom the lead investigator was not familiar. 

All interviews were recorded on two separate digital recording devices (iPhone 6s and 

Macbook Air, Apple Inc, California, USA).  
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At the commencement of each interview, participants were reminded of interview 

intent, anonymity and recording. There were two general lines of inquiry in the 

interviews: a) description of what the participant believed to be ‘good movement’ in 

tennis; and b) identification of key characteristics and capacities that underpin this 

‘good movement’. The opening questions elicited broad general responses, helping to 

consolidate rapport, before more specific questions were posed. All questions were 

open, with probes used to encourage more expansive and / or clearer responses. 

 

All interviews were transcribed verbatim with minor alterations to ensure flow, 

without changing the context or content of responses. Following the transcription and 

review for recording accuracy, participants reviewed a copy of their interview 

transcript. This allowed participants to clarify ambiguous responses, ensuring their 

views were accurately reflected (Miles & Huberman, 1994). All participants 

confirmed accuracy after some minor amendments, which then enabled the data to be 

transferred into the qualitative analysis software (QRS Nvivo 10) for analysis. The 

data analysis was driven by the lead investigator using inductive to deductive 

approach, with the second investigator engaged in peer concept mapping and 

confirmation of coded themes (Miles & Huberman, 1994). Prior to open coding, the 

primary researcher read the transcripts multiple times, immersing himself in the 

presented information to facilitate the emergence of general themes and concepts. 

Higher-order themes were conceptualized by coding the specific ideas and concepts 

of the participants, with lower-order themes forming the foundation of these 

overarching ideas (Cote, Salmela, Baria, & Russell, 1993). Upon the emergence of 

each theme or concept, all transcripts were re-analysed. The coding process was open 

and flexible, allowing for categories to be dynamically constructed and adjusted 
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during analysis. Consistent with previous established qualitative methods (Braun & 

Clarke, 2006; Strauss & Corbin, 1998), themes were considered significant when they 

were featured in ≥3 participants' responses. The data was continually evaluated until 

saturation was achieved and no additional themes emerged from successive reviews 

of the data (Braun & Clarke, 2006). 

 

3.4  Results and Discussion 

The data revealed numerous emergent themes expressed by the expert participants 

during the interview process. A large variety of interacting movement skills and 

capacities informed the lower-order themes, while also serving as the foundation of 

the three higher-order themes that were considered to best encapsulate ‘good’ tennis 

movers. Figure 3.1 shows these higher-order themes in the context of overall tennis 

movement, with the lower-order themes comprising the underpinning capacities 

associated with movement skill. Quotes taken from the interview transcripts are 

presented in tabular form below, with each participant anonymously referenced so that 

their views can be compared across themes. These quotes are provided as supportive 

evidence of the established themes and concepts.  
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Figure 3.1. The figure presents a framework for coaches and strength and conditioning experts to interpret the established higher-order themes representing ‘good’ tennis 

movement and the subsequent underpinning lower-order themes (characteristics) which contribute to these movement styles. The styles of ‘good’ tennis movers established in 

this study are presented alongside their underpinning characteristics and then referenced in relation to how they are utilised during the tennis movement cycle. 
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3.4.1  What is ‘good’ movement in tennis 

The manner in which the experts described ‘good’ movement in professional tennis 

essentially positioned the movement outcome or ‘task goal’ as the focal point. In other 

words, "why" players (need to) move was central to the experts' conceptualisation of 

"what" good movement looked like. Emphasis was placed upon the importance of 

movement allowing players to get into an optimal position to execute their stroke, 

which in turn maximises player choice. Correspondingly, players whom arrive at the 

ball early or "on time" to ensure a repeatable contact point were reported to have a 

greater chance of success (Table 3.1: Point 1). This shares parallels with previous 

literature that has linked movement competency to successful performance outcomes 

in both team- and individual-sport settings (Lockie et al., 2015; Parchmann & 

McBride, 2011). Certainly, the concept of movement being linked to a ‘task goal’ is 

consistent with constraints-led perspectives of skill and movement execution, whereby 

multiple factors (environment, individual and task parameters) interact to influence 

the task outcome (Davids, Araujo, Vilar, Renshaw, & Pinder, 2013; Davids, Button, 

& Bennett, 2008; Newell, 1986). Further, the identified importance of arriving at the 

ball “on time” highlights the central role of perception-action coupling in tennis 

(Farrow & Abernethy, 2003; Mallek, Benguigui, Dicks, & Thouvarecq, 2017), where 

effective perception of context (e.g. opposition player positioning, opposition player 

stroke mechanics, ball speed, ball flight) and deciding upon an appropriate response 

(e.g. initiate movement, coordinate stroke preparation, adjust positioning to the 

incoming ball) underpin successful stroke execution. In a practical sense, this suggests 

that attempts by tennis professionals to decouple perception from action in tennis-

specific or more general movement drills should be carefully considered. Indeed, other 

skill development research (Davids et al., 2013; Pinder, Renshaw, & Davids, 2009; 
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Whiteside, Elliott, Lay, & Reid, 2015), has specifically questioned the efficacy of 

these approaches to decomposing skills. 

 

3.4.2  Capabilities of ‘good’ tennis movers 

A variety of lower-order themes capturing the underpinning skills and capacities of 

modern-day tennis professionals who ‘move well’ were discussed. The experts 

described characteristics, such as speed, strength, balance and anticipation, 

emphasising both the importance of their synergy in producing movement outcomes, 

but also in helping to identify similar styles of movers (higher-order themes). Against 

this backdrop, it must be noted that experts considered all ‘good’ tennis movers to 

share a certain baseline level of proficiency across a large number of skills or lower-

order themes (Table 3.1: Point 2).  
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Table 3.1 Summary of ‘good’ tennis movement 

Line of Inquiry Quote 
 

1. What is ‘good’ movement in tennis 
 

P8: “A good mover is someone who's able to make decisions early and get out into position, wherever that may be, in an appropriate time. Not 
necessarily the quickest time, but in an appropriate time to arrive on balance, ready to execute the stroke whatever they're choosing to execute 
is.” 
 

P1: “You take your position earlier than the ball is there, you go a little bit early in position, you've set up your stance before you accelerate 
then your arm.” 
 

P10: “Probably different for a lot of the different individuals but I suppose the ability to create time on the ball. The ability to maintain some 
sort of balance, composure and posture on the ball when others would be more compromised.”  
 

2. Capabilities of ‘good’ tennis movers P8: “The ability to move quickly, that's a combination of straight-line speed, it's a combination of multi-directional speed and the ability to 
change directions. A whole bunch of speed and agility qualities underpin that. The second part is actually the ability to decelerate to ensure 
you're arriving with some element of balance. That's not just strength, that's coordination, that's dynamic balance, a keen aesthetic awareness. 
There's a whole bunch of things that feed into it.” 
 

P11: “Then we will look at that mobility, so strength through range, making sure we get enough flexibility and strength together. Definitely 
functional movement combining balance, coordination, that neuromuscular training as one. Then having the ability to understand how to 
accelerate with a straight line or laterally and maintain a good position with utilizing split step in between to neutralize and in transition. At the 
pro level, I think they are constantly refining it, constantly refining it.” 
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3.4.3  Styles of ‘good’ tennis movers 

3.4.3.1. Those who ‘read the play’ 

Players whom perceive and interpret sequences of events on-court, such that they 

move into position with adequate time (Table 3.2: Theme 1), represented the first 

higher-order theme of ‘good’ tennis movers. These players were not described as the 

quickest or most efficient movers, rather they repeatedly arrive at the ball “on time”, 

affording greater consistency, conviction and / or choice with their shot selection 

(Table 3.2: Theme 1a). Given the move-hit-move sequence of tennis, it does seem 

intuitive for a selection of the sport's good movers to possess a very high level of 

perceptual skill. Indeed, the role of perceptual skill or kinematic cue detection in 

interceptive sports like tennis has been extensively investigated, with player expertise 

shown to influence the early anticipation of certain stroke types and directions 

(Rollick, Fidopiastis, & Braden, 2001; Shim, Carlton, & Kwon, 2006; Ward, 

Williams, & Bennett, 2002; Williams, Ward, Smeeton, & Allen, 2004). These types 

of qualities might also relate to other terms like good ‘game sense’ (Berry, Abernethy, 

& Cote, 2004). It is worth noting though, that much of this research emanates from 

settings that remove expert performers from their direct performance environments, 

reinforcing the need for more representative research to quantify the manifestation of 

perceptual skill in tennis movement detailed here.  

 

The emergent lower-order themes comprised a number of characteristics, including 

being able to identify cues from opponents, which enabled players to ‘read the play’. 

In the context of tennis movement, players who successfully read cues should initiate 

faster and more appropriate movement responses (Table 3.2: Theme 1b). As alluded 

to above, cue detection has been extensively examined in sport, with previous research 
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exploring the anticipation of bowlers' deliveries in cricket (Müller, Abernethy, & 

Farrow, 2006), the perception of pitching kinematics in baseball (Takeuchi & Inomata, 

2015), as well as the motion / outcome of the tennis serve-return (Goulet, Bard, & 

Fleury, 1989; Rollick et al., 2001). According to the experts, knowledge of the game 

in the form of understanding the court's geometry and patterns of play was also thought 

to help players read the play well (Table 3.2: Theme 1c). This is supported by 

empirical observations (McPherson & Kernodle, 2003; Williams & Ford, 2008) 

highlighting how a player's tactical understanding can positively affect their decision 

making, and by extension, movement choice.  

 

Finally, one of the more interesting lower-order themes associated with those movers 

who ‘read the play’ well was centred around the extent to which they are able to cover 

movement deficiencies. That is, movers with this style were often suggested to possess 

lesser-developed technical and / or physical skill, heightening their reliance on reading 

the play to overcome any shortcomings. Certainly, the experts described how players 

with excellent perceptual skill were able to compensate for what might otherwise be 

performance-limiting movement deficiencies (Table 3.2: Theme 1d). 
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Table 3.2 Quotes on the group of ‘good’ tennis movers who ‘read the play’ well 

Theme Level Theme Quote 
 

Higher-Order Theme 
 

1. Those who ‘read the 
play’ 

 

P2: “Having a sense of the game, having an ability to read the play is something that directly relates to your ability to get 
to your outcome or your target.” 
 

P4: “Probably having the eye for what's happening. Like actually being able to see and not be told what you need to do. To 
be able to see that he was late there or he's not moving sharp here or that sort of thing. Being able to see it.” 
 

Lower-Order Theme a. Positioning on the 
ball 

P12: “Some people have a little bit of ability probably to read the game. So, I think they can compensate there a little bit. I 
think you need to work on it and you can always get better but some people I think do have the ability ... They read the game 
better than others which then it looks like they're in position.” 
 

 b. Reading cues P2: “Number one comes from reading the play or anticipation predominantly and understanding your opponent's ball 
striking ability, trying to read signals off their take back, off their swing path, off their contact point, to be able to get that 
jump on the side of things.” 
 

P8: “I think clearly your ability to pick up early cues from your opponent is critical.” 
 

P11: “There's players that can read body movement, body segments and start to move before the actual ball is being struck.” 
 

 c. Knowledge of the 
game and opponent 

P2: “Then related to that is the ability to sort of play the percentages in your head, meaning that if you've hit to a certain 
position on the court, the odds of the ball coming to a certain part on your court go up, and being able to cheat or sneak or 
really be one step ahead just by your understanding of the courts, the odds of a ball going to a certain direction and or 
scouting your opponent well enough to know their tendencies ahead of time.” 
 

P14: “If you play a player enough, you will understand more about where they're possibly going to hit the ball. Is that 
because that's a bit of a learned effect of what you've experienced in the past when you've played them? Are they going to go 
backhand on their ... backhand pass down the line, or cross-court?” 
 

 d. Ability to cover 
physical and/or athletic 
deficiencies 

P8: “If I use [Player A Name] as an example, someone who's seen as a poor mover, I think it's about what model you apply. 
He's slow, but he's probably got great perception, and he's got some tactical and technical skills that offset some of that. 
Sure, when you're trying to apply a movement skillset for [Player A Name] over a technical and tactical skillset of a [Player 
B Name], he's a bad mover, but the argument could be made that from a combination perspective, are we actually perceiving 
that or interpreting that correctly?” 
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3.4.3.2. Players who are ‘fast’ 

The second higher-order theme described players who were quick off the mark and / 

or fast across the court. Experts described these players as not necessarily being the 

most efficient or ‘graceful’ movers, but with high foot speed which in turn afforded 

them to arrive "on time", set-up and execute an effective stroke (Table 3.3: Theme 2). 

Contemporary professional tennis requires multiple high intensity outputs within a 

short period of time (Kovacs, 2007; Kovacs et al., 2015), therefore, it seems logical 

that players who move quickly are considered ‘good’ movers. Further, the pre-

eminence of COD skill in tennis (Kovacs, 2009; Kovacs et al., 2009) and the known 

link between speed and COD ability (Brughelli, Cronin, Levin, & Chaouachi, 2008; 

Vescovi & McGuigan, 2008) reinforces this point. 

 

Interestingly, ‘fast’ movers tended to also be players who were considered more 

physically developed. For example, lower-order themes such as strength, power, 

flexibility and endurance were used to describe ‘fast’ movers (Table 3.3: Theme 2a). 

This fits with the general acceptance of the importance of professional strength and 

conditioning practices for the modern tennis professional (Reid et al., 2003). Of note, 

various literature has also explored the performance relevance of these capacities, 

resulting in some consensus around the value of an adequate strength and endurance 

base for tennis performance (Kovacs & Ochi, 2010; Reid & Schneiker, 2007). 

Elsewhere, research examining parameters of sprint performance have shown that 

strength and power are strong predictors of speed-based outcomes (Baker & Nance, 

1999; Cronin & Hansen, 2005; McBride et al., 2009; Smirniotou, Katsikas, Paradisis, 

Argeitaki, & Zacharogiannis, 2008).  
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Movement technique arose as another lower-order theme associated with ‘fast’ tennis 

movement. The experts discussed the expression of the abovementioned physical 

capacities (strength and power) in tennis-specific locomotion as being a cornerstone 

of moving quickly around the court. Specifically, experts commented on the manner 

by which these players initiated their movement to the ball, where quickness off the 

mark provided for seamless transition out of the split-step into a powerful first step. 

This then allowed for players to ‘relax’ or assume a more balanced and coordinated 

position as they set-up around the ball (Table 3.3: Theme 2b). Another feature of these 

movers; one shared with ‘efficient’ movers (below), is their control over their stride 

length and frequency (Table 3.3: Theme 2c).  
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Table 3.3 Quotes on the group of ‘good’ tennis movers who are ‘fast’ around the court 
Theme Level Theme Quote 
 

Higher-Order Theme 
 

2. Players’ who are 
‘fast’ 

 

P13: “I think the men's and women in general, in the modern day, it's ... Like I said before, it's the speed that's important.” 
 

P10: “Just flat out foot speed. So the ability to chase a drop shot down and not just get there but get there and be able to do something 
with the ball.” 
 

P8: “Your speed qualities become critical, so is your ability to accelerate. That's positional-specific and context-specific based on what's 
presented at the time. The ability to move quickly, that's a combination of straight-line speed, it's a combination of multi-directional speed 
and the ability to change directions. A whole bunch of speed and agility qualities underpin that.” 
 

Lower-Order Theme a. Physically 
driven 

P2: “The term I've used is a power mover. Someone that gets to where they need to get to quickly but they could be trained to be better.” 
 

P11: “Then from there that's where they add strength, reactive strength, strength endurance, power, acceleration, all those real physical 
capabilities into their movements.” 
 

P13: “The speed, the flexibility, the power. At the end of the day it's like, you have to move a racket as fast as possible so the movement 
have to be really explosive and powerful.” 
 

P15: “I think to be a great mover on the tennis court, you've got to be, you know very flexible, powerful, great balance, dynamic, et cetera.” 
 

P5: “How long you can stay fast, how long your endurance lasts. And how long your patterns keep up.” 
 

P13: “Endurance of moving fast for a long time.” 
 

 b. Contribution of 
tennis-specific 
steps 

P1: “That gives him an extremely fast first movement, first step, and then just after that, he can relax again and adjust to the ball with 
arriving. Then there is no stress at all because all the power, all the speed, all the first movements to place himself at the beginning, it's 
extremely in a short time and extremely fast.” 
 

P1: “Then there is no stress at all because all the power, all the speed, all the first movements to place himself at the beginning, it's 
extremely in a short time and extremely fast.” 
 

P2: “It's really when they come out of the split, it's that first step. A lot of the time the first big step out of the split that allows them to get 
enough force into the ground to take that second big step” 
 

 c. Technique P11: “Then it's the combination of stride length and stride rate, so getting that right based on the person's size and how they move.” 
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3.4.3.3. ‘Efficient’ tennis movers 

The most prominent higher-order theme, identified in all interviews as a characteristic 

of the game's best movers, was that of movement efficiency.  The terms used to 

describe players that moved in this way included ‘simple’, ‘still’, ‘calm’, ‘effortless’, 

‘smooth’ and 'easy', helping to explain why it was emphasised as the preferred 

movement style of the sampled experts (Table 3.4: Theme 3a).  

 

A number of lower-order themes detailing the characteristics associated with 

‘efficient’ tennis movement were discussed, with a player’s ability to control the 

orientation of their body being one such characteristic. Operationally, experts defined 

orientation as the ability of players to adjust themselves to the incoming ball 

(coordinate the internal with the external), ensuring movement was dynamically 

modified so that players were in the most appropriate position to execute the stroke 

(Table 3.4: Theme 3b). Orientation has long been described as one of the five foremost 

coordination skills by the strength and conditioning coaches from Switzerland who 

learned their craft from Roger Federer's physical mentor, Pierre Paganini (Bourquin, 

2003). Researchers, on the other hand, have tended to explore the influence of body 

segment and / or limb orientation on functional movement (Kadaba, Ramakrishnan, 

& Wootten, 1990; McNitt-Gray, Hester, Mathiyakom, & Munkasy, 2001). Whatever 

the genesis, the emphasis on coordinating the body with the environment (in this case, 

the approaching tennis ball) is essentially a practical manifestation of perception and 

action.  

 

Another lower-order theme described as contributing to a player’s movement 

efficiency was the concept of moving with balance. In a practical sense, this was 
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expressed as preservation of stability and composure while transitioning around the 

court and throughout stroke production (Table 3.4: Theme 3c). The emergence of 

balance as a feature of moving efficiently is unsurprising given its noted role in 

fundamental movement development (Clark, Barnes, Holton, Summers, & Stratton, 

2016). The technical characteristics associated with good balance included the use of 

a wide base of support and low centre of gravity, as well as sound trunk and postural 

control in both static and dynamic situations (Table 3.4: Theme 3d). 

 

The simultaneous differentiation of upper and lower body movements was identified 

as another important feature of ‘efficient’ movement. As with orientation, 

differentiation was popularised through the Swiss approach to physical development. 

It has resonated with many tennis audiences owing to its intuitive view of the lower 

body doing one thing (moving at certain speeds, planes of motion, etc.) and the upper 

body doing another (Reid et al., 2003). In a movement context, the experts saw 

differentiation as being central to players ‘saving’ or ‘creating’ time on the ball by 

preparing for stroke execution while in the process of moving, ultimately ensuring that 

they arrived at each shot prepared to execute their stroke (Table 3.4: Theme 3e).  

 

A series of lower-order themes related to movement efficiency also emerged. Step 

count featured prominently in the experts’ minds; just as it did when describing players 

who were ‘fast’ around the court. Simply stated, it was believed that taking fewer 

steps, within reason, to the ball was a sign of heightened efficiency and more likely to 

be replicated over long periods of time (Table 3.4: Theme 3f). Worth noting though, 

is that ‘overstriding’ (Table 3.4: Theme 3g) is sub-optimal and so it is too simplistic 

to view more as being better when it comes to stride length. The experts also drew 
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attention to the precise foot placement of these efficient movers, inferring a positive 

effect on performance (Table 3.4: Theme 3h), and describing how they are "light on 

their feet", rarely wrong-footed, placing their feet with maximum effect.  

 

Finally, one of the most prominent lower-order themes for this style of mover was 

their capacity to sustain high quality movement and / or footwork patterns. Repeated 

references were made to the physical demands of professional tennis (Kovacs et al., 

2015; Reid & Schneiker, 2007; Whiteside & Reid, 2016) and the need for modern 

players to maintain their movement performance for prolonged periods. In turn, the 

experts consistently espoused the value of movement efficiency in helping to preserve 

the quality of movement for extended periods of time (Table 3.4: Theme 3i). 
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Table 3.4 Quotes on the group of ‘good’ tennis movers who are ‘efficient’ 
Higher-Order Theme Lower-Order Theme Quote 
 

3. ‘Efficient’ tennis movers 
 

a. The simplicity, stillness 
and smoothness of 
movement 

 

P11: “I think it's the simplicity that they apply to their movements. It's real simple. They utilize the simple process of straight 
line movement with lateral movement and nothing really in between. They're not really backpedalling. There's no different arcs 
of movement. It's just straight line and sideways.” 
 

P5: “They’ll be a stillness, a calmness to it. There’ll definitely be a lowness to it. There’ll be the low centre of gravity. So, you 
look at people with wide base, low centre of gravity” 
 

P5: “That it's very strong, but there's no stiff ... there's no jerky movements, there's no stiffness to it. It's very smooth. Low, wide, 
smooth, effortless.” 
 

 b. Orientation to the ball P8: “Generally, it's the ability to move around yourself in an effective, coordinated and balanced fashion. There's a lot more 
steps, generally. There are a lot more adjustment steps, so adjusting body position, adjusting foot position to make sure that 
you're in the optimal position to execute whatever stroke is going on.” 
 

P7: “The ability to be able to adjust very quickly, very efficiently to various situations I think is probably the key with a lot of 
those guys.” 
 

 c. Balance P10: “The ability to maintain some sort of balance, composure and posture on the ball when others would be more 
compromised.” 
 

P3: “I guess it looks balanced, it looks like they just glide across the court. There’s minimal head movement, they just seem to 
have time.” 
 

 d. Technical 
Underpinnings of 
Balanced Movement 

P6: “I’m a big believer in that concept that you should just be trying to keep your centre of mass over your base of support. I 
think they have a great width of stance. They have good depth in that.” 
 

P11: “I’ll look at their balance, how they change their centre of mass. That’s probably the first thing I’ll look at. Is their trunk 
and head staying in the same position throughout all movements?” 

P11: “Again, looking at the body as a whole, posture, balance, coordination of the limbs and segments.” 
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Table 3.4 continued 
Higher-Order Theme Lower-Order Theme Quote 
 

3. ‘Efficient’ tennis 
movers 

 

e. Differentiation 
 

P5: “You can see a coordination difference between the greats and the not-so-greats, without giving too many names on that 
one, but you can see there's a ... Especially now, actually, there seems to be a group of players, there's a little bit of disconnect 
between upper and lower body, they're still top 10, but they're disconnected physically.” 
 

P1: “Once you have your position, then the arm is fast and the body is coordinated and stable. This, to differentiate between 
upper and lower body. I think that's a huge, a huge quality in tennis if you have it, the differentiation between upper and lower 
body. I would say that's, in general, it's not just footwork. Then it's definitely the bodywork that comes through. I would say 
that's maybe the most important part, to coordinate all of that together.” 
 

 f. Number of steps  P11: “I would describe it as using the right amount of steps, efficiently, to get into position with balance.” 
 

P2: “There are some that ... What I would term efficient movers. Take minimal amount of steps to get from A to B” 
 

P2: “You would probably, if you were teaching it and explaining it, you would use that more efficient mover as your model. 
Someone who doesn't take unnecessary steps, covers the court in the shortest amount of ground contact for the distance needed.” 
 

 g. Overstriding P14: “When I talk about ‘least number of steps’ being an indicator of a good mover, I would rephrase to say good movers 
aren’t taking unnecessary steps to achieve optimal position on the ball. Taking the least number of steps possible, might conjure 
up images of over-striding.” 
 

 h. Tennis specific steps 
and foot placement 

P11: “It certainly can break down some of the movement patterns. I don't think the great movers change their techniques that 
much in terms of how they move.” 
 

P5: “I think tennis is tennis. Maybe I'd have to do more research, but I think tennis patterning is tennis patterning, whether 
you're a guy or a girl.” 
 

P2: “Then you would have stroke specific movements which are more your run around forehand type movements. You're slice 
backhand, different footwork patterns that you may implement or some of the specific footwork patterns on the shorter balls 
that you would require depending on where the stroke is, that determines what type of footwork movement pattern you may 
use.” 
 

 i. Repeatability/Sustained 
quality 

P11: “You've got to be able to perfect that, especially when you're playing 5 sets at Grand Slams. The efficiency of movement 
for energy conservation is massive.” 
 

P14: “Efficiency of movement, for me, is the lowest energy cost in the outcome. The energy that they put into it, is completely 
focused on getting from A to B. There's not energy leakage, or wasted energy. That's how I sort of define it.” 
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3.5  Limitations and Future Research 

Consideration of the study’s limitations and future research directions present avenues 

to further explore the importance of tennis movement. For example, the current sample 

lacks a first-hand account of a contemporary player and is something that should be 

addressed in future work.  Also, more detailed analysis of ‘optimal positioning’ for 

stroke execution, commonly highlighted by the interviewees as a key construct in 

effective tennis movement, would aid both coaches and players alike. In a similar vein, 

quantification of the technical nuance of COD skill, given its prominence in tennis and 

coupled relationship with stroke execution, is needed. Lastly, more intervention 

studies evaluating the efficacy of training plans that target the characteristics of ‘good’ 

tennis movers, as identified in the current study, would be worthwhile.  

 

3.6  Conclusion 

The interviews conducted with the professional tennis experts yielded three emergent 

higher-order themes that broadly described three styles of ‘good’ tennis movers; 

namely, those who ‘read the play’, those who are ‘fast’ around the court, and those 

who are ‘efficient’ in their movement. Several lower-order concepts, representing 

skills and capacities which contributed to the player’s overall ability to successfully 

move around the court, supported these three styles of mover. Independent of style, it 

is the combination of these skills and capacities that help players to achieve the 

ultimate goal of professional tennis movement, which is to arrive at the ball "on time" 

and with uncompromised tactical choice. This study provides players and practitioners 

with an empirical framework for interpreting and assessing what experts have 

identified as being the most important characteristics of professional tennis movement.  
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3.7  Practical Applications 

From a practical perspective, coaches and strength and conditioning practitioners can 

utilise the proposed framework (Figure 3.1) to identify the movement style and 

characteristics of their tennis players. By identifying both higher- and lower-order 

themes, the framework distils the complex nature of movement in interceptive sports 

in a practical way. This information can then be utilised to inform coaching practices 

and better tailor training to the needs and movement style of individual players.  

 

.
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APPLYING THE BRAKES IN TENNIS: HOW ENTRY 
SPEED AFFECTS THE MOVEMENT AND HITTING 

KINEMATICS OF PROFESSIONAL TENNIS PLAYERS 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This chapter represents the paper submitted and currently under peer-review in the 
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4.1 Abstract 

Purpose: Movement and stroke production are coupled when playing tennis but generally 

decoupled in training and when researched. This study explored the lower limb and trunk 

mechanics of tennis players performing running forehands at varying movement speeds. 

Methods: Eleven female and seven male professional tennis players hit forehand 

groundstrokes while travelling at different movement speeds (Low: 1.4-2.0 ms-1, 

Medium: 2.70-2.90 ms-1, High: 4.0-4.3 ms-1). Kinematics were captured using a VICON 

camera system. Speed and sex effects were analysed using linear mixed-effects models. 

Results: Prior to impact, females demonstrated increased drive leg loading kinematics, 

and yet reduced preparatory trunk rotation (-9°), while both sexes lengthened their final 

stride and backswing during high speed trials. At impact, racquet-head speed was 

unchanged for male players but dropped by 14% when females travelled at high entry 

speed (p < 0.001). Conclusions: Reduced trunk rotation and lower limb drive contributed 

to female players being unable to maintain racquet-head speed when moving at high 

speed. Conversely, male players generated similar racquet-head speed despite the 

different entry speeds necessitating lower limb joint adjustments. These findings 

highlight the different deceleration strategies employed by male and female tennis 

professionals and challenge the widely accepted training theory in tennis that emphasises 

hitting and moving actions being rehearsed separately.  
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4.2 Introduction 

The biomechanics of tennis stroke production have been comprehensively examined 

through decades of dedicated scientific enquiry (Elliott, Reid, et al., 2003). The research 

has been wide ranging, with the impacts of players’ sex, age and level of expertise on 

stroke kinematics and kinetics investigated (Genevois, Reid, Rogowski, & Crespo, 2015; 

Reid, Elliott, & Alderson, 2008; Reid et al., 2013; Whiteside, 2012). Indeed, the breadth 

of this work provides stark contrast with literature exploring the mechanics of player 

movement in tennis. In fact, over the last 30 years, in excess of 50 papers have studied 

tennis hitting mechanics, with only 10 having attended to the mechanics of on-court 

movement, while no more than 5 papers have investigated aspects of both. The irony is 

that tennis experts agree that in the most simplistic sense, players must move well to hit 

well (Giles, Peeling, Dawson, & Reid, 2019), however, the interaction between 

movement and stroke production is poorly understood. Certainly, for most players, 

proficiency in stroke production becomes less important in the absence of effective 

movement. Given the importance of movement to tennis success, the need to better 

understand the mechanics associated with traversing the court in elite tennis players is 

clear. 

 

Coaches of professional tennis players place a premium on movement skill, whereby 

achieving optimal impact positions is a key focal point (Giles, Peeling, et al., 2019). This 

requires the coupling of player perception with the actions of moving and hitting; yet, as 

abovementioned, most empirical work has independently evaluated player movement and 

stroke production. Specifically, research has explored the use of different stances (Damm 

et al., 2014; Knudson & Bahamonde, 1999) and lower limb drive during stroke production 

(Nesbit, Serrano, & Elzinga, 2008; Seeley, Funk, Denning, Hager, & Hopkins, 2011), but 
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comparatively less attention has been paid to how players arrive at or recover from stroke 

impact with the ball. Indeed, to the knowledge of these authors, only select gait mechanics 

of players hitting running forehands have been examined (Damm et al., 2013; Damm et 

al., 2014; Kornfeind et al., 2019; Stiles & Dixon, 2006). While informative, given the 

technical and tactical prominence of the forehand in the professional game (Kovalchik & 

Reid, 2017; Reid et al., 2016), the kinematic descriptions were contained to amateur and 

semi-professional players, running at only one pace (representative of extreme movement 

speed) and during only one phase (contact) of a tennis movement cycle (Giles, Peeling, 

et al., 2019). Therefore, the impact of this work is limited, as it fails to consider the 

influence of differing time pressure and movement speed on the kinematics of moving 

and hitting. Consequently, coaches of professional players have been left to generally 

assume mechanical correspondence with normal running gait (Kovacs et al., 2015; Reid 

et al., 2003) despite the idiosyncratic nature of tracking a ball, wielding a racquet and 

differentiating the upper and lower body in preparing to hit (Reid et al., 2003).  

 

Most biomechanics research in tennis has evaluated the performance of male playing 

populations (Whiteside, 2012), despite differences known to exist between sexes in serve 

mechanics (Elliott, Fleisig, Nicholls, & Escamilla, 2003; Fleisig, Nicholls, Elliott, & 

Escamilla, 2003) and external movement loads (Kovalchik & Reid, 2017; Reid et al., 

2016; Whiteside & Reid, 2016). Indeed, Whiteside (2012) highlighted the pitfalls 

associated with assuming that stroke mechanics are produced independent of player sex, 

and the same is likely to apply to movement mechanics, particularly given the known sex-

based functional strength differences (Barber-Westin, Noyes, & Galloway, 2006; 

Buchanan & Vardaxis, 2009; Pluim, 2001). It is thought that this manifests through the 

strategies that female players adopt compared to male players when pushed to end-range 



 
 

 79 

or put under significant time pressure. That is, the suggestion is that female players 

employ ‘arabesque’ movement strategies or postures (Reid, 2011), while male players 

maintain more upright hitting postures by using open stances in these situations 

(Bahamonde & Knudson, 2003; Knudson & Blackwell, 2000). However, these are 

anecdotal and largely unsubstantiated generalisations by tennis and strength and 

conditioning coaches at the elite level, yet they guide the movement development 

philosophies of tennis federations around the world (i.e. Tennis Australia). More 

generally though, it remains unclear whether these observations are a product of player 

sex, playing style or just the situational (time pressure / movement speed) demands of 

point play. Therefore, research is still needed to clarify the importance and effect of these 

covariates to player movement and stoke outcome. 

 

Given these aforementioned gaps in the literature, we aimed to quantify the lower body, 

trunk and racquet kinematics exhibited by male and female professional tennis players 

during their movement to the ball and at impact. It was hypothesised that high entry 

speeds would result in players being more extended across all lower limb joints prior to 

impact but not at impact. Players of both sexes were also anticipated to increase stride 

length but reduce trunk rotation and the length of racquet backswing with entry speed, 

resulting in decreased racquet-head velocities at impact. Finally, an effect of player sex 

in the form of adaptations in player stretch (increased) and racquet velocity (decreased) 

were expected among female players at high entry speed.  
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4.3 Methods 

4.3.1 Subjects 

Eleven female (Age: 21.3 ± 3.9 y, Height: 174.1 ± 2.6 cm, Weight: 67.5 ± 4.8 kg, WTA 

Ranking: 584 ± 255) and seven male (Age: 24.7 ± 5.8 y, Height: 181.0 ± 4.2 cm, Weight: 

75.2 ± 4.6 kg, ATP Ranking: 454 ± 311) professionally ranked tennis players participated 

in this investigation.  Institutional Ethics approval was gained prior to the commencement 

of the study, and written informed consent was obtained from all participants prior to their 

involvement in the investigation. 

 

4.3.2 Procedures 

The data collection was conducted on two enclosed plexicushion tennis courts at the State 

Tennis Centre, Perth, Western Australia and at the National Tennis Centre, Melbourne, 

Victoria. The same 10-camera VICON motion capture system (Oxford Metrics Ltd., 

Oxford, UK) and set up were utilised at both venues. The cameras were operated at 250 

Hz and recorded the static calibration and dynamic trials. Participants were marked up 

using an upper and lower limb, trunk and pelvis marker set, where markers were affixed 

to specific anatomical landmarks and limbs using double sided tape. Six markers were 

also affixed to the participant’s racquet to later reconstruct its three-dimensional motion. 

Static calibration trials were completed in accordance with past methods (Campbell, 

Straker, O'Sullivan, Elliott, & Reid, 2013; Whiteside, 2012). Participants then performed 

a 5-min self-directed warm-up, familiarised themselves with the testing protocol and 

completed a hitting warm-up that involved playing ten forehands down the line.  

 

Data collection required participants to hit ten right-handed forehands down-the-line 

having previously traversed the court under three disparate entry speeds (low, medium 
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and high), which therefore altered the time pressure of shot execution. As the ball machine 

delivered incoming balls with standardised spin and speed aimed at the same location on 

the court for all trials, the different entry speed conditions were created by increasing the 

distance that players covered to impact. Time pressure, as describe by Chiu et al. (2017), 

is a concept whereby increased difficulty of task or movement speed leads to increased 

‘time-pressure’ on the athlete to program motor responses and execute the task. 

Therefore, in the low entry speed trials, players effectively ‘held’ court position and 

experienced low time-pressure (Movement Speed (mean) – Male: 1.96 ms-1, Female: 1.39 

ms-1); in the medium entry speed trials, players moved ~3 m laterally and were under a 

moderate amount of time pressure (Male: 2.88 ms-1, Female: 2.70 ms-1) and in the high 

entry speed trials, participants self-selected a distance that would place them under 

maximum time pressure but still able to return the ball (Male: 4.31 ms-1Female: 3.98 ms-

1). In all instances, the high entry speed trials resulted in players selecting distances in 

excess of 4 m. At each entry speed, successful trials required the player to land their 

forehands within 1 m of the singles sideline and between the service line and baseline. 

The first three successful forehands were used for analysis at each entry speed. 

 

For all trials, players were encouraged to recover their court position as if they were in a 

match-play situation and in a manner that would allow them to play another shot. In the 

low and medium intensity trials, balls were delivered at a standardised time interval, 

designed to provide just enough time to complete the stroke and movement. In the high-

intensity trials, balls were delivered spontaneously to limit the extent to which players 

could anticipate ball delivery, therein ensuring maximum time pressure.  
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4.3.3 Data Analysis 

All trials were checked retrospectively for ‘gaps’ in marker trajectories (Oxford Metrics 

Ltd., Oxford, UK). Missing data was interpolated using standard gap filling procedures. 

A residual analysis led to trajectories being treated using a Woltring filter, with a mean 

square error of 0.5. The filtered data were then modelled using customised upper and 

lower limb, trunk and racquet mathematical models to calculate joint and limb kinematics. 

Modelled kinematic data were then exported at discrete time points of practical interest: 

flat foot or ‘stance’ of the right leg in the penultimate step to impact and at racquet-ball 

impact. The variables reported were; sagittal plane kinematics of the lower limb joints, 

three-dimensional trunk rotation, movement velocity of the mid-hip, width of a player’s 

base of support (horizontal distance between the left and right ankle joint centres), a 

player’s stance height (a player’s pelvis height relative to their standing height), stride 

length of the players final stride (horizontal distance between left foot toe off and right 

foot foot-strike), player stretch at impact (horizontal distance from racquet tip to their left 

ankle joint centre) and racquet head velocity. The lower limbs were reported in regard to 

the role they played in the movement being executed with the left leg referred to as the 

post leg, while the right leg acted as the drive leg. 

 

R statistical software (R Foundation for Statistical Computing, Vienna, Austria) was used 

for analysis of the exported kinematic data. Least square means and 95% confidence 

intervals were calculated for all kinematic variables at the two time points, with a linear 

mixed-effects model utilised to calculate the significance of speed and sex effects. Due 

to the large number of kinematic variables analysed and the number of effects compared 

across (3 x entry speed conditions, 2 x sex conditions), the p-value was set at 0.001. 

Differences between entry speed trials were labelled as Low-High (comparison of low 
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entry speed to high entry speed), Low-Medium (comparison of low entry speed to 

medium entry speed) and Medium-High (comparison of medium entry speed to high entry 

speed). 

 

4.4 Results 

4.4.1 Stance phase of stroke production 

Table 4.1 presents the lower limb kinematics of the stance phase of the final step prior to 

impact. Female players were characterised by significant increases in drive leg hip flexion 

(+8°, low to high only), external hip rotation (+6°, low to high only), ankle dorsiflexion 

(12-19°) and knee flexion (6°-11°) with increasing entry speed. Males, on the other hand, 

showed greater drive leg hip abduction (Low vs High: +8°) and external rotation (Medium 

vs High: +6°) at high intensity. Comparisons between sexes revealed differences at high 

intensity, with females being more flexed at the knee (+11°) and males being more 

abducted in the hip (+19°) of the drive leg. 

 

Differences in the lower limb kinematics of the post leg reflected the disparate use of this 

side in stroke production under varying amounts of time pressure (Table 4.1). All players 

assumed more extended post leg postures (of ankle, knee and hip) at high intensity 

compared to low intensity, while the same affect was observed between medium and low 

intensity conditions among female players. Female players also experienced significantly 

more knee extension in the post leg (+22°) than male players in the medium intensity 

condition.  

 

Preparatory trunk rotation for males was comparable across all intensities (~15° to ~18°), 

but significantly more variable for female players (~18° and ~26°). All players 
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significantly lengthened their racquet swing as movement speed increased with the 

greatest difference seen between low and high entry speed trials (Low-High: Males +52 

cm, Females +25 cm). The 69% (male) and 93% (female) increase in stride length of 

players at high intensity compared to low intensity reflected this augmented movement 

speed, while players were also 3-4% higher in their stance when under maximum time 

stress. 
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Table 4.1 Discrete kinematic variables at drive leg foot plant prior to impact 

a Significant difference between sexes at the intensity level (p < .001) 
b Significant difference within sex between low and medium intensity levels (p < .001) 
c Significant difference within sex between low and high intensity levels (p < .001) 

d Significant difference within sex between medium and high intensity levels (p < .001) 

 Low Medium High 
 Male Female Male Female Male Female 
 Mean (95% CI) Mean (95% CI) Mean (95% CI) Mean (95% CI) Mean (95% CI) Mean (95% CI) 

Post Leg Ankle Dorsi-Plantarflexion (°) 20.97 (13.89 - 28.05) 28.61 (22.64 - 34.58) 11.59 (4.89 - 18.29) 11.09 (5.73 - 16.45) b -4.21 (-12.58 - 4.16) c, d -18.71 (-24.33 - -13.09) c, d 

Post Leg Knee Flexion-Extension (°) 72.21 (63.65 - 80.77) 66.47 (59.2 - 73.75) 65.8 (57.76 - 73.85) 44.41 (37.81 - 51.02) a, b 51.06 (40.7 - 61.41) c 42.83 (35.62 - 50.03) c 

Post Leg Hip Flexion-Extension (°) 26.79 (18.35 - 35.22) 21.54 (14.5 - 28.59) 16.88 (8.81 - 24.96) -0.47 (-7.02 - 6.09) b 10.61 (1 - 20.22) c -1.67 (-8.64 - 5.31) c 

Drive Leg Ankle Dorsi-Plantarflexion (°) -4.72 (-12.41 - 2.97) 0.29 (-6.32 - 6.9) -5.53 (-12.94 - 1.87) -6.43 (-12.49 - -0.36) -3.85 (-12.43 - 4.73) 12.69 (6.59 - 18.79) c, d 

Drive Leg Ankle Inversion-Eversion (°) 22.79 (14.57 - 31) 32.2 (25.46 - 38.95) 23.03 (14.93 - 31.12) 31.16 (24.65 - 37.67) 21.55 (12.96 - 30.13) 26.62 (20.09 - 33.14) 

Drive Leg Knee Flexion-Extension (°) 40.22 (36.55 - 43.89) 38.85 (35.71 - 42) 37.3 (33.88 - 40.72) 33.99 (31.17 - 36.81) 33.76 (29.14 - 38.37) 45.3 (42.18 - 48.42) a, c, d 

Drive Leg Hip Flexion-Extension (°) 50.87 (43.55 - 58.19) 47.14 (41.17 - 53.12) 48.79 (41.64 - 55.95) 49.53 (43.78 - 55.27) 44.83 (37.01 - 52.66) 55.1 (49.17 - 61.04) c 

Drive Leg Hip Abduction-Adduction (°) -16.85 (-20.93 - -12.77) -11.78 (-15.21 - -8.35) -18.67 (-22.55 - -14.8) -17.62 (-20.78 - -14.46) b -24.76 (-29.5 - -20.01) c -6.41 (-9.81 - -3.02) a, d 

Drive Leg Hip Rotation (°) -5.06 (-11.77 - 1.66) 4.49 (-0.94 - 9.93) -1.52 (-8.12 - 5.09) 1.05 (-4.23 - 6.34) -8.07 (-15.12 - -1.02) d -2.06 (-7.48 - 3.35) c 

Trunk Flexion-Extension (°) 12.79 (7.45 - 18.13) 8.78 (4.47 - 13.09) 8.28 (3.01 - 13.55) b 1.87 (-2.34 - 6.08) b 4.05 (-1.51 - 9.6) c 3.98 (-0.31 - 8.28) c 

Trunk Lateral Flexion (°) 2.92 (-0.97 - 6.82) 4.71 (1.55 - 7.87) 2.54 (-1.27 - 6.36) 2.91 (-0.15 - 5.96) 0.47 (-3.64 - 4.59) 3.75 (0.61 - 6.9) 

Trunk Rotation (°) -15.11 (-23.3 - -6.91) -20.76 (-27.33 - -14.19) -18.35 (-26.49 - -10.21) -26.57 (-33.05 - -20.08) b -15.03 (-23.41 - -6.65) -18.13 (-24.69 - -11.58) d 

Stance Height 0.47 (0.45 - 0.49) 0.48 (0.47 - 0.5) 0.48 (0.46 - 0.49) 0.49 (0.48 - 0.5) 0.51 (0.49 - 0.52) c, d 0.52 (0.5 - 0.53) c, d 

Movement Velocity ("#. ℎ&') 7.05 (5.83 - 8.26) 5.01 (4 - 6.01) 10.37 (9.2 - 11.54) b 9.73 (8.78 - 10.68) b 15.5 (14.15 - 16.85) c, d 14.34 (13.35 - 15.34) c, d 

Racquet Velocity ("#. ℎ&') 19.75 (15.53 - 23.97) 16.39 (12.85 - 19.93) 21.09 (17.07 - 25.1) 22.22 (19 - 25.43) b 22.38 (17.5 - 27.27) 16.64 (13.29 - 19.99) d 

Width of Base (m) 0.73 (0.63 - 0.83) 0.66 (0.58 - 0.75) 0.83 (0.74 - 0.93) 0.93 (0.85 - 1) b 0.84 (0.72 - 0.95) 0.77 (0.69 - 0.85) d 

Last Stride Length (m) 0.61 (0.51 - 0.71) 0.58 (0.5 - 0.67) 0.77 (0.67 - 0.86) b 0.87 (0.8 - 0.95) b 1.03 (0.92 - 1.15) c, d 1.12 (1.04 - 1.2) c, d 

Racquet Separation (Backswing) (m) 0.66 (0.5 - 0.83) 0.8 (0.66 - 0.94) 0.94 (0.78 - 1.1) b 1 (0.87 - 1.13) b 1.18 (1 - 1.37) c, d 1.05 (0.91 - 1.18) c 
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4.4.2 Impact 

The lower limb joint kinematics of the players were significantly affected by entry speed 

at impact (Table 4.2). Post leg hip flexion increased with movement velocity (Low-High: 

Male +17° Female +36°) and as players engaged their left side to stabilise stroke 

production and adopt more arabesque hitting postures. At high entry speeds, male players 

demonstrated significantly greater knee flexion in their post leg than when under less time 

pressure (Low-High: +44°), and in comparison, to female players (+29°).  

 

Greater kinematic variation as a function of entry speed and player sex was apparent 

through the drive leg. As players movement speed increased, the hip of the drive leg 

became more extended for female players (+13°), while the opposite applied to males 

(12° more flexion). This meant that the hip of the drive leg was 21° more extended in 

female players at high intensity. High entry speeds also resulted in the following effects 

for female: more plantarflexion (Low-High: +18°), hip adduction (Low-High: -15°) and 

hip internal rotation (Low-High: -12°); and male players: increased knee flexion (Low-

High: +54°). Between-sex comparisons revealed that, as with hip flexion, the knee of the 

drive leg was significantly more flexed among male players (+42°) at high intensity while 

female player were more adducted at the hip of the drive leg.  

 

At the trunk, male players held relatively stable positions, independent of their entry 

speed. Conversely, high entry speeds saw female players being significantly more 

laterally flexed and rotated than at lower speeds, a consistent outcome when compared to 

male players. All players lowered their stance as movement intensity increased, although 

the trend was more pronounced in male players (-8% vs -6% for female players). Racquet-

head speed and player stretch were unaffected by entry speed in male players. In contrast, 
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female players compromised their already significantly lower hitting speeds by 14% 

when they had to approach impact at high movement speed. 
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Table 4.2 Discrete kinematic variables at stroke execution (impact)  
 Low   Medium High 
 Male Female Male Female Male Female 
 Mean (95% CI) Mean (95% CI) Mean (95% CI) Mean (95% CI) Mean (95% CI) Mean (95% CI) 

Post Leg Ankle Dorsi-Plantarflexion (°) -0.85 (-6.39 - 4.68) -6.24 (-11 - -1.48) 6.93 (1.73 - 12.13) 10.09 (5.92 - 14.26) b 4.9 (-1.8 - 11.6) 15.53 (11.14 - 19.92) c 

Post Leg Knee Flexion-Extension (°) 22.48 (15.32 - 29.63) 31.55 (25.19 - 37.9) 34.61 (27.95 - 41.27) 46.68 (40.89 - 52.47) b 66.68 (57.62 - 75.73) c, d 38.08 (32.08 - 44.09) a 

Post Leg Hip Flexion-Extension (°) 35.14 (27.51 - 42.76) 35.08 (28.81 - 41.35) 38.12 (30.66 - 45.58) 34.65 (28.55 - 40.75) 51.98 (43.85 - 60.1) c, d 70.73 (64.56 - 76.91) c, d 

Drive Leg Ankle Dorsi-Plantarflexion (°) -16.64 (-25.93 - -7.36) -6.05 (-14.09 - 1.98) -19.01 (-27.95 - -10.06) -3.68 (-11.01 - 3.64) -15.56 (-25.91 - -5.22) -17.85 (-25.22 - -10.49) c, d 

Drive Leg Ankle Inversion-Eversion (°) 14.63 (8.49 - 20.77) 26.45 (21.35 - 31.56) 17.89 (11.86 - 23.92) 29.11 (24.25 - 33.97) 13.9 (7.4 - 20.39) 27.94 (23.06 - 32.82) 

Drive Leg Knee Flexion-Extension (°) 14.59 (3.8 - 25.39) 29.02 (19.85 - 38.2) 28.25 (17.92 - 38.59) 48.55 (39.87 - 57.23) b 69.09 (56.81 - 81.36) c, d 27.24 (18.35 - 36.13) a, d 

Drive Leg Hip Flexion-Extension (°) 6.24 (-0.65 - 13.14) 9.58 (3.85 - 15.31) 8.98 (2.28 - 15.68) 17.21 (11.69 - 22.74) b 19.4 (11.91 - 26.9) c, d -1.63 (-7.25 - 3.99) a, c, d 

Drive Leg Hip Abduction-Adduction (°) -13.48 (-19.12 - -7.84) -19.43 (-24.2 - -14.66) -11.02 (-16.43 - -5.6) -22.27 (-26.8 - -17.74) -19.09 (-25.45 - -12.74) -4.12 (-8.75 - 0.52) a, c, d 

Drive Leg Hip Rotation (°) -22.59 (-29.93 - -15.25) -24.82 (-30.81 - -18.84) -25.25 (-32.47 - -18.03) -28.53 (-34.39 - -22.67) -27.32 (-35.02 - -19.62) -12.56 (-18.48 - -6.64) c, d 

Trunk Flexion-Extension (°) 0.58 (-4.51 - 5.66) -0.9 (-5.01 - 3.21) -1.36 (-6.39 - 3.67) 1.55 (-2.51 - 5.61) 2.98 (-2.27 - 8.24) d 0.32 (-3.77 - 4.4) 

Trunk Lateral Flexion (°) -2.7 (-4.94 - -0.47) -3.82 (-5.74 - -1.9) -2.2 (-4.32 - -0.07) -2.52 (-4.34 - -0.7) -3.05 (-5.65 - -0.44) -14.7 (-16.55 - -12.85) a, c, d 

Trunk Rotation (°) 5.08 (-0.08 - 10.23) 4.72 (0.46 - 8.99) 7.8 (2.78 - 12.83) 5.63 (1.48 - 9.77) 9.4 (3.85 - 14.95) 24.79 (20.6 - 28.98) a, c, d 

Stance Height 0.61 (0.59 - 0.62) 0.58 (0.56 - 0.59) 0.6 (0.58 - 0.61) 0.55 (0.53 - 0.56) a, b 0.53 (0.51 - 0.55) c, d 0.52 (0.51 - 0.54) c 

Movement Velocity ("#. ℎ&') 5.47 (4.4 - 6.54) 3.58 (2.67 - 4.49) 8.18 (7.16 - 9.2) b 7.48 (6.62 - 8.34) b 14.17 (12.93 - 15.4) c, d 14.98 (14.1 - 15.87) c, d 

Racquet Velocity ("#. ℎ&') 126.28 (119.34 - 133.22) 113.29 (107.6 - 118.98) 131.61 (124.85 - 138.38) 114.13 (108.74 - 119.52) a 127.09 (119.63 - 134.54) 98.39 (92.89 - 103.9) a, c, d 

Player Stretch (m) 1.1 (1 - 1.2) 0.93 (0.85 - 1.02) 1.12 (1.03 - 1.21) 1 (0.93 - 1.07) 1.3 (1.18 - 1.42) 1.92 (1.85 - 2) a, c, d 

a Significant difference between sexes at the intensity level (p < .001) 
b Significant difference within sex between low and medium intensity levels (p < .001) 
c Significant difference within sex between low and high intensity levels (p < .001) 

d Significant difference within sex between medium and high intensity levels (p < .001) 
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4.5 Discussion 

In tennis, the combination of the court’s geometry and the dyadic nature of game-play 

gives rise to unique spatiotemporal demands and places a premium on efficient player 

movement (Giles, Peeling, et al., 2019). Ironically, while the kinematics of stroke 

production have been extensively studied, within the context of the tennis forehand; “it is 

clear that research has failed to meaningfully investigate the specific mechanical 

characteristics of movement to the forehand” (Reid et al., 2013). Accordingly, the current 

study aimed to address this gap by comparing the effects of entry speed and player sex 

on the lower limb, trunk and racquet kinematics of tennis players moving to, and then 

hitting, a forehand. As expected, players were found to adapt their movement and hitting 

strategies in response to temporal demands. However, the nature of these adaptations 

were unexpected, especially at impact.  

 

4.5.1 The last step – and the role of the post leg 

The concept of player and ball movement being coupled in tennis is not new (Reid et al., 

2003), however, the interaction between the speed with which players move, where 

players plant their feet, the motion of their bodies, and the shape of their swings remains 

poorly understood. In this study, it is clear that the lower limb and trunk kinematics of 

players are coordinated in response to the sport’s temporal demands, whereby the extent 

to which the lower limb plays an active or support role in generating ball velocity is 

influenced by a player’s entry speed, which also appears impacted by player sex. This 

kinematic variation is evident at the time of the final foot plant prior to impact, which 

approximates when players are at the end of their backswing. Specifically, and as 

hypothesised, the ankle, knee and hip of the post leg were more extended when players 

approached impact at high speed. This can be interpreted to reflect the key but varied 
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support role of the post leg at this stage of the forehand. That is, when time pressure is 

low-moderate, the post leg drives the players’ left hip upward / forward as part of 

forehand stroke production (Elliott, Reid, et al., 2003; Reid et al., 2013), while at higher 

movement intensities, the post leg is still primarily concerned with propelling players in 

the direction of the incoming ball (and may in fact be airborne). This likely manifested in 

the significantly longer stride lengths and higher stances observed at this stage of the 

swing for both male and female players when entering shots at high speed. At lower 

movement speeds, however, the post leg – along with the drive leg – essentially serves as 

the first link in the kinetic chain of forehands played under low-moderate time pressure. 

The forehand is the preferred groundstroke of most professional players (Kovalchik & 

Reid, 2017; Reid et al., 2016; Whiteside & Reid, 2016) and the distances traversed under 

low-moderate time pressure in this study (<3 m) are consistent with those described to 

precede 70% of all groundstrokes in professional tennis (Ferrauti, Weber, & Wright, 

2003). Given that past research has almost exclusively focused on players hitting 

forehands from near static positions, this study’s presentation of lower limb sagittal plane 

kinematics at this stage of the forehand addresses a previously overlooked aspect of the 

stroke’s preparation.  

 

Contrary to our hypothesis, the drive leg sagittal plane joint kinematics were unaffected 

by entry speed in male players, but the ankle, knee and hip were more flexed among 

female players. As the right lower limb acts as the drive leg in the forehand, it appears 

that male players are able to load in a similar manner through the sagittal plane 

independent of their lateral movement to the ball or how they are engaging their left side 

(post leg). While speculative, this may be attributed to sex-specific strength differences 

in the lower body (Reid & Crespo, 2003), the tactical need to maintain court position, and 
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/ or the use of a more open stance (Bahamonde & Knudson, 2003; Knudson & Blackwell, 

2000; Reid et al., 2013). Indeed, this link to stance may help to explain why male players 

were more externally rotated and abducted at the hip of the drive leg during this stage of 

the swing. That is, the organisation of the hip in this way has previously been implicated 

in the production of the open stance forehand (Elliott, Reid, et al., 2003; Reid et al., 2013); 

suggesting in this instance, that males may still engage this link of their kinetic chain to 

generate ball speed.   

 

At first glance, the more flexed sagittal plane kinematics of the drive leg in female players 

contrasted with our expectation that players would be more extended and less able to load 

/ flex their lower limbs to aid racquet velocity (Elliott, Reid, et al., 2003) when travelling 

at higher speeds. Interestingly though, more flexed lower limb joint displacements seen 

are unsurprising evident in previously established sprint mechanic literature (Kwon, Son, 

& Lee, 2015; Orendurff et al., 2018). This affirms that these players had a greater focus 

upon movement mechanics rather than stroke production at high entry speed. 

Paradoxically, female players were significantly higher in their stance at this stage of the 

movement cycle. Stability in a player’s stance height has been cited as a proxy for 

movement efficiency (Giles, Peeling, et al., 2019) and any elevation may be symptomatic 

of more upright hitting postures. However, a more upright hitting posture is 

counterintuitive given the drive leg’s more flexed alignment among female players. 

However, as described above, this elevated hitting stance is likely indicative of the varied 

role the post leg plays prior to impact at differing intensities. 

 

The influence of task constraints, like temporal demands, on the kinematics of tennis 

skills has been previously explored (Whiteside, Elliott, Lay, & Reid, 2013a, 2013b; 
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Whiteside et al., 2015) and is also evident in the players’ trunk and racquet kinematics 

reported in the current study. For example, while the magnitude of trunk rotation was 

consistent with past reports (i.e., Takahashi et al., (1996)), female players were 

constrained in their axial rotation, and all players adopted more vertical trunk postures 

(extended) at high speed. This adapted involvement of the trunk, particularly the reduced 

rotation among females, may be linked to the observed increase in backswing length with 

higher entry speed. This type of compensatory response is not unique (Reid et al., 2013) 

and may be indicative of players needing to rely more on their upper body (or arm) to 

maintain ball speed.    

 

4.5.2 Impact 

Unexpectedly, higher entry speed resulted in more flexed lower limb sagittal plane 

kinematics for male players. Intuitively, this implies that the use of the kinetic chain, or 

more explicitly, the contribution of the lower body to stroke production and the 

development of racquet speed becomes restricted for male players when moving at high 

speed (Elliott, Reid, et al., 2003). This is supported by the finding that males appear to 

sink lower into their stance at high intensity, likely resulting from more constrained 

involvement of the lower limb. Like with the male players, the female players’ sagittal 

plane lower limb joint kinematics did not conform to expectations. While hip flexion in 

the post leg increased with entry speed, more extended ankle, knee and hip joint postures 

were evident in the drive leg. Given the lower stance height and orientation of the hip, 

characterised by more adducted and internal rotated positions at impact, these extended 

postures are likely related to the propulsion of female players laterally to reach the ball 

rather than a purposeful lower limb drive to contribute to ball speed. A sex-based 

comparison of movement speeds from pre-impact to impact shows that female players 
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were still picking up speed (+0.7 km.h-1) while male players were decelerating (-1.3 km.h-

1), potentially shifting their focus to the development of ball speed. The reason for this 

disparity in movement strategy is currently unknown. Intuitively, it seems that sex-based 

strength differences play a role (Miller, MacDougall, Tarnopolsky, & Sale, 1993) yet it 

is also possible that variation in training programs and match play demands as well as 

this study’s population demographics may influence movement and stroke outcomes. 

 

A more flexed and rotated trunk is also evident among female players at impact, likely a 

product of the hypothesised and observed increased stretch in an attempt to ‘make the 

ball’. Conversely, male players appear adept at adapting to the imposed temporal 

constraints and organise their trunk and upper body in similar fashion at impact regardless 

of entry speed. This likely underlies their ability to produce comparable racquet head 

speeds across all trials even in spite of the restricted lower limb drive observed when 

under high time pressure. However, it does seem that any reduction in the capacity of the 

lower limb to contribute to racquet velocity is compensated for. While the current study 

did not investigate upper limb kinematics, these adaptive strategies are likely undertaken 

through the shoulder and arm of the players given the large contribution that the angular 

velocities of these joints make to racquet head speed (Bahamonde & Knudson, 2003; Reid 

et al., 2013; Takahashi et al., 1996). Once again, sex-based differences in upper limb 

strength (Miller et al., 1993) may better equip male players to generate the necessary 

angular velocities from their upper limb alone. Alternatively, differences in the 

coordinative dissociation of the upper and lower limbs may also be relevant and signal an 

interesting avenue for future research. Regardless of the potential reasoning for the altered 

mechanics, given the clear restriction of the contribution of the lower body to stroke 
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production during high speed movement, specific training to increase the power 

generated by the trunk and upper limb during these types of strokes is needed.  

 

The hypothesised impact of entry speed on racquet-head speed was observed among 

female players as they suffered a 16 km.h-1 reduction in racquet-head speed as movement 

speed was increased from the medium to high condition. It seems likely that the changes 

observed in the lower limb sagittal plane and trunk kinematics during the high entry speed 

condition were not met with a sufficiently compensatory upper body response to sustain 

racquet speed. From these findings it could be suggested that tailored strength and power 

training to help female players improve their ability to move at speed may allow them 

more time ‘on the ball’ and reduce their need to stretch at impact. Given the established 

correlation between hip flexion / extension strength and sprint speed (Guskiewicz, 

Lephart, & Burkholder, 1993), as well as the reduced hip flexion / extension strength 

shown by female athletes in comparison to their male counterparts (Grunte et al., 2010), 

strength interventions focusing on this element of player strength offers potential to 

concurrently improve postural control and negate the observed drop in racquet-head 

velocity during high speed movements. Furthermore, the posture and significantly greater 

stretch of female players at impact in the high intensity trials resembled what has been 

popularly termed an arabesque movement strategy (Reid, 2011), and was notably absent 

among male players. Although it could be argued that the female players in this study 

were forced into arabesque by self-selecting relatively higher entry speeds, and therefore 

larger amounts of time pressure than their male counterparts, the prevalence of this 

movement strategy among female players when at ‘end range’ has been discussed 

previously (Pratt, 2015). Anecdotally female players have been suggested to adopt this 

movement strategy due to their lower movement speeds (Kovalchik & Reid, 2017; Reid 
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et al., 2016) and their inability to cover greater ranges of movement, with the arabesque 

technique utilised to achieve extended reach in order to make contact with the ball. Within 

the context of the current study it may be reflective of female players inability to maintain 

trunk and postural control while moving at high speed. Nevertheless, purposeful 

examination of the temporal constraints that underpin the selection of more open hitting 

versus closed (arabesque) hitting stances among male and female players would be 

constructive. 

 

4.5.3 Limitations 

The delimitation of tennis movement to the forehand side only is one of the constraints 

of the present study, whereby exploration of the movement kinematics to backhand 

strokes and other shot types (approach shots, volleys, etc) are still lacking and would be 

an appropriate avenue for future research. Further, the demarcation of movement to two 

phases of the tennis movement cycle (prior to and at impact) is another limitation of the 

current work, with the examination of other aspects of the movement cycle (change of 

direction, recovery, etc) needed to add supplementary context to the present findings. In 

light of the aforementioned limitations, the generalisability of this study’s conclusions 

are restricted in their applicability to movement in professional tennis as a whole. The 

movement tasks performed by players were also pre-planned, introducing the possibility 

of the investigated movements not being wholly representative of match play conditions. 

This might be addressed in future research as the precision of markerless motion capture 

systems grow. It also must be considered that differences in player quality (level) and 

physical strength may be responsible for the sex-based differences in kinematics 

exhibited between male and female players. Future research may address this issue by 
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collecting from a sample of players matched on playing level, as well as by relative 

strength profiles.  

 

4.6 Conclusions 

The kinematics of elite tennis player movement both to the ball, and then during 

subsequent shot impact are clearly affected by entry speed and player sex. Specifically, 

in male players, higher entry speeds resulted in the restriction of the lower body to extend 

into the stroke and subsequently aid in the generation of racquet-head speed. Despite this 

alteration in their stroke production mechanics, male players were still able to generate 

comparable racquet head speeds across the different movement intensities. Female 

players however, suffered significant declines in racquet-head speed as entry speed 

increased. These findings challenge the long-standing notion that hitting and movement 

mechanics should be trained separately, highlighting the need for more modern 

movement training interventions tailored to develop the capacity of players to coordinate 

hitting and movement mechanics simultaneously.  

 

4.7 Practical Applications 

• Unlike elite male players, elite female players suffer declines in racquet-head speed when 

forced to travel in excess of 14 km.h-1 to forehand impact. Training to help female players 

better maintain their postural control and / or stroke production mechanics while moving 

at high speed is likely to be beneficial. 

• The contribution of the lower body to stroke production and execution becomes limited 

when movement speed increases, with players appearing to rely more heavily on upper 

body kinematics for the generation of racquet-head speed. Therefore, training that is 
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focused on strengthening through the trunk and upper limbs may allow players to increase 

their ability to produce racquet-head speed during high speed movements. 

• The changes in hitting kinematics at impact brought about by varying entry speeds appear 

to challenge the current paradigm wherein the training of hitting and tennis movement 

are decoupled. The design of training interventions to integrate both elements of tennis 

match-play may improve the ability of players to effectively coordinate and execute 

hitting and movement mechanics simultaneously. 
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5.1 Abstract 

The biomechanics of tennis strokes are well understood yet the subsequent critical change 

of direction (COD) and recovery movements have not yet been examined in the literature. 

This study quantified the lower limb and trunk kinematics of players performing COD 

and recovery movements after running forehand strokes. Seventeen professional tennis 

players (11 female, 7 male) hit forehands, changed direction and recovered court position 

in response to three entry-speeds (Low: 1.4-1.9 ms-1, Medium: 2.1-2.6 ms-1, High: 3.0-

3.4 ms-1). Kinematics were captured using a VICON camera system. Speed and sex 

effects were analysed using linear mixed-effects models, with significance observed at p 

< 0.001. High entry speeds led to significantly more trunk and post leg flexion for all 

players as well as more drive leg hip flexion for females. Other trunk and leg kinematics 

were stable across both the COD and recovery. The stability in ankle, knee and hip flexion 

of players’ drive legs as COD entry speed increased was unexpected and contrary to 

previous COD research. This suggests that tennis players adopt sport-specific movement 

techniques when traversing the court, presumably related to the dual demands of moving 

and hitting. These findings question the efficacy of decoupling movement and stroke 

production when developing tennis COD and recovery skill.  
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5.2 Introduction 

Player movement in tennis has been described as primarily lateral (72%), with locomotion 

in the forward (17%) and backward (8%) direction less prominent (Weber et al., 2007). 

This multi-directionality nevertheless necessitates that changing direction is a key part of 

a player’s movement repertoire (Giles, Kovalchik, & Reid, 2019; Giles, Peeling, et al., 

2019; Kovacs, 2009; Kovacs et al., 2009). Two studies, separated by 40 years, have 

suggested that professional tennis players perform, on average, 4-5 COD per point, or 

approximately 800 COD over a 3 set match (Deutsch et al., 1988; Kovalchik & Reid, 

2017). These appear blunt estimates, particularly as a 90-degree COD performed at low 

intensity and a 180-degree COD at high speed, which likely impose very different 

energetic and kinematic demands (Buglione & di Prampero, 2013; Dellal et al., 2010; 

Dos’Santos et al., 2018; Zamparo, Zadro, Lazzer, Beato, & Sepulcri, 2014), have been 

categorised in the same way. This represents a fundamental limitation in understanding 

the sport’s physical demands; made all the more perplexing given the importance attached 

to developing COD skill in training (Kovacs, 2009; Kovacs et al., 2009). Coaches and 

physical practitioners are therefore bereft of critical information on the COD demands of 

tennis, which limits the specificity of training program design and the evaluation of player 

progress.  

 

Having interviewed trainers and coaches of Grand Slam event winners, Giles et al. (2019) 

introduced the concept of a movement cycle in tennis, whereby movement and stroke 

production are intertwined. In practice, this means that tennis movement can be 

conceptualised through five different phases: initiation of movement, transition / 

movement to the ball, arrival at the ball / set up, contact / execution and COD / recovery 

(Giles et al., 2019). Recent research has highlighted the benefit of examining movement 
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and stroke outcomes concurrently as tennis player movements have been shown to change 

in response to the temporal demands placed on a stroke (Giles & Reid, 2019). 

Specifically, the effect of varying entry speeds on the lower limb, trunk and racquet 

kinematics of professional players preparing for (arrival / set up) and executing (contact) 

a forehand stroke have been examined (Giles & Reid, 2019). In male players, it was 

observed that, as entry speed increased, the contribution of the lower limb to stroke 

production was restricted, however, players were still able to develop similar racquet head 

velocities (Giles & Reid, 2019). This contrasted with the movement and hitting 

techniques of female professionals, who displayed greater lower limb joint extension and 

reduced racquet velocities as entry speed climbed (Giles & Reid, 2019). These findings 

appear to offer some empirical support to anecdotes of sex-based differences in on-court 

movement proficiency in the set-up and contact stages of the movement cycle (Elliott, 

Reid, et al., 2003; Reid et al., 2003; Whiteside & Reid, 2016). Whether or not these 

differences also occur post-impact, during the final stage (COD / recovery) of the 

movement cycle, is especially relevant on account of the importance of COD skill. 

 

Drills involving COD movements feature prominently in the training sessions of 

professional players world-wide. Experts agree that ‘good’ movers are easily 

distinguished when changing direction at high intensity or at end range (Giles et al., 

2019), yet clear accounts of the kinematic characteristics of COD in tennis are less 

common. General kinematic descriptions of COD in laboratory settings have revealed 

that the demand of changes performed by non-professional and / or team sport athletes 

are ‘angle’ and ‘velocity’ dependent (Dos’Santos et al., 2018), yet translation of these 

findings to tennis settings has been poor. This complicates the prescription of lower-limb 

joint exercises where training interventions should be designed to reflect the 
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directionality, speed and multi-limb demands of COD type movements in tennis. The 

paradox here with stroke production, where considerable biomechanical research has 

been performed (Elliott, Reid, et al., 2003; Reid et al., 2013), is stark. Therefore, 

quantification of the lower limb and trunk kinematics of male and female professionals 

performing various types of COD in tennis addresses an important and applied research 

gap. 

 

Accordingly, the purpose of this study is to compare the effect of entry speed on the post-

impact COD and recovery lower limb and trunk kinematics of professional players having 

executed a forehand groundstroke. It is hypothesised that higher entry speeds result in 

greater lower limb joint and trunk flexion as players decelerate in to the COD, but greater 

lower limb joint extension as players exit the COD. We also anticipate female players to 

display more flexed sagittal and frontal plane trunk postures and spend longer reversing 

their lateral movement than male players. Finally, we expect players to increase their 

stride length and display more extended lower limb joint postures during the initial 

recovery step.  

 

5.3 Methods 

5.3.1 Subjects 

Eighteen professionally ranked tennis players were recruited for this study, with the 

participant cohort consisting of seven males (mean ± SD: Age = 24.7 ± 5.8 y, Height = 

181.0 ± 4.2 cm, Weight = 75.2 ± 4.6 kg, ATP Ranking = 454 ± 311) and eleven females 

(mean ± SD: Age = 21.3 ± 3.9 y, Height = 174.1 ± 2.6 cm, Weight = 67.5 ± 4.8 kg, WTA 

Ranking = 584 ± 255). Participants were provided with the study details and the 

associated risks prior to providing written informed consent. Institutional Ethics approval 



 
 

 108 

was granted by The University of Western Australia’s Human Research Ethics 

Committee (Ref No: RA/4/1/8646). 

 

5.3.2 Methodology 

The methods used in this study are fully described in Giles and Reid. (2019), but are 

summarised here. All trials were performed on a hardcourt tennis surface, with a 10-

camera VICON motion capture system (Oxford Metrics Ltd., Oxford, UK) used to record 

marker trajectories throughout the static and dynamic trials. Participants were initially 

marked up using retroreflective markers placed on their upper and lower limbs, pelvis, 

trunk and their tennis racquet. Participants performed two static trials followed by a 5-

min self-directed physical warm-up and a light hitting warm-up for familiarisation with 

the speed and spin of the fed ball. Players were then asked to execute a running right-

handed forehand groundstroke prior to executing a typical COD and recovery movement. 

With COD mechanics in mind, four specific events of practical interest were labelled, 

including; (1) the first right foot foot-strike post-impact, which was the first foot-strike of 

the COD movement; (2) the midpoint of the COD, which was calculated as the greatest 

absolute lateral distance, from impact, of the right foot / leg during the COD movement; 

(3) the right foot toe-off out of the COD, which reflected propulsion into the recovery 

movement; and (4) the right foot flat foot of the first recovery step, which corresponded 

with the completion of the initial forward crossover recovery movement (Hughes & 

Meyers, 2005; Reid, 2011; Reid et al., 2003). As data collection did not involve any direct 

measurement of ground reaction force, these events were estimated via the lead researcher 

inspecting the displacement and acceleration signals of the marker trajectories, the 

orientation of the lower limb, and cross referencing these events with captured 2D vision. 

The lower limbs were referenced in regards to the overall role they played in the 
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movement, consistent with Giles and Reid (2019), where the left leg was referred to as 

the post leg (trail leg (Lajoie, Bloomfield, Nelson, Suh, & Marigold, 2012)), while the 

right leg acted as the drive leg. 

 

Participants completed 3 successful forehands at each of the 3 pre-determined entry 

speeds; low, medium and high. Specifically, the low entry speeds required players to 

‘hold’ court position, requiring limited movement and placing low time-pressure on the 

players (Movement Speed (mean) – Male: 1.94 ms-1, Female: 1.37 ms-1). Medium entry 

speed trials required players to move approx. 3 m laterally to the ball and recover court 

position (to the middle of the court) (Male: 2.57 ms-1, Female: 2.09 ms-1). While high 

entry speed saw players self-select the maximum distance they could traverse and still 

make the ball (high time-pressure) and then recover as if they were required to chase 

down a ball on the other side of the court (typical tactical play in professional tennis – 

player is pushed wide with the next shot then going into the open court)(Male: 3.38 ms-1, 

Female: 3.02 ms-1). Balls were fed from a ball machine positioned in the same area of the 

court for all trials. The direction, speed (~120 km.h-1) and spin placed upon the fed ball 

was standardised for all trial conditions (Spinfire Pro 1 Ball Machine, Spinfire Sport, 

Victoria, Australia).  

 

5.3.3 Statistical Analysis 

All trials were reconstructed and retrospectively checked for gaps in the marker 

trajectories (Oxford Metrics Ltd., Oxford, UK), with missing data interpolated with 

standard gap filling procedures. The data was then treated with an appropriately 

calculated Woltring filter (mean square error 0.5) and then modelled using UWA 
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customised mathematical models as per previous research (Campbell et al., 2013; 

Whiteside, 2012).  

 

The modelled lower limb, pelvis, trunk and racquet kinematics were exported at the 

abovementioned four events of practical interest. This exported data was then transferred 

into statistical software (R Foundation for Statistical Computing, Vienna, Austria) for 

analysis. Least square means and 95% confidence intervals were calculated for the 

descriptive statistics for all sex-intensity conditions, with mixed effect modelling used to 

determine the significance of any intensity or sex effects. Given the number of variables 

and conditions examined, a Bonferroni correction as calculated, and as a result, a 

conservative p-value of p £ .001 was used to determine significance. Differences between 

entry speed trials were labelled as Low-High (comparison of low entry speed to high entry 

speed), Low-Medium (comparison of low entry speed to medium entry speed) and 

Medium-High (comparison of medium entry speed to high entry speed). 

 

5.4 Results 

5.4.1 Right foot foot-strike into the change of direction movement 

Table 5.1 presents the kinematics of players at the first foot-strike post impact. Both sexes 

were characterised by significant increases in ankle eversion in the drive leg with 

increasing entry speeds (Low-High: Male: +14°, Female: +9°). Female players 

demonstrated greater hip flexion with increasing entry speed (Low-High: +23°), while 

their male counterparts showed more hip abduction in the drive leg at this time (Low-

High: +8°). Sex comparisons also revealed differences at high intensity, with female 

players being significantly more flexed through the hip of their drive leg (+21°).  
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The lower limb joint kinematics of the post leg reflected the increased demand placed 

upon players as movement speed rose (Table 5.1). All players were more flexed at the 

knee and hip of their post leg at high entry speeds (in comparison to low and medium 

entry speeds). Male players also demonstrated greater ankle dorsiflexion of the post leg 

at high intensity (Low-High: +17°). 

 

Both sexes demonstrated increased trunk flexion as entry speed increased (Low-High: 

Male +14°, Female +13°), with female players also displaying greater trunk lateral flexion 

when entering shots at high speed (Low-High: +7°). Player stance was significantly 

impacted by movement speed, with all players sinking lower into their stance as speed 

increased (Low-High: Male -14%, Female -10%).  
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Table 5.1 Discrete kinematic variables at the right foot foot-strike of the change of direction movement post stroke execution  
 Low Medium High 
 Male Female Male Female Male Female 
 Mean (95% CI) Mean (95% CI) Mean (95% CI) Mean (95% CI) Mean (95% CI) Mean (95% CI) 

Post Leg Ankle Dorsi-Plantarflexion (°) 1.12 (-7.45 - 9.68) -0.04 (-7.33 - 7.24) 13.74 (5.63 - 21.85) 14.53 (8.04 - 21.03) b 18.36 (8.3 - 28.43) c 11.27 (4.48 - 18.07) 

Post Leg Knee Flexion-Extension (°) 45.66 (34.69 - 56.64) 40.83 (31.34 - 50.32) 70.69 (60.31 - 81.06) b 71.72 (63.08 - 80.36) b 99.37 (86.37 - 112.37) c, d 95.28 (86.17 - 104.39) c, d 

Post Leg Hip Flexion-Extension (°) 35.88 (27.08 - 44.68) 40.08 (32.69 - 47.47) 49.8 (41.32 - 58.29) b 51.49 (44.52 - 58.45) b 69.77 (59.98 - 79.57) c, d 60.93 (53.72 - 68.14) c, d 

Drive Leg Ankle Dorsi-Plantarflexion (°) 3.71 (-3.65 - 11.07) 5.38 (-1.19 - 11.96) 3.31 (-3.67 - 10.3) 8.12 (2.28 - 13.96) -0.89 (-9.77 - 7.99) 3.02 (-2.81 - 8.86) 

Drive Leg Ankle Inversion-Eversion (°) 27.48 (22.58 - 32.38) 33.14 (28.83 - 37.44) 34.44 (29.75 - 39.13) b 39.7 (35.81 - 43.59) b 40.77 (35.04 - 46.51) c 42.33 (38.44 - 46.21) c 

Drive Leg Knee Flexion-Extension (°) 26.61 (20.31 - 32.92) 28.32 (22.98 - 33.67) 26.61 (20.57 - 32.65) 29.66 (24.68 - 34.64) 29.89 (22.74 - 37.03) 30.42 (25.24 - 35.61) 

Drive Leg Hip Flexion-Extension (°) 13.88 (7.78 - 19.99) 15.79 (10.63 - 20.96)  16.31 (10.45 - 22.16) 18.67 (13.85 - 23.49) 18.26 (11.36 - 25.15) 38.86 (33.85 - 43.88) a, c, d 

Drive Leg Hip Abduction-Adduction (°) -23.04 (-27.53 - -18.54) -21.39 (-25.13 - -17.66) -25.4 (-29.76 - -21.04) -23.89 (-27.45 - -20.33) -31.35 (-36.25 - -26.45) c, d -25 (-28.66 - -21.34) 

Trunk Flexion-Extension (°) -1.31 (-6.15 - 3.52) -1.46 (-5.39 - 2.46) 3.93 (-0.8 - 8.67) b 2.11 (-1.71 - 5.93) 12.56 (7.5 - 17.61) c, d 12.13 (8.24 - 16.01) c, d 

Trunk Lateral Flexion (°) -1.21 (-4.19 - 1.77) -2.61 (-5.1 - -0.12) -0.58 (-3.4 - 2.24) -1.22 (-3.55 - 1.1) 0.99 (-2.34 - 4.32) 4.01 (1.59 - 6.43) c, d 

Stance Height 0.53 (0.51 - 0.56) 0.53 (0.51 - 0.55) 0.48 (0.46 - 0.5) b 0.48 (0.46 - 0.5) b 0.39 (0.37 - 0.42) c, d 0.43 (0.41 - 0.45) c, d 

Width of Base (m) 0.75 (0.65 - 0.85) 0.74 (0.65 - 0.82) 0.74 (0.64 - 0.83) 0.79 (0.72 - 0.87) 0.64 (0.53 - 0.75) 0.75 (0.67 - 0.83) 

Movement Velocity ("#. ℎ&') 6.99 (5.67 - 8.3) 4.93 (3.79 - 6.07) 9.24 (8 - 10.48) b 7.52 (6.48 - 8.55) b 12.15 (10.6 - 13.71) c, d 10.87 (9.78 - 11.96) c, d 

a Significant difference between sexes at the intensity level (p < .001) 
b Significant difference within sex between low and medium intensity levels (p < .001) 
c Significant difference within sex between low and high intensity levels (p < .001) 

d Significant difference within sex between medium and high intensity levels (p < .001) 
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5.4.2 Midpoint of the change of direction movement 

The increased entry speed manifested in increased ankle eversion in the drive leg for both 

sexes (Low-High: Male: +11°, Female: +16°) at the COD midpoint (Table 5.2). Male 

players had greater hip abduction angles at high intensity (Low-High: +9°), while females 

displayed increased ankle plantarflexion (Medium-High: +8°) and hip flexion (Low-

High: +20°) in their drive leg. Entry speed but not sex had a significant effect on the 

orientation of the left limb (post leg), with all three lower limb joints more flexed at high 

speed. 

 

As compared to the low entry speed condition, high entry speeds also resulted in more 

flexed trunk postures for both sexes (Low-High: Male +17°, Female +16°) and more 

lateral trunk flexion for female players (Low-High: +4°). Lower stance heights remained 

evident (Low-High: Male -11%, Female -8%) and players travelled significantly further 

past the point of impact (Low-High: Male +1.11 m, Female +1.56 m) as movement speed 

increased. 
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Table 5.2 Discrete kinematic variables at the midpoint of the change of direction movement post stroke execution  
 Low Medium High 
 Male Female Male Female Male Female 
 Mean (95% CI) Mean (95% CI) Mean (95% CI) Mean (95% CI) Mean (95% CI) Mean (95% CI) 

Post Leg Ankle Dorsi-Plantarflexion (°) 20.12 (14.12 - 26.12) 14.82 (9.72 - 19.93) 17.35 (11.67 - 23.03) 20.18 (15.64 - 24.73) 17.29 (10.23 - 24.35) 16.84 (12.09 - 21.6) 

Post Leg Knee Flexion-Extension (°) 65.19 (56.46 - 73.92) 51.67 (44.12 - 59.21) 89.7 (81.44 - 97.95) b 83.29 (76.41 - 90.17) b 107.74 (97.42 - 118.07) c, d 96.59 (89.35 - 103.84) c, d 

Post Leg Hip Flexion-Extension (°) 48.39 (38.5 - 58.28) 50.13 (41.88 - 58.39) 64.33 (54.75 - 73.9) b 60.29 (52.46 - 68.12) 81.11 (70.23 - 91.98) c, d 71.66 (63.59 - 79.74) c, d 

Drive Leg Ankle Dorsi-Plantarflexion (°) 27.05 (18.79 - 35.31) 30.35 (23.53 - 37.18) 27.91 (19.78 - 36.04) 32.55 (25.99 - 39.11) 27.32 (18.56 - 36.08) 25.23 (18.67 - 31.79) d 

Drive Leg Ankle Inversion-Eversion (°) 35.41 (27.88 - 42.93) 35.55 (29.36 - 41.73) 40.67 (33.26 - 48.09) 46.58 (40.61 - 52.55) b 45.89 (37.97 - 53.82) c 51.78 (45.81 - 57.75) c, d 

Drive Leg Knee Flexion-Extension (°) 49.45 (41.03 - 57.88) 47.87 (40.81 - 54.93) 55.13 (47 - 63.26) 53.02 (46.36 - 59.69) 55.63 (46.29 - 64.97) 52.48 (45.59 - 59.38) 

Drive Leg Hip Flexion-Extension (°) 17.69 (9.95 - 25.43) 16.97 (10.29 - 23.66) 24.82 (17.5 - 32.14) 21.02 (14.92 - 27.12) 23.88 (14.74 - 33.03) 36.6 (30.17 - 43.02) c, d 

Drive Leg Hip Abduction-Adduction (°) -23.54 (-28.71 - -18.37) -21.33 (-25.67 - -16.99) -26.2 (-31.18 - -21.22) -24.12 (-28.21 - -20.04) -32.66 (-38.41 - -26.9) c -24.41 (-28.65 - -20.18) 

Trunk Flexion-Extension (°) 4.38 (-1.77 - 10.53) 4.38 (-0.58 - 9.35) 11.92 (5.87 - 17.97) b 8.67 (3.81 - 13.54) b 20.63 (14.26 - 26.99) c, d 19.83 (14.9 - 24.75) c, d 

Trunk Lateral Flexion (°) -0.21 (-3.28 - 2.86) -1.86 (-4.41 - 0.69) -0.12 (-3.05 - 2.81) 0.66 (-1.75 - 3.06) 1.88 (-1.49 - 5.26) 2.35 (-0.14 - 4.84) c 

Stance Height 0.48 (0.46 - 0.5) 0.49 (0.47 - 0.51) 0.43 (0.41 - 0.45) b 0.44 (0.42 - 0.46) b 0.37 (0.35 - 0.39) c, d 0.41 (0.39 - 0.42) c, d 

Width of Base (m) 0.69 (0.61 - 0.77) 0.72 (0.65 - 0.79) 0.68 (0.6 - 0.76) 0.75 (0.68 - 0.81) 0.72 (0.62 - 0.81) 0.73 (0.66 - 0.79) 

Distance Travelled Past Impact (m) 0.39 (0.23 - 0.55) 0.21 (0.07 - 0.36) 0.73 (0.58 - 0.88) b 0.63 (0.5 - 0.76) b 1.5 (1.3 - 1.69) c, d 1.77 (1.63 - 1.9) c, d 

a Significant difference between sexes at the intensity level (p < .001) 
b Significant difference within sex between low and medium intensity levels (p < .001) 
c Significant difference within sex between low and high intensity levels (p < .001) 

d Significant difference within sex between medium and high intensity levels (p < .001) 
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5.4.3 Right foot toe-off out of the change of direction movement 

The kinematics of the right lower limb (drive leg) were largely unaffected by entry speed 

at right foot toe-off (Table 5.3). Only the ankle of the drive leg was in a more everted 

(Low-High: Male +8°, Female +7°) and plantarflexed position (Low-High: Male +9°, 

Female +12°) at high speed. Faster approaches to impact also observed increases in both 

knee (Low-Medium: +24-33%, Medium-High: +12-14%), hip (Low-High: Male +16°, 

Female +12°) and trunk flexion (Low-Medium: +4°, Medium-High +10°).  

 

As above, all players were lower in their stance as movement speed increased but males 

even more so than females (-5%). Exit speed from the COD remained stable independent 

of the entry speed, except for female players exiting the high intensity condition at 

significantly faster speed (Low-High: +1 kmh-1).  
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Table 5.3 Discrete kinematic variables at right foot toe-off out of the change of direction movement post stroke execution 
 Low Medium High 
 Male Female Male Female Male Female 
 Mean (95% CI) Mean (95% CI) Mean (95% CI) Mean (95% CI) Mean (95% CI) Mean (95% CI) 

Post Leg Ankle Dorsi-Plantarflexion (°) 19.91 (13.02 - 26.8) 19.51 (13.69 - 25.32) 18.65 (12.08 - 25.22) 17.78 (12.53 - 23.03) 23.5 (15.56 - 31.44) 22.13 (16.66 - 27.6) 

Post Leg Knee Flexion-Extension (°) 65.82 (59.75 - 71.9) 56.42 (51.33 - 61.51) 81.6 (75.78 - 87.43) b 74.88 (70.08 - 79.68) b 92.9 (86.02 - 99.77) c, d 83.77 (78.78 - 88.77) c, d 

Post Leg Hip Flexion-Extension (°) 47.98 (41.36 - 54.6) 44.02 (38.44 - 49.59) 56.83 (50.51 - 63.16) 51.1 (45.87 - 56.32) 64.3 (56.72 - 71.88) c 56.13 (50.67 - 61.58) c 

Drive Leg Ankle Dorsi-Plantarflexion (°) -11.73 (-19.87 - -3.58) -9.84 (-16.55 - -3.14) -15.57 (-23.59 - -7.54) -16.22 (-22.67 - -9.78) b -20.51 (-29.11 - -11.91) c -22.43 (-28.89 - -15.97) c, d 

Drive Leg Ankle Inversion-Eversion (°) 17.58 (9.13 - 26.04) 25.29 (18.34 - 32.24) 22.19 (13.85 - 30.52) 30.6 (23.9 - 37.29) 26.15 (17.25 - 35.05) c 31.52 (24.81 - 38.23) c 

Drive Leg Knee Flexion-Extension (°) 32.11 (26.16 - 38.05) 27.66 (22.58 - 32.73) 28.28 (22.67 - 33.9) 24.94 (20.26 - 29.62) 29.23 (22.17 - 36.29) 23.15 (18.21 - 28.08) 

Drive Leg Hip Flexion-Extension (°) 10.8 (4.86 - 16.73) 7.77 (2.88 - 12.66) 8.82 (3.06 - 14.59) 9.22 (4.51 - 13.92) 8.55 (2.1 - 14.99) 11.78 (6.95 - 16.61) 

Drive Leg Hip Abduction-Adduction (°) -19.68 (-22.22 - -17.14) -21.82 (-23.99 - -19.65) -19.02 (-21.43 - -16.62) -18.45 (-20.46 - -16.45) -19.85 (-22.87 - -16.83) -18.54 (-20.65 - -16.43) 

Trunk Flexion-Extension (°) 2.49 (-2.71 - 7.69) 0.65 (-3.52 - 4.83) 6.87 (1.74 - 11.99) b 1.6 (-2.51 - 5.71) 16.82 (11.46 - 22.17) c, d 8.58 (4.42 - 12.74) c, d 

Trunk Lateral Flexion (°) -2.3 (-5.52 - 0.92) -3.42 (-6.07 - -0.76) -3.08 (-6.15 - 0) -4.46 (-6.98 - -1.94) -3.97 (-7.52 - -0.42) -1.6 (-4.21 - 1.01) 

Stance Height 0.51 (0.5 - 0.53) 0.52 (0.51 - 0.54) 0.48 (0.47 - 0.49) b 0.51 (0.5 - 0.52) b 0.43 (0.42 - 0.45) c, d 0.48 (0.47 - 0.49) a, c, d 

Width of Base (m) 0.59 (0.5 - 0.67) 0.64 (0.57 - 0.71) 0.58 (0.5 - 0.66) 0.57 (0.51 - 0.63) 0.59 (0.5 - 0.68) 0.55 (0.48 - 0.61) 

Time Spent in COD (s) 0.33 (0.27 - 0.39) 0.4 (0.34 - 0.45) 0.33 (0.28 - 0.39) 0.34 (0.29 - 0.38) 0.44 (0.37 - 0.51) 0.42 (0.37 - 0.47) d 

Movement Velocity ("#. ℎ&') 5.08 (4.14 - 6.02) 4.58 (3.8 - 5.36) 6.03 (5.12 - 6.94) 5.00 (4.25 - 5.74) 5.71 (4.67 - 6.75) 5.75 (4.98 - 6.52) c 

a Significant difference between sexes at the intensity level (p < .001) 
b Significant difference within sex between low and medium intensity levels (p < .001) 
c Significant difference within sex between low and high intensity levels (p < .001) 

d Significant difference within sex between medium and high intensity levels (p < .001) 
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5.4.4 Right foot flat foot during the first recovery step 

At mid stance of the first recovery step, respective 17° and 9° increases in knee flexion 

in the drive leg were observed in male and female players as they increased their entry 

speed from low to medium (Table 5.4). Similar increases were observed in hip flexion, 

while high entry speeds saw the knee of the drive leg continue to flex as entry speed 

continued to increase. A series of interactions were also evident in the drive leg 

kinematics, with female players experiencing more hip abduction (Low-High: +7°) and 

males more ankle dorsiflexion when entry speeds were >10.5ms-1 (Low-High: +14°). In 

players’ post leg, at high speed compared to low speed, knee flexion was greater 

independent of sex (Male +19°, Female +15°), hip flexion was larger for males (Low-

High: +11°) and plantarflexion larger for females (Low-High: +10°). Players’ trunks were 

more flexed in response to high entry speeds (Low-High: Male: +13°, Female: +9°) but 

only female lateral trunk alignment was prone to variation when recovering court position 

(Low-High: +6°, Medium-High: +4°).  

 

Both sexes exited the COD 3 kmh-1 and 4 kmh-1 faster at medium and high speed 

respectively when compared to the low entry speed condition. All players displayed lower 

stance heights during the recovery movement at high speed (Low-High: Male -6%, 

Female -5%), while females were 3% taller in their stance. The length of all players’ 

recovery strides increased from low to medium speed (Male +27 cm, Female +38 cm); a 

trend which continued for female players at high speed (+45 cm in comparison to low 

speed). 
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Table 5.4 Discrete kinematic variables at the right foot flat foot of the first recovery step  
 Low Medium High 
 Male Female Male Female Male Female 
 Mean (95% CI) Mean (95% CI) Mean (95% CI) Mean (95% CI) Mean (95% CI) Mean (95% CI) 

Post Leg Ankle Dorsi-Plantarflexion (°) -10.9 (-17.54 - -4.27) -5.58 (-11.14 - -0.01) -12.78 (-19.04 - -6.52) -9.14 (-14.14 - -4.14) -16.81 (-24.29 - -9.32) -16.25 (-21.45 - -11.06) c 

Post Leg Knee Flexion-Extension (°) 56.85 (45.7 - 67.99) 55.62 (46.34 - 64.89) 67.83 (56.99 - 78.66) 62.13 (53.61 - 70.66) 75.51 (63.19 - 87.83) c 70.82 (61.82 - 79.83) c 

Post Leg Hip Flexion-Extension (°) 12.85 (5.24 - 20.46) 27.36 (21.08 - 33.64) 17.26 (9.82 - 24.7) 19.11 (13.25 - 24.97) b 24.42 (16.17 - 32.67) c 20.97 (14.84 - 27.1)  

Drive Leg Ankle Dorsi-Plantarflexion (°) 11.7 (7.01 - 16.4) 17.46 (13.35 - 21.58) 20.66 (16.14 - 25.19) b 19.84 (16.13 - 23.54) 26.19 (20.95 - 31.43) c 22.69 (18.96 - 26.42) 

Drive Leg Ankle Inversion-Eversion (°) -2.51 (-9.27 - 4.26) 8.32 (2.67 - 13.98) -0.3 (-6.94 - 6.34) 10.56 (5.21 - 15.92) 12.51 (5.37 - 19.66) c, d 17.12 (11.75 - 22.49) c, d 

Drive Leg Knee Flexion-Extension (°) 38 (32.14 - 43.86) 38.67 (33.79 - 43.55) 55.37 (49.6 - 61.14) b 48.42 (43.87 - 52.96) b 64.15 (57.72 - 70.57) c, d 55.15 (50.39 - 59.91) c, d 

Drive Leg Hip Flexion-Extension (°) 41.06 (34 - 48.12) 33.66 (27.8 - 39.51) 53.3 (46.33 - 60.26) b 46.2 (40.71 - 51.69) b 58.08 (50.41 - 65.76) c 52.28 (46.55 - 58.01) c 

Drive Leg Hip Abduction-Adduction (°) 4.43 (1.34 - 7.52) 2.9 (0.28 - 5.51) 5.4 (2.37 - 8.43) 10.05 (7.67 - 12.42) b 3.61 (0.1 - 7.12) 9.6 (7.07 - 12.13) c 

Trunk Flexion-Extension (°) 2.62 (-1.6 - 6.84) 3.44 (0.01 - 6.87) 7.78 (3.59 - 11.98) b 4.56 (1.26 - 7.87) 16.13 (11.72 - 20.55) c, d 11.53 (8.15 - 14.92) c, d 

Trunk Lateral Flexion (°) 3.5 (-1.14 - 8.13) 0.4 (-3.35 - 4.15) 6.01 (1.39 - 10.62) 6.34 (2.7 - 9.97) b 6.02 (1.2 - 10.83) 10.02 (6.31 - 13.73) c, d 

Stance Height 0.53 (0.52 - 0.54) 0.55 (0.54 - 0.55) 0.5 (0.49 - 0.51) b 0.52 (0.51 - 0.53) b 0.47 (0.46 - 0.48) c, d 0.5 (0.49 - 0.51) a, c, d 

Movement Velocity ("#. ℎ&') 6.15 (5.26 - 7.03) 4.28 (3.56 - 5) 8.9 (8.03 - 9.77) b 6.96 (6.28 - 7.65) b 9.75 (8.82 - 10.69) c 8.48 (7.77 - 9.19) c, d 

Length of Recovery Stride (m) 1.26 (1.1 - 1.43) 0.87 (0.73 – 1.01) a 1.53 (1.37 - 1.68) b 1.25 (1.12 - 1.37) b 1.45 (1.27 - 1.62) 1.32 (1.19 - 1.44) c 

a Significant difference between sexes at the intensity level (p < .001) 
b Significant difference within sex between low and medium intensity levels (p < .001) 
c Significant difference within sex between low and high intensity levels (p < .001) 

d Significant difference within sex between medium and high intensity levels (p < .001) 
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5.5 Discussion 

The COD and recovery movement form an integral part of the tennis movement cycle, 

with stroke production and COD being closely coupled (Giles et al., 2019).  It's therefore 

perplexing why the biomechanical determinants of stroke production have been so 

extensively explored, yet the mechanics of the associated COD and recovery movements 

have been largely ignored. This current study aimed to address this gap, with an emphasis 

on the anticipated effects of increased entry speed and player sex on COD kinematics.  

 

5.5.1 The deceleration phase of tennis-specific COD (foot-strike and midpoint of the 

change) 

The biomechanical demands of COD movements have been revealed as angle and 

velocity dependent (Dos’Santos et al., 2018). Whether this is true in tennis contexts has 

been uncertain, particularly as players wield racquets and differentiate their upper and 

lower limbs to move and hit the ball simultaneously (Reid et al., 2003). Our first 

hypothesis considered the increased entry speeds into COD manoeuvres to result in 

players flexing more through their lower limbs as part of a compensatory response to 

heightened deceleration and eccentric demands (Dos’Santos et al., 2018). Our findings 

were unexpected, with the sagittal plane angular displacements of the drive leg (right 

lower limb) of players largely unaffected by entry speed during these absorption or 

braking phases of the COD. Indeed, the only change observed was greater hip flexion in 

female players in the high speed condition, likely a result of the time pressure imposed 

on the stroke (Giles & Reid, 2019), rather than a specific preparatory adaptation to 

effectively execute the COD. The unexpected and general lack of lower limb joint flexion 

might also relate to the use of the slide into high speed CODs on hardcourt, where players 

appear to isometrically contract or ‘brace’ their drive leg rather than flex to absorb force 
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(Dos’Santos et al., 2018). In a practical sense, these findings suggest that strength 

interventions involving isometric contraction of a player’s drive leg may benefit COD 

performance.  

 

As hypothesised, greater hip and knee flexion was observed in players’ post leg, a result 

of players utilising the tennis-specific ‘slalom’ movement during COD manoeuvres 

(Hughes & Meyers, 2005; Reid, 2011). The use of a ‘slalom’ movement post-impact, 

which involves players landing with their post leg (left leg) first and using this 

penultimate foot contact to stabilise and decelerate the body (Dos’Santos et al., 2018), 

might also explain some of the similarity in lower limb joint flexion seen in the drive leg 

across speed conditions. Interestingly, greater braking characteristics (flexion) through 

the penultimate step has been shown to reduce knee joint loading in the outside leg during 

COD and also facilitate faster turning performance (Dos’Santos et al., 2018). This implies 

that the use of this movement technique by some players may be positive for injury 

prevention. Certainly, from a practical standpoint, these findings highlight the important 

role that the post leg plays in tennis-specific COD performance. Practitioners should 

therefore attend to eccentric strength development through the post limb to optimise the 

efficiency of COD in tennis. 

 

Higher entry speeds triggered increases in the trunk flexion among both male and female 

players, although not to the extent expected among female players (Giles & Reid, 2019). 

Female players, whose trunk posture has been noted to vary during high speed COD, were 

more laterally flexed during the first half of the high-speed changes. This combination of 

trunk flexion through the sagittal and frontal planes of female players would appear 

undesirable given previous literature has established that maintaining a stable head 
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position is an indicator of ‘good’ tennis movement (Giles et al., 2019).  Interestingly 

however, some evidence suggests that trunk movement may be an anticipatory postural 

adjustment to absorb force and aid effective COD performance (Dos’Santos et al., 2018). 

Increased range of trunk motion has also been linked to superior athletic performance 

during reactive COD tasks (Edwards, Austin, & Bird, 2017). Therefore, while there is the 

thought among practitioners that the changes to trunk posture are undesirable (Giles et 

al., 2019); within reason, they may also be functional. 

 

In the current study, all players sunk lower in their stance during the first half of the COD 

movement as entry speed increased. Lower stance height is linked with players lowering 

their centre of mass, which is known to aid stability (Elphinston, 2008), the redirection 

of momentum (Dos’Santos et al., 2018) and the quality of movement in tennis-specific 

settings (Giles et al., 2019). The lower stance height identified here likely relates to 

increased flexion of the player’s post-leg knee and hip as well as the trunk. The fact that 

players did not show similar adjustments in the width of their base, instead maintaining 

similarly wide stances irrespective of movement speed, is instructive and contrary to what 

is encouraged by many practitioners (Elphinston, 2008; Giles, Peeling, et al., 2019; Reid 

et al., 2003). This may reflect the individual physical constraints of players or the 

temporal constraints unique to the task featured in the current study. Indeed, this latter 

explanation seems logical as recent work has shown players to adjust their lower limb 

mechanics to meet the temporal and spatial demands of the action (Giles & Reid, 2019). 

We also cannot discount the fact that the longer stride lengths utilised by players into 

stroke production at high speed, rather than a deliberate search for a wider stance or 

extension of the ‘outside’ leg away from their centre of mass, are linked to players 

travelling further past the point of impact at high speed (Giles & Reid, 2019).  
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5.5.2 The re-acceleration phase of tennis-specific COD (toe-off and foot-strike of 

recovery step) 

Contrary to expectations, drive leg kinematics were largely unaffected by entry speed at 

toe-off. Only ankle joint plantarflexion of the drive leg increased, which has been linked 

to increased COD velocity (Dos’Santos et al., 2018) and is typical of ‘3-point’ extension 

in acceleration movements (Cormie, McGuigan, & Newton, 2011). The kinematic 

similarity elsewhere is typified by the drive leg being extended away from the midline of 

the body and bracing to absorb the deceleration demands: a compensatory mechanism 

which has been portrayed in previous COD literature (Dos’Santos et al., 2018). 

 

The sagittal plane kinematics of the drive leg at foot-strike of the recovery movement 

were also unexpected. This initial foot-strike marks the completion of a tennis-specific 

forward crossover step (Hughes & Meyers, 2005; Reid, 2011) and acts as the transition 

for players out of the COD back into general court movement. However, depending on 

the state of play in tennis, players may transition from a forward crossover movement 

into lateral side-stepping (Hughes & Meyers, 2005; Reid, 2011) to re-orientate 

themselves facing the court and prepare for subsequent stroke production or movement 

to the next ball (Hughes & Meyers, 2005). Of course, the strategy that players use is 

highly dependent on the speed of play, and in this case, the increased drive leg joint 

flexion observed in the high-speed trials is likely indicative of players loading for a 

transition from side-step to run. 

 

Our expectation that players would be more extended through their post leg was rejected. 

This finding contradicts what has been previously described in COD literature 

(Dos’Santos et al., 2018), however, is likely explained by the unique orientation of 
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player’s trunk and upper body during the tennis-specific execution of COD. That is, 180-

degree COD manoeuvres in most sports involve players orientating their bodies in the 

direction of travel, whereas in tennis, players typically enter and exit CODs with their 

bodies orientated down the court (toward the net) (Hughes & Meyers, 2005; Reid, 2011; 

Reid et al., 2003). Therefore, while the COD manoeuvres performed may not be 

substantially different to other sports, the discrete lower limb mechanics and the 

coordinative demands of the trunk and upper limb appear to be notably different in a 

tennis setting, likely owing to the hitting requirements that precede or follow the COD.  

 

In response to higher entry speed, players of both sexes exited the COD at higher speed 

and with flexed trunks. This increased exit movement speed points to the propulsive role 

of players’ post leg in the recovery process; which complements the role of the drive leg 

in instigating the movement at toe-off. The post leg also aids in producing longer recovery 

strides as the intensity of COD increases. The flexed trunk posture exhibited was evident 

at high speed throughout the entire COD movement, which seems to suggest that players 

prioritise the control and coordination of their lower limbs (recovering and moving to the 

ball) over an ideal trunk posture from a stroke production point of view (Elliott, Reid, et 

al., 2003). Female players also demonstrated greater lateral flexion of the trunk during 

the recovery step, which may be related to the observed effect for sex on stance height. 

That is, while all players decreased their stance height with greater entry speed, female 

players were significantly higher in their stance at high speed than males. As a higher 

stance may be less balanced or stable (Elphinston, 2008) (two elements described to 

underpin ‘good’ tennis movers (Giles et al., 2019)), female players may have adapted 

their lateral trunk position to off-set this. Accordingly, exercise prescription with a focus 

on increasing trunk and core strength during high speed movements would appear 
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relevant for all professional players, while drills encouraging female players to lower their 

centre of gravity out of high-speed COD should be considered. 

 

Research has shown increases in the angle of COD result in an increased ground contact 

time, yet the influence of entry speed has not been previously explored. We expected 

players to take longer to reverse their momentum at higher speeds, yet the COD duration 

was largely unaffected by entry speed. This might imply that, in tennis, CODs are rarely 

maximal and / or players utilise their physicality to execute CODs of varying intensity 

within relatively similar time frames. A similar concept of self-regulation has been 

described in previous COD literature, wherein athletes choose entry or exit velocities 

based upon angle and timing factors (Dos’Santos et al., 2018), making it plausible that 

tennis players apply or possess a similar implicit rate factor. Alternatively, it may relate 

to players taking more steps after impact and prior to foot plant of the COD movement in 

an attempt to combat the greater demands elicited by higher entry speed. Certainly, the 

greater distance travelled past the point of impact during high speed COD entry speed 

trials is consistent with this suggestion. An interesting avenue for future research is 

therefore to explore the spatio-temporal characteristics of situations of ‘no return’ 

whereby players might execute a shot but be unable to overcome the demands of the 

change. 

 

5.5.3 Limitations 

The findings of the current study were subject to a number of limitations. Firstly, we did 

not directly measure ground reaction forces to identify events like toe-off, but rather 

inferred their occurrence based on visual inspection of the relevant lower limb position 

and acceleration data. Secondly, the COD and recovery movements performed by players 
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were pre-planned to a degree, and therefore, are not entirely representative of those that 

feature in match-play. With the promising advance of markerless motion capture systems, 

the evaluation of COD and recovery mechanics during competitive play would be a 

valuable addition to the current knowledge base. In a similar vein, this study’s COD and 

recovery manoeuvres were performed after forehand groundstrokes and involved lateral 

movement through 180°, therein discounting the multi-directional nature of tennis 

movement and the range of strokes that players perform. Accordingly, future research 

should consider the full array of COD in tennis.  

 

5.6 Conclusions 

The speed with which players moved to hit their forehand and then change direction 

affected lower limb and trunk mechanics in different ways for male and female players. 

High speed COD increased the trunk flexion of all players, but only females responded 

with increased hip flexion in the drive leg. Players’ exit velocity was also seen to increase 

across the recovery process, indicating that both the drive and post legs play important 

roles in helping players recover their court position. Our findings largely challenge 

previous COD literature which has observed significant increases in the ankle, knee and 

hip flexion of the drive leg with increases in movement speed. This suggests that players 

adopt tennis-specific movements and technique in executing COD and recovery 

movements, therefore highlighting the importance of sports-specific training 

interventions to condition athletes for the sport’s demands. 

 

5.7 Practical Applications 

• The similar sagittal plane kinematics of the drive leg at various discrete points of 

the COD, independent of their entry speed into the change, appear unique to 
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tennis. The initial functional role of the drive leg in bracing and decelerating the 

player is important and should be trained with tailored isometric and eccentric 

strength training. 

• During COD movements after forehand groundstrokes, the post leg appears to 

first help steady the player for the change and then play a more active propulsive 

role in the recovery movement. Unilateral strength and coordination interventions 

blending the positioning and propulsion functions of this leg on the forehand side 

are likely beneficial. 

• Exercises focusing upon core strength may help to mitigate any compromise in 

trunk mechanics during high speed COD and recovery movements.  

• The width of players’ post-impact base of support did not change in response to 

different entry speeds. This contrasts with coaching anecdote and provides cause 

to reconsider current coaching convention.  
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6.1 Abstract 

The purpose of this study was to develop an automated method for identifying and 

classifying change of direction (COD) movements in professional tennis using tracking 

data. Three sport science and strength and conditioning experts coded match-play footage 

of nineteen professional tennis players (9 male, 10 female) from the Australian Open 

Grand Slam event for COD of medium and high intensity. A total of 1,494 changes were 

identified and aligned with 2D player position sampled at 25 Hz based on camera tracking 

data. Several machine learning classifiers were trained and tested on a set of 1,128 time-

motion features. A random forest algorithm was found to have the best out-of-sample 

performance, classifying medium and high intensity changes with an F1-score of 0.729. 

This research offers a novel and applicable way for utilising player tracking data and 

machine learning techniques to automatically identify and classify COD movements in 

professional tennis. 
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6.2 Introduction 

The physiological and time-motion demands of tennis match-play have been extensively 

examined (Ferrauti et al., 2013; Kovacs, 2007; Mendez-Villanueva et al., 2007; Reid & 

Duffield, 2014; Reid et al., 2016; Reid & Schneiker, 2007). While informative for 

practitioners who design the training programs of tennis players, the current literature has 

not adequately described the specific movement demands of the game, particularly at the 

professional level (Giles, Peeling, et al., 2019). Tennis is commonly labelled as a high 

intensity, intermittent, acyclic game (Filipcic & Filipcic, 2006; Kovacs et al., 2015), and 

yet, only a handful of studies have quantified the characteristics of on-court movement 

beyond distance covered. While distance covered is a research staple in many 

professional team-based sports (Bourdon et al., 2017), the spatial and temporal 

constraints of professional tennis require players to execute specific movements, such as 

COD, as they repeatedly navigate the confines of the court. Certainly, COD, which is 

defined as a whole-body movement with a change of velocity or direction (Brughelli et 

al., 2008), has been highlighted as an important element of tennis movement (Giles, 

Peeling, et al., 2019; Kovacs, 2009; Kovacs et al., 2009; Reid et al., 2003; Roetert & 

Ellenbecker, 2007), and yet it remains poorly understood, with limited research having 

explored or analysed this skill in a tennis setting. 

 

Early descriptions of tennis-specific movements in the professional era suggested that 

players change direction four times in a typical point (Deutsch et al., 1988). More 

contemporary descriptions, using Hawk-Eye player tracking, have revealed that the 

frequency of COD can be affected by the sex and expertise of players (Kovalchik & Reid, 

2017). Unfortunately, the methodology for identifying COD in this prior work was ill-

defined, limiting our understanding of the nature of these movements. Indeed, peer-
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reviewed research and the existing tennis strength and conditioning literature has treated 

all COD as a singular, generalizable skill (Kovacs, 2009; Kovacs et al., 2009; Reid et al., 

2003; Reid & Schneiker, 2007). Such blanket classification is inconsistent with the range 

of mechanical characteristics observed across cutting and side-stepping manoeuvres 

performed at a variety degree changes (Besier, Lloyd, Cochrane, & Ackland, 2001; 

Havens & Sigward, 2014; Schot, Dart, & Schuh, 1995; Sigward, Cesar, & Havens, 2015) 

or the range of physiological demands observed with different shuttle running protocols 

(Buglione & di Prampero, 2013; Dellal et al., 2010; Zamparo et al., 2014).  

 

Strength and conditioning professionals intuitively recognise and prepare players to 

withstand COD of varying intensity, focusing especially on changes in the medium-to-

high intensity range (Giles, Peeling, et al., 2019). This approach is consistent with the 

published views of movement experts that highlight the need for players to be able to 

withstand the eccentric strength / deceleration requirements of high velocity or high 

intensity COD (Kovacs et al., 2009). Because of the lack of research into the COD skill 

as a whole, very little is known about the actual frequency and profile of medium and 

high-intensity COD in tennis, leaving coaches to rely on their own intuition to prepare 

athletes to cope with the sport’s COD demands. 

 

It is not surprising, however, that the sport’s understanding of its COD demands have 

been hampered, largely due to the reliance upon manual annotation of different types of 

COD, which can prove labour intensive and currently difficult to scale. Recent work by 

Balloch et al., (2019) is promising in this regard, but relies on wearable technology that 

has not been widely adopted by tennis, owing to current in-competition restrictions on 

player analysis technology. Fortunately, camera-based technologies and player tracking 
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provide another promising avenue. For instance, studies in soccer (Chawla, Estephan, 

Gudmundsson, & Horton, 2017) and basketball (Bertasius, Park, Yu, & Shi, 2017) 

demonstrate the ability to accurately classify complex movements in elite sport using 

machine learning and player positional data. This work highlights an opportunity to 

identify COD from tennis tracking data to assist professionals in better critiquing the 

physical demands imposed on players. Utilisation of these methods in a tennis setting 

would significantly improve the sport’s understanding of COD movements, and the 

creation of an automated method to identify and quantify changes would provide large 

scale empirical data for application in several practical settings. 

 

A more sophisticated approach to describing COD in tennis would clearly help 

practitioners to design more specific technical interventions and strength and 

conditioning programs for their athletes. Accordingly, it is the purpose of this study to 

develop and validate a machine-learning algorithm to identify and classify the intensity 

of COD using player tracking data from Grand Slam event matches.  

 

6.3 Methods 

6.3.1 Design 

A cross-sectional design, whereby match vision and Hawk-Eye player tracking data from 

Australian Open Grand Slam event matches was used to train a machine-learning 

algorithm for automated identification and classification of COD. Players competing at 

the Australian Open provided informed consent to be recorded and for associated data to 

be used for research purposes. An Institutional Review Board also approved the study. 
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6.3.2 Preparation of Match Vision 

Nine male (Age: 29.9 ± 4.7 y, Height: 189.7 ± 4.6 cm, Weight: 85.3 ± 4.5 kg, ATP 

Ranking: 49 ± 49, Year Playing Professional Tennis: 13 ± 5.5 y) and ten female (Age: 

26.8 ± 3.1 y, Height: 175.1 ± 6.7 cm, Weight: 64.1 ± 3.9 kg, WTA Ranking: 28 ± 42, 

Year Playing Professional Tennis: 12.7 ± 5.1 y) professional tennis players were 

randomly chosen for analysis. For each, a single match was randomly chosen from a 

database of match vision from three years of Australian Open Grand Slam events (2016 

– 2018). From these matches, 15 points were randomly chosen for analysis, with these 

points edited into a single video per player. Each video contained three example points at 

the start of the video to help familiarise coders with a player’s typical movement intensity 

and style. A timer was then overlayed on each point using iMovie video editing software 

(Version 10.1.2, Mac OS X El Capitan 10.11.6, Apple Computer Inc., Cupertino, 

California) so that the specific time points at which changes occurred could be identified. 

For every point, time zero (t=0) was defined as the time the server made contact with the 

ball on their serve. This time was chosen as it corresponds with the commencement of 

the collection of Hawk-Eye player and ball tracking data in each point.  

 

6.3.3 Vision Annotation and Rater Agreement 

Three experts in sport science and strength and conditioning were asked to identify COD 

at a perceived medium and high intensity. These raters were all accredited strength and 

conditioning coaches (e.g. NSCA, ASCA), with an average of 15.8 y of experience 

working with National Tennis Federations (e.g. Tennis Australia, Lawn Tennis 

Association) and all having trained multiple top 50 professional players. Movement 

identification required this level of subject matter expertise owing to the complexity of 

COD movements in tennis and the nuances in player style. The authors chose to focus on 
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medium and high intensity COD due to the importance practitioners place on the greater 

demands these changes elicit on their athletes. For each change, the experts recorded the 

timestamp of the change, the intensity of the change and the angle or degree of the change 

using four-degree categories: 45°, 90°, 135° and 180°. The experts completed a 

familiarisation session, in which they viewed 10 example points as a group, asked 

questions related to the annotation method, and discussed the interpretation of the 

intensity and degree categories for different COD. To complete the familiarisation, each 

expert independently annotated 15 points of a random player not included in the study’s 

dataset, then shared and discussed their annotations as a group. Once these initial training 

and practice examples were completed, the experts independently viewed and annotated 

the total sample of 285 points. 

 

A total of 1,710 COD were labelled by the experts. Changes that independently received 

the same degree and intensity classification by all 3 experts were kept for subsequent 

analysis. This reduced the final sample of changes to 1,494, representing an inter-rater 

agreement of 87.4%. There were 989 changes that were labelled as medium intensity and 

the remaining 505 changes were labelled as high intensity. The labels, point information 

and timing of these changes were collated into a single data frame using R Statistical 

Software (R Foundation for Statistical Computing, Vienna, Austria), and prepared for 

alignment with the Hawk-Eye player tracking data. 

 

6.3.4 Hawk-Eye Player Tracking Data Pre-Processing and Alignment 

Hawk-Eye tracking systems have been in operation at the Australian Open Grand Slam 

event since 2007. The systems track three-dimensional ball position and two-dimensional 

player position at a sampling rate of 25 Hz. Independent testing conducted by the 
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International Tennis Federation has validated the system’s accuracy and reliability as an 

officiating tool in tennis, with a proposed mean error of 2.6 mm (for ball tracking), in 

comparison to a gold standard (Hawk-Eye Innovations, 2015). To the knowledge of the 

authors there is currently no published work defining the accuracy of the systems player 

tracking component. However, the aforementioned precision with ball tracking as well as 

reported errors seen in single camera analysis systems (i.e., 55 mm: (Dunn, Haake, 

Wheat, & Goodwill, 2014)) suggest that the expected error would be comparable, if not, 

less than that seen for ball tracking given the size and relative speed of the object (player’s 

body) being tracked. The Hawk-Eye player position data were filtered using a 

Butterworth low-pass filter at 2.5 Hz. The match vision and Hawk-Eye data were then 

aligned in accordance with serve impact.  

 

6.3.5 Feature Extraction 

The following movement features were fed into the model developed to classify the COD: 

total Euclidean distance travelled, the lateral distance travelled, degree of change, 

minimum and maximum speed, minimum and maximum acceleration, and the average 

depth of the player’s position. These features were then summarised around the specific 

frame or time point of each of the changes identified by the experts. Three different time 

windows were chosen for comparison of the subsequent features of each change, with 

these pre-determined windows being 2, 3 and 4 frames respectively; equating to time 

frames of 0.08 s, 0.12 s and 0.16 s respectively around each change. The rationale for 

using multiple summary windows around the time of a change was because of the 

possibility that perceived instant of a change by the raters might be at a different 

resolution than the 25 Hz resolution of the tracking data, resulting in small misalignment 

between the time point identified in the 2D video and the corresponding time frame in the 
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tracking data. A manual investigation of 10% of the sample (~150 changes) was 

performed to determine the appropriate windows for the analysis. This investigation 

demonstrated that 71% of the changes were aligned perfectly to the tracking data, 16% 

of the data were within 1 frame, a further 11% were within 2-3 frames, with the final 2% 

being misaligned by 4 frames. Given the largest discrepancy seen was 4 frames, this was 

set as the maximum threshold for the analysis. Among these features, all pairwise 

additions, subtractions, divisions and multiplication were computed, resulting in 1,128 

total input features for the classification model.  

 

6.3.6 Classifier Development  

There were three stages involved in the development of the classifier, an algorithm that 

takes a set of inputs and assigns one class out of two or more possible classes. The first 

stage involved training a 3-category classifier at the individual frame-level of the Hawk-

Eye player tracking data, which gave predictions for high, medium and no COD based on 

the feature set described above. The authors chose to set a minimum accuracy standard 

of greater than 60% for the initial model development phase. The purpose of this 

minimum was to establish a more meaningful accuracy level than what would appear as 

random (50% accuracy), while also not setting a benchmark that would exclude 

potentially promising approaches. A simple logistic regression was performed to establish 

a baseline, with an accuracy of 60% demonstrated, suggesting that this cut-off would be 

a reasonable choice for screening more complex algorithms. If this accuracy was not met, 

alternative classifier strategies were explored. The next stage was the ‘fusion stage’, 

which determined the timing of a high or medium change based on the continuous trace 

of model predictions during a point. The last stage was an out-of-sample evaluation of 
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the performance of the type and timing of COD predicted by the model. The following 

subsections describe each stage of classifier development in detail. 

 

6.3.7 Classifier Training 

A random sample of points consisting of 70% of the total dataset were selected for the 

classifier training (Bramer, 2007). An equal number of high-intensity changes, medium-

intensity changes and no changes were selected to create a balanced training sample. Four 

different frame-level classifiers were trained each using the full feature set. The random 

forest was the primary algorithm type considered, while a boosting method was tested 

with one of the four models to determine if it could significantly improve over the random 

forest. Other models examined how the exclusion of small degree changes, with 

potentially distinct movement characteristics, would impact predictive performance as 

well as the exclusion of outlying points in the feature set and their influence on model 

performance. The specific models tested were: a random forest excluding changes of less 

than 45-degrees (Model 1), extreme gradient boosting excluding changes of less than 45-

degrees (Model 2), a random forest method with all degree changes (Model 3), and a 

random forest method with all degree changes, but excluding 2% of points that were most 

dissimilar to the rest of the sample, ensuring that the model estimates were not influenced 

by these outliers (Model 4). Model performance was judged by the multiclass log-loss in 

a 5-fold cross-validation of the training sample.  

 

6.3.8 Classification Fusion  

Each of the trained classification models provides a predicted probability of a change for 

each frame in the player trajectory. To decide when a change has occurred over the 25 Hz 

trace of these predictions, we created a ‘fusion’ rule. The rule we considered involved 
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three unknowns: the size of the prediction window defining a peak, the threshold for the 

peak prediction in the window, and a minimum threshold for the degree change at the 

peak. During this tuning process, 15% of the overall dataset was utilised to identify and 

improve the best classification parameters for the model. The size of the sample allocated 

to the tuning was based on the remainder after allocating the minimum sample required 

for out-of-sample testing. In order to achieve a standard error in the test accuracy of 1% 

or less, the study required 15% of the sample, making the conservative assumption of an 

accuracy level of 50%.  With 70% of the sample required for training, that left 15% for 

the second stage tuning. 

 

The three tuning parameters are illustrated in Figure 6.1. This is a sample prediction trace, 

where each point represents the combined probability of a medium or high COD at a 

given point of time in the player trajectory. The figure illustrates one possible rule for 

identifying a change. In this case, the width defining the peak is 3 frames (12 ms) on each 

side, shown by the grey region; the prediction threshold is 0.70; and the bottom panel 

highlights the degree change trace with a threshold of 10 degrees. Under this rule, only 

one time-point would meet all 3 criteria to be labelled a change. 

 

To identify the optimal values for each tuning parameter and a given classification model, 

we calculated the F1-score, a common performance metric in machine learning, which 

combines precision (positive predictive value) and recall (sensitivity). The F1-score was 

computed for each combination of parameters over a grid defined by the range of 3-6 for 

the width of the prediction window, 0.70-0.95 for the prediction threshold, and 0-30 for 

the degree threshold. In this tuning, the prediction trace combines the prediction for the 

high intensity and medium intensity changes. If the criteria were met for the classification 
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of change, the classification of ‘medium’ or ‘high’ was made according to the type of 

change with the higher prediction.  

 

6.3.9 Performance Evaluation 

The remaining 15% of the annotated data was used for the out-of-sample test. The 

prediction and fusion steps were applied to the complete player trajectories for the points 

in this sample. We calculated the F1-score, false positive, and false negatives for both 

high intensity and medium intensity changes in a combined classification method. 

Further, we also assessed how the classifier performed in identifying either a high 

intensity change, or a medium intensity change independently of each other (separately), 

in order to examine the classifiers performance independent of the intensity of the change. 

 

6.3.10 Error Assessment 

To better understand whether the study’s feature set could be used to improve 

classification performance, we used a linear regression analysis to compare differences 

in key features—degree change, speed, and acceleration—for correct, false positive and 

false negative classifications. If the error types could not be distinguished across these 

features, it would suggest the need for further feature engineering to improve 

performance.   
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Figure 6.1 Illustration of the classification fusion tuning parameters in a segment of a prediction trace (top 

panel) that represents the probability of a high or medium COD at the frame level of a 25 Hz player 

trajectory. The grey region highlights a peak-finding window with a 3-frame width; the red horizontal line 

indicates the threshold for the prediction at the peak; and the orange horizontal line in the bottom panel 

shows the minimum degree threshold of 10 degrees. In this example, a change is only registered if a peak 

with a prediction of 0.70 or more and 10 degrees of change or greater is found. 

 

6.4 Results 

6.4.1 Classifier Training Performance 

Models 1, 2 and 4 all shared similar levels of accuracy in the initial classification training 

set (Table 6.1) with accuracies of 80.2%, 80.1% and 80.6%, respectively. Model 1 had 

the highest F1-score with 0.801, as well as the smallest rate of false negative classification 
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(3.4%). Model 3 was the least accurate overall (77.2%), returning the highest false 

positive (5.0%), false negative (5.2%) and misidentification of change intensity (12.8%). 

Model 4 was the most accurate classifier of COD (80.6%), as well as having the lowest 

incidence rate of mislabelled changes, wherein the model identified a change but 

incorrectly labelled the intensity, with an error rate of only 9.6%. 

 

Table 6.1 Model performance and accuracy during classifier training 

 
 

F1-score 
 

False 
Positive 

False 
Negative Mislabelled Accuracy 

Model 1 0.801 4.0 % 3.4 % 12.4 % 80.2 % 

Model 2 0.797 3.7 % 3.8 % 12.4 % 80.1 % 

Model 3 0.770 5.0 % 5.1 % 12.8 % 77.1 % 

Model 4 0.761 4.1 % 5.7 % 9.6 % 80.6 % 

 

6.4.2 Classification Fusion Performance 

The analysis of each of the model’s performance during the fusion of the classification 

parameters (Table 6.2) revealed that Model 4 produced the greatest precision and recall 

in continuous trace data (F1-score = 0.714) when optimally tuned. The optimal degree 

threshold was 20-degrees for all models, while the optimal prediction window was 3-

frames (equal to 12 ms) for all models, with the exception of Model 2, which was 5-

frames (or 20 ms). The optimal prediction threshold was variable between models, with 

Model 1 and 4 indicating that a 0.80 threshold was appropriate, while Model 2’s was 0.70 

and Model 3’s was 0.85.  
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Table 6.2 Optimal model parameters and performance during classification fusion 

 

 
Optimal 

Prediction 
Window 
(frames) 

 

Optimal 
Prediction 
Threshold 

Optimal 
Degree 

Threshold 
(°degrees) 

F1-
score 

False 
Positive 

False 
Negative 

Model 1 3 0.80 20 0.647 34.8 % 17.4 % 

Model 2 5 0.70 20 0.685 34.7 % 13.1 % 

Model 3 3 0.85 20 0.695 28.2 % 18.5 % 

Model 4 3 0.80 20 0.714 28.0% 16.5 % 

 

6.4.3 Final Classification Performance 

The tuned and optimized model performances (Table 6.3) indicated that Models 3 and 4 

had similar overall precision and recall (F1-score 0.728 and 0.729) and represented a 5% 

improvement over Model 1, and a 12% improvement over Model 2. For all models, false 

positives were more common than false negatives. Model 4, the best-performing model 

overall, had a false positive rate of 26% and false negative rate of 17%.  

 

Performance for the specific intensity types showed a larger gap in performance for 

Model 4. For the classification of medium intensity changes, Model 4 had an overall F1-

score of 0.748, which was a 5% improvement over Model 3, a 13% improvement over 

Model 2, and a 14% improvement over Model 1. For high intensity changes, Model 4’s 

F1-score was 0.773, an improvement over its performance for medium intensity changes, 

and a 11%, 21% and 11% improvement over the high-intensity classification of Models 

3, 2 and 1, respectively.  
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The breakdown of false positive and false negative error types by classification intensity 

showed stark differences. The error rates for the high intensity classification of Model 4 

showed a similar rate of false positives (17%) and false negatives (19%). Medium 

intensity classification, however, had much more skewed error rates, with a false positive 

being 10 times more common than a false negative.  

 

Table 6.3 Overall model performance in final test data 

 
 

F1-score 
 

False Positive False Negative 

Model 1    

Overall 0.691 32.7 % 14.6 % 

Medium Classifier 0.640 38.6 % 10.8 % 

High Classifier 0.685 38.2 % 7.8 % 

Model 2    

Overall 0.648 28.3 % 23.7 % 

Medium Classifier 0.648 35.6 % 11.4 % 

High Classifier 0.608 35.0 % 16.0 % 

Model 3    

Overall 0.728 24.7 % 18.0 % 

Medium Classifier 0.713 28.9 % 12.6 % 

High Classifier 0.691 38.2 % 7.3 % 

Model 4    

Overall 0.729 26.1 % 16.6 % 

Medium Classifier 0.748 34.2 % 3.3 % 

High Classifier 0.773 17.3 % 18.9 % 
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6.4.4 Error Assessment 

Statistically significant differences (SSD) were found between false negatives and 

correctly classified changes for total degree change, distance travelled, and both 

maximum and minimum speeds and accelerations with total degree change having the 

largest effect (a 1.4 standard deviation difference (95% CI 1.2-1.6, p < 0.001, Figure 6.2). 

A similar trend was seen in the maximum acceleration values, with false negative changes 

showing lower average values than the other two identified change types, however, the 

magnitude of these differences were more moderate.  

 

Differences for false positive changes followed similar patterns as the false negative with 

a few exceptions. For distances, false negatives tended to involve a greater lateral distance 

travelled on average compared to correct changes (0.8 SSD, 95% CI 0.6-1.0), whereas 

false positives showed significantly less distance travelled (on average) when compared 

to correct changes (-0.4 SSD, 95% CI -0.6 to -0.3). 
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Figure 6.2 Boxplots displaying the assessment of the distribution of data across the three possible results 

from Model 4’s predictions; correct identification, false negative identification and false positive 

identification of a change. The left-hand plot displays the distribution of the degree feature across the three 

result types, as well as highlighting the similarity in the degree of change between the correct change and 

false positive categories. Conversely, the right-hand plot demonstrates a more closely distributed feature in 

the maximum acceleration, while also showing the similarity in the acceleration values across all three 

result types. 

 

6.5 Discussion 

In this study, we have developed and validated a machine learning algorithm for 

classifying medium and high intensity COD in tennis, using Hawk-Eye player tracking 

data. Over 1,000 features derived from the distance, degree change, speed, and 

acceleration characteristics of player movement and four classification approaches were 

examined. Out-of-sample testing showed that it is possible to classify changes of varying 

intensity with good accuracy, the best-performing method having average precision and 

recall of 0.748 for medium and 0.773 for high intensity changes (F1-scores). The ability 

to quantify the frequency, intensity and degree of COD at scale will further inform the 

activity profiles of modern professional tennis, leading to improved specificity in player 

training and performance. 
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Advancements in the ability to quantify player movements in a sport such as tennis are 

welcomed. The current study provides a novel method for examining the sport-specific 

movement by using a multi-stage development approach that begins with a frame-level 

classifier and then a method for fusing these predictions over a continuous trace of frames 

to make a decision about when and what type of COD manoeuvre has been performed. 

As is typical in machine learning, optimally tuned models performed similarly in cross-

validation testing in the first stage but showed more differences in the out-of-sample 

testing in the final stage, where a robust random forest method (Model 4) outperformed 

the other approaches by 3-8%. The fact that Model 4 performed the best overall in the 

final assessment leads to several conclusions. First, differences in the movement 

characteristics of changes of differing degree were captured well enough by the model’s 

feature set that the inclusion of all degree types helped rather than compromised the 

classifier’s accuracy, as seen in Model 1 and 2. Second, trimming the training dataset for 

outliers was an important step to improve the robustness of the classifier. Trimming 

outliers from the dataset was important as sport specific movements can occur across 

multiple frames and player tracking data can be noisy (Linke, Link, & Lames, 2018). Our 

model outcomes highlight the importance of careful pre-processing to address extreme or 

erroneous measures for action classification from camera tracking of player movement. 

 

Results of the fusion step, wherein the optimal window around the identified change and 

a threshold for the minimum degree of the change were explored, revealed several 

important findings. The finding that a 20-degree threshold for change improved 

classification performance suggests that there are smaller movements that, with respect 

to the information captured by the 2D positional trace, share many similarities with a 

COD. Much of the research to have explored the characteristics of differing cutting or 
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COD angles has done so in a controlled environment involving predetermined angles of 

change (Balloch et al., 2019; Besier et al., 2001; Havens & Sigward, 2014; Schot et al., 

1995; Sigward et al., 2015). This study utilized real match-play data, where players move 

in a non-linear manner, constantly adjusting and manipulating their court position. This 

constant adjustment leads to small angular changes frequently occurring during 

continuous movement and could form some of the false positive changes identified by 

the model. While not representative of what the experts deemed medium or high-intensity 

COD, these movements may still elicit a meaningful mechanical and physiological cost 

that requires further exploration. The fusion stage of development also found a window 

of 3 frames on each side of the peak prediction performed optimally for the majority of 

models. This suggests that a total duration of 6 frames (0.24 seconds) is the typical 

duration of the “instantaneous” COD in elite tennis. This time range is consistent with 

biomechanical literature describing the kinematics of COD, which have reported stance 

durations for cutting manoeuvres between 0.157-0.420 s for a degree range of 45-75°, 

and stance durations of 0.250-0.517 s for COD through 90-180° (Dos’Santos et al., 2018). 

 

A deeper look at the performance of Model 4 revealed a 3% greater precision and recall 

when identifying high versus medium intensity changes. This is likely attributed to the 

difference in false negative and false positive score spreads across the two intensity 

classes. The high intensity classifier had relatively similar false positive and false 

negative rates at 17.3% and 18.9% respectively, whereas the medium intensity classifier 

had a false positive rate of 34.2% which was ten times greater than its false negative rate 

of 3.3%. While ways to reduce the overall error rates should continue to be sought, the 

authors believe that accepting more false positives relative to false negatives is reasonable 

given the target outcome was to identify movements within the player tracking data which 
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shared similarities in the time-motion characteristics as the identified COD. Certainly, 

due to a COD being a fluid action performed over a period of time, with differences in 

the degree of change, and with variable speeds and accelerations; there is potential that 

the movements identified as false positives by our models may still be of importance to 

practitioners with respect to their biomechanical or physiological cost. Indeed, the 

similarities we report between the classifier features across false positive and correct 

changes supports this conclusion. Furthermore, given that we excluded low intensity 

COD from our analysis, it may be that these changes are contributing to some or all of 

the apparent false positives reported here. Certainly, the relevance of these movements 

and how they are best classified is something which needs further investigation, and 

would be a valuable direction for future research.  

 

It is hard to discern the acceptability of the precision and recall of the best performing 

model (Model 4). Existing literature exploring modelling techniques utilising manually 

annotated video footage have yielded varying levels of accuracy, with basketball event 

detection (F1-score = 0.625)(Bertasius et al., 2017), basketball athlete performance 

evaluation (F1-score = 0.793)(Bertasius et al., 2017), pass performance in football (F1-

score = 0.759)(Chawla et al., 2017), recognition of spatial properties in diving (F1-score 

= 0.929)(Nibali, He, Morgan, & Greenwood, 2017) and single frame evaluation of tennis 

strokes (F1-score = 0.964)(Victor, Zhen, Stuart, & Dino, 2017), demonstrating a range of 

F1-scores, with some comparable to what was achieved within this study. Meanwhile, 

literature exploring modelling techniques in quantifying sport demands via inertial 

motion sensors have shown an improvement in the ability to recognise movement or sport 

specific events, with the exploration of cricket bowling actions (F1-score = 0.81)(Salman, 

Qaisar, & Qamar, 2017), detection of shots in squash (F1-score = 0.96)(Anand, Sharma, 
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Srivastava, Kaligounder, & Prakash, 2017), and the classification of running fatigue (F1-

score = 0.749)(Buckley et al., 2017) all yielding higher F1-scores than what was achieved 

here. It must be noted however, that while many of these studies utilised similar machine 

learning methodology, differences in modelling techniques and classifier choices may 

account for some of the observed variation in precision and recall accuracy (Cust, 

Sweeting, Ball, & Robertson, 2019; Osisanwo et al., 2017).  

 

The methodology of the current study, nevertheless, extends the existing computer-vision 

outputs available to the sport, opening the door for easier and more efficient exploration 

of the time-motion and physical demands of the sport. The introduction of inertial sensors 

may help to improve the performance of these models, albeit the current player tracking 

data input already features an even higher sampling frequency than GPS. Hawk-Eye 

player tracking also has the added benefit of providing information about the COD 

demands of all players on court, including the opposition, which is generally not practical 

or possible when using player-mounted inertial sensors. Certainly, within a tennis setting, 

this is the current gold standard in tracking player movement given the inaccuracy of GPS 

units within the confined parameters of a tennis court (Duffield, Reid, Baker, & Spratford, 

2010), in addition to the current restrictions upon wearable technology within tennis 

match-play.   

 

The limitations of this research must be acknowledged. The data sample was limited to 

three years of Australian Open Grand Slam event tennis, restricting the generalisability 

of this model to only hardcourt tennis at the Australian Open. Future work could look to 

incorporate Hawk-Eye player tracking data from other Grand Slam eventsurfaces (grass 

and clay), different years and different levels of professional tournam ent. Furthermore, 
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the suitability of this method to quantify COD within a training setting is limited as there 

are few Hawk-Eye player tracking systems in training environments. The present study 

focused on forest and boosting methods for classification, which have been proven to 

work well in a variety of applied settings (Nielsen, 2016). However, the error assessment 

showed differences in incorrect and correct classifications between features that suggests 

improvements are possible. Future research could explore the performance of different 

algorithms, including neural networks that are well-suited for complex predictor-target 

relationships, as well as investigate COD examples that the current model had difficulty 

classifying. Further, assessment of the model’s suitability for identifying changes on sex 

or for specific players would be a valuable direction for future research. It should also be 

acknowledged that the filtering and treatment methods used on the player tracking data 

could influence the model’s accuracy and may therefore warrant further investigation. 

Finally, the inclusion and analysis of low intensity COD into the model would create a 

holistic picture of the COD skill within professional tennis. This would likely strengthen 

the model’s ability to differentiate COD from other movement patterns in professional 

match-play.  

 

6.6 Conclusion 

Tennis is a highly dynamic sport, and the ability to identify and quantify the demands of 

the game is imperative for players and coaches alike in preparing to compete at the highest 

level. To our knowledge, we have developed the first automatic classifier of COD from 

player tracking technology. Our algorithm, built on a random forest model with over 

1,000 time-motion features, classified COD with a combined precision and recall of 0.729 

(F1-score), and an independent precision and recall of 0.748 for medium intensity COD, 

and 0.773 for high intensity COD. This study is the first of its kind in a tennis setting and 
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provides an automated and novel way for assessing the movement demands of 

professional tennis.  
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7.1 Abstract 

Change of direction (COD) contributes significantly to the movement repertoire of 

professional tennis players, yet the time-motion and degree demands of these changes are 

poorly understood. This study examines the velocity, acceleration and angular 

displacement profiles of COD movements in modern professional tennis. 182 singles 

matches of Hawk-Eye player tracking data collected from the Australian Open Grand 

Slam event were utilised for analysis. A novel COD classification algorithm was used to 

identify >120,000 medium and high-intensity CODs for analysis. Descriptive 

characteristics of the COD performance were calculated using player coordinate and time 

variables. Sex comparisons were analysed using two mixed-effects models assessed for 

differences via likelihood ratios. Players performed 1.6 CODs per point. Both sexes 

executed, on average, 1.3-1.4 shots and covered 4.8 m per COD, with males performing 

changes every 2.7 s and females every 3.1 s. Medium intensity COD comprised 88-94% 

of all identified changes. Approximately 2 in 3 CODs involved a degree of change >105°, 

while cutting manoeuvres (<45°) were most commonly high intensity COD. This study 

is the first to quantify the COD characteristics of professional tennis match-play. Both 

sexes performed the same average number of CODs per point, however, males executed 

high intensity changes twice as frequently as females, at an average of 1 every 5 points. 

These novel findings will help to improve the specificity of training interventions in elite 

tennis conditioning. 
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7.2 Introduction 

The physical requirements and movement demands of professional sport should inform 

the design and implementation of athlete training programs (Gabbett, Jenkins, & 

Abernethy, 2009; Reilly, Morris, & Whyte, 2009); however, the quantification of these 

demands in tennis has been slow. Naturally, this has constrained the effectiveness of 

tennis strength and conditioning professionals, with much of the available literature 

having provided generic activity profiles of tennis play, often in simulated competitive 

settings and with groups of semi-professional or amateur players (Fernandez-Fernandez, 

Sanz-Rivas, Sanchez-Muñoz, et al., 2009; Gomes et al., 2016; Hoppe, Baumgart, & 

Freiwald, 2016; Kilit, Şenel, Arslan, & Can, 2016; Smekal et al., 2001). Much of this 

research has ignored certain requirements of the game, such as the multi-directional 

nature of the movement or the COD demands.  

 

Few studies have specifically explored the movement demands and / or characteristics of 

professional tennis, while those that do, are incomplete. For example, Hughes and Meyers 

(2005) evaluated the technical characteristics of players during movement initiation, 

transition to the ball, and then recovery after the shot. They documented the types and 

frequencies of steps taken by players, however, the generalisability of their sample and 

the known limitations of manual annotation (Hughes & Franks, 2004) have constrained 

its translation. Additional work by Weber et al. (2007) explored the multi-directionality 

of player movement at a Grand Slam event, determining that players spent the majority 

of time moving laterally (72%) as compared to forward (17%), backward (8%) and 

diagonally (3%). Again, this work provides practitioners with a general sense of how to 

prioritise movement directions in training, but lacks the accompanying technical detail 
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(such as the joint kinematics of gait or movement speeds) to specifically design training 

drills or programs.  

 

The COD skill is a critical part of most players’ movement training programs (Kovacs, 

2009; Kovacs et al., 2009), featuring prominently in the recently published qualitative 

framework describing tennis movement (Giles, Peeling, et al., 2019).  Ironically, despite 

the recognised importance of COD in tennis, it remains chronically understudied. For 

example, in 1988, Deutsch et al., (1988) suggested that the typical tennis movement 

profile included 4 CODs per point, while three decades later, only one other study has 

reported a COD count (5 per point (Kovalchik & Reid, 2017)). Interpretation of these 

accounts of COD are complicated by ambiguous and inconsistent COD definitions, small 

sample sizes and the absence of point and situational context. Furthermore, there has been 

no differentiation as to the physical demand of performing these changes, with those of 

negligible physiological and mechanical cost seemingly grouped together with medium 

and high intensity CODs (Giles, Kovalchik, et al., 2019). Regardless, researchers have 

been quick to highlight the high eccentric demands imposed on tennis players’ lower 

limbs as they brake, hold or reverse their court positions (Kovacs et al., 2009), yet, have 

largely failed to qualify or provide evidence of the gross movement characteristics 

(contributing to these eccentric demands) either side of the COD. As such, if COD is such 

an important feature of the tennis movement cycle, then research to elucidate its form is 

critical.  

 

Accordingly, the purpose of this study was to examine select COD characteristics of 

professional tennis using 25 Hz player tracking data from the Australian Open Grand 

Slam event. Here, velocity and acceleration profiles of the entry and exit of CODs, as 
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well as degree of change and directionality of movement into CODs in men’s and 

women’s professional tennis will be described for the first time. This insight will improve 

the specificity of the exercise prescription by coaches and conditioning experts working 

with high-level tennis athletes. 

 

7.3 Methods 

7.3.1 Sample Selection 

Archived Hawk-Eye player tracking data from 3 recent Australian Opens (2016-2018) 

was provided for analysis. To mitigate any selective-sampling, a random subset of 

matches from each year was selected for analysis. Accordingly, a total of 182 matches, 

involving 84 male and 93 female players, formed the study’s dataset. The 177 players 

included a broad range of game-styles and physical profiles, ensuring that derived outputs 

were representative of the professional game as a whole, and not a subsample of the 

population. Ethics approval for this study was provided by an Institutional Review Board 

(Ref No: RA/4/1/8646). 

 

7.3.2 Data Capture and Processing 

Hawk-Eye optical tracking has been in operation at the Australian Open Grand Slam 

event for more than a decade. The system uses 10 cameras and a calibrated court space 

to track both ball trajectories (XYZ) and player movement (XY) at 25 Hz (with accuracy 

validated within 2.6mm for ball tracking, Hawk-Eye Innovations, 2015). The raw position 

data from Hawkeye were imported into R Statistical Software (R Foundation for 

Statistical Computing, Vienna, Austria) for filtering using a Butterworth low-pass filter 

at 2.5 Hz. Time-motion characteristics were derived from the player position data. COD 

were identified using the model developed by Giles et al., (2019), which used a random 
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forest machine learning algorithm, trained on expert annotated medium and high intensity 

CODs, to automatically detect changes of medium and high intensity of all degrees within 

the player tracking data. Subsequently, a sample of 73,470 points were analysed, with 

over 120,000 CODs analysed for their time-motion characteristics. 

 

7.3.3 Data Analysis 

Basic descriptive statistics were calculated to determine COD and other time-motion 

characteristics of tennis match-play at the point, game, set and match level (Table 7.1 & 

7.2). The CODs were then delimited into medium and high intensity datasets for further 

analysis. The CODs within each category (medium and high) were then separated further 

into six-degree bands (<45°, 45°-75°, 75°-105°, 105°-135°, 135°-165° and >165°), with 

descriptive statistics produced for each individual band (Table 7.3 & 7.4). The 

significance of sex effects on the COD characteristics were assessed with a likelihood 

ratio that compared two mixed-effects models, both containing a player random intercept, 

while one included sex as a fixed effect and the other did not. Significance of differences 

were assessed to levels of p < 0.05 and p < 0.001 in Table 7.1, while specific significance 

values are reported in the ‘Sig’ column of Table 7.3 and 7.4. Data is presented below as 

mean ± 95% confidence interval. 

 

7.4 Results 

7.4.1 Matchplay time-motion and COD characteristics 

Duration of ball-in-play across a typical match was ~18min for males and ~14 min for 

females, with the mean ball-in-play time per point and set found to be significant longer 

for female players (Table 7.1). Both sexes travelled similar distances per point (~8 m), 

while females ran further per game. Players executed 2 shots per point, while male players 
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hit less strokes per game (-13%) and set (-8%). Despite hitting more strokes, females 

covered less distance per shot at the point (-0.22 m) and set (-0.16 m) level. No significant 

differences were seen in the number COD players performed, with both sexes executing 

~2 COD per point and in excess of 100 COD per set. The COD dynamics revealed that 

both sexes cover 4.8 m and hit 1.3 shots per COD at the point level. Time per COD was 

the only significant difference in COD dynamics, with males executing a COD every 2.73 

± 0.11 s and females every 3.12 ± 0.11 s.
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Table 7.1 Descriptive statistics at the point, game, set and match levels 

Pearson’s Chi Square test – significant difference from male scores; <0.05* & <0.001***. No match level comparisons were conducted due to differences in number of sets played. 

 

 Male  Female 

 Point Game Set Match  Point Game Set Match 

 Mean (95% CI) Mean (95% CI) Mean (95% CI) Mean (95% CI)  Mean (95% CI) Mean (95% CI) Mean (95% CI) Mean (95% CI) 
Ball in Play Time (s) 4.65 (4.45 – 

4.86) 
30.46 (28.13 – 

32.79) 
293.18 (271.21 – 

315.16) 
1101.79 

(1023.86 – 
1179.72) 

 5.03 (4.83 – 
5.23)* 

38.59 (36.30 – 
40.88)*** 

351.32 (328.38 
– 374.25)*** 

841.56 (765.29 
– 917.83) 

Peak Ball in Play Time (s) 66.32 230.08 896.00 3726.72  48.84 223.40 915.80 2016.96 

Distance Covered (m) 8.11 (7.75 – 
8.47) 

53.32 (49.37 – 
57.28) 

513.59 (475.58 – 
551.59) 

1938.15 
(1805.05 – 
2071.24) 

 7.71 (7.36 – 
8.05) 

59.29 (55.40 – 
63.18)* 

540.75 (501.23 
– 580.28) 

1296.96 
(1166.70 – 
1427.22) 

Peak Distance Covered (m) 122.09 392.83 1532.21 6428.61  83.22 479.96 1517.67 3286.43 

Shots 2.29 (2.19 – 
2.39) 

14.60 (13.83 – 
15.38) 

140.31 (132.25 – 
148.37) 

522.34 (491.66 – 
553.02) 

 2.25 (2.15 – 
2.34) 

16.81 (16.03 – 
17.58)*** 

152.66 (144.13 
– 161.19)* 

364.94 (334.90 
– 394.99) 

Peak Shots 22 94 347 1423  16 100 336 752 

Distance Covered per Shot (m) 3.23 (3.14 – 
3.32) 

3.49 (3.37 – 
3.60) 

3.51 (3.40 – 
3.63) 

3.58 (3.47 – 
3.68) 

 3.01 (2.92 – 
3.10)*** 

3.37 (3.25 – 
3.48) 

3.35 (3.24 – 
3.47)* 

3.39 (3.29 – 
3.49) 

Changes of Direction 1.62 (1.53 – 
1.72) 

10.81 (9.80 – 
11.82) 

104.69 (94.99 – 
114.39) 

396.09 (363.14 – 
429.03) 

 1.56 (1.46 – 
1.65) 

12.09 (11.10 – 
13.07) 

110.31 (100.37 
– 120.26) 

264.70 (232.60 
– 296.80) 

Peak Changes of Direction 39 82 409 1205  28 121 384 785 

Distance Covered per Change (m) 4.83 (4.67 – 
5.00) 

5.99 (5.72 – 
6.26) 

5.28 (5.08 – 
5.48) 

5.18 (4.99 – 
5.37) 

 4.82 (4.66 – 
4.98) 

5.98 (5.72 – 
6.25) 

5.37 (5.17 – 
5.57) 

5.32 (5.13 – 
5.50) 

Ball in Play Time per Change (s) 2.73 (2.62 – 
2.84) 

3.54 (3.33 – 
3.76) 

3.07 (2.91 – 
3.23) 

2.99 (2.84 – 
3.14) 

 3.12 (3.01 – 
3.23) *** 

4.11 (3.90 – 
4.33)*** 

3.63 (3.47 – 
3.79)*** 

3.58 (3.43 – 
3.73) 

Shots per Change 1.32 (1.26 – 
1.39) 

1.90 (1.78 – 
2.01) 

1.58 (1.47 – 
1.69) 

1.50 (1.42 – 
1.59) 

 1.36 (1.29 – 
1.42) 

1.98 (1.86 – 
2.09) 

1.72 (1.61 – 
1.83) 

1.65 (1.56 – 
1.73) 
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Table 7.2 describes the breakdown of COD movements during typical Grand Slam event 

match-play. Women had a larger percentage of points without COD, while men had a 

larger portion of points with seven or more changes. Assessment of changes per point 

demonstrated that 42-44% of all points accrued no COD, while 33-35% only having 1–2 

COD. Distance travelled between CODs revealed that both sexes perform ~69% of COD 

within 4m. Females performed more COD within 2 m, whereas males performed more 

changes between 2-4 m. Finally, direction of locomotion into COD movements 

demonstrated that females perform a higher frequency of changes while moving laterally 

in comparison to males, as well as reaffirming that males have a greater tendency to move 

into the court, with a higher frequency of forward and backward movement. 

 

Table 7.2 Descriptive statistics of change of direction movements 

 

 

 

 Male Female 
Breakdown of Changes per Point  
No COD 42.4% 44.2% 

1-2 COD 34.5% 33.1% 

3-4 COD 12.5% 12.7% 

5-6 COD 5.4% 5.6% 

7+ COD 5.2% 4.4% 

Distance Between Changes Breakdown  

< 2 m 35.8% 36.9% 

2-4 m 33.0% 31.8% 

4-6 m 14.5% 14.7% 

6-8 m 9.1% 9.1% 

> 8 m 7.6% 7.5% 

Movement Direction into Change  

Left 44.6% 45.1% 

Right 43.7% 45.4% 

Forward 5.9% 4.7% 

Backward 5.8% 4.8% 
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7.4.2 Medium intensity COD characteristics  

Both sexes performed, on average, 1.4–1.5 medium intensity COD per point (Table 7.3) 

but up to 39 and 28 per point, respectively. The degree of change suggests medium COD 

movements involve players cutting back on themselves or re-directing their momentum 

in the opposite direction (118°-123°). Time-motion characteristics of medium CODs 

highlighted average entry and exit velocities from 1.4-1.5 ms-1, with males moving 

marginally faster (p < 0.001). Deceleration into these changes range from -2.20 to -2.30 

ms-2, with males decelerating more than females (p < 0.05), whereas re-acceleration 

characteristics were similar across sexes. Males travelled greater distance per medium 

COD (+5%) and more time elapsed between medium CODs for female players (+0.27 s). 

Both sexes also hit ~1.4 strokes per COD. 

  

With respect to the degree of COD, males performed more medium COD in the <45°, 

45°–75° and 75°–105° degree bands (+5.2%), which are indicative of cuts into or out of 

the court. The majority of changes, independent of sex, were between 135°-165° degrees, 

while the highest entry and exit velocities were recorded in <45° COD. Interestingly, 

cutting tasks (<105°) demanded lower acceleration characteristics (<2 ms-2), whereas 

deceleration and re-acceleration was highest (>2.2 ms-2) when players changed >165°. 

Males demonstrated significantly greater entry and exit velocities and decelerated more 

across all degree bands, while also re-accelerating more in three of the six speed bands.
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 Table 7.3 Characteristics of medium intensity changes of direction 

 

 

 

 

  Male Female 
Sig   Mean (95% CI) Mean (95% CI) 

Medium Intensity Change Characteristics     
Medium COD per Point  1.43 (1.35 – 1.52) 1.46 (1.38 – 1.55) .654 
Peak Medium COD per Point  35 27  

Degree of COD (°)  118.38 (117.03 – 119.74) 122.79 (121.46 – 124.12) < .001 

Velocity In (!"#$)  1.54 (1.52 – 1.55) 1.43 (1.41 – 1.45) < .001 
Acceleration In (!"#&)  -2.30 (-2.36 - -2.25) -2.20 (-2.25 - -2.15) .005 

Velocity Out (!"#$)  1.55 (1.54 – 1.57) 1.45 (1.43 – 1.47) < . 001 

Acceleration Out (!"#&)  2.25 (2.19 – 2.31) 2.21 (2.15 – 2.27) .347 
Distance per COD (m)  5.37 (5.20 – 5.53) 5.11 (4.94 – 5.27) .029 
Time per COD (s)  2.99 (2.88 – 3.10) 3.26 (3.16 – 3.37) < .001 
Shots per COD  1.42 (1.36 – 1.49) 1.41 (1.35 – 1.47) .721 

Movement Direction into Change  
Left  44.8% 45.2%  
Right  43.7% 45.4%  
Forward  5.7% 4.7%  
Backward  5.8% 4.7%  

Breakdown of Changes by Degree  

< 45° 

Percentage of Medium COD  6.8% 5.2%  

Velocity In (!"#$)  2.13 (2.1 - 2.17) 2.01 (1.97 - 2.05) < .001 

Acceleration In (!"#&)  0.29 (0.2 - 0.39) 0.47 (0.37 - 0.58) .014 

Velocity Out (!"#$)  2.3 (2.27 - 2.34) 2.23 (2.19 - 2.27) .005 
Acceleration Out (!"#&)  0.31 (0.23 - 0.39) 0.25 (0.15 - 0.35) .354 

45° - 75°  

Percentage of Medium COD  13.7% 11.2%  
Velocity In (!"#$)  1.57 (1.55 - 1.59) 1.45 (1.43 - 1.48) < .001 
Acceleration In (!"#&)  -0.67 (-0.75 - -0.59) -0.5 (-0.58 - -0.41) .003 

Velocity Out (!"#$)  1.54 (1.52 - 1.57) 1.44 (1.41 - 1.47) < .001 
Acceleration Out (!"#&)  0.29 (0.2 - 0.39) 0.22 (0.12 - 0.32) .306 

75° - 105°  

Percentage of Medium COD  17.1% 16.0%  

Velocity In (!"#$)  1.46 (1.44 - 1.48) 1.36 (1.34 - 1.38) < .001 

Acceleration In (!"#&)  -1.83 (-1.88 - -1.77) -1.62 (-1.68 - -1.56) < .001 
Velocity Out (!"#$)  1.4 (1.38 - 1.43) 1.29 (1.27 - 1.32) < .001 

Acceleration Out (!"#&)  1.41 (1.34 - 1.48) 1.18 (1.11 - 1.25) < .001 

105° - 135° 

Percentage of Medium COD  22.0% 22.8%  
Velocity In (!"#$)  1.44 (1.42 - 1.46) 1.35 (1.33 - 1.37) < .001 

Acceleration In (!"#&)  -2.59 (-2.64 - -2.53) -2.35 (-2.4 - -2.29) < .001 
Velocity Out (!"#$)  1.44 (1.42 - 1.46) 1.36 (1.34 - 1.38) < .001 
Acceleration Out (!"#&)  2.45 (2.39 - 2.51) 2.28 (2.22 - 2.34) < .001 

135° - 165° 

Percentage of Medium COD  23.1% 25.9%  

Velocity In (!"#$)  1.48 (1.46 - 1.5) 1.4 (1.38 - 1.42) < .001 

Acceleration In (!"#&)  -3.14 (-3.21 - -3.07) -2.92 (-2.98 - -2.85) < .001 
Velocity Out (!"#$)  1.54 (1.52 - 1.56) 1.43 (1.41 - 1.46) < .001 

Acceleration Out (!"#&)  3.32 (3.25 - 3.39) 3.05 (2.98 - 3.12) < .001 

> 165° 

Percentage of Medium COD  17.3% 18.9%  

Velocity In (!"#$)  1.54 (1.51 - 1.56) 1.43 (1.4 - 1.46) < .001 

Acceleration In (!"#&)  -3.68 (-3.79 - -3.57) -3.38 (-3.49 - -3.27) < .001 

Velocity Out (!"#$)  1.57 (1.54 - 1.61) 1.51 (1.48 - 1.54) .004 

Acceleration Out (!"#&)  3.76 (3.61 - 3.9) 3.68 (3.53 - 3.82) .432 
Sig -  Significance of differences in Pearson’s Chi Square test 
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7.4.3 High intensity COD characteristics  

Male players performed 0.2 high intensity changes per point, which was significantly 

greater than females (0.1)(Table 7.4). Both sexes entered high intensity COD movements 

at similar velocities, as well as decelerated and re-accelerated in similar fashion. Males 

registered higher exit velocities (+0.14 ms-1) compared to females. The average degree of 

high intensity COD ranged from 101°-106°, signifying a ~12° decrease in the average 

COD angle between medium and high intensity conditions. The fewer high intensity COD 

executed by female players resulted in greater distance (+2.54 m), time (+1.81 s) and 

number of shots (+0.37) between direction changes compared to males. 

 

Females performed a greater proportion of COD at the higher degree bands (135°-165° 

and >165°), whereas males performed more cutting based changes (<45°, 45°-75° and 

75°-105°). The largest proportion of high intensity COD for male players were in the 

<45° category, while female players most often changed direction through 135°-165°. 

The overall characteristics of high intensity COD degree bands showed all players 

execute changes at similar entry and exit velocities and accelerations, with the exceptions 

being that males had higher entry (+0.18 ms-1) and exit (+0.20 ms-1) velocities in the <45° 

range, and greater deceleration (+0.52 ms-2) and re-acceleration (+0.67 ms-2) in the >165° 

range. 
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Table 7.4 Characteristics of high intensity changes of direction 

  Male Female 
Sig   Mean (95% CI) Mean (95% CI) 

High Intensity Change Characteristics     
High COD per Point  0.19 (0.17 – 0.21) 0.10 (0.08 – 0.11) < .001 

Peak High COD per Point  9 7  

Degree of COD (°)  101.31 (96.20 – 106.41) 106 (101.14 – 112.08) .166 

Velocity In (!"#$)  2.87 (2.82 – 2.93) 2.80 (2.74 – 2.86) .060 

Acceleration In (!"#&)  -3.15 (-3.35 - -2.96) -3.31 (-3.54 - -3.08) .300 

Velocity Out (!"#$)  2.57 (2.51 – 2.62) 2.43 (2.36 – 2.50) .002 

Acceleration Out (!"#&)  2.52 (2.31 – 2.73) 2.53 (2.27 – 2.80) .937 

Distance per COD (m)  16.02 (15.44 – 16.59) 18.56 (17.89 – 19.23) < .001 

Time per COD (s)  7.75 (7.43 – 8.07) 9.56 (9.19 – 9.93) < .001 

Shots per COD  3.24 (3.11 – 3.38) 3.61 (3.46 – 3.76) < .001 

Movement Direction into Change  
Left  43.4% 44.9%  
Right  43.7% 44.5%  
Forward  6.8% 4.9%  
Backward  6.1% 5.7%  

Breakdown of Changes by Degree  

< 45° 

Percentage of High COD  28.1% 25.2%  

Velocity In (!"#$)  3.68 (3.64 - 3.73) 3.5 (3.44 - 3.57) < .001 

Acceleration In (!"#&)  -0.23 (-0.36 - -0.11) -0.27 (-0.48 - -0.07) .747 

Velocity Out (!"#$)  3.53 (3.47 - 3.59) 3.33 (3.23 - 3.42) < .001 
Acceleration Out (!"#&)  -0.23 (-0.38 - -0.09) -0.25 (-0.47 - -0.03) .916 

45° - 75°  

Percentage of High COD  6.0% 5.1%  
Velocity In (!"#$)  3.05 (2.92 - 3.17) 2.94 (2.75 - 3.13) .335 
Acceleration In (!"#&)  -1.82 (-2.32 - -1.31) -2.36 (-3.14 - -1.58) .244 

Velocity Out (!"#$)  2.51 (2.33 - 2.69) 2.29 (2.03 - 2.56) .175 

Acceleration Out (!"#&)  0.47 (0 - 0.95) 0.49 (-0.28 - 1.26) .968 

75° - 105°  

Percentage of High COD  7.3% 6.0%  
Velocity In (!"#$)  2.35 (2.24 - 2.46) 2.5 (2.33 - 2.67) .135 

Acceleration In (!"#&)  -2.83 (-3.13 - -2.53) -3.18 (-3.65 - -2.71) .213 
Velocity Out (!"#$)  1.96 (1.88 - 2.04) 1.9 (1.77 - 2.03) .448 
Acceleration Out (!"#&)  1.48 (1.15 - 1.82) 1.27 (0.71 - 1.83) .514 

105° - 135° 

Percentage of High COD  13.7% 11.2%  
Velocity In (!"#$)  2.36 (2.29 - 2.43) 2.44 (2.33 - 2.54) .259 
Acceleration In (!"#&)  -3.83 (-3.99 - -3.66) -4.03 (-4.29 - -3.77) .188 

Velocity Out (!"#$)  2.03 (1.98 - 2.07) 1.99 (1.9 - 2.08) .542 
Acceleration Out (!"#&)  2.83 (2.56 - 3.1) 2.85 (2.41 - 3.29) .939 

135° - 165° 

Percentage of High COD   23.3% 27.1%  
Velocity In (!"#$)  2.48 (2.43 - 2.54) 2.48 (2.41 - 2.55) .929 

Acceleration In (!"#&)  -5.1 (-5.26 - -4.94) -4.92 (-5.14 - -4.7) .199 
Velocity Out (!"#$)  2.16 (2.09 - 2.23) 2.08 (1.99 - 2.17) .149 
Acceleration Out (!"#&)  4.64 (4.39 - 4.88) 4.33 (3.98 - 4.68) .156 

> 165° 

Percentage of High COD  21.6% 25.4%  

Velocity In (!"#$)  2.52 (2.46 - 2.59) 2.49 (2.4 - 2.58) .509 

Acceleration In (!"#&)  -5.8 (-6.03 - -5.56) -5.28 (-5.63 - -4.94) .015 

Velocity Out (!"#$)  2.2 (2.13 - 2.27) 2.08 (1.98 - 2.18) .051 

Acceleration Out (!"#&)  5.48 (5.2 - 5.77) 4.81 (4.41 - 5.22) .008 
Sig -  Significance of differences in Pearson’s Chi Square test 
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7.5 Discussion 

This study is the first to provide a comprehensive account of the COD characteristics of 

professional tennis match-play. Our results show that both sexes performed a similar 

number of CODs during a typical point, with medium intensity changes accounting for 

90% of the recorded CODs. Approximately two in three CODs involved players changing 

>105°, underlining the lateral nature of the game. Cutting manoeuvres (<45°) were the 

most common COD at high intensity and were executed 4-5 times more frequently than 

medium intensity cuts. These findings, among others (see below), provide coaches and 

physical conditioning experts with previously missing insight to plan training 

interventions for elite-level players.  

 

The general spatiotemporal characteristics presented within our current work concurs 

with prior research on tennis match-play. Mean ball-in-play time and shots played per 

point were consistent with the literature (Fernandez-Fernandez, Sanz-Rivas, & Mendez-

Villanueva, 2009; Kovalchik & Reid, 2017; Reid et al., 2016; Whiteside & Reid, 2016). 

However, distance covered per point was slightly higher and accumulative distance per 

game slightly lower than previously reported in Grand Slam event match-play (Kovalchik 

& Reid, 2017). The greater point level distance covered may be explained by year-to-year 

variation in the pace of the court, time of day, opponent and stage of the tournament 

(Renshaw, Davids, & Savelsbergh, 2010; Smith, Reid, Kovalchik, Wood, & Duffield, 

2018; Whiteside & Reid, 2016), or evolving player (improvements in the ability to 

‘spread’ the court (Kovalchik & Reid, 2017)) and / or equipment-specific (improvements 

in string and racquet technology) factors (Miller, 2006). However, it should be noted that 

we attempted to account for many of these factors via the random sampling (match and 

athlete) study design. The observed reduction in distance covered at the game level was 
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likely related to a decrease in the number of points played per game, a potential by-

product of the prominence of the serve across both sexes in the modern game (Kovalchik 

& Reid, 2017; Reid et al., 2016). Interestingly, player sex did significantly affect the 

temporal characteristics of a point. That is, the female game had longer point and game 

durations and players covered more distance and hit more shots per game (Whiteside & 

Reid, 2016). So, whilst there has been some suggestion of stylistic convergence in men’s 

and women’s tennis (Fernandez-Fernandez, Sanz-Rivas, & Mendez-Villanueva, 2009), 

previously established sex effects on professional tennis match-play were again observed 

(Reid et al., 2016; Whiteside & Reid, 2016). These outcomes underline the importance 

of sex-specific training interventions and program design at the professional level.  

 

Previous descriptions of COD movements in tennis match-play have detailed that players 

perform, on average, between four (Deutsch et al., 1988) and five (Kovalchik & Reid, 

2017) CODs per point. Within our study, both sexes performed an average of 1.6 medium 

to high intensity CODs / point. While it is unclear how past research efforts have defined 

CODs, we anticipate that this stark contrast in frequency count is largely attributable to 

disparate operational definitions. For example, a recent review of COD mechanics 

highlighted that COD manoeuvres are angle and velocity dependent (Dos’Santos et al., 

2018), and therefore, elicit distinct physical responses. This is intuitive for practitioners, 

yet challenges the flawed generalisations of previously published COD accounts in 

tennis, which have, in essence, treated all CODs equally. In contrast, our study’s use of 

the algorithm (Giles, Kovalchik, et al., 2019), which recognises medium or high intensity 

CODs (identified by experts as practically relevant or of noteworthy physiological and 

mechanical demand), helps to recast the physical demands of professional tennis. 

Certainly, prior to this point, the only proxy for lower limb loading from a movement 
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perspective in professional tennis has been distance and discrete speed measures, neither 

of which adequately capture the eccentric demands of court-based sports (Kovacs et al., 

2009). The accumulative COD load described in this study, which shows that players 

perform surplus of 10 changes per game and 100 changes per set, therefore provides new 

insight into the sustained musculoskeletal demand of professional tennis. Although future 

work might consider the frequency of low intensity direction changes, it is the 

accumulation of more intense CODs over a set, match, tournament and year that may 

prove particularly interesting for practitioners concerned with the hip, knee and ankle 

joint health of players. That is, chronic hip and knee injuries have rank among the most 

pervasive musculoskeletal complaints in professional tennis (Fu, Ellenbecker, Renstrom, 

Windler, & Dines, 2018; McCurdie, Smith, Bell, & Batt, 2017; Sell, Hainline, Yorio, & 

Kovacs, 2014), and the frequent lower limb joint loading of COD may represent a key 

risk factor for consideration.  

 

Examination of the directionality of player movement in CODs demonstrated that male 

players performed 88.3% of changes having traversed the court laterally, and 11.7% while 

moving into and out of the court. Notwithstanding, the female game was characterised by 

an even more skewed lateral change of direction profile (90.5% lateral vs 9.5% forward-

backward). These data conform with the popular view that female players use a more 

baseline-oriented game, while male players are more inclined to approach the net 

(O’Donoghue & Ingram, 2001). Interestingly, male players showed a propensity to 

perform more medium-high intensity CODs when moving to their left (i.e., to backhand 

corner for a right-handed player) while female players performed a more balanced 

number of changes to their left and right sides. This trend may relate to the dominance of 

the forehand stroke in the male game, where slightly higher forehand:backhand ratios 
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feature (Reid et al., 2016), and players regularly try to ‘find’ forehands in their backhand 

corners (Kovalchik & Reid, 2017). Further examination of the COD profile of typical 

points highlighted that for every 9 medium intensity COD, there was 1 high intensity 

change. This reinforces why blanket classifications of COD and generic training 

interventions inadequately inform the sport’s movement demands (Giles, Kovalchik, et 

al., 2019). Similarly, the rate at which players perform high intensity CODs were 

significantly different between sexes, with males performing almost two times as many 

high intensity direction changes per point than females, reiterating the need for sex-

specific training interventions (Reid et al., 2016).  

 

Interestingly, 76% of movement in professional tennis is performed at speeds between 0–

3ms-1 (Whiteside & Reid, 2016), which is consistent with the average entry and exit 

velocities of medium (1.43–1.55 ms-1) and high (2.43–2.87 ms-1) intensity CODs seen 

here. Players broke or decelerated at 3.3 ms-2 entering in to medium and high intensity 

direction changes, which further highlights the high eccentric loads imposed on players. 

The high eccentric lower limb joint loading of CODs has been labelled a ‘forgotten factor’ 

in tennis-specific training (Kovacs et al., 2009), at least partly owing to its poor 

quantification; an issue that we have tried to address here. As increased movement speed 

during COD manoeuvres augments lower limb loading (Dos’Santos et al., 2018), it seems 

logical that high intensity COD in tennis may contribute to some overuse injuries of the 

lower limb, and should be monitored. The rate characteristics of changes demonstrated 

that high intensity CODs featured every 3-4 shots or 7.8-9.6 s, which was considerably 

less frequent than medium COD, and involved players covering average distances of 16-

19 m per change. Accordingly, the frequency and rate of COD should inform the training 

programs of all professional players. 
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To the knowledge of the authors, this is the first study to analyse the angular displacement 

of CODs within professional tennis match-play. In categorising the degree of COD into 

6 bands, we highlight the prominence of lateral movement (O’Donoghue & Ingram, 2001; 

Weber et al., 2007) through 60–70% of all COD being >105°. We also reaffirmed the 

prevalence of baseline play in the female game (O’Donoghue & Ingram, 2001), with 

females 6% more likely to cut back on themselves during point play than male plyers. 

Both sexes exhibited a ~20% increase in the number of changes performed in the <45° 

category when executing high intensity changes, revealing that cutting manoeuvres are 

predominantly performed at high speed. These findings have direct implications for the 

design of training drills. That is, time-honoured agility drills such as ‘The Exchange’ or 

‘The Snake’ (Roetert et al., 2003) tend to utilise repetitions of similar degree and intensity 

of CODs, yet, given the COD characteristics described here, a more appropriately 

designed drill would utilise the varying frequency of changes seen within each degree 

band and would tailor velocity and acceleration characteristics to reflect these specific 

characteristics. 

 

The contrasting average velocities and accelerations into and out of the six angles of 

change are instructive, as they underline the various COD dynamics that need to be 

trained in tennis. For instance, CODs performed at <45° featured comparatively low 

changes in acceleration and the highest entry and exit speeds, some 1ms-1 (or 3.6km.h-1) 

faster than CODs at >165°.  Conversely, ‘braking’ was highest among players reversing 

their momentum and changing direction by >135° as they decelerated by 2.9–3.7 ms-2 for 

medium intensity changes and 4.9-5.8 ms-2 for high intensity changes. This highlights a 

clear disparity, not only between the degree-specific demands of CODs in tennis match-
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play, but also within intensity bands. A clear example of this can be seen by inspecting 

the <45° and >165° changes within the medium intensity band, which are characterised 

by vastly different entry and exit velocities and accelerations. This demonstrates that, 

while drills can be designed to feature medium intensity changes, the actual demand 

placed upon the players’ body, from a load point of view, will be quite different, and are 

a function of the angle of the change. These highly variable entry and exit features, even 

within the same intensity category, highlight the oversimplification of existing COD 

understanding; however, our novel descriptive account of COD skill in tennis, provides 

practitioners with information to better design strength, power and movement-based 

interventions for players.  

 

7.5.1 Limitations 

Although the current investigation offers new and more detailed insights into COD in 

tennis, there remains considerable scope for further analysis. Owing to our sample of 

convenience, the generalizability of the findings is restricted to the specified surface, 

population and tournament format. Application of these methods to all playing surfaces, 

across a number of tournaments and years, as well as a larger population group would 

improve the translation of our methods. The delimitation of direction changes to only 

medium and high intensity was purposeful, but could be perceived as not delivering a full 

description of the sport’s COD demands. Accordingly, further development of the 

algorithm (Giles, Kovalchik, et al., 2019) used here, or similar approaches, could meet 

this need. 
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7.6 Conclusions 

This study presents the first accounts of the differing degree and intensity of CODs 

performed during professional tennis match-play. Males were shown to perform more 

relative and absolute CODs per point than their female counterparts, while over 90% of 

all meaningful CODs recorded here were of medium intensity. The tendency of both male 

and female players to change direction laterally was highlighted by 60% of changes 

across both medium and high intensity involving players cutting back on themselves, 

while the remaining 40% involved cutting manoeuvres which were characterised by 

higher entry and exit speeds and lower deceleration / acceleration requirements. 

Ultimately, the findings of this study demonstrate the limitations of blanket classification 

of COD movements in tennis match-play, wherein varying degrees and intensity of 

direction changes present differing physical and mechanical demands to the player.  

 

7.7 Practical Applications 

• Athletes need specific and tailored COD training to prepare them for the differing 

demands of varying intensities and degrees of changes, as blanket preparation or 

conditioning of COD movements would fail to expose players to the required range 

and variety of COD manoeuvres seen during professional tennis match-play. 

• Sex specific COD training is critical to prepare athletes for the specific directionality 

and degree of CODs that are most common to the sex-specific game-styles of match-

play environments. 

• Male players need to be conditioned for faster-paced and / or more physical COD, 

specifically at the medium intensity, with greater entry and exit speeds highlighting a 

higher average speed of change. 
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• Close to 70% of all direction changes are performed with players having travelled 

<4m, highlighting the need for players to be agile and highly coordinated in order to 

execute COD and stroke production mechanics simultaneous.  
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8.1 Abstract 

Purpose: Recent explorations of tennis-specific movements have developed 

contemporary and novel methods for identifying and classifying changes of direction 

(COD) during match-play. The aim of this research was to employ these new analysis 

techniques to objectively explore individual nuance and style factors in the execution of 

COD movements in professional tennis. Methods: Player tracking data from 62 male and 

77 female players at the Australian Open Grand Slam event were analysed for COD 

movements using a model algorithm, with a sample of 150,000 direction changes 

identified. Hierarchical clustering methods were employed on the time-motion and degree 

characteristics of these direction changes to identify clusters or groups of COD 

performance. Results: Five unique clusters were identified within each sex, with the 

defining characteristics of these groups being the speed and intensity of COD execution, 

the directionality of the change, and the average degree of change. Conclusions: Player 

groupings challenged previously held assumptions regarding the movement style of 

players, highlighting the complexity and variation in the sport’s locomotion demands. In 

practice, the speed, acceleration, directionality and degree of change characteristics of 

each COD style can facilitate athlete profiling and the specificity of training interventions.  
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8.2 Introduction 

Tennis is a highly individualized sport, wherein differences in players’ perceptual, 

coordinative, physical and technical capabilities result in varying styles of play. 

Traditionally, four game-styles have been described, categorising players as 

‘Counterpunchers’, ‘All Court Players’, ‘Aggressive Baseliners’, and ‘Serve Volleyers’ 

(Crespo & Miley, 1998). These reductionist approaches to classifying style tend to be 

based upon observation of players’ technical and tactical capabilities, with the underlying 

movement behaviour largely overlooked or a secondary consideration. Given the 

importance of movement in achieving the desired stroke and therefore tactical game 

outcomes (Giles, Peeling, Dawson, & Reid, 2019), approaches that consider whether 

players have stylistic differences in the way they traverse the court would seem 

worthwhile. A recent qualitative study by Giles et al. (2019) represented a first step in 

this direction, with a thematic content analysis of multiple expert interviews elucidating 

three movement profiles, which included; (1) those that ‘read the play’ well, (2) those 

that are ‘fast’ around the court, and (3) those that are ‘efficient’ in their movement (Giles, 

Peeling, Dawson, et al., 2019). While this work provided novel outcomes relevant to 

expert stakeholders’ subjective assessment of optimal player movement in tennis, the 

emergence of player tracking data also makes it possible to explore more objective and 

data-driven methods to quantify stylistic differences in such movement.  

 

Among the most distinctive features of tennis movement is the change of direction (COD) 

skill. Of note, recent research has advanced methods to quantify COD (Giles, Kovalchik, 

& Reid, 2019), allowing for an examination of the different ways in which players 

complete COD during match-play. This is increasingly relevant as past descriptions of 

COD in point play (Deutsch, Deutsch, & Douglas, 1988; Kovalchik & Reid, 2017) have 



 
 

 187 

masked the variation in the degree and intensity of COD as performed by contemporary 

professionals (Giles, Kovalchik, et al., 2019). Indeed, greater understanding of this 

variation, and therefore individual player movement performance, should inform the 

development of specific skills and capacities, whilst potentially informing injury 

prevention strategies among players (Cook, Burton, & Hoogenboom, 2006a, 2006b; 

Lubans, Morgan, Cliff, Barnett, & Okely, 2010). In order to capitalise on this prospect, 

other sports have successfully applied machine learning techniques to player tracking data 

to identify and classify variants of sport-specific skills. A similar opportunity exists for 

tennis with the advent of player tracking data and the emergence of methods to identify 

COD movements at scale (Giles, Kovalchik, et al., 2019). This raises the prospect of 

clustering techniques, similar to those applied to classify the playing style of top 10 

players (Wei, Lucey, Morgan, Reid, & Sridharan, 2016), to inform movement 

comparisons between players and assist with movement profiling. Specifically, with 

COD in mind, this type of analytical approach could aid both tennis and strength and 

conditioning coaches to better prepare training programs and interventions in accordance 

to the players movement style.  

 

Given the emergence of player tracking data and new techniques to differentiate COD 

during match-play, the purpose of the current study was to identify different styles of 

COD in professional tennis. Additionally, by applying a recently developed algorithm to 

player tracking data collected from the Australian Open Grand Slam event, comparisons 

of COD performance between the male and female game will also be undertaken. 
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8.3 Methods 

8.3.1 Data Collection 

This study utilised Hawk-Eye player tracking data from the Australian Open Grand Slam 

event spanning from 2016 through to 2018. These tracking systems utilise a calibrated 

10-camera configuration that captures and records players Cartesian coordinates every 40 

ms. Time-motion characteristics, such as speed, acceleration and distance can then be 

calculated through the analysis of the point-by-point displacement data and its subsequent 

differentiation. COD can also be identified from this tracking data via the use of manual 

annotation and machine learning techniques (Giles, Kovalchik, et al., 2019). Ethics 

approval for this study was provided by an Institutional Review Board (Ref No: 

RA/4/1/8982). 

 

8.3.2 Data Processing 

Prior to the commencement of any data processing or analysis, all Hawk-Eye data were 

imported, cleaned and collated in R Statistical Software (R Foundation for Statistical 

Computing, Vienna, Austria). Initially, all available matches across the three years of the 

tournament were extracted, resulting in a sample of 258 men’s matches involving 156 

players and 268 women’s matches with 161 players. In order to estimate player movement 

tendencies, a player was required to have a minimum of 3 matches to be included in the 

analysis. This criterion reduced the sample of men’s and women’s matches to 252 and 

261 respectively, with a final player sample of 62 men and 77 women. The algorithm 

developed to identify medium and high intensity COD in Hawk-Eye tracking data (Giles, 

Kovalchik, et al., 2019), was then applied to the point data of each match within the 

sample, leading to the identification of 157,841 COD in the men’s matches and 107,180 

in the women’s matches. The breakdown of this final dataset displayed an average of 
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2,546 COD per player for the men’s sample and 1,392 COD per player for the women’s 

sample. The time-motion characteristics were calculated for each player and COD 

through a ‘rolling’ time window defined by speed peaks prior to and post the midpoint of 

the COD. The defined variables, which were calculated either side of the rolling time 

window were: distance travelled; direction; time duration; mean, min and max speed; and 

mean, min and max acceleration. Additionally, the total degree of change performed 

(cumulative angular change within the change window), total duration, and the nominal 

intensity of the change were also included. 

 

8.3.3 Data Analysis 

The input for the clustering algorithm was a dataset of all recorded changes and their 

subsequent time motion characteristics for every player. From this dataset a COD profile 

was constructed for each player, consisting of player-specific effects for each COD 

characteristic, which were obtained from a mixed-effects model (McCulloch & Searle, 

2000) with a player intercept as a random effect. These effects capture how a player’s 

average behaviour differs from the average behaviour of other players, thus focusing on 

how players systematically differ from the population average. Continuous variables used 

a Gaussian family, while categorical variables used a binomial family with a logistic link. 

Each of the COD variables were then centred and scaled to standardise the effects of the 

players.  

 

Prior to clustering, the data was examined to determine if dimension reduction was 

appropriate (Amato, Antoniadis, & De Feis, 2006; Li, Aragon, Shedden, & Agnan, 2003). 

This was achieved with a correlation analysis, which revealed strong correlations among 

several COD variables. A principal component analysis (PCA) was the dimension 
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reduction technique used. An initial PCA was applied to filter highly correlated variables 

(Wold, Esbensen, & Geladi, 1987). Once these variables were removed from the dataset, 

a second PCA was performed on the remaining data, and the first components that 

explained 90% of the variance were retained for clustering. In both the men’s and 

women’s samples this resulted in the first five principal components being retained, 

which included 13 of the original time-motion features in the men’s sample and 16 in the 

women’s sample. The variables which remained in the final PCA analysis for each sex 

are displayed in Figure 1. 

 

Clustering was based on an agglomerative hierarchical clustering technique (Banfield & 

Raftery, 1993) and the Euclidean distance was used as the dissimilarity measure. 

Exploratory clustering was conducted using four different methods: complete linkage; 

single linkage; average linkage; and Ward’s minimum variance (Ward, 1963). The 

agglomerative coefficient for each clustering method showed that Ward’s minimum 

variance method provided the strongest clustering structure, and thus, was the method 

presented in this study.                

 

Once the clustering method was determined, the ideal number of clusters based on the 

current dataset was explored. The Calinski and Harabasz method, or CH index (Calinski 

& Harabasz, 1974), was utilised for this step, which is a ratio of the between cluster and 

within cluster variances. The CH index showed that minimal gains in reduced between-

cluster variance were achieved beyond a cluster number of five for both the men’s and 

women’s samples, independently. Therefore, a total of five clusters was employed.  
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Dendrograms were formulated to visualise the cluster groupings and highlight where each 

of the players included in the final analysis feature. In order to better understand the 

qualitative meaning of the clusters, several descriptive analyses were subsequently 

undertaken that examined COD variables by cluster. For ease of interpretation, a subset 

of variables was chosen based on the physical characteristics of COD that are most 

commonly discussed in the literature (Kovalchik & Reid, 2017; Reid, Morgan, & 

Whiteside, 2016; Whiteside & Reid, 2016). In order to highlight the spread and / or 

variability of the clusters across the key variables, violin plots and descriptive statistics 

were produced to summarise the key COD characteristics of each of cluster group. 

 

8.4 Results 

8.4.1 Male PCA and Cluster Groupings 

The initial male PCA included all 21 variables, with the overlap exhibited on the initial 

biplot indicating that there were 12 variables with differing degrees of overlap. 

Specifically, overlap was found among speed (min, peak and mean), duration (in, out and 

total), distance (in and out) and directionality characteristics. The pertinent variables 

within each of these overlapping groups were kept (n=4), with the remaining removed, 

reducing the final sample to 13 variables. A subsequent PCA of these variables found that 

5 principal components accounted for 90% of the variance among the COD descriptors. 

Examination of the biplot of the final PCA (Figure 1) indicates that individuals with high 

positive loading on principle component one (Dim1) are more inclined to perform 

moderate (medium) intensity CODs with high deceleration characteristics into these 

changes, executed through longer total durations. Those players with negative features in 

the first principle component appear to perform changes very quickly, with exit 

acceleration or explosiveness. The positive and negative loading within the secondary 
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principle component (Dim2) displays separation among those players who perform 

changes through a larger total degree range (more lateral reversals / movement) and those 

who execute changes with high entry and exit velocities.
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Figure 8.1 Biplots of the final men’s and women’s principle component analysis. The arrows demonstrate the strength and direction of a variables influence (the loadings) on 

each component. 
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The principal components retained in the secondary PCA were fed into the final clustering 

analysis for the men’s game, with the resultant Agglomerative Coefficient of the Ward’s 

minimum variance method returning a value of 0.985, with the subsequent CH Index 

analysis identifying 5 unique styles of COD execution among the men’s players. The 

players which feature within each COD profile are displayed as a dendrogram in Figure 

2 below, with those who share more similar COD characteristics closer together from top 

to bottom. Cluster 1 included the most players, with 21 of the 62 sampled men represented 

here. The most notable players featured within this COD profile are Roger Federer, Rafael 

Nadal and Andy Murray. The next two biggest groupings were Cluster 3 (17 players) and 

4 (13 players) respectively. Cluster 3 featured Andrey Rublev and Roberto Bautista Agut, 

while noteworthy players within Cluster 4 are Dominic Thiem and Diego Schwartzman. 

The final two clusters consisted of 7 (Cluster 2) and 4 (Cluster 5) players respectively, 

indicating a much smaller subset of the overall sample. Prominent players within Cluster 

2 are Novak Djokovic, as well as Alexander Zverev and Fabio Fognini, with Cluster 5 

featuring John Isner and Ivo Karlovic. 
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Figure 8.2 Dendrogram of men’s COD profiles for players with whom played a minimum of 3 matches at 

the Australian Open Grand Slam event from 2016 to 2018. Final profiles used in the analysis consisted of 

13 categorical and time-motion descriptors of COD performance. Dissimilarity was measured with a 

Euclidean distance and players were clustered using Ward’s minimum variance method. 

 

Cluster 1 

Cluster 2 

Cluster 3 

Cluster 4 

Cluster 5 
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8.4.2 Female PCA and Cluster Groupings 

The initial groupings of the 21 variables included in the female’s first PCA analysis 

indicated 9 variables contributing similar variance to the overall sample; identified by 

overlap on the constructed biplot graph. These variance overlaps were reported across the 

variables; speed in (peak and mean), speed out (peak and mean), COD duration (in, out 

and total), and distance / directionality out. A reduction of 5 variables, which were seen 

to be overlapping, was made, with the more pertinent variables (n=4) kept, resulting in a 

final sample of 16 COD variables. The secondary PCA conducted on these variables 

indicated that the first 5 principal components accounted for >90% of variance in the 

sample, and hence, these components were retained for the final clustering. The biplot of 

the final female PCA (Figure 1) showed similarities between the sexes in the loadings of 

the first principle component. Players with positive principle loadings spend longer 

periods of time changing direction, at a moderate intensity, and with greater deceleration 

characteristics as compared to their negatively geared counterparts who performed 

changes quickly and exited with more explosiveness (acceleration). The secondary 

principle component in the women’s sample showed positively loaded players performed 

CODs of greater speed and with longer distances covered around changes, while more 

influential variables for players featuring on the negative side of this component executed 

changes of greater total degree, but at a lower intensity. 

 

The women’s COD profiles were formed utilising the pertinent principal components 

highlighted in the second PCA analysis. This final PCA contained 16 of the initial 

variables and resulted in the unique women’s COD profiles being more wide-ranging and 

varying than the men’s sample, with the strength of the groupings reflected in the final 

Agglomerative Coefficient of the Ward’s methodology used (0.925). Like the male 
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sample, the CH index of these variables suggested five unique COD styles among female 

players. Here, two clusters constituted the playing group majority, with Cluster 2 having 

24 players and Cluster 3 having 21 players from the final sample of 77 (Figure 3). Notable 

players to feature within these clusters are Maria Sakkari, Shuai Zhang (Cluster 3), Petra 

Kvitova, Karolina Pliskova, Maria Sharapova and Serena Williams (Cluster 2). Cluster 5 

featured Saisai Zheng and Kristina Mladenovic and was the smallest cluster group in the 

female analysis (6 players). Cluster 1 consisted of 14 players, including Elise Mertens 

and Anett Kontaveit, while Cluster 4 contained the remaining 12 players many of whom 

were high profile (Ashleigh Barty, Simona Halep, Naomi Osaka, Caroline Wozniacki and 

Elina Svitolina).  
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Figure 8.3 Dendrogram of women’s COD profiles for players with whom played a minimum of 3 matches 

at the Australian Open Grand Slam event from 2016 to 2018. Final profiles used in the analysis consisted 

of 16 categorical and time-motion descriptors of COD performance. Dissimilarity was measured with a 

Euclidean distance and players were clustered using Ward’s minimum variance method. 
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Cluster 2 

Cluster 3 

Cluster 4 
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8.4.3 Characteristics of Men’s COD Profiles 

The spread of six of the underlying key variables are presented in violin plots in Figure 

4, visualizing the similarities and differences in scores of the cluster groups across the 

characteristics of their CODs. The mean (±SD) of these key variables are presented in 

Table 1. As can be seen in Figure 4, Cluster 1 presents itself as the most ‘stereotypical’ 

or representative COD style due to it exhibiting a mean value closest to zero across all 

variables. Cluster 1, 4 and 5 showed a greater tendency to perform high intensity changes 

(12%, 14% and 18% respectively) than Cluster 2 and 3 (9% each), with the clusters 

showing lower frequencies of high intensity changes (Cluster 2 and 3) also exhibiting 

lower average entry and exit velocities (1.58 – 1.62 ms-1) than Clusters 1, 4 and 5 (1.69 – 

1.98 ms-1). Cluster 5 demonstrated the highest speed characteristics, entering direction 

changes at 1.98 ± 0.94 ms-1 and exiting them at 1.89 ± 0.94 ms-1, with Cluster 1 and 4 

showing mid-range speeds from 1.69-1.71 ms-1. The average degree of change ranged 

between 94° (Cluster 5) and 122° (Cluster 4) and were reflected in the breakdown of 

directionality into changes, with Cluster 5 demonstrating the highest proportion of 

changes executed while moving forward and backward (10% each). Cluster 4 performed 

88% of changes while moving laterally (left and right), with the remaining 12% being 

evenly divided between changes executed while into or out of the court. Interestingly, the 

exact same directionality characteristics were exhibited by Cluster 1, however, they 

reported a lower average degree of change at 116° ± 48°. Cluster 2 and 3 were 

characterised by the most lateral changes, with players moving to their left or right 89% 

and 91% of the time, respectively. In relation to the acceleration characteristics of each 

cluster group, the magnitude of braking and re-acceleration was greatest among Cluster 

4 (-2.71 ± 3.76 ms-2 and 2.63 ± 4.32 ms-2 respectively), while Clusters 1, 2 and 3 shared 

similar profiles (deceleration: -2.38 to -2.46 ms-2; and acceleration: 2.27 to 2.34 ms-2). 



 
 

 200 

Cluster 5 clearly displayed entry (-2.05 ± 2.37 ms-2) and exit (1.64 ± 2.62 ms-2) 

accelerations of the lowest magnitude.  

 

 

Figure 8.4 Violin plots of the six COD variables of interest for the men’s COD profiles. Plots visualize the 

spread of the standardized player-specific random effects by cluster for each variable. 
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Table 8.1 Descriptive statistics describing the COD breakdown of each cluster and the subsequent time-motion characteristics of those changes 

 Male Female 

Cluster 1 2 3 4 5 1 2 3 4 5 

Intensity Breakdown           

% Medium Intensity 88 91 91 86 82 93 94 96 91 93 
% High Intensity 12 9 9 14 18 7 6 4 9 7 

Direction into Change           

% Left 44 45 46 44 41 44 45 46 45 46 
% Right 44 44 45 44 40 45 45 46 45 47 

% Forward 6 5 4 6 10 6 5 4 5 4 
% Backward 6 6 4 6 10 5 5 4 5 3 

Mean Degree (°) 116 ± 48 120 ± 47 119 ± 45 122 ± 47 94 ± 51 124 ± 46 117 ± 47 122 ± 44 127 ± 46 116 ± 46 

Mean Speed In (ms-1) 1.71 ± 0.88 1.61 ± 0.87 1.62 ± 0.81 1.69 ± 1 1.98 ± 0.94 1.5 ± 0.89 1.53 ± 0.79 1.45 ± 0.7 1.58 ± 0.85 1.64 ± 0.75 

Mean Speed Out (ms-1) 1.71 ± 0.87 1.58 ± 0.91 1.6 ± 0.78 1.69 ± 1.03 1.89 ± 0.94 1.52 ± 0.97 1.54 ± 0.77 1.45 ± 0.68 1.59 ± 0.86 1.61 ± 0.78 

Mean Acceleration In (ms-2) -2.4 ± 2.47 -2.46 ± 2.84 -2.38 ± 2.1 -2.71 ± 3.76 -2.05 ± 2.37 -2.39 ± 3.48 -2.13 ± 2.33 -2.15 ± 1.88 -2.44 ± 2.77 -2.17 ± 1.91 

Mean Acceleration Out (ms-2) 2.34 ± 2.75 2.28 ± 3.43 2.27 ± 2.32 2.63 ± 4.32 1.64 ± 2.62 2.4 ± 4.21 2.11 ± 2.58 2.11 ± 2.09 2.47 ± 3.25 2.07 ± 2.18 
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8.4.4 Characteristics of Women’s COD Profiles 

The distribution of key characteristics across the cluster groups are presented in violin 

plots in Figure 5. These visualisations of the between cluster differences and the 

descriptive statistics presented in Table 1 highlight the variability of the COD profiles. 

Similar to their male counterparts, the female Cluster 1 demonstrated the most consistent 

or representative COD profile, with this cluster possessing the closest scaled mean to the 

midline (zero). Cluster 3 exhibited the highest percentage of medium intensity changes at 

96%, while also presenting the lowest entry and exit velocities at 1.45 ± 0.7 ms-1 and 1.45 

± 0.68 ms-1, respectively. Cluster 4 registered the greatest proportion of high intensity 

changes (9%), but also the highest average degree of change 127° ± 46°. Players featuring 

within this COD profile were also characterised by the highest deceleration (-2.44 ± 2.77 

ms-2) and re-acceleration (2.47 ± 3.25 ms-2) profiles, while the entry and exit velocities 

ranged between 1.58-1.59 ms-1.  

 

Cluster 5 recorded the quickest entry (1.64 ± 0.75 ms-1) and exit (1.61 ± 0.78 ms-1) 

velocities, as well as the smallest average degree of change (116° ± 46°). Cluster 5 and 

Cluster 1 performed medium intensity changes 93% of the time; however, Cluster 1 was 

characterised by a higher average degree of change (124° ± 46°) and greater breaking and 

re-acceleration properties of -2.39 ± 3.48 ms-2 and 2.40 ± 4.21 ms-2 respectively. Cluster 

2 showed the lowest deceleration values into CODs at -2.13 ± 2.33 ms-2, and similar 

average degree of change as Cluster 5 (117° ± 47°). Both Cluster 1 and 2 shared 

comparable entry and exit velocities (1.5 and 1.54 ms-1). Regarding the directionality of 

movement into CODs, the predominant direction was again lateral (left or right), with 

Cluster 1 registering the lowest proportion of these changes (89%). Cluster 2 and 4 shared 

the exact same directionality profile, with movement left or right predominating 90% of 
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the time (45% each), with movement into and out of the court (forward and backward) 

sharing the remaining 10% (5% each). Cluster 3 and 5 registered lateral movement into 

92% and 93% of all changes, respectively. 

 

8.4.5 Cluster Labelling   

To best describe the primary COD features of each cluster, descriptive labels were 

assigned. The mid-range speed and acceleration features, as well as the balanced left / 

right directionality and degree of change characteristics evident in Cluster 1 for males 

and Cluster 2 for females saw this COD profile labelled ‘Balanced Changers’. The low 

entry and exit speeds, alongside moderate acceleration features, saw Cluster 1 for females 

and Cluster 2 for males labelled ‘Passive Changers’. In displaying the highest proportion 

of left and right changes and an average degree of change at ~120°, Cluster 3 for both 

sexes were labelled ‘Lateral Changers’. Exhibiting the highest deceleration and 

acceleration characteristics, as well as the highest average degree of change, Cluster 4 of 

both sexes were labelled ‘Gear Changers’, reflecting their highly demanding COD 

characteristics. Finally, players in Cluster 5 across both sexes were characterised by the 

highest entry and exit speeds, alongside the lowest average degree of change, suggesting 

their tendency to perform more cutting manoeuvres; accordingly, this cluster was labelled 

‘Cutters’. These labels provide simple descriptors for the key COD characteristics that 

define each cluster, and therefore, are used throughout the discussion to aid interpretation 

of the results. 
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Figure 8.5 Violin plots of the six COD variables of interest for the women’s COD profiles. Plots visualize 

the spread of the standardized player-specific random effects by cluster for each variable. 

 

8.5 Discussion 

Previous descriptions of movement in tennis have been broadly qualitative (Giles et al., 

2019) while quantitative descriptions of COD have been abstract and inaccurate. The use 

of a hierarchical clustering approach in the current study enabled the CODs of the 62 men 

and 77 women professional tennis players to be categorised into one of five COD styles. 

These styles were labelled ‘Cutters’, ‘Gear Changers’, ‘Lateral Changers’, ‘Balanced 

Changers’ and ‘Passive Changers’ in accordance with their varying speed, acceleration, 

degree and directionality of change features. Each style shared varying degrees of 

correspondence to the four game-styles described by Crespo and Miley (1998), 

highlighting the benefit in considering more than one dimension (technical, tactical, 

physical, etc.) when evaluating player performance. The classification of COD in this 
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way can inform the analysis and profiling of player movement, while also providing the 

necessary detail to improve the specificity of training interventions for individual players.  

 

The key influences on COD style were speed, acceleration and degree of COD, as well 

as the direction that players travel into these changes. The five profiles established here 

for each sex point to variation in the manner by which players change direction, and even 

tolerate lower limb joint loading in professional tennis. For example, the Cutters – who 

performed CODs with the smallest average degree of change and at the highest average 

entry and exit speeds - might experience comparatively low eccentric lower limb joint 

loading during such movement, as considered by past research (Besier, Lloyd, Cochrane, 

& Ackland, 2001; Schot, Dart, & Schuh, 1995; Sigward, Cesar, & Havens, 2015). In the 

male game, these players also had a propensity to move forward-backward into CODs, a 

pattern that is most relatable to traditional descriptions of ‘serve and volley’ (Crespo & 

Miley, 1998),  Paradoxically, female ‘Cutters’ were less inclined to move into the court 

and performed more lateral changes than their male counterparts, likely reflecting 

fundamental sex-based differences in how the game is played (O’Donoghue & Ingram, 

2001). In other words, while players belonging to this cluster share similar entry and exit 

speeds, the direction in which the change is expressed is markedly different between the 

male and female game. Nonetheless, training interventions for players profiled with these 

COD characteristics should evidently focus upon high speed and lower angled re-

direction of momentum manoeuvres. Certainly, the need for specificity of training is 

reinforced by these outcomes, as evidence would suggest employing a similar training 

program as the above for ‘Passive Changers’ would prove radically contradictory to their 

COD style, likely proving detrimental to these players’ performance. 
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Moderate to high COD speeds coupled with the highest magnitude of deceleration and 

re-acceleration were hallmarks of the ‘Gear Changers’. So too was the highest average 

degree of change, which suggests that that these players spent considerable time laterally 

traversing the court. With names like Marin Cilic and Naomi Osaka featuring as a ‘Gear 

Changers’, the temptation is to associate this type of COD with ‘aggressive baseliners’ 

(Crespo and Miley, 1998), yet Caroline Wozniacki, Angelique Kerber and Hyeon Chung 

would more classically be described as ‘counter punchers’. This outcome demonstrates 

the complexity of tennis match-play. While it is clear that the similarities in these players 

COD performance infers that strength based training to improve eccentric and concentric 

capabilities can be immediately applied to their training regimes, the same cannot be said 

for blanket training interventions focusing upon players game-styles, as these would 

likely prove less effective. The mid-range velocities, accelerations and degrees of change 

of the ‘Balanced Changers’ were associated with many of the world’s best players (Roger 

Federer, Rafael Nadal, Gael Monfils, Karolina Pliskova, Belinda Bencic and Serena 

Williams), and may be indicative of these players being placed under less temporal stress 

than their counterparts. Examination of the characteristics of this COD profile infers 

similar game-style comparisons as ‘Cutters’ and ‘Gear Changers’, with this COD style 

lending itself to the traditional ‘all court’ player game-style. This classification however 

proves contradictory to popular opinion on how some of its playing cohort, such as the 

likes of Rafael Nadal and David Ferrer, win points. This apparent style contradiction 

reaffirms the complexity of player style in tennis, with the combination of technical, 

tactical and movement characteristics likely to further differentiate players, potentially 

even to the extent where no two players play the game in the same manner. Practically, 

this suggests that while two players may share similar COD characteristics, their technical 

and tactical proficiency and style may be vastly different.  
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The final two profiles of COD in both the men’s and women’s game were more difficult 

to describe, owing to their key change characteristics and the group of players classified 

within them. The ‘Lateral Changers’ had the highest proportion of changes to the left and 

right, highlighting the side-to-side nature of their game. The ‘Passive Changers’, on the 

other hand, had the lowest average entry and exit speeds. Interestingly, the average speed 

and acceleration characteristics of both the ‘Lateral Changers’ and the ‘Passive Changers’ 

were analogous with those describing medium intensity direction changes in modern 

professional match-play (Giles, Peeling, & Reid, 2019); accordingly, it is unsurprising 

that 91% of the changes recorded in these clusters were categorised in this way. The 

relative distribution of medium and high-speed changes is highly relevant to the design 

of training programs for individual players, and therefore, the unique COD characteristics 

of the player should be considered when training is formulated. For instance, our data 

shows that, in male players, ‘Cutters’ undertake high intensity COD twice as frequently 

as ‘Lateral’ and ‘Passive’ changers. Accordingly, the COD demands relative to the ‘style 

of player’ could therefore be factored into the specific COD training drills generated for 

these players.  

 

Of interest, some of the players labelled ‘Passive Changers’, like Novak Djokovic and 

Alexander Zverev, possess exceptional technical and tactical skill, which might allow 

these players to change direction at lower speeds, given they can likely control points on 

their own terms. Equally, the large amount of variance in these profiles – particularly in 

the ‘Lateral Changers’ – points to a more ‘hybrid’ COD style that potentially requires 

further on-court measurements from wearable technology (such as distance covered, 

spatial characteristics or even lower limb mechanics) to be better understood. In a similar 

vein, improved understanding of the coupling between stroke production and COD 
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performance (Giles, Peeling, Dawson, et al., 2019), as well as the inclusion of other 

contextual features such as the outcome or quality of the COD, might further elucidate 

important stylistic differences in movement between players. For this to be achieved, it 

seems likely that future modelling approaches will require more inputs than just player 

tracking data, and could incorporate information from previous game-style (Crespo & 

Miley, 1998), mentality profiles (Kovalchik & Ingram, 2016) and shot outcome (Wei et 

al., 2016) classifications. Such an approach would present a more holistic observation of 

tennis match-play. 

 

Nevertheless, it is clear from the present work that the application of machine learning to 

player tracking data can facilitate a more intricate understanding the sport’s physical 

demands, and therefore, can inform more appropriate training program design. For 

example, using the findings of the current study, the on-court conditioning exercises of 

players could be programmed to reflect their previously unknown COD directionality and 

degree demands. Likewise, off-court training interventions could be more specifically 

tailored to the range of motion and force / velocity profiles of individual player’s CODs. 

Strength training can also prepare athletes to meet the eccentric and concentric 

(deceleration / acceleration) demands of their COD style. For example, with ‘Cutters’, it 

would appear logical to prioritise the development of speed and coordinative factors 

associated with cutting. Conversely, training for ‘Gear Changers’ might focus on lateral 

changes and therefore eccentric and concentric strength development through greater 

range. This is not to say that such training isn’t also necessary in aiding a ‘Cutters’ overall 

COD performance, but it does provide a tangible example of how this clustering approach 

can help to prioritise the training focus.  
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8.5.1 Limitations 

By clustering on COD characteristics alone, this study fails to describe a broader picture 

of movement style, however, the outcomes can seed future work that integrates other 

aspects of player movement such as total distance covered and average movement speed. 

Furthermore, the dataset available to solve this classification problem is limited to 

professional hardcourt tennis match-play, and the extent to which it is generalizable to 

other court surfaces and playing populations is unclear. 

 

8.6 Conclusions 

This study explored the concept of movement styles, specifically related to COD 

performance, in professional tennis match-play for the first time. Five COD profiles 

(‘Cutters’, ‘Gear Changers’, ‘Lateral Changers’, ‘Balanced Changers’ and ‘Passive 

Changers’) were identified in both the men’s and women’s games, comprising a variety 

of distinctive time-motion, directionality and degree of change characteristics. This 

approach to describing COD offers coaches and conditioning specialists a new way to 

appraise and profile the COD performance of their athletes. It also provides the basis for 

training interventions to be specifically tailored to speed, acceleration, directionality and 

the degree of change characteristics of an individual player’s COD style. 

 

8.7 Practical Applications 

• The established COD profiles demonstrate the need for individualised COD 

training. Style-specific training may emphasise fast cutting for some players but 

high intensity 180-degree reversals for others. 

• This clustering approach allows practitioners to objectively appraise the stylistic 

COD differences between players, and therefore, program training accordingly. 
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• Some player COD profiles correspond with attributes of their game-style, 

highlighting the opportunity for concurrent training of players’ technical, tactical 

and physical skills. 
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9.1 Summary 

Tennis success in the modern era has been attributed to high levels of proficiency in four 

key skill areas: technical, tactical, physical and mental (Kovacs, 2007; Pugh et al., 2003; 

Reid & Schneiker, 2007). However, current training practices are heavily focused on 

technical and tactical development. This presents an interesting paradox, as players need 

to be able to move to hit the ball, and movement deficiencies are likely to compromise 

the development of technical and tactical skill. Accordingly, empirical research exploring 

the characteristics and trainable features of tennis-specific movement is desperately 

needed. Therefore, the primary aims of this thesis were to examine expert views of 

movement performance in tennis and to quantify movement styles, kinematics and 

change of direction (COD) among professional players. 

 

Study One of this thesis explored the opinions of expert stakeholders on movement in 

modern professional tennis. The outcomes of this investigation highlighted the 

importance of movement in enabling players to assume optimal positions to execute their 

stroke and maximise their tactical options. Experts further described three distinct profiles 

or “styles” of good tennis movers as; those who “read the play” well, those who are “fast” 

around the court, and those who are “efficient” in their movement, characterised by 

varying combinations of underpinning technical, physical and perceptual / cognitive skill. 

These styles of movement were described as being expressed across a common “tennis 

movement cycle”, which encapsulated five phases of tennis movement, including; the 

initiation of movement, transition / movement to the ball, arrival at the ball / set up, stroke 

execution, and COD / recovery. The summative findings from Study One suggest that 

movement in tennis is a ‘means to an end’, wherein the main purpose of proficient 

movement is to allow players to navigate to the ball in a timely and efficient manner. As 
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the stroke is the clear end point, the literature’s heavy focus upon the determinants of 

stroke production appears justified. Nevertheless, as is evident through the expert 

description of a tennis movement cycle, movement and stroke production are closely 

coupled and specific training interventions encapsulating these demands are needed.  

 

To better inform the understanding of the tennis movement cycle and the mechanics of 

tennis movement through these phases, Study Two and Three explored the lower limb, 

trunk and racquet kinematics of tennis movement in 17 professional tennis players (both 

male and female), executing forehand groundstrokes at three different entry speeds. For 

Study 2, the kinematics exhibited during the arrival at the ball / set up, and the stroke 

execution phases of the tennis movement cycle were examined. Findings revealed that 

prior to impact, females demonstrated increased drive leg flexion but reduced trunk 

rotation (-9°), while both males and females lengthened their final stride and backswing 

during high speed trials. Additionally, the results at impact indicated that male players 

were still able to maintain racquet head speed across all movement intensities despite 

reduced pre-impact lower limb joint flexion and extension. Female players, on the other 

hand, were more flexed and suffered a 14% loss in racquet-head velocity when moving 

at high speed. These findings indicate that the mechanics utilised by players, male and 

female, in traversing the court are unique, which challenges previous literature suggesting 

that generic sprint mechanics can broadly apply in a tennis setting (Kovacs et al., 2015; 

Reid et al., 2003). Further, the clear interaction between entry velocity and movement / 

stroke mechanics contests previous paradigms in tennis, which promote independent 

development of movement and stroke production.  
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Study Three then focused upon four technical points of interest in the COD / recovery 

phase of the tennis movement cycle. Findings revealed that players’ drive legs were 

extended and placed away from the midline of their bodies during the deceleration phase 

of the COD movement, while their post legs and trunk were more flexed as COD entry 

speed increased. In re-acceleration out of the COD, the lower limb kinematics of players 

remained largely stable but with more trunk flexion emerging during the higher intensity 

trials. Additionally, we showed that players increased their movement velocity between 

toe-off out of the COD and the first step of the recovery movement, suggesting that the 

post leg plays a propulsive role out of the COD. Contrary to previous COD literature, 

tennis players did not show any significant increases in the flexion of their drive leg 

during the deceleration phase of COD movements (Dos’Santos et al., 2018). 

Speculatively, this is likely attributable to players extending their leg away from the 

midline of their body and contracting isometrically to control their displacement (slide) 

across the court surface. Collectively, the findings of Studies Two and Three describe the 

interaction between the lower limb, trunk and racquet kinematics in hitting and changing 

direction, as well as the influence of entry speed and player sex on these mechanics for 

the first time. This insight, which quantifies the close mechanical coupling of moving and 

hitting in tennis, can shape exercise prescription both on and off court. 

 

Given the labour-intensive nature of the ‘Gold Standard’ 3D motion analysis employed 

in Studies Two and Three, as well as its impracticality for use in match-play, more 

efficient and practical methods for analysing tennis-specific movement were needed. As 

such, Study Four utilised expertly coded match vision, Hawk-Eye player tracking 

technology and machine learning techniques to develop an algorithm to identify and 

classify COD movements in professional tennis match-play. In this study, several 
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machine learning classifiers were trained and tested on a sample of 1,500 labelled CODs, 

with a set of 1,128 time-motion features fed into each model. The results of this analysis 

indicated that a random forest algorithm had the greatest precision and recall in 

identifying medium and high intensity CODs, with the accuracy of this model similar to 

other machine learning methods employed across a variety of sports (Bertasius et al., 

2017; Chawla et al., 2017; Nibali et al., 2017; Victor et al., 2017). The application of this 

algorithm has a number of practical benefits, from providing contemporary COD counts 

(Deutsch et al., 1988; Kovalchik & Reid, 2017) to determining match-level and specific 

intensity level breakdowns of the time-motion and degree characteristics of CODs in 

professional tennis. Such outcomes reinforce the value of these methods for detailed 

analysis of specific player COD profiles and styles. 

 

With the development of this new method for identifying and classifying COD 

movements in professional tennis match-play, Study Five then described the point, game, 

set and match-level COD characteristics of Grand Slam event tennis. Examining a sample 

of >120,000 CODs, the time-motion and degree characteristics of CODs performed in 

live tournament play were presented. Here, both sexes performed, on average, 1.6 CODs 

per point, at a rate of one COD every 1.3-1.4 shots, across an average distance of 4.8 m. 

Medium intensity COD were the dominant form of change (88-94%), while males 

performed high intensity changes five times more frequently than females. Regarding the 

degree of change, 2 out of every 3 direction changes were >105°, while an increase in 

intensity saw cutting manoeuvres (<45°) become the most prominent COD manoeuvre. 

In applying the algorithm developed in Study Four, this study provided contextual 

information (shot and distance measures) that has been missing from previous COD 

literature (Kovalchik & Reid, 2017; Reid et al., 2016; Whiteside & Reid, 2016). 
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Furthermore, we noted the emergence of a close coupling between stroke and COD 

movement (a ratio of 1:1), which when interpreted alongside varying time-motion and 

degree of change characteristics underlines the complexity of COD movement in 

professional tennis match-play. The findings of this study reinforced the need to train 

aspects of movement and stroke performance concurrently, while emphasising the 

necessity for individualised and sex specific training interventions. 

 

In light of the subjective styles of movement identified in Study One, as well as the game-

styles commonly described in other tennis literature (Crespo & Miley, 1998), Study Six 

explored a hierarchical clustering approach to identify individual style factors in COD 

execution. This clustering analysis identified five distinct profiles of COD performance 

within both the men’s and women’s game. These COD profiles were distinguished by 

velocity, acceleration, degree and directionality features, with these style factors also 

allowing for inferences to be made in how players traverse the court and / or play the 

game. The five COD profiles identified here indicate that there are varying degrees of 

individualism or player style within modern professional tennis, and that players with 

differing game-styles (Crespo & Miley, 1998) or mentalities (Kovalchik & Ingram, 2016) 

can possess similar COD / movement characteristics. This novel approach to analysing 

the tracking data of players offers coaches and conditioning practitioners the opportunity 

to identify and analyse their own players’ stylistic COD performance in a more relatable 

and objective way than previously. 

 

In sum, this thesis informs the movement coaching narrative in tennis. The findings can 

better help coaches and conditioning staff design specific training interventions for the 

demands of modern professional tennis among other practical benefits. 
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9.2 Practical Applications 

This thesis offers the following considerations and recommendations for movement 

training in professional tennis: 

• Given that movement in tennis match-play is a precursor to set technical and 

tactical execution, movement analysis and training interventions should be 

designed with the desired task outcome in mind. 

• The tennis movement cycle provides a simple five phase process for practitioners 

to assess movement quality and ‘style’ of tennis players, allowing for the 

identification of specific areas of strength and weakness. 

• There is a clear coupling between movement and stroke production, with the 

mechanics exhibited prior to, during and after stroke production all being 

intertwined. This fact challenges current tennis training paradigms, wherein the 

practice of hitting and movement are often decoupled. The efficacy of these 

approaches for movement development in tennis should be carefully evaluated. 

• Increased entry speed into stroke production limits the ability of players to utilise 

lower limb loading for the generation of racquet head speed. Interventions 

focusing on upper body strength and power may therefore aid the generation or 

maintenance of racquet head speed during high pressure (high velocity) situations. 

• The significant decline in racquet head speed with high entry speed movements 

in female players suggests that their stroke production mechanics become 

compromised when under pressure. Therefore, sex specific training tailored to 

improving the capacity of females to maintain racquet head speed would improve 

their ability to stay in points when pushed to end range. 

• Tennis-specific COD movements demonstrated limited increases in flexion with 

increased entry speed through players’ drive leg during the deceleration phase of 
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the COD. Further, players’ post leg were also shown to aid deceleration as well 

as provide additional propulsion characteristics at toe off out of the COD. These 

mechanics, which contrast with previous COD literature, demonstrate that 

unilateral lower-limb strength training, focused upon the specific role of each limb 

is likely important for developing COD skill or capacity in tennis.  

• The mechanics exhibited by players through both their drive and post legs during 

COD movements are different to what has been described as typical in other 

sports. Therefore, specificity in design of training drills to match or mimic these 

sport specific demands are a necessity in adequately preparing players for the 

movements. 

• The automated method for identifying and classifying COD movements in Hawk-

Eye player tracking data has direct application to performance and tournament 

settings where this method can be employed on readily available match data to 

track players output and / or load across matches, tournaments and seasons. 

• The variability in degree and time-motion demands of COD movements in Grand 

Slam event match-play highlight the need for variation in speed and degree of 

changes performed in training environments.  

• Time-motion and mechanical demands of tennis-specific movements, particularly 

CODs, demonstrate the complex and variable nature of movement in tennis. 

Therefore, training interventions designed for the individual sex and style of play 

are critical. 

 

9.3 Limitations 

The recommendations presented above should be considered in context of the various 

limitations associated with these studies. These include:  
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• The experts consulted in Study One did not include stakeholders from every tennis 

nation, nor did the sample include present players and their opinions on movement 

in modern professional tennis.  

• Due to the qualitative nature of the research, and the thematic analysis 

methodology utilised in Study One, the background, opinions and philosophies of 

the lead researcher may have influenced the higher and lower order themes 

deduced from the interview transcripts.  

• Studies Two and Three utilised professional playing samples that are rising or 

transitioning through the professional ranks (rankings ranged between 99-1,100 

in the world). Therefore, the mechanics exhibited by these players may not be 

attributable to players at the highest level of the game (Top 50 ATP / WTA). 

• The aforementioned sample of players were also exclusively Australian, having 

learnt, trained and developed their tennis skills within Australian national 

programs and environments. Therefore, the movement strategy and mechanics 

utilised by these players may not be reflective of players who learnt or developed 

their craft in different environments (countries), training systems and / or on 

different court surfaces. 

• The performance of pre-planned movement, laterally to the forehand side, with 

the COD manoeuvres limited to 180-degree in Study Two and Three limits the 

generalisability of the described mechanics. 

• The performance of only a single stroke, with no subsequent shots, and no 

accumulative fatigue, as well as controlled ball feeds from a ball machine, limit 

the application of these findings to only a snapshot of tennis movement as a whole. 



 
 

 224 

• The studies utilising Hawk-Eye player tracking data involved samples collected 

from the hard-court play (Australian Open Grand Slam event) only and may 

therefore produce different results on other court surfaces. 

• The filtering and treatment method used to process the raw Hawk-Eye player 

tracking data influences the time-motion and degree of change characteristics 

calculated around the CODs, as well as potentially impacting the accuracy of the 

machine learning methods employed in Study Four.  

• Study Four employed random forest and boosting methods for developing the 

identification and classification algorithm. Continued analysis of alternative 

regression methods as well as unsupervised learning techniques may improve the 

accuracy of the predictions. 

• The CODs identified were of medium and high intensity, with low intensity 

changes not included in the development of the algorithm due the low 

physiological and mechanical cost they are believed to elicit. However, the 

accumulation of low intensity changes of the course of a match may prove taxing 

and should not be ignored. 

• The inclusion of COD characteristics only in the clustering analysis (Study Six) 

limits the generalisability of the identified player groupings and styles to COD 

movements only, rather than to the wider movement style adopted by players.  

 

9.4 Future Research 

Future research has a variety of opportunities to build upon and improve the work in this 

thesis. These include; 
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• Study One may be replicated with a larger sample of experts from other tennis 

nations, with the inclusion of current professional players to test whether the 

established themes remain evident.  

• Further biomechanical exploration of movement to the backhand, volley, smash 

and numerous other groundstrokes would provide a wider understanding of the 

mechanics of tennis movement as a whole, as well as help to identify any stroke-

specific movement mechanics or techniques that require special attention. 

• Broader examination of the mechanics of COD movements to various parts of the 

court, as well as those performed at low intensity, is needed.  

• Future use of markerless 3D analysis technology will allow for the examination 

of player’s stroke and movement mechanics during live match-play, a task which 

is currently out of reach given the restrictions of motion capture technology. 

• Continued exploration of machine learning techniques to identify all COD in 

tennis (Study Four) as well as to model player movement (Study Six) should be 

pursued to help profile and track the performance of players.  

• The incorporation of Hawk-Eye data from other Grand Slam events and 

professional tournaments, as well as data from multiple court surfaces (clay and 

grass), would greatly improve the applicability of the information surrounding 

COD movements and the established styles.  

• None of the investigations into tennis-specific movement in this thesis considered 

how players’ mechanics or COD performance changed over the course of a match. 

• The blending of technical, tactical, mental and physical data would create a 

complete snapshot of individual player style in modern professional tennis.  
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9.5 Conclusions  

Collectively, the outcomes of these six research investigations have contributed novel 

insight into the sport’s understanding of movement in modern professional tennis. The 

creation of a movement framework will immediately help stakeholders analyse and 

improve the idiosyncrasies of the individual player footwork. The description of 

previously unexplored CODs in tennis will also facilitate training program design and 

player performance. Ultimately, this information should be funnelled towards helping 

players ‘move’ into optimal positions to execute desired stroke and tactical outcomes, 

which is the overarching objective of movement in professional tennis.  
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A.1 Ethics Approval Letter 
 

 
 
  

T +61 8 6488 3703 / 4703
F +61 8 6488 8775
E humanethics@uwa.edu.au

Human Ethics

Office of Research Enterprise

The University of Western Australia
M459, 35 Stirling Highway
Crawley WA 6009 Australia

CRICOS Provider Code: 00126G

 

Our Ref: RA/4/1/8646
 
03 October 2016
 
Dr Peter Peeling
School of Sport Science, Exercise and Health
MBDP: M408

Dear Doctor Peeling

HUMAN RESEARCH ETHICS APPROVAL - THE UNIVERSITY OF WESTERN AUSTRALIA
Towards an Understanding of Movement in Elite Women’s Tennis

Ethics approval for the above project has been granted in accordance with the requirements of the National Statement on Ethical Conduct in
Human Research (National Statement) and the policies and procedures of The University of Western Australia. Please note that the period of
ethics approval for this project is five (5) years from the date of this notification. However, ethics approval is conditional upon the submission of
satisfactory progress reports by the designated renewal date. Therefore initial approval has been granted from 03 October 2016 to 02 October
2017.
You are reminded of the following requirements:

The application and all supporting documentation form the basis of the ethics approval and you must not depart from the research
protocol that has been approved.

1.

The Human Ethics office must be approached for approval in advance for any requested amendments to the approved research
protocol.

2.

The Chief Investigator is required to report immediately to the Human Ethics office any adverse or unexpected event or any other event
that may impact on the ethics approval for the project.

3.

The Chief Investigator must submit a final report upon project completion, even if a research project is discontinued before the
anticipated date of completion.

4.

Any conditions of ethics approval that have been imposed are listed below:
Special Conditions

None specified

The University of Western Australia is bound by the National Statement to monitor the progress of all approved projects until completion to ensure
continued compliance with ethical principles.
The Human Ethics office will forward a request for a Progress Report approximately 30 days before the due date.
If you have any queries please contact the Human Ethics office at humanethics@uwa.edu.au.
Please ensure that you quote the file reference – RA/4/1/8646  – and the associated project title in all future correspondence.

Yours sincerely
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A.2 Participant Information Sheets 
 
A.2.1 Study One 
 

 
 

Toward a better understanding of movement in professional 
tennis  

 
Participant Information Sheet 

 
Purpose 
This project aims to explore your views and opinions around movement in professional 
tennis. 
 
Procedures 
This investigation involves one session, consisting of a qualitative assessment. This session 
will be conducted at a time and place of your convenience, with a duration of approximately 
one hour. 
 
Experimental Trials 
The assessment session will require you to participate in a one-on-one semi-structured 
interview. Prior to the commencement of the interview, a general background on the topic 
and the purpose of the inquiry will be explained. You will then be asked a series of opened-
ended questions around movement in tennis, with a specific focus around the professional 
game. You will be encouraged to openly discuss your views and philosophies around each 
question, with gentle probes being used to gather further clarity on certain points. An 
interview guide will be used as a general structure for the interviews. The general 
progression of the conversation will start with a broad overview of movement in tennis, 
before progressing to a focus on movement in the professional game, ending with a 
conversation relevant to the training of tennis-specific movement. Towards the end of the 
interview you will be asked to consider and respond to a series of questions that require you 
to give a rating-based answer on a continuous rating scale (I.e., 1 to 7). These questions will 
examine the emphasis you put on certain aspects of tennis movement and the physical 
characteristics that are believed to underpin it. Upon completion of these questions, the 
session will be concluded.  
 
The entirety of the session will be recorded using a voice recorder for the purpose of 
producing a manuscript of the interview for analysis. Once your interview has been 
transcribed, the manuscript will be sent back to you for review. The purpose of this review 
is to ensure that everything you have said is an accurate representation of your views on 
movement in tennis and to clarify any points that may be unclear. Once you have reviewed 
the manuscript and are happy with everything contained within it, your responses will then 
be analysed. The analysis will break down your responses into smaller segments and then 
examine these segments for key themes. Once these key themes have been established they 
will be sent back to you for a final review. The purpose of this review is to ensure that you 
agree with all themes that have been highlighted and to check that they are an accurate 
representation of your views. 
 

School of Sport Science, Exercise and Health  
The University of Western Australia 
35 Stirling Highway 
Crawley, Western Australia, 6009 
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Risks and Possible Side-Effects 
There will be no risk or possible side-effects associated with this investigation. 
 
Benefits 
Individual: By participating in this study you may gain a greater understanding of your 
personal beliefs and philosophies into movement in tennis, as well as the importance of 
movement in professional tennis. 
 
Community: The outcomes of this study might have implications for the way in which 
movement in tennis is understood and coached. 
 
Confidentiality 
Personal details and results from this testing program will be treated confidentially at all 
times. Individual data will not be identified, but collective results may be published. No data 
will be stored on public computers within the department. All data will be stored on the 
chief investigator’s computer in a secure location until the completion of this research 
program. Data from this investigation may be published; however, no personal details 
relating to you as an individual will be revealed in this process. 
 
Participant Rights 
Participation in this research is voluntary and you are free to withdraw at any time without 
prejudice. You can withdraw for any reason and you do not need to justify your decision. If 
you withdraw from the study and you are an employee or student at UWA, this will not 
prejudice your status and rights as employee or student of UWA. If you do withdraw we 
may wish to retain the data that we have recorded from you but only if you agree, otherwise 
your records will be destroyed. 
 
If you have any questions concerning this research please feel free to contact the researchers 
listed below: 
 
• Mr Brandon Giles. Game Insight Group, Tennis Australia/School of Sport Science, 

Exercise and Health, The University of Western Australia P: 0488 010 590 E: 

bgiles@tennis.com.au 

• Dr Machar Reid. Game Insight Group, Tennis Australia/School of Sport Science, 

Exercise and Health, The University of Western Australia. P: 0401 077 441 E: 

mreid@tennis.com.au 

• Dr Peter Peeling. School of Sport Science, Exercise and Health. The University of 

Western Australia. P: (08) 6488 2363. E: peter.peeling@uwa.edu.au 

• Professor Brian Dawson. School of Sport Science, Exercise and Health. The University 

of Western Australia. P: (08) 6488 2276. E: brian.dawson@uwa.edu.au 
 
Approval to conduct this research has been provided by the University of Western Australia, in accordance with its ethics review and 
approval procedures. Any person considering participation in this research project, or agreeing to participate, may raise any questions 
or issues with the researchers at any time. In addition, any person not satisfied with the response of researchers may raise ethics issues 
or concerns, and may make any complaints about this research project by contacting the Human Ethics Office at the University of 
Western Australia on (08) 6488 3703 or by emailing to humanethics@uwa.edu.au. All research participants are entitled to retain a 
copy of any Participant Information Form and/or Participant Consent Form relating to this research project. 
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A.2.2 Study Two & Three 
 

 
 
Examination of the lower-limb and trunk kinematics of movement to and 

recovery from forehand groundstrokes 
 

Participant Information Sheet 
 

Purpose 
This project aims to examine the kinematic demands of on-court movement, to the forehand 
side, at differing intensities.  
 
Procedures 
This investigation involves one experimental trial, external to your regular training 
schedule. The trial involves a filmed movement analysis, conducted on an indoor tennis 
court, and will require approximately 1 hours of your time. 
 
Experimental Trials 
The 1 hour experimental testing session will require you to complete a total of ten successful 
trials (n=10), at three different movement intensities (n=3).   
 
These three intensities (n=3), low, medium and high, are reflective of the level of time 
pressure that you will be placed under. With each intensity there will be a greater movement 
component, with low intensity trials requiring you maintain ‘court position’, medium 
intensity trials requiring you to recover to the middle of the court after each stroke, and 
finally high intensity trials involving you self-selecting the maximum distance you believe 
you can traverse and still make contact with the ball. In each trial, an automated ball 
machine will feed a wide ball to the forehand side of the court. You will be required to run 
from a split stance start out to the incoming ball, return the ball to the best of your ability 
and then recover back to the centre of the court.  
 
Upon arrival on the day of testing you will be fitted with a set of spherical foam markers, 
which are necessary for tracking the movement of your limbs during the end range 
movement. These markers are painted with a reflective material to help the cameras track 
the movement of the markers throughout the trials.  A total of thirty markers will be placed 
on your skin at the point of key anatomical landmarks. Due to the fact that the markers 
need to be placed on the skin and need to be visible throughout each trial, it is asked that 
you wear comfortable tennis attire that allows for the placement and visibility of markers 
on your legs, lower back and shoulders/neck. Once you have been marked up you will be 
given a period of time to familiarize yourself with the testing protocol and ask any questions.  
 
Once you are comfortable with the protocol and have received adequate rest, you will be 
instructed to complete ten trials of each intensity group. You will be given sufficient rest in-
between each trial to ensure that your resultant performance is not effected by fatigue. It 
must be noted that you will be required to complete five successful trials for each intensity 
group, with a trial being deemed successful when the ball is returned ‘down the line’ into 
an allocated area of the court. Upon completion of the testing sessions, the markers will be 
removed from your person. 
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Risks and Possible Side-Effects 
This investigation will require maximal effort end range movement to be performed during 
each trial. Such exercise could result in muscle fatigue and physical stress, or may put you 
at risk of developing a musculoskeletal injury. However, the exertion required for these 
trials is no more demanding than normal training or competition. Despite this, you will be 
closely monitored throughout the trials by the investigators, and all testing will be 
terminated at your request, or if you appear unduly stressed.  
 
Benefits 
Individual: By participating in this study you may gain insight into end range movement 
and your ability to reach and return balls at end range. 
 
Community: The outcomes of this study might have implications for how end range 
forehand movement is understood, coached and trained in a tennis setting. 
 
Confidentiality 
Personal details and results from this testing program will be treated confidentially at all 
times. Individual data will not be identified, but collective results may be published. No data 
will be stored on public computers within the department. All data will be stored on the 
chief investigator’s computer in a secure location until the completion of this research 
program. Data from this investigation may be published; however, no personal details 
relating to you as an individual will be revealed in this process. 
 
Participant Rights 
Participation in this research is voluntary and you are free to withdraw at any time without 
prejudice. You can withdraw for any reason and you do not need to justify your decision. If 
you withdraw from the study and you are an employee or student at UWA, this will not 
prejudice your status and rights as employee or student of UWA. If you do withdraw we 
may wish to retain the data that we have recorded from you but only if you agree, otherwise 
your records will be destroyed. 
 
If you have any questions concerning this research please feel free to contact the researchers 
listed below: 
 
• Mr Brandon Giles. Physical Performance, Tennis Australia/School of Sport Science, 

Exercise and Health, The University of Western Australia P: 0488 010 590 E: 

bgiles@tennis.com.au 

• Dr Machar Reid. Game Insight Group, Tennis Australia/School of Sport Science, 

Exercise and Health, The University of Western Australia. P: 0401 077 441 E: 

mreid@tennis.com.au 

• Dr Peter Peeling. School of Sport Science, Exercise and Health. The University of 

Western Australia. P: (08) 6488 2363. E: peter.peeling@uwa.edu.au 

• Professor Brian Dawson. School of Sport Science, Exercise and Health. The University 

of Western Australia. P: (08) 6488 2276. E: brian.dawson@uwa.edu.au 
 
Approval to conduct this research has been provided by the University of Western Australia, in accordance with its ethics review and 
approval procedures. Any person considering participation in this research project, or agreeing to participate, may raise any questions 
or issues with the researchers at any time. In addition, any person not satisfied with the response of researchers may raise ethics issues 
or concerns, and may make any complaints about this research project by contacting the Human Ethics Office at the University of 
Western Australia on (08) 6488 3703 or by emailing to humanethics@uwa.edu.au. All research participants are entitled to retain a 
copy of any Participant Information Form and/or Participant Consent Form relating to this research project.  



 
 

 238 

A.3 Participant Consent Forms 
 
A.3.1 Study One 
 

 
 

Toward a better understanding of movement in professional 
tennis  

 
Participant Consent Form 

 
I _______________________________ (the participant), have read the information 
provided and any questions I have asked have been answered to my satisfaction. I 
agree to participate in this investigation, realizing that I may withdraw at any time 
without reason and without prejudice. 
 
I understand that all identifiable (attributable) information that I provide is treated 
as strictly confidential and will not be released by the investigator in any form that 
may identify me. The only exception to this principle of confidentiality is if 
documents are required by law. 
 
I have been advised as to what data is being collected, the purpose for collecting the 
data, and what will be done with the data upon completion of the research.  
 
I agree that research data gathered for the study may be published provided my 
name or other identifying information is not used. 
 
_________________________________  ______________________ 
Participant Signature                                        Date 
 
Approval to conduct this research has been provided by the University of Western Australia, in accordance with 
its ethics review and approval procedures. Any person considering participation in this research project, or 
agreeing to participate, may raise any questions or issues with the researchers at any time. In addition, any 
person not satisfied with the response of researchers may raise ethics issues or concerns, and may make any 
complaints about this research project by contacting the Human Ethics Office at the University of Western 
Australia on (08) 6488 3703 or by emailing to humanethics@uwa.edu.au. All research participants are entitled 
to retain a copy of any Participant Information Form and/or Participant Consent Form relating to this research 
project. 
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A.3.2 Study Two & Three 
 

 
 

Examination of the lower-limb and trunk kinematics of 
movement to and recovery from forehand groundstrokes 

 
Participant Consent Form 

 
I _______________________________ (the participant), have read the information 
provided and any questions I have asked have been answered to my satisfaction. I 
agree to participate in this investigation, realizing that I may withdraw at any time 
without reason and without prejudice. 
 
I understand that all identifiable (attributable) information that I provide is treated 
as strictly confidential and will not be released by the investigator in any form that 
may identify me. The only exception to this principle of confidentiality is if 
documents are required by law. 
 
I have been advised as to what data is being collected, the purpose for collecting the 
data, and what will be done with the data upon completion of the research.  
 
I agree that research data gathered for the study may be published provided my 
name or other identifying information is not used. 
 
_________________________________  ______________________ 
Participant Signature                                        Date 
 
Approval to conduct this research has been provided by the University of Western Australia, in accordance with 
its ethics review and approval procedures. Any person considering participation in this research project, or 
agreeing to participate, may raise any questions or issues with the researchers at any time. In addition, any 
person not satisfied with the response of researchers may raise ethics issues or concerns, and may make any 
complaints about this research project by contacting the Human Ethics Office at the University of Western 
Australia on (08) 6488 3703 or by emailing to humanethics@uwa.edu.au. All research participants are entitled 
to retain a copy of any Participant Information Form and/or Participant Consent Form relating to this research 
project. 
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APPENDIX B 
 

Raw Data 
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B.1 Data Confidentiality  

All the data collected, as well as the methods and analysis techniques utilized in this thesis 

are protected by an intellectual property and confidentiality agreement which restricts the 

publication and / or disclosure of the raw data.  
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APPENDIX C 
 

Published Articles 
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C.1 Study One 
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C.2 Study Four
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